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Abstract

A multistage interference cancellation (M1 C) technique with diversity reception for QPSK asynchronous
Direct-Sequence Code-Division Multiple-Access (DS/ICDMA) systems over frequency-selective multipath
Rayleigh fading channelsisintroduced. Unlike the previousMIC [1, 2], which tries to remove the lump sum
of the multiple-accessinterference (MAI) and self-interference (S), this introduced MIC attempts to cancel
only the MAI and part of the SI due to the inter-symbol interference, while treating the remaining Sl created
by the current symbol as a useful information for symbol decision. In thistechnique, the Rake combining is
used to collect signal replicas over multiplefading paths. Upper and lower boundson the bit error probability
are derived using a Gaussian approximation and the characteristic function method. Furthermore, effects of
channel estimation error on the performance are studied. Analytical and simulation results show that the
introduced MIC can provide a performance extremely close to that in an ideal single-user environment, and

outperformsthe previous MIC even in the presence of channel estimation error.

1 Introduction

In personal and mobile communications, Direct-Sequence Code-Division Multiple-Access (DS/ CDMA) tech-
nique [3, 4] has attracted a considerable attention due to its potential of high capacity and its robust performance
in antijam and fading channels. In DS/ICDMA system, multiple users are allowed to simultaneously occupy
a common channgl to transmit the information. To distinguish the transmitted information, users are assigned
distinctive signature waveforms. The modulated signals from all users share the same channel and are present
at thereceiver. Dueto alow mutual correlation between the signature waveforms, the target receiver can readily
recover the information carried by the known signature waveform and treat the other users’ signals as multiple

access interference (MALI). In this way, communication between the transmitter and intended receiver can be



established despite the existing multiple users' signals in the common channel. However, the system perfor-
mance may be degraded when the MAI becomes strong. Furthermore, interference from the high-power users
can significantly corrupt the received signals of the low-power users and thisis known asthe “near/far” problem
[3]. Accordingly, the system capacity would be limited. So far, to improve the multiple-access capability, much
work has been done to aleviate the MAI, such as the power control and the use of quasi-orthogonal signature
waveforms. Unfortunately, those remedies cannot totally eliminate the “near/far” shortcoming.

To circumvent the “near/far” problem, multiuser detection has been developed ever since Verdu [5] pro-
posed the optimum multi-user detector to achieve the minimum bit error probability in asynchronous additive
white Gaussian noise (AWGN). The optimum multiuser detection is basically a maximum likelihood sequence
detector consisting of a bank of matched filters followed by a Viterbi algorithm. The required complexity ison
the order of O(2K) for K active users and therefore it is undesirable for large K . To avoid the large computation,
various efforts in designing sub-optimum multiuser detection have been conducted, such as the decorrelating
detector [6], multi-stage detector [7], neural networks based detector [8], optimal bilinear detector [9], succes-
sive MAI cancellation [10], linear canceler [11], expectation-maximization (EM) based iterative receiver [12],
and adaptive approaches [13, 14]. A comprehensive review of the recent multi-user detectors can be found in
the literature [15]. Studies indicate that although these multiuser detectors vary in complexity, they can achieve
anear single-user performance in AWGN channel by eliminating the MAI. On the other hand, when the system
is operating in a multipath fading environment, the sum of the same information bearing signals through mul-
tiple fading paths but with different time delays and attenuation factors will be present at the receiver [3] and
this incurs the self-interference (Sl) apart from the MALI. To jointly suppress the MAI and the Sl, the extension
of the multiuser detection to the multipath fading channels has been studied [16-18]. In particular, Chen [16]
studied a recursive least square (RLS) based decorrelating detector in synchronous BPSK system. Fawer and
Aazhang [17] proposed a maximum-likelihood (ML) multiuser multipath detector for asynchronous BPSK and
an EM based approach to solve the problem. In [18], Zvonar investigated a decorrelating approach in asyn-
chronous BPSK and DPSK systems. Nevertheless, those detectors still require alarge amount of computation
especially when the numbers of active users and fading paths become large.

Among the multiuser detectors, multistage interference cancellation (MIC) [7, 10] has gained popularity due
toitssimplicity and flexibility. The MIC schemes considered in the literature can proceed serially (successively)
[10] or in parallel [7]. In the serial MIC, the interference from other users is cancelled one by one from high-
power to low-power users. Despite its simplicity, the serial MIC may incur the decision delay and it needs to
know a specific geometric power distribution of all users[19]. Besides, the schemeisin favor of the |low-power
users and creates marginal benefits for the high-power users [20]. In the parallel MIC, however, all of the MAI

for each user are smultaneously estimated and removed such that each user in the system is equally treated.



For this reason, in this paper, we focus on the parallel MIC. A further interesting feature of the MIC is that
it provides tentative decisions in each stage so that it can meet variable requirements of users on the bit error
rate (BER). For example, for users which could tolerate high bit error rate, we may stop in the initial stage
to give an acceptable BER rather than perform additional stages of cancellation to achieve an unnecessarily
low BER. Such feature is very interesting in the future joint voice/data applications [21, 22], where voice can
tolerate higher bit error rates than data. Over the multipath fading channels, the extension of the parallel MIC
to asynchronous BPSK over multipath fading channel can be found in [1, 2, 23]. Specifically, in[23], the MIC
scheme was proposed to cancel the MAI alone, and a Rake receiver was simulated to estimate the channel
parameters and to combine the fading replicas for symbol decision, while [1, 2] showed that the MIC could
provide good performance by suppressing the lump sum of the MAI and the Sl. It was aso shown in [2]
that by introducing a threshold to control the decision, a better performance could be achieved. However, no
diversity technique was considered in [1, 2]. Furthermore, note that the Sl is made up of the self inter-symbol
interference (SlI) incurred by the multipath components of the previous symbol and the self current-symbol
interference (SCI) which corresponds to the current symbol. Due to the fact that the SCI contains the current
symbol information which can be treated as a useful signal for symbol decision, the MIC can proceed with the
partial Sl cancellation to cancel the Sl alone rather than the full SI cancellation.

In this work, we introduce the multistage interference cancellation with partial Sl cancellation (MIC-PSI)
and Rake combining and to study its performance in QPSK asynchronous DS/CDMA system over frequency-
selective multipath Rayleigh fading channels. Here, QPSK modulation is considered instead of BPSK [1, 2,
23] due to its ability to achieve the same bit error probability using half the transmission bandwidth and its
randomness property of rendering the signal more difficult to be detected by using feature detectors [3, 24].
Besides, QPSK spreading has been adopted in practical 1S-95 CDMA digital cellular systems [24]. Through
the work, we will focus on QPSK phase modulation and QPSK spreading. Furthermore, we still consider
the hard symbol decision asin [1] due to the fact that the determination of an optimum threshold for the soft
decision [2] is quite difficult in practice.

To evaluate the performance of the MIC-PSI, the upper and lower bounds on its probability of bit error
in a multi-user environment are derived using a Gaussian approximation [1, 2] and the characteristic function
method. The effects of channel estimation error on the performance are also studied. Analytical and simulation
results show that the MIC-PSI can provide a performance extremely closeto that in an ideal single-user system
and outperforms the previous MIC with full SI cancellation (MIC-FSI) [1, 2]. Furthermore, even in the presence
of channel estimation error, the MIC-PSI can offer a better performance.

The paper is organized as follows. In Section 2, the asynchronous QPSK DS/CDMA multiuser systemin a
frequency-sel ective multipath fading environment is described and modeled. Section 3 presents the multistage



interference cancellation scheme with the partia Sl cancellation. In Section 4, the upper and lower bounds
on the performance of the introduced MIC scheme are derived in both single-user and multiuser systems.

Analytical and simulation results are illustrated and discussed in Section 5. Finaly, Section 6 concludes the
paper.

2 System Descriptions

We consider QPSK asynchronous DS/CDMA system with K active users over frequency-selective multipath
Rayleigh fading channels. More precisely, we consider both QPSK modulation and QPSK spreading.

2.1 Transmitter mode

There are a number of techniques to configure the data modulation and the spreading. For any user, if
there is no restriction on the phase modulation, the balanced QPSK spreading model [24] can be used as
illustrated in Fig. 1. The binary data bits are first passing through a phase modulator and the modulated signal
is subsequently separated into two branches by a quadrature hybrid. Within the n-th symbol interval, the in-
phase signal \/p/N cos(wyt — ¢,,), and quadrature signal \/p/N sin(wot — ¢,,) are multiplied by the in-phase

signature waveform o (¢) and quadrature-phase signature waveform ¢ (t), respectively, where wy isthe carrier

angular frequency and ¢, isthe n-th information bearing phase shift taken from the set of {27(m —1)/M,m =
1,2,..., M} for M-PSK modulation. Finally, the spread signals from two branches are summed to produce the
transmitted signal,

o0

S(t) = Z [\/p/NaI(t) cos(wot — én) — \/p/Na®(t) sin(wot — ¢y,) Pr, (t — nTy) D

n=—oo

where p/N is the signal power and N is the length of the PN codes. d (t) = >.° I'pr (t —4T,) and

i=—o0 i
a®(t) =32 a?PTC (t—14T,.). Here, a! and a? are respectively the in-phase and quadrature-phase pseudo-
random (PN) codes taken from the set {—1,1}. For the code length N, ¢ = a}, and a? = a%,,. Pr(t)
denotes the unit rectangular pulse of duration T"and j, = NT..
By using the complex baseband signal representation [3], S(t) in (1) can be expressed intheformof S(t) =

Re {s(t)e?“ot}, where s(t) is the equivalent complex baseband signal from auser, i.e.,

s(t) = Z Z vV p/N [af —|—jaﬂ e~ Py, (t — nTy) P, (t — T} 2

n=-—00 {=—00
When the in-phase and quadrature signature waveforms are identical, s(t) in (2) smply reduces to the
low-pass signal representation in [25]. Here, we consider a general case, in which the spreading uses different

in-phase and quadrature signature waveforms.



In asynchronous system, the associated time delay and phase shift for each user should be included. For

user k, the transmitted signal can be written as

2 .
su(t) = || Speb(t = T®)ap(t = 7)) e 3

where k is the user index, p, := Ej/N, isthe normalized signal power, in which E; is the symbol energy
and N, is the noise power spectral density. 7(%) is the associated time delay that can be either random or
deterministic over [0,7;,). 0y isthe phase shift and it is assumed to be uniformly distributed over [0, 27). The

information bearing waveform & (¢) and the signature waveform g (t) are

> (k)
bk(t) = Z 67](1)" PTb (t — nTb) (4)
ar®) = 3 [l + jalC] Pr (- i) ®)
1=—00

where qﬁ%k) € {2n(m —1)/4,m = 1,2, ...,4} isthe data bearing phase for QPSK phase modulation. agk“ =

a%ﬁ’f and agk)’Q = a%)’? are respectively the in-phase and quadrature PN codes assigned to user k.
Accordingly, in an asynchronous multiuser system, the equivalent complex baseband signal model at the
front-end of the receiver can be shown in Fig. 2, where the data signals of multiple users are modulated by
the distinctive complex-valued signature waveforms {q, (t — T*))} and hy,(t) denotes the impul se response of
the channel for user k. In DS/ICDMA system, the signal bandwidth is usually much larger than the coherence

bandwidth of the channel and therefore the channel exhibits the frequency-selective characteristic [3].

2.2 Channd mode€

The equivalent lowpass impulse response of the channel for user £ can be given by (see[1, 2,17])
Ly,
h()) = > oot — 1) (6)
=1

where L;, isthe number of paths which can be either random or deterministic. o}k) and tfk) are respectively the
fading parameter and the time delay in the I-th path of user k& and they are assumed to be mutually statistically
independent for al k£ and [. Let 7, be the maximum channel delay spread. Usudly 7,, < T (the symbol
duration) and tl(k) < Ty, foral [ and k.

The fading parameter al(k) in (6) is assumed to be zero-mean, complex-valued Gaussian random variable.
In addition, the channel is considered to have a large coherence time, or equivalently a small Doppler spread
[3], so that the fading parameter agk) exhibits a dowly changing characteristic and could be reliably estimated

using a channel estimator.



2.3 Received signal model

Asshown in Fig. 2, after passing through the channels, all the multiuser signals and the background noise will

be present at the receiver. By using (3) and (6), the equivalent low-pass received signal, r(¢), can be written as
K o
r(t) = Z/ i (T)sp(t — 7)dT + 2(t)
k=177~

K Ly
} : /2pk 2 : k) (0 —wor™ k k

where z(t) is the additive white Gaussian noise (AWGN) with zero mean and unit power spectral density.
7" .= 1) 4{F) and wyr* isthe phase shift incurred by thetime delay 7. (6, —wor.*') denotes the phase
shift assumed to be uniformly distributed over [0, 27) [1]. Thus, in Rayleigh fading channels, ¢)ed (0 —wo7"))
in the above equation is still a zero-mean Gaussian random variable. Accordingly, in the following the carrier
phase shift part /(% —o7"') can be absorbed into al(k> without loss of generality.

The above models are similar to thosein[1, 2], where the received signal from asingle branch (the | branch)
for BPSK case was considered. Here, we consider the received signals from both | and Q branches for QPSK

modul ation.

2.4 Channd estimation model

Before we proceed further, it is of interest to discuss the channel estimation model due to the fact that in
reconstructing the interfering signals for the interference canceler, the knowledge of the fading parameters is
required [1] whilein practice, the channel knowledge is usually unknown a priori and should be estimated.

The channel estimation model can be established by considering separately the estimation errors in the
signal amplitude and the carrier phase shift asin [1]. Here, for the sake of simplicity, we consider them jointly
by assuming that the estimate of the complex-valued fading parameter is the actual value plus a complex-
valued Gaussian disturbance. This consideration is also practically reasonable because the complex-valued
fading parameter can be obtained via a channel estimator and the resulting estimate is Gaussian distributed
[26, 27]. The estimation model iswritten for all [ and & as

&l(k> = agk) + wl(k> (8

where wl(k) is the estimate noise in the [-th path for user & and it is assumed statistically independent complex-

valued Gaussian variable with zero mean and variance ¢;,, for al / and k.



3 Multistage Interference Cancellation (MIC)

In this section, we first describe the output signals of the correlators. Then, we briefly review the conventional
Rake combiner and the related MIC with full SI cancellation [1, 2]. Thereafter, we propose the new MIC, in
which the MAI and the partial Sl (the SlI part) are reconstructed and subtracted from the received signal.

3.1 Correlation Output Signals

At the first part of any receiver under consideration, we assume that there arez,f:1 L, correlators with the
waveforms {aj (t — Tl(k)), I =1,2,..., Ly} to generate the decision variables for K users, where the superscript
“x” denotes the complex conjugate. For user v in the ¢-th fading path, the received signal r(¢) is correlated with
{ax (t — i)} and integrated from T, + 7" to (n + 1)T} + 5. Then, the output signal will be sampled at
the time instant (n + 1)7, + 7). The resulting sample, denoted by V), is given by

w 1 (n+1)Ty g™ w
VY = — r(t)a; (t — 7" )dt
T N g T
K L k) [ o )
= D V) e [ew"_m”Rkau(T/'c,l;u,q) +e’ ¢”‘mRk,u(T/'c,l;u,q)] + kg (9)
k=1 I=1

where ﬁ is a normalization factor, 7; is set to 1 without loss of generdlity, m := L(Tl(k) - T,§“>)/TbJ, and
Tty = () =18 =mTy. Ry(7) = ok [T a(t—7) @l (t)dt and Ry o (1) =gk [T ag(t —7)aj(t)dt are
the partial correlation functions as similarly defined in [28] but normalized by 1/2N and with complex-valued
PN codes. Here, the carrier phase shifts have been absorbed into {ogk)} as previously mentioned. 7,55‘3 isthe

noise component given by

(u) 1 )Tt

= — 2(D)a* (t — (W) dt 10
W= T Lo O (10

q

Since z(t) is the additive white Gaussian noise with zero mean and unit power spectral density, 75;“3 isaso
Gaussian with zero mean and unit variance. Due to the possible overlapped integration period, the noise com-

ponents, {n\")}, could be correlated. The covariance of 74"), and n\\2), is given by

0 ifrf <7y o <7
1 N .
38 (WAL | = § R b =) 78 < of < ot an

* L S H S L L
Ry s (ri"—15) if13 <7y <y

where 77 = n; T}, + ng‘” and 7t =77 + Ty fori = 1,2.
It is noteworthy to mention that in (9), we made two assumptions, namely, the rectangular chip waveform for

Pr.(t) and the perfect estimates of time delays {7;5“) }. In practice, the chip waveform other than the rectangular



one may be adopted. For arbitrary Fr (¢) if it istime-limited within [0, 7¢], the expression in (9) can be shown
still valid (The involved partial correlation functions R, () and Ry, () have to be re-evaluated relying on
the adopted P, (¢)). If the duration of Py, (t) exceeds T, interval, the above expression is not accurate since
there would be additional interferences created by the tails of the chip waveform. However, due to the fact that
thetails can be designed to decay rapidly so asto reduce the possible interference [3], we can still use the above
expression as an approximation. On the other hand, the imperfect estimates of time delays can degrade the
system performance as shown in [29] for the Rake receiver. Later, in Section 5, we present several simulation

results to show the effects of the imperfect time delay estimates on the performances of the MI1C schemes.

3.2 Conventional Rake combiner

For the lowly time-varying channel, the fading parameters {og“)} can be estimated and the estimation model
given by (8). To combat fading, the Rake-type combiner can be used to collect the signal replicas, i.e., k@,

over L, paths. Asaresult, the combiner output in the Rake receiver is given by [3]
XW = gy ®) (12)

where [ denotes the Hermitian transpose of [], Vi) = [V v v 1T and ¢ = [a{¥), &V, ...
d(Lu)]T, inwhich [-]7" denotes the transpose of [-].

After computing the following decision variables for QPSK,
D, = Re{X{¥ e/} (13)

where v, :=2n(p — 1)/4,p = 1,2, ..., 4, the symbol is decided in favor of

~

¢£Lu> = thp = argmazy, {Dp} (14)

We can see that in the conventional Rake combiner, each user independently demodulates the received
signal and then combines the replicas from multiple fading paths for symbol decision. In the detection, all other
multiuser and multipath signals are treated as interference. Therefore, although the approach is quite simple,
the performance of the Rake combiner is detrimentally affected by the interferences from multiple users and
multiple paths. To improve the performance, multistage interference cancellation (MIC) [1, 2] algorithm can

be applied.

3.3 PreviousMIC with Full Sl cancdllation

To elaborate, we may rewrite V ) of (9) into

V(W = /2p,alWe” i + Scl) + Sil) + M +

n

—
~

3
)

(15)



where Sci), Si"), and M") are respectively defined as

Lu
chfl)l =V 2Pu Z al(we ion RU«,U(T{L,Z;u,q) (16)
I=1,l#q
& () - (w)
S = Vo 3 ol [dm+le—a¢n_m_1 Rua(7! o) + dime 395 2m Ru,u(T;L’l;u,q)} (17)
I=1,l#q
and
K L (k) - (k) (k) A
MT(ZZ,L‘I) = Z v Z'Ok Zal |:e_]¢n7m71Rk7u(Tllc,l;u,q) + eiy(bnimRk,u(Tl::,l;u,q)} (18)
k=1,k#u =1

Here, Ry, (7) is set to either R, () or R, ,(r) depending on 7*) < 7{*) or not. In (17), d; is an index
function anditisset to Oif « = 0 and 1 otherwise. sé;‘,} isthe self current-symbol interference (SCI) and Sé{fz,
the salf inter-symbol interference (SI1). The sum of the SCI and the SlI is the total self-interference (SI) for
user u. M,&“q) is the multiple-access interference (MAL).

As shown in [1, 2], in each stage of the MIC, the MAI and the full SI (both the SII and the SCI) can be
reconstructed and subtracted from the received signal before the symbol decision, and the resulting performance
of the MIC can be much better than the conventional single-user receiver. Suppose that we are in the i-th stage
and we have already obtained the tentative decisions in the previous stage for all interfering symbols. The

output of the canceler can be given by

V@) = Vi — Sl — 1) = $il) (i — 1) — NI — 1) (19)

n,q Cnq n n,q

where e (i — 1), Sz,(lu;

o (i — 1), and M.“) (i — 1) are the reconstructed parts of Sdv), Sit), and M"),
respectively. They can be calculated via (16), (17), and (18), respectively, by replacing {¢*'} and {4} with
{6{"} and {¢{F)}. Here, 4{*) denotes the channel estimate given by (8) and¢\F” (i — 1) the tentative decision
of gb,(f) inthe (i — 1)-th stage for the n-th symbol and user %.

If the MAI and the Sl can be successfully subtracted from %f“q) () in (19), the resulting signal contains
only the faded signal agu)\/%e,mgy) and the noise component 71) and there are no superimposed multipath
signals. Thus, the Rake combining can be applied to collecting the signal replicas. The combiner output in the

1-th stage can be given by
X\(i) = [@“1" Vi (i) (20)

where Vi (i) = [V (), V!5 (3), ... V) ()]

n,l 'V m,2 VL,

Asdiscussed in the previous subsection, we can compute the following decision variable for QPSK,

D,(i) = Re {X,gu) (4) eﬂ'%} (21)



where v, :=27n(p — 1)/4,p = 1,2, ..., 4, and then make the symbol decision according to

(i) = b = argmazy, {Dp(i)} (22)

For the above MIC, we have to consider the tentative decisions in the initial stage, i.e., i = 0. For simplicity,
welet V) (0) = ;{*). Based on V;{(0), the tentative decision 4" (0) can be readily obtained by following
(20) to (22). Assuch, the tentative decisions made in theinitial stage are equivalent to those in the conventional
Rake combiner.

In the above MIC with full Sl cancellation (MIC-FSI), the SCl isregarded as an interference to be subtracted
together with the SII and the MAI in (19). Nevertheless, the SCI contains the current symbol and it would be
useful for symbol decision. Asan illustration, we consider the received signal in the first arriving path 14(’7“1) (7)
and suppose that in the i-th stage, all the MAI and the SlI parts have been subtracted from the received signal
such that

u) - u) _iplw) 7 7
Vi 6) = V2pued” eI 4+ Sl + ) (23)

where Scn | =V20u 1 al —W%M)RMU(TQ,ZWJ) isthe SCI part, which also contains the current informa-
tion data gbn .
Now, if we disregard the received signals from other paths and assume the perfect channel knowledge, the

test statistic X for the optimum demodulation is not given by [og“)]* . Vn(ﬁ) (). Rather, it would be [3]
X =[] -V ) = 1807 [ 4l (24)

where ﬂf : \/2puo¢1 +2py l “ al Ru u(T’IIL,l;u,l)'
By using (24), the SCI part in (23) istreated as a useful signal for symbol decision, rather than the interfer-
ence in the SCI subtraction, so as to enhance the resulting performance. In the following, we modify the MIC

so that in each stage, we only reconstruct Séff% and M,g“q) and then subtract them in the canceler.

3.4 New MIC with Partial SI Cancellation

In this subsection, we consider the MIC with the subtraction of the MAI and the partial Sl (the SII part) rather
than the total SI. The Rake combining is till equipped with the MIC to collect the fading replicas. We will
show that after removing the MAI and the Sll, further Rake combining can lead to an equivalent result to that
obtained by the decorrelating approach for separating the multipath signals.

Suppose that we are now in the i-th stage and have already obtained the tentative decisions in the previous

stage for al interfering symbols involved in %(“q) The output of the canceler for user v is given by

V(@) =V — §il" i — 1) — MM (i —1) (25)



(u)

where asin the previous MIC-FSI, S,

Li—1)and M%) (i — 1) are the reconstructed parts of Si") and M),

respectively.

Based on V") (i), the tentative symbol decision for ¢ follows (20)-(22). The tentative decisions in the
initial stage (i = 0) arethe same asin the MIC-FSI.

Asanillustrative example, the structure of the new 2-stage MIC with the partial SI cancellation (MIC-PSI)
is described in Fig. 3, where the reconstruction of the SlI and the MAI parts is subtracted from the received
sample and then the resulting replicas are combined for symbol decision. [f the SCI part is added to the
reconstruction and the subtraction, the structure can reflect the MIC with the full Sl cancellation [1, 2] and the
Rake combining. Besides, note that there is no interference cancellation for the combiner output X (0) in
the initial stage. Hence, X,S“) (0) isidentical to that in the conventional Rake receiver and it suggests that the
performance of the 0-stage MIC isthe same to that of the Rake receiver.

To gain insight of the MIC-PSI, we consider a special case by assuming that all the tentative decisions in
the (i — 1)-th stage for interfering symbols are correct such that the Sl part, S&“,)I and the MAI part, Mé“g

are totally removed. The resulting signal can be written as

K%u) (Z) = ng(u) V 2Pue_j¢£bu) + Q(u> (26)

n

R; in (26) isan L, x L, correlation matrix of the signature waveforms. More precisely, its ij-th entry,
denoted by (R, )ij, isSet to Ry o (r" — 7)) if 7 > 7" and R,,,, (T} + 7" — 7{")) otherwise. For each
user, the corresponding correlation matrix R, would be different. However, from the definitions of R, ,(7)
and R, ,,(T) mentioned in (9), it can be shown that R, for any user is a Hermitian matrix, and all the diagonal
elements are one. Moreover, by (11), the correlation matrix of _753” can be recognized to be R,.

It is well known that the decorrelating operation is very useful in separating the multiuser and multipath
signals [18]. Similarly, by pre-multiplying (26) with R, inverse (R, ), the multipath signal's can be separated.

We have
U(i) = Rs_lngu) (i) = g(“) /que—jﬁf)gu) +Q7(1u> (27)

where w|”) = R () and %E{w,({‘) w1} = RS

The noise vector z_u,%“’ in (27) iscorrelated and therefore noise whitening approach isusually applied in order
to obtain the maximal ratio combining [3, 18]. For the correlation matrix R, welet Ry = QA;Q, where Q;
is the orthogonal matrix and Ay=diag(A1, Ag, ..., AL, ) is the diagonal matrix, in which {),,¢ = 1,2,...,L,}
are the eigenvalues of R, that are real and nonnegative [30]. Next, by pre-multiplying (27) with Af QX to

11



whiten the noise vector, the output of the Rake combiner is given by
1 Horoy
X = |akata| [afQiue)]
~ u H - u
- [g( ’] 5, [2pue i 4 €] (28)

where 5 =22 QU a(), I :=A2QU&™, and ¢ := AZ QU = A7 ? QIIn(1).

The above equation implies that the samples over L, paths in (26) can be transformed to the form of _B“)
V2pae it + €1 with statistically independent noise vector £*). Conditioning on ), (28) is the optimum
test statistic [3]. On the other hand, if we rewrite (28) and then use (27) and (26), we obtain

XMy = [@W]HQSAS% [AEQEU(@]
= [a"]" [R,U(i)]

= [a™)" VW) (29)

= Yn

The equivalence of (29) to (28) illustrates that if the SIl and the MAI can be totally removed, the output of
the Rake combiner is equivalent to that obtained by the decorrelating and noise-whitening approach. Here,
the decorrelating operation under discussion is conducted over multiple fading paths for each user rather than
for al users and paths. Hence, its complexity is much lower in comparison with the combined multiuser and
multipath asynchronous decorrelator [18]. Furthermore, the above discussion shows that if the subtraction of
the SII and the MALI is successful, there is no need to add an extra decorrelator because the Rake combining
inherently includes the decorrelating operation to separate the multipath signals for each user and to further
whiten the noise. In this sense, the complexity is further reduced. It aso implies that the SCI in the introduced

MIC-PSI istreated as auseful signal for test statistic rather than an interference.

4 Performance analysis

In this section, we evaluate the performance of the MIC-PSI in QPSK multiuser system over multipath Rayleigh
fading channels. In the analysis, we adopt the similar approach developed by Kam [31] to express the bit error
rate in the form of probabilities that the test statistic falls into the wrong decision and then we employ the
characteristic function to evaluate the probability [18, 32, 33]. To provide a benchmark for system performance,
wefirst consider anideal single-user case by ignoring al the Sl and MAI. Then, we derive the upper and lower
bounds on the performance of the MIC-PSI in amulti-user environment.

In the following, the indexes n, u, and 4 of X,ﬁ“) (1) are omitted whenever there is no ambiguity.
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4.1 Ideal performancein single-user case

We assume that all the symbols are transmitted with equal probability. By ignoring the SII and MAI, the
received signal is reduced to (26) and the output of the combiner, X, can be expressed in either (28) or (29).
Suppose that ¢,(1“) = 1) istransmitted. Conditioning on v, the symbol error rate for QPSK is given by [31]

3
Py=> A, (30)
p=1

where A, = Pr{X ¢/¥ € R,|+} isthe conditional probability that X ¢¥ fallsinto the decision region R,.

Now, consider the combiner output X . Using (28), we have

X iV [@W} " [g(u)m + §7(1u>ej¢] (31)

Note that £(*) is a Gaussian vector and together with the phase shift é¥, £(*)e/? is still a Gaussian vector with
zero mean and identity covariance matrix. It implies that the conditional probability 4 = Pr{X e/¥ € Ry}
isirrelevant to ). Therefore, in the following, we set qs(zu) = 1 = 0 without loss of generality.

Usually, it is meaningful to convert the symbol error rate to the bit error rate (BER). By employing the Gray
code bit mapping, the BER is given by [31]

:(A1+2A2+A3)/2:.7:(”y:—7r/4) (32)
where F(y) := Pr{Re{X e/7} < 0}.
In computing F (), we adopt the characteristic function (CF) approach [18, 32, 33]. Letting & (w) denote
the CF of Re{ X ¢/7}, we have

— > Res[@(w) /w, wp] (33)
{wp}

where {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 = wy,. Here, (33) isvalid on the premise that ®, (w) /w has at least adouble zero at w = co
to allow the use of the residue theorem [32].

Next, we evaluate ¢, (w). Substituting (8) into (28) yields

1
X =[8" + A2QI A 3™ \/2p, + W) (34)
where Aa® = 4 — o(*) denotes the vector of the estimation error.
Let Ry = $E{B™[g™]"}. By diagonalizing Ry = QsAsQ!, where Qg is the orthogonal matrix and
Ag = diag(0?,03,...,07 ), where {o?,q = 1,2, ..., L, } are the eigenvalues of R, (34) can be written as
X = [QYB™ +QYAZQY AMIT[QY ™ /20, + Qlig
— O+ Q)[C\/2pa + 2]
= CcHc\/2p,+ CH(G\ 20, +2)+ G Z (35)
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1
where C' := Q™. G := QI A2QF Aa™ and Z := Q¢!
The elements in the vector C are statistically independent, so are those in the vector Z. However, the

elementsin G may be correlated. We hence have
1 i1 u u 3
SELGGT) = QI AIQI S {[Aa™][Aa™]"} QA Q; (36)

In evaluating the CF of Re{X ¢/7}, we first assume  E{GG"} = M. As shown in Appendix A, the
CF of Re{X e/} can be given by
L,

1
0q(w) = 37
7(w) 1_[1 azw? — 2jwby + 1 37

where a, i= /IN#) + 20, A D07 + AANG) and by := \/2py cos 702,

In (37), A(%) actually can be set to 1 because we have aready normalized the noise vector Z. Here, we still
use A(4) instead of 1 so that (37) can be readily extended to the multi-user case aswill be shown later.

With @, (w), the bit error rate can be readily obtained via (32) and (33). Here, for the purpose of further

reference, we express the BER as the function of X¢) and A(%),i.e,
Pb(A(G)v A(Z)) = - Z Res [@WZ,W/4(W)/W, wp] (38)
{wp}
In general, the explicit expression of F(-y) depends on the order of the poles and is very complicated. If all

the poles of &, (w) are distinct, it follows from (38) that

@) 1(2) o1 bg/ag
Pb()\ ,)\ ) :Z’ﬂ'qi 1-— m (39)
q=1 q q

where

(40)

1
Tq = H 2,2 _9;
1T 1 UV 2jwh; + 1

sz(bq/aq+\/ 1‘“’5/‘13)/%

with a, := \/ @) 4 2p, X D]02 + AENG and b, := \/pro2.

The above BER expression is valid for both perfect and imperfect channel knowledge. In the case of
perfect channel knowledge, one can readily check that by setting X&) = 0 and A(?) = 1, (39) simply reduces
to Equation (14-5-28) of [3].

Now, we consider the correlated G. Due to the correlation of G' and noise term G Z in (35), to evaluate
the CF of Re{Xe’7} is quite difficult. In the following, we attempt to derive the upper and lower bounds on
the BER. Note that at SNR values of practical interest, the term G Z is relatively small in comparison with the
noiseterm C* (G'/2p, + Z) [3, page 275] and can be ignored. Hence, the upper and lower bounds on the BER

are mainly corresponding to the maximum and minimum variances of the noise ¢ G/2p,,, respectively. Note
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here that conditioning on C, we have AmlnCHO < CHIE{GGM}C < A oo, where A, and Afm)n
are the maximum and minimum eigenvalues of the covariance matrlx—E{GGH }, respectively. Therefore, the
upper and lower bounds on the BER can be obtained from (38) by setti ngZE{GGH } to AWZII and A9 1

mzn

respectively. Specifically, we have

P = p,\G) 1) (41)

mazx’

pl = p(\ 9 ) (42)

b min’

where P, (M@ X\(%)) is the function defined in (38) and X%) is now set to 1 because the noise vector has
aready been normalized. The superscripts (up) and (low) denote the upper and lower bounds, respectively.
When the CF of Re{ X ¢/7} has L, distinct poles, B,(A(), A(?)) can be evaluated via (39).

In order to evauate the performance of a given user, we first need to compute the corresponding values
for {Rs, )\S,?a)x mm} and then adopt (41) and (42) to obtain the performance bounds. In the case of perfect

channel knowledge, X and A% can be set to 0, resuilting in identical X*” and P{"**) which represent the

min

exact expression for the probability of bit error in anideal single-user system (i.e., the ISI isignored).

4.2 Performancein multi-user system
4.2.1 Performancein theinitial stage

We first consider the multi-user performance in the initial stage (¢ = 0). In the analysis, we assume that
the interference terms, Szﬁf‘g and M,S“g , are approximately Gaussian distributed for large K and {1 }. Such
approximation can provide good results, although it is not exactly correct [1, 2]. Therefore, the analysis hereis
similar to those in [1, 2] but with QPSK spreading and diversity effect.

We still assume that gb(n“) = 0 istransmitted. The received signa in theinitia stageis given by

v (o ) \/2p, + Sif) + M + 5™ (43)
where Si{" = [5i\"), 5i"), ... sfif;f)Lu]T and MY = n“f,Mnfg,...,Mg?gu]T.

Similarly asin (35), the combiner output X (0) can be written as
H
X0 = [a®]" vi()

= [ngﬁ‘} QB /2pu + F(0) + QYW
= [C+61" [0V, + F(0) + 2 (44)

1

where Q; is the orthogonal matrix which diagonalizes R; as previously mentioned, and F(0) :=Qff A; 2QY

S

(Si% + M) denotes the interference term in X (0).
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The covariance matrix of G, denoted by Rg;, is given by (36), while the covariance matrix of F'(0), de-
noted by Ry (0), is evaluated in Appendix B. As in the previous subsection, at SNR values of practical in-
terest, we can ignore the term G# [F(0) + Z]. Therefore, the BER is mainly determined by the noise terms
GHC\/2p, and CH[F(0) + Z]. Now, let A%, (0) and M%) (0) denote the maximum and minimum eigenval-

e}

ues of R (0), respectively. In deriving the upper bound for the BER, we may seti E{GG} = A T and
TE{F(0)FH(0)} = AL (0)I, while in deriving the lower bound for the BER, we may st E{GGH} =

A%’%I and 1E{F(0)F"(0)} = Aff;)n(o)l. As aresult, the upper and lower bounds on the BER in the initial
stage are respectively given by
BO) = B 1A% (0) (45)
P0) = By 14 A0,(0) (46)

where P,(.,.) can be evaluated via (38), of which the involved parameter ¢, is computed using the arguments
inBy(.,.).
Although not specified above, R; and Rz (0) are corresponding to the user of interest.

4.2.2 Performancein thei-th stage (i > 0)

Due to the subtraction of the interference part, the calculation of the interference covariance matrix in the i-th
stage (i > 0) isdlightly different from that in theinitial stage.
Assume ¢$z“> = 0. The output signal of the cancellation in the i-th stage is given by

V(i) = Rya™ /2o, + Sis (i — 1) + M (i — 1) + ¥ (47)

n

where
Sis (i = 1) = [Si') (i — 1), Sivy(i — 1), Sieey (i — D],

M = 1) = (M) 6= 1), M) (6 — 1), M) (6= 1),

Sl — 1) = il — il i — 1), and NI (i — 1) =MLY — NS — 1).

It can be seen that in each stage, the test statistics for al users are correlated. Therefore, the tentative
decisions for all interfering symbols in the (¢ — 1)-th stage, namely {¢${“> (1 — 1)}, are aso correlated and
dependent on the fading parameters {agk)} and the noise components {nﬁl’f;}. The performance evauation
in the 4-th stage (: > 0) becomes more complicated. One possible approach is to compute the bit error
rate conditioned on all {al(k)} and then take the ensemble average [33]. However, this requires an excessive
computational effort especialy in evaluating the multiple-dimension numerical integration. With the well-
designed PN codes, we can assume that {q@%’“’(z’ — 1)} are weakly correlated and the residual interference is

approximately Gaussian distributed as in [1,2]. Accordingly, following the approach in the initial stage, the

16



upper and lower bounds on the BER can be evaluated by relying on the covariance matrix of the interference
vector F(3) = QA * QU[Si( (i — 1) + M (i — 1)].

Let Ry (7) denote the covariance matrix of F'(i). The evaluation of Ry (i) depends on the bit error rate in
the previous stage (i — 1), of which the exact result is unfortunately difficult to obtain. Therefore, we further
let R(“”)( ) and R(lO“’)(') denote the covariance matrix of F(i) evaluated from P(“p) i —1)and P(low) (i —

1), respectively. In Appendix C, the evaluation of Rgé”’ (4) and R(l"“’)( ) is given. For different users, the
corresponding P(“”) (i — 1) and Pb(l”w)(z' — 1) are different. Therefore, in order to evaluate RF (i) and

R (i), al P"P)(i — 1) and P{""")(i — 1) for interfering users involved in F(i) have to be eval uated.

(F low)
min

of R(low)( ). Wecan set $ E{F (i) F" (i)} to AL 12) ()1 and AL %) ()T, respectively, in computing the upper

mwn

Next, let A% %P)(;) denote the maximum eigenvalue of R(“”)( ) and A (4) the minimum eigenvalue

and lower bounds on the BER in the i-th stage. It then follows that

PGy = Py(AG),, 1+ A5 (4)) (48)
P @) = (WD 1 A 3y (49)

where B,(., .) isevaluated via (38) as previously mentioned.
Once again, before applying (48) and (49) to evaluating the performance bounds for a particular user, we

have to evaluate the corresponding Rg, Rgﬁp (i), and R%OU’) (4).

5 Analytical and Smulation Results

In this section, we present several analytical and simulation results for the BER of the MIC with partial Sl can-
cellation (MIC-PSI) in QPSK asynchronous CDMA system over multipath Rayleigh fading channels. Without
loss of generality, we consider the first user. For comparison, the BERs of the conventional Rake receiver and

the previous MIC with full SI cancellation (MIC-FSI) are also presented.

5.1 System model

In the study, we consider an identical fade in all paths by setting E{[¢")]2} = 2, for which R,, = I. The

analysis isvalid for arbitrary R, and applicable to unbalanced fading channels. For user &, the total SNR#kE
per bit over the L; fading channels is set to %Lk2pkE{[a§k)]2}/loggM = p Ly, where logo M for M-PSK

is afactor used to obtain the SNR per bit. The number of paths, I, is assumed to be the same for all users
and denoted by L. Gold sequences with N = 31 are considered as the PN codes, where the m-sequences for
generating Gold sequences are represented in octal by 45 (11001) and 67 (00011). Here the sequences in the
brackets are the corresponding initial AO/LSE loadings [34]. For user k, the time delay associated with the
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fading path, £*), is set to IT,/2, while the time delay associated with user k, T), is set to (k — 1)T},/10 mod
T,. Thetotal time delay for user % in the I-th path is{k) = T®+T, /2.

In the simulation, we need to generate the received samples L{fff]), the fading parameters, and the Gaussian
noise components {nﬁffg} in(Q forqg=1,2,...,Landu = 1,2, ..., K. Dueto the possible correlation between
the noise components as shown in (11), we proceed the simulation trials as follows. In each trial, we generate a
sequence of received samplesvéff} forg=1,2,..,Landu =1,2,..., K fromn = n,ton = n,+P—1, where
P isthe sequence length and n, isa particular starting index. During the period fromn = n, ton = n,+P—1,
the correlation matrix of the noise components can be computed via (11) and denoted by R,. The correlated
noise components {n,({fg} are generated by multiplying the square-root matrix of R, with a sequence of white
Gaussian noise samples. On the other hand, to represent the Rayleigh fading channel, the fading parameters of
all users over L fading paths are randomly generated from segquence to sequence such that their amplitudes are
Rayleigh-distributed. Within each period from n = n, to n = n, + P — 1, however, the fading parameters
remain unchanged.

The sdlection of the sequence length P is based on the number of stages in the MIC due to the partia
inter-symbol interference. Specifically, in making the current symbol decision for a particular user, the MIC
may have to estimate the tentative decisions in the previous stage for the two consecutive interfering symbols of
other users (see (25) and Fig. 3). In other words, if the symbol decision in the S-stage of the MIC is considered,
the number of involved interfering symbols in the initial stage would be at least 2S5. Here, in the smulation,
the sequence length P is set to 25 + 3 to make sure all the involved symbols are taken into consideration. In
the S-stage MIC, the symbol decision will be made for the (S + 1)-th symbol of this sequence. Since we wish
to evaluate the performance of the MIC in the second stage, S is set to 2 through all the following simulations.

In this paper, instead of introducing athreshold for the soft decision asin [2], we focus on the hard decision
in the MIC due to the fact that the determination of the optimum threshold is practically complicated. The
analytical bounds on the BER can be evaluated using the formulae presented in the previous section, while the
simulation results on BER are estimated from 3 x 1(f Monte Carlo trials.

For notational simplicity, we use MIC-FSI-7 and MIC-PSI-i to denote the i-stage MIC-FSI and MIC-PSI,
respectively. In the initial stage, the MIC schemes (MIC-0) have the same performance as the conventional

Rake receiver since there is no interference cancellation.

5.2 lllustrative Results
521 Caseof perfect channel knowledge
We first consider the performance in the case of perfect channel knowledge. In the theoretical analysis, we set

A G = .
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The BERs for the MIC schemes in a 3-user system over a 2-path Rayleigh fading channel versus SNR are
plotted in Fig. 4. All users are with equal power. The performance in asingle-user environment is evaluated via
(41) with A&% = 0. The upper and lower bounds for the MIC-0 are evaluated via (45) and (46), respectively.
The upper bounds for the MIC-PSI-1,2 are obtained by (48), while the corresponding lower bounds are very
close to the performance in a single-user environment and not plotted for this reason. In the evaluation, R;
is set to zero due to the perfect channel knowledge. The other BER points are obtained from the simulation.
From the figure, it can be seen that both the MIC-PSI and the MIC-FSI with i > 0 can provide a significant
performance improvement over the conventional Rake receiver (MIC-0), in which no interference cancellation
scheme is used. In addition, the MIC-PSI-1 (partial Sl cancellation) can provide an improvement in SNR of
about 3dB at a BER of 10~*, as compared to the MIC-FSI-1 (full SI cancellation). The results also indicate
that the MIC-PSI offers a performance in a 3-user, frequency-selective, 2-path Rayleigh fading environment
similar to that in asingle-user case. Moreover, the upper bound is tight for low SNR values but looser for high
SNR ones, especialy in the case of the MIC-PSI-1. This can be explained as follows. From (48), where ﬁz
is set to 0 because of the perfect channel knowledge, we note that given p, and ag, the maximum eigenvalue
of the covariance matrix of the residual interference, i.e., Xfe (i), mainly determines the upper bound. As
shown in Appendix C, in computing the covariance matrix, we adopt the worst-case BER in the previous stage
(MIC-0). That may result in some performance gap. In addition, for high SNR values, the interference part
can be effectively removed such that the residua interference may not be well approximated by the Gaussian
distribution. Hence, when the Gaussian approximation is adopted in the analysis, the analytical results may
deviate from the simulation ones.

The effect of the number of usersis studied next. The smulation results on the BER of the MIC schemes
versus the number of users (K) at SNR= 20dB over a 2-path Rayleigh fading channel are plotted in Fig. 5 and
compared with the analytical upper and lower bounds, evaluated by (45) and (46) for the MIC-0 and (48) and
(49) for the MIC-PSI-1,2, respectively. All users are equal in power. It can be seen that as K increases, the
performance of both the MIC-PSI-1 and MIC-FSI-1 is degraded. To improve the performance, the 2-stage MIC
appears necessary, especially when K islarge (K > 7). Besides, it is shown that the MIC-PS| outperforms the
MIC-FSI. For example, the system using the MIC-PSI-2 can achieve aBER of 10~* for 12 users or more while
the MIC-FSI-2 cannot. Furthermore, it is shown that the simulation results are well bounded by the analytical
bounds. In other words, the upper and lower bounds can be used for estimating the performance.

Fig. 6 shows the simulation results on the BER of the MIC in the case of unequal-power users. A system
with 3 users over a 2-path fading channel is assumed. SNR#i is the SNR of user #i. The SNR#1 is set
to 20dB while the SNR#3 varies relatively to SNR#1 as shown in the horizontal axis and SNR#2 is set to
(SNR#3+SNR+#1)/2 (in dB). The performance of the MIC-PSI-1,2 is much better than that of the MIC-0 due
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to the cancellation of the MAI and Sl and it is less susceptible to the values of SNR#3-SNR#2 than that of
the MIC-0. However, the performance of the MIC-FSI-1,2 is dlightly degraded as SNR#3 and SNR+#2 become
large. A possible explanation isthat as SNR# 3 and SNR#:2 become large, the probability of making awrong
tentative decision for user #1 would increase and thus when the MIC-FSI subtracts the SCI part, which involves
the tentative decision of user #1, the performance degradation will occur. It appears that the subtraction of the
SCI in the MIC-FSI-1,2 cannot improve but worsen the performance. In contrast, the performance of the MIC-
PSI-1,2 is amost insensitive to the power difference in the users. In other words, the MIC with the partia S
cancellation can tolerate more imperfection in power control.

In Fig. 7, the analytical and simulation results on the BER of the MIC schemes versus the number of
diversities (L = 1,2,3,4) in a 3-user system at SNR= 20dB and N = 31 over multipath Rayleigh fading
channels are plotted, where L is also the number of fading paths. It is assumed that the receiver knows the
number of paths so that L diversities can be applied to the case of L paths. All users have an equal power.
In the case of L = 1 (i.e, no self interference), there is no difference in performance between the MIC-PS|
and MIC-FSI because these two schemes are the same when there is no self interference. As L increases, the
MIC-PSI-1 provides a significant performance improvement over the MIC-FSI-1 and the conventional Rake
(MIC-0). This can be explained by the fact that the MIC-PSI-1 treats the self current interference (SCI) as
the signal while the MIC-FSI-1 regards it as the interference. We also note that the simulation results of the
MIC-PSI-1 are well bounded by the analytical results. The analytical bounds in case of MIC-0 become looser
for large L because there would be more self interference in the initial stage. Note that for L = 1, the upper
and lower bounds are merged together and represent the approximated BER for the MIC under the Gaussian

approximation.

5.2.2 Effectsof imperfect channel knowledge

We assume that the variance of the channel estimation error in (8) isthe samefor al [ and k& and can be denoted
by o2,.

The simulation results on the BER versus o2, for the MIC schemesin a 3-user system with SNR=20dB and
N=31 over a 2-path Rayleigh fading channel are plotted in Fig. 8, and compared with the analytical upper and
lower bounds. The upper and lower bounds for the MIC-0 are evaluated by (45) and (46), respectively, while
those for the MIC-1,2 are obtained by (48) and (49), respectively. All users are considered to have an equa
power. It can be seen that when the variance of the channel estimation error islessthan 162, both the MIC-PS
and the MIC-FSI with i > 0 can provide a significant performance improvement over the conventional Rake
receiver (MIC-0). As the variance of the estimation error increases, the performance improvement becomes

smaller. Nevertheless, it is shown in Fig. 8 that even in the presence of the estimation error the MIC-PS| still
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outperforms the previous one (MIC-FSl).

Further analytical and simulation results on the BER of the M1C schemes versus the number of users (K) at
SNR=20dB over a 2-path Rayleigh fading channel are plotted in Fig. 9. The variance of the channel estimation
error (02) isset to 1072 and all users are assumed to have an equal power. It can be seen that as K increases,
the performances of both the MIC-PSI-1 and MIC-FSI-1 are degraded. Furthermore, the results show that in
the case of imperfect channel knowledge, the MIC-PSI still performs better than the MIC-FSI. For example, to
achieve a BER of 1073 or better, the MIC-FSI-1,2 can only accommodate 7 and 9 active users, respectively,
while the system can tolerate 9 active users in the MIC-PSI-1 and at least 12 users in the MIC-PSI-2. Once

again, the simulation results are shown to be well bounded by analytical upper and lower bounds.

5.2.3 Effects of imperfect channel knowledge and time delay estimation

As mentioned earlier, we assume the perfect estimates of the time delays in this paper to simplify our analysis.
This section presents simulation results on the BER performance of the MIC schemes in the presence of time

delay estimation error . The time delay estimates can be given by
ﬁ(k) _ Tl(k) + ATl(k)

where %l(k) is the estimate of the time delay in the [-th path for user £ and Afk) the estimation error.
In the simulation, we replace all time delays {rl(’”} with {%l(’”} for the noise correlation and the recon-
struction of the interferences except those in 1A% of (9), for which the replacement ism := L(ﬁ(’” — Wy

¥) was modeled as a zero mean Gaussian random

together with 7/, ., == (") — ")) — mT;. In[29], A7}
variable. Here, we assume Arl(’” is deterministic and the same for all [ and k£ and thus can be denoted by Ar.
Thisassumption is unrealistic but greatly simplifies our simulation and the results could be useful to assess the
effect of the random variable Arl(k). Otherwise, the aforementioned noise correlation matrix R,, computed
from the time delay estimates 7"/, has to be cal culated and diagonalized in each trial.

The simulation results on the BER performance of the MIC schemesin 3 and 8-user systems over a 2-path
Rayleigh fading channel are plotted in Fig. 10, where SNR=20dB, N=31, and ¢, = 10~2. The results show
that when the time delay A islessthan 102, there is no significant performance degradation for all the MIC
schemes, while as A7 increases especialy when A7 > 107!, the performance is seriously deteriorated. In
addition, the MIC-PSI-1,2 conduct better than the MIC-FSI-1,2 in the presence of the time delay estimation
error. Furthermore, although the deterministic At is considered in the figure to show its effect on the BER, the
results also suggest that for arandom variable Afk), if the probability of ATl(k) > 102 is very small, there

would be no significant performance degradation on the MIC schemes.
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6 Conclusions

This paper shows that the multistage interference cancellation (MIC) using the partial Sl cancellation in con-
junction with the Rake combining can provide a satisfactory performance in a QPSK asynchronous DS/ICDMA
system over multipath fading channels. By removing only the self inter-symbol interference rather than the
total Sl, the introduced MIC-PSI outperforms the previously proposed MIC-FS| and has a performance close
to that in the single-user system. The paper also presents a derivation of the bit error probability taking into
consideration the effects of the diversity combining, noise correlation among the fading replicas, and channel
estimation error. Analysis and simulation indicate that in the presence of channel estimation errors, perfor-
mance degradation occurs in both the MIC-PSI and MIC-FSI. However, the introduced MIC-PSI still provides
a better performance than the MIC-FSI.
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Appendix

A Evaluation of the CF of Re{Xe’"} in (37)

From (35), Re{ X ¢/7} can be written as

L
) 1 &
Re{Xe!"} = 9 Z {Yf:qqu + Yl,qY?fq} 0
g=1

whereY; ; = ¢, + g and Yo g = (cqv/2py + 24)€’7, of which ¢, g4, and z, are the g-th elements in the vectors
C, G,and Z, respectively.

We assume that 1 E{GGH} = A(%)1. Thus, conditioning on the channel parameter vector C, ¥ ;, and Yz
form a pair of complex-valued Gaussian random variables. For different ¢, they are statistically independent
but the pairs of {Y; 4, Y5 ,} may not be identically distributed. If they were, the resultsin [3, Appendix C] for
the error probability in the presence of the estimation error could be directly applied.

By eq.B-5 of [3], the CF of Re{ X ¢/7} conditioned on {c,}, denoted by @, (w|C), can be written as

Ly 2 2 2
p p w .
y(wlC) =[] = 2 P {w2 v [—7(/\(@ + 200N D) + jwy/2py cosv] |Cq|2} (51)
g=1

where \(%) and A\(%) are the variances of 7, and g,, respectively, and =1/vVA(Z)\(@).
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In (51), ¢, |
Averaging @, (w|C) over {|c,|?, ¢ = 1,2, ..., L, }, it yields &, (w) as shownin (37).

B Evaluation of Rr(0)
1
In the text, we use Ry (0) to denote the covariance matrix of F(0)=Q§’ A2 QH [&%“) + M ,(1“)]. We have

Ry(0) = QYA; QY [Rs; + Ra] Qu; Qg

where Rg; and R, denote respectively the covariance matrices of Si™and MW,

From (17) and (18), we have

Ly

1 u)  *(u
{Sz,(1 315’%((12)} = 2pu Z EE{ag )al( )}-
I=1l#q1,l#q2

(w) _ )
|:dm1+1dm2+1Ru,u(TzlL,l;u,q1)R u( ulu,qg)E{e 7(Pn ma-t ¢nim171)}

N _ @
+dm1dm2+1Ru:u(TIIL,l;u,q1)R* u( Tu,l; u,qg)E{e d)n me d)niml)}
(w)  _ 4(w)
+dml+1dm2RU:u(T’llL,l;u,q1)R* ( u l; u,qg)E{e] ¢n_m2 ¢n_m1_l)}

N - (u) 4 (w)
iy Aoy Ry (1 1 ) R (70 ) B e =P ) (52)

WheremizL(Tl(”) — qu )/TbJ for i=1,2. Similarly, we have

K Ly
= . 1 k) x(k
EE {MT(L?ll)an,%)} = Z 20k Z 5E‘{a,g )al( )} )
k=1,k#u =1

-1 (k) _ (k)
|:Rk,u(7_llc,l;u,q1)Rz,u(Tli;,l;u,qz)E{e](qsnmz1 ¢nim171)}

B o () (k)
+Rk’u(T;C,lﬂb:(h)RZ,U(Tlg,l;u,qg)E{eJ(¢"7m2 17" ml)}
S (k) (k)
+ R (T, i) Bk (Tlgl-u,qg)E{e /(= ¢"7m171)}
(k) (k)
+Rk; U(Tklu,ql)Rku( klu,qz)E{e ¢n mo ¢n ml)} (53)

where m;=| (¥ — 7{)) /1| for i=1,2.
The expectation involved in (52) and (53) can be evaluated as

B0y ) b =
0, otherwise

where r; and r are taken from the sets of {my, m; + 1} and {mg, mo + 1}, respectively.
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C Evaluation of R\“”(3) and R!™"(4)

Generally, the covariance matrix of F'(i) can be expressed as

where R g, (7 —

Rp(i) = QgAs_%Qf R, (i— 1) + Ry (i — 1)] QuAs 7 Qs

1) and R, (i — 1) denote respectively the covariance matrices of$il (i — 1) and 81" (i — 1).

Considering the channel estimation error for of*’ in Szg‘;(z — 1) and M) (i — 1), we have

Sy,

and

(u )

n,q

’L — 1 \/ Z al [ m+1 ( 7]¢;u)m I—e ]¢£Lu)m 10.71)) R, u( ; )

ulu,q
I=1,l#q

() -2 (w) i »
+dm (€_J¢n7m — e_qun*m(l_l)) RU;U(T, lu,q):|

u7;

Ly
=V 2puy Z Aal(U) [dm+167]¢n m-1 (i I)RU,U(T;,l;u,q)

I=1,lq
o) .
+d, e 0= R, (ulu,q)]

K L

(1—1) = Z \/2pkzka§k) [(e It g i9nimon(E 1)> R (T 1)

k=1,k#u I=1
(k) 5(k) %
+ ( 10 "m — e I%n" m (1= )> Rk,u(Tl,c,l;u,q)}

Z MZACM [_J% m—1 (= I)Rku( Th lsu.q)

k=1,k#u
—ON2  (i=1) /
t+e o Rk:u(Tk,l;u,q)
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Asaresult, we obtain

1 ~.(uw) .
iE{Szn,ql(z -

DSingi—1)} =

n,q2

L
u 1 .
200 Y, FE{Ac][A0]™])
lzl)l;éql ,l?,éQ2
|:dm1 +1dm2+1Ru,u (Tzlz,l;u,ql )Rz,u (Tzlz,l;u,q2)E1(#1)+1,m2+l
+dm1 dm2+1RU,u (Tzc,,l;u,ql)Rz,u(TL,l;u,qg)E(U)

mi,ma2+1

+dm1+1dm2Ru,U (TIIJ,,l;u,ql)RZ,u(T, )E(U)

w,biu,q2/ = mi+1,m2
+dm1dm2Ru7U(T’IIL,l;u,q1)RZ,U(T’IIL,l;u,qg) Tr?l,mz]
Lo ()
u *(U
+2p, Z §E{O‘l a )

l=1:l751117l7542
/ * / (u)
|:dm1 +1dm2+1Ru,U (Tu,l;u,ql )Ru,u (Tu,l;u,qz)Eml +1,m2+1
> / * ’ (u)
+dm, Ay 1Ry (Tu,l;u,ql)RU,u(Tu,l;u,q2)Em1,m2+1

+dm1+1dm2 RU,U (TIIJ,,l;u,ql)Rz,u(TIIL,l;u,qg)E(U)

m1+1,mo

+dm1 dm2 Ruyu(T’L,L,l;u,ql )Rz,u(T’llL,l;u,qg)Esjl),mg]

where mi:L(Tl(“) — "/ T3] for i=1,2. Also, we have

1

n,q2

2

where m=| (¥ — 7{)) /1| for i=1,2.
The expectations Eyf)rz and Eﬁ’f?m are

B = gl (-0-92, (Dl _

1,72

“E {M,gggl (i — )M (G — 1)} -

= 1 k k
> 2y 3E{A)[Aa] ] -
k=1,k#u =1

~(k
[Rk,u(Tllc,l;u,ql)Rz,u(Tllc,l;u,qg)Er(nl)—i—l,mg-l—l
o ~(k
+Rk,u(7—]:;’l’u7ql)R;;yu(T],g’l’u,qQ)Eﬁnl),m2+1
A (k
+Rk,U(Tllc,l;u,q1)Rz,u(Tllc,l;u,qz)Er(nl)—l—l,mz
» » (k
+Rk,u(7-llc,l;u,q1)Rz,u(Tllc,l;u,qz)Eéu),mg]
K Ly, 1
k k
+ Y Y B ).
k=1,k#u =1
Rt g0, B (Th ) By
keul\ T L, Yk ul\Th Lu,g2 ) By +1,ma +1

> k
+Rk’u (Té;al;uqu )R27U(T],€7lyuaq2)E£nl);m2+1

P k
+Rk,u (TI:;,l;u,ql )Rz,u(Tllc,l;u,qg)Er(nl)—l—l,mz

» » k
+Rk,u (Tllc,l;u,ql )Rz,u(Tllc,l;u,qz)Eéu),mg]

1, If o =T1

0, otherwise
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and

A - *
E®. - B { [emi’“)” _ emi’“)”(m)] [emi’% B ej¢;’“>rz(i1)] }
1 4 4 R " B B
— 4 Zp:l Zﬁ:lﬁ;ﬁp g1 (pap) ifri=ro=r
1 4 4 4 4 ) . .
16 ZPI:I Zﬁl:l,]fﬁﬁpl Epz:l EPAQZLPAQ#pz gg(pl,p2’p1,p2) Otherwlse

Here, r; and r, are taken from the sets of {m;, m; + 1} and {my, my + 1}, respectively, and
91(pp) = [e 7% — e %] [e7ir — 73| PG, (1= 1) = il = v, }

92(p1, P2, P1,P2) = [6_””1 — e_jwﬁ1:| [e—j%z _ e_j¢ﬁ2]* Py {Qggbkzrl (1—1) = ¢m|¢£ﬁn = %1} :
PAB, 0= 1) = 0l = e |
W, = 2m(p — 1)/4 is the possible phase shift, and R{¢\") (i — 1) = 1|4\ = ¢,} is the symbol error
probability when gb(nk) = 1), istransmitted while the tentative decision in the (i — 1)-th stage is ).
For user k, let X(¥) (; — 1) be the combiner output in the (i — 1)-th stage. Thus, Ps{&f) (i—1)= @bﬁ|¢>,(f):
Yo )= Pr{X®) (i — 1)e/¥» € R;}= A;, where R, is the region containing the vector JO=1-01) [31].

Following the approach in [31], we have

A = Fly=—n/A)F(y = —3u/4)
4y = Fly=—n/HF(y =n/4)
45 = Fly=n/9)F(y =3n/4) (54)

where F(v) := Pr{X®) (; — 1)e/¥rel7 < 0}.
When the bit error rate isirrelevant or weakly dependent on ¢, we may evaluate (54) by setting v3,=0 and

we have

Fly=n/4) = Fly=—n/4)
Fly=—3n/4) = Fly=3r/4) =1 —F(y = —n/4) (55)

where F(y = —n/4) is the bit error rate of user k£ in the (i — 1)-th stage. One can readily check that by
substituting (54) and (55) into (32), i, = F(y = —n/4) follows.

As previously mentioned, due to the correlated residual interference, the exact evaluation of F(y = —n/4)
is quite difficult and thus the upper and lower boundsin (i—1)-th stage denoted by 7% (i—1) and """ (i—1),
respectively, are derived in Section 4.2. In addition, by using the Gaussian approximation for the interference,
these upper and lower bounds on the BER are irrelevant to the transmitted symbols. Therefore, instead of
computing the exact Ry (i), we may compute R;i"’ (i) and R;i"w) (4) relying on Pb(“” )(i—1) and Pb(lo“’) (i—1),
respectively. In particular, by letting F(y = —7r/4)=1§(“”) (1 — 1) in (55) for all users, the resulting Ry (%) is
referred to as V" (i), while letting F (y = —/4)=P""") (i — 1) for all users, we obtain R\/""" (s).
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