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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) andotal self interfer-
ence (Sl), the introduced scheme aims to remove the MAI, angartial
Slincurred by the self intersymbol interferend&lI). 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 Sl 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.

|. INTRODUCTION

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 Sl. After cancellation, several combining
techniques are considered. Note that for any user, the can-
celler output contains the superimposed multipath signals
corresponding to theurrentsymbol. 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

Multiuser decorrelating detection has been proposed Ig,q hearing information of the current symbol was treated

suppress the multiple-access interference (MAI) and the sglf

interference to be removed, the MIC-DECO separates

interference (SI) for Direct-Sequence Code-Division Multiy 4t myltipath signal and uses it in the symbol decision. In
ple Access (DS/ CDMA) systems in multipath fading changis sense, the resulting performance would be better. The
nels [1, 2]. Nevertheless, these detectors still require a larg@ o relating operation may incur the correlation among the
amount of computation, especially in asynchronous systeise components in multiple fading paths. If the noise cor-
when the numbers of active users and fading paths becomgion is known to the receiver, a maximal ratio combining
large. On the other hand, various efforts on designing MUk, pe achieved. Although in practice, such an MIC scheme
tistage interference cancellation (MIC) over multipath fady,;i, optimum combining (MIC-OPTM) cannot be imple-
ing channels have been conducted in [3,4]. For instanCgented due to the unavailability of the knowledge on the

in [3], the MIC scheme was proposed to cancel the MAlpgise correlation, it can provide a performance benchmark
and a RAKE receiver was simulated to estimate the channgl he MIC with various combining techniques. Further-

parameters and to combine the fading replicas for symbg|,re for a successful cancellation of the MAI and SiI, the

decision in BPSK CDMA. However, apart from the MAI, MIC-OPTM can be approximated by the MIC with Rake
the received signal was also corrupted by the Sl caused Eéimbining (MIC-RAKE).

the multipath components of the desired user’s signal. In gjmylation results show that the MIC schemes vpighn-
order to remove the S as well as the MAI, [4] consideregy| g| cancellation provide a good performance close to
the MIC scheme with th&ull SI cancellation. Nevertheless, thatin an ideasingle-usesystem and outperform the MIC-
note that the Sl is made up of tiself intersymbol inter-  coNy even in the presence of the channel estimation error.
ference(Sll) incurred by the multipath components of theAmong the MIC schemes, the MIC-DECO can provide a
previous 'symbol and theelf current symbol interfe'rence slightly better performance than the MIC-RAKE in the ini-
(SCI) which corresponds to the current symbol. Since thgy stage, while in thé-th stage { > 0), when the MAI and
SCI contains the current symbol information which can bg; e successfully removed, the MIC-RAKE has a per-
treated as useful signal for symbol decision, the MIC cap)mance close to that of the MIC-OPTM and superior to
proceed with thepartial SI cancellation to cancel the Sll {15t of the MIC-DECO. Furthermore. our analysis shows
alone rather than thiell SI. that the MIC-RAKE can inherently decorrelate the superim-

In this paper, we will introduce a MIC with multipath 564 multipath fading replicas so that the decorrelating op-
decorrelating (MIC-DECO) for QPSK asynchronous CDMAation is not necessary. For this reason, the MIC-RAKE re-
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quires less computational complexity than the MIC-DECOwherem := L(Tl(k) - (“))/Tbj andry, ., , = (T,(k) -
Tq<“>) —mTy. Ryu(T)= % [ ar(t—7) a%(t)dt andRy, ()=
ar(t — T) ( )dt are the normalized partial correla-

Il. SYSTEM DESCRIPTION

Consider a QPSK asynchronous DS/CDMA system with" f
K active users over a frequency-selective multipath Rayleiin functions. ni% is the noise component given by
fading channel. The received signa(t), can be written as " | )T
w)

UM q
2 ’ A /N T +T(§u)
E:,/ pk}:a et = 1)ag(t — 7P) + 2(1) m
Sincez(t) is the Gaussian noise with zero mean and unit
(1)  power spectral density;") is Gaussian with zero mean

(u2)

and unit variance. The covariance mﬁﬁ 7 and np,2.,

z(t)ar (t — Tq(“))dt (5)

wherep, := Ei/N, is the normalized signal power, in (u1) ()
which Ej, is the symbol energy for usdr and N, is the i.e.5E {Unlfql (M2 } is set toR,, ., (4 — 7i’) and
noise power spectral densityl;, is the number of paths R* . (t& — 75), respectively, when < TQL < T1 and

U1 ,u
which can be either random or deterministiuf,k andr, (k) 51< 271L < k. ltis setto zero itr$ > & or 75 > 7F,
are respectively the fading parameter and the time de'%ereT = n;Ty + T (ul andrl = 5 + T for i=1,2.

for the [-th path and usek. z(t) is the background Gaus- . '

(w) i i
sian noise with zero mean and unit power spectral density. For notational s|mpI|C|tyV of (4) will be written as

be(t)= >0 e iyl )PT (t — nTy) is the information V(u) — 2puaf1“)e‘f¢(n + Sc(“) + 51( ) + M( ) (ug
bearing waveform, wheren is the data bearing phase (6)

taken from the se{2x(m — 1)/4,m = 1,2,...,4} and ) ) | _
Pr(t) is the rectangle waveform with duratidh. aj(f) WhereScy?, Sitty, andM.) are defined as follows
denotes the signature waveform given by

L,
u) —iplw )
L [, 0@ Selty =2 3 o e Ruu(Tpa,) ()
ak(t):i;m%[ +]a Pr (t —iT.) (2) I=1,l#q
La,
Whereagk“ (N’”}rf anda “‘ = a(N'”LlQ are respectively Sit =\ /2p, Z Oél(u) |:dm +1e_]¢n —
the in-phase and quadrature PN codes assigned tokuser “ I=1icq
which are taken from the sét1,1}. e -
A channel estimator is used to estimate the channel pa- Ruu(T ) + dme 797 =m Ry u(Ty 1 q):| (8)
rameters. The estimation model can be written fot athd
k as K Ly “
u k —j
NOBNCIN0 3 M= VZPkZO‘z( Hemstnes
Q= e ©) k=1,k#u =1
(k)
Wheree, is the estimate noise in tHeth path for usek Riyu(Th oung) + €77 By (T, 110, )} 9)

and it is assumed statistically independent complex-valued ) .
Gaussian variable with zero mean and variaaﬂ;ke forall In(8), Ry () is setto eithe®R,, ,(7) or R, ,,(7) depend-

landl; A . ing on r,(“) < 7% or not. In (8),d; is an index function
At the first part of the receiver, we assume that there a -
I pl hih : (fhich can be setto 0 =0 and to 1 otherW|seSc§1“,), is re-
Z(kk) 1 Ly, correlators with the conjugate waveforfg; (1 — ferred to as the self current-symbol interference (SCI) and
le }{l L, 2C L]a} tor;er?ir?jte the dhefCISIOI’l vanrablesSZ 4 the self intersymbol interference (SlI). The sum of the
or K users. Consider theth fading path for uses, the '
A SCl and the Sli is the total SM,\") is the MAL.

received signat(t) is c;ar)related with{a? (t — o )} and From (6), we can see that the sigrazalf¢(n") to be de-
integrated fromn T, + 7 to (n + 1)Tj + 75 . Then, the  tected is submerged by the multiuser and multipath inter-
output signal will be sampled at the time inst@mt-1)T5+  ferences. To suppress those interferences, various detectors

. The resulting sample, denoted By}, is given by can be designed as shown in the following.

K Lis (%)
f— k) [ —j
Z QPkZaz( ) [e J¢n_m_lev“(Tllml;u7q)

I11. M ULTISTAGE INTERFERENCECANCELLATION

In this section, we briefly review the conventional MIC
B0 ( ) with full SI cancellation [4]. Then, we discuss three MIC
e I0nm Ry (T4 1 q)] + 7, (4)  schemes usingartial SI cancellation.



A. Conventional MIC with Full SI Cancellation output signal in thé-th stage canceller is given by

The conventional MIC (MIC-CONV) with full SI cancel- (w) (u) ()1
lation [4] attempted to cancel the MAI and the total SI from V. (¢ (i) = - SZ (Z -1)- Mn,q (i-1) (@14
the received signal in each stage of the MIC. The output of
the canceller for the-th branch in the-th stage of the MIC where as in the MIC- CON\Sln q(l — 1) and My (i — 1)

is given by are the reconstructed interference part§df) and"),
(W (u) S COP respectively. _ _ _ _ _
Vad ) = Spq(i—1) After subtraction, the resulting signal in (14) can be writ-
Sl(“) Mi—1)— Méuq) (i—1) (10) ten using the vector notation as follows,
u . u —a (u) "’(u) .
where Se\) (i — 1), $il") (i — 1), and NI — 1) are V() = RaalV2pue 0T 4 80y (i - 1)
the reconstructed interference parts f), Si("), and w6 - 1) + @ (15)
— An

Mr(ffq), respectively. They can be calculated via (7), (8), and
(9), respectively, by replacing (k) andqb (k) A(k) and where

58 (i = 1). a{¥) is the channel estlmate glven by (3) and o™ =", .. (“)]T
Q) (1 —1) the tentative decision ozﬁn in the (¢ — 1)-th (W = [ (u) (u) (u) |7

stage for the:-th symbol and usek. T = U Tn,20 2T L
As a result, if the subtraction can totally remove the SCI, Sz( )( 1) = [stg(z 1),.. Sz;)L (i — D],
the SlI, and the MAI fromi\*) (i) in (6), the resulting sig- - (u) . u .
¢ &) 10 (9), 98 W1y = I (- )., N - )T (16)

nal only contains the faded 5|gna(f V2pue” 3% and the

noise componemn - Since there is no superimposed mul-
tipath signals, the Rake combining can be applied to colle (u )
the multiple fading replicas and the combining output in théw — My (i — 1).

()

V\{hereSz()( 1) = 8i(¥) i) (i—1) andNI{") (i—1) =

MIC-CONV is given by In (15) R;isanL, x L, correlation matr|>(< ?f th(? sslgna—
) " ture Waveforms It$j-th entry is set tdR,, ., (7;" Yy if
X30) = [@"1" T (0) (1w (W _ I
> T andRu (T + T; ) otherW|se By (5),

whereV (" (i) = [V, v\, ., V(%) 1T, anda(™ =[a{"), the correlation matrix ofy(“) can be recognized to HR,.

n

~ () ’ a(L )]T in which {al(u)} denote the channel esti- It is well known that the decorrelating operation is very

Ay 'y e
m2ates given by (3). useful in separating the multiuser and multipath signals [2].
After computing the following decision variables, By pre-multiplying (15) withR, inverse, i.e.R;!, the
multipath signals can be separated. We thus have
D,(i) = Re{X,(L“)(z') ej%} C op=1,2,...4 (12 o
U( ) R_1V u) — a(u) /2p e~ i%n +w u) (’L)
wherey, := 27(p — 1)/4, the symbol is decided in favor (17)
of
R (u) /9 — (u) (u) w
O (i) = b, = argmax{ D, (i)} (13) wherew(? (=R [8,” (i~ 1) + AL, = 1)+ o],

After decorrelating the multipath signals, there are var-
In the initial stage { = 0), we let Vn(ff,) (O)ZVé,’fI) and ious methods to combine the resulting fading replicas in
based on/n(ff} (0), the tentative decisiop) (0) can beread- U(i). Here, we may directly combine those multipath fad-

ily obtained by following (11) to (13). ing replicas as in [1]. The combining output is given by
Inthe MIC-CONYV, the SCl is regarded as an interference () s () Hy1/s
to be subtracted in (10). However, the SCI actually contains X () =@ U() (18)

the current symbol, which can be shown useful for symb - . i
decision. Hence, we may subtract partial Sl instead of fu ur;[her symbol decision can proceed by following (12)

Sl. In the following, several MIC schemes with partial Sl

. ; The above decorrelating operation in the MIC-DECO is
cancellation are discussed.

conducted over multiple fading paths for each user rather

B. MIC with Partial S| Cancellation than for all users and multipath. Thus, the whole compu-
. . tational complexity is somehow reduced in comparison to

B.1 MIC with decorrelating (MIC-DECO) the combined multiuser and multipath asynchronous decor-
In the MIC-DECO, we proceed the MIC with the sub-relator in [2]. On the other hand, compared with the MIC-

traction of the MAI and the partial Sl (the Sl part). TheCONV [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 4
performance would be better. w0k L8 ]

The combining method in (18) is not optimum due to N

the fact that the noise vectar'” (i) is correlated. If we

know the correlatiora priori, the optimum combining can
be used to provide the maximal ratio combining after the® N
noise whitening [2] as shown in the following. i MIG-DECO—0 (Koo

MIC-DECO-0 (K=3,sim)
MIC-RAKE-0 (K=3,sim)
MIC-OPTM-0 (K=3,anal)
MIC-CONV~-1 (K=3,sim)
MIC-DECO-1 (K=3,sim)
MIC-RAKE-1 (K=3,sim)
MIC-OPTM-1 (K=3,anal)
- --  MIC-DECO (K=1)
MIC-RAKE, MIC-OPTM (K=
:

0
@
X<
pge::]
x O
<8
x OB

=L ~ 4
10 N

B.2 MIC with optimum combining (MIC-OPTM) w0l
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LetR " (i) denote the correlation matrix efy") (i). The
optimum combining output can be given by 10°

n . \
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Fig. 1. Performance comparison of the MIC schemes in a 3-user system

o . . over a 2-path Rayleigh fading channelN£31, equal-power users.

The symbol decision in thieth stage may follow (12) and Perfect channel knowledge).

(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 IV. ILLUSTRATIVE RESULTS

named the MIC-OPTM. Without loss of generality, we assume that the first user
Although theoretically the MIC-OPTM is possible to con4s the user of interest.

duct, it cannot be implemented in practice inasmuch as the System modelGold sequences wittv=31 are consid-

correlation matrix ofw" () is unknown to the receiver ered asthe PN codes. We consider identical fading channels

or difficult to be estimated. Nevertheless, the MIC-OPTMuith E{[o/")]?} = 2 for all fading paths. Total SNR#per

may provide a performance benchmark for the MIC with alh;; i L1 2pE{ [a;k)]z}/logzM: prLy. Li=L is assumed

other combining techniques. Furthermore, it can be ShowRg same for all users. The multipath fading channel is con-

that when the interference (i.e., the Sl and the MAI) argjdered to be a tapped delay line with/2 delay [6]. The
successfully removed, the MIC-OPTM can be approximat%d (k) (k) 4T /2

: o ime delay for usek in the [-th path isT
by the MIC with Rake combining (MIC-RAKE). whereT®) is set to(k — 1)T}/10 mod Tbl. 3 x 10° Monte

B.3 MIC with Rake combining (MIC-RAKE) Carlo trials are conducted to estimate the BER.
) ) , ) Results:For notational simplicity, let MIC-NAME: de-
Assuming that for > 0, the multipath andNrTLuItluser note the performance of the MIC-NAME which relies on
interferences are successfully subtracted (seiriid (¢ — thei-th stage decision. In the initial stage (MIC-NAME-0),
1) + M;“) (i — 1) to zero inw® (i) of (17)), we note that NO interference cancellation is used. Evidently, the MIC-
the correlation matrix ofy(") (i) reduces tdR,] . Thus, RAKE-Ois identical to t'he convgntional RAKE receiver [6].
the output signal, after the noise whitening and the maxim?\\/lI In th_e following, we first consider the performance of the
ratio combining, is given by IQ with perfect channgl knovyledge.
Fig. 1 compares the simulation results on the BER of the
X @) = @7 [R,)UG) = @7V ¢) (200 MIC schemes in a 3-user system with SNR=20dB over a
4 2-path frequency selective identical Rayleigh fading chan-
Following (12) and (13), we may obtain the symbol decinel. Equal-power users are considered. As a benchmark,
sion in thei-th stage. the analytical single-user BERs for the MIC-DECO and the
The final step in (20) is actually the Rake combininglIC-RAKE are provided in the figure. Also, the analyti-
(MIC-RAKE). Therefore, the result in (20) suggests thacal results for the MIC-OPTM are plotted for comparison.
when the Sl and the MAI are totally removed, the comit can be seen that the 1-stage MIC (RAKE, DECO, and
bining output of the MIC-OPTM is equivalent to that ob-CON) can provide a significant performance improvement
tained by the MIC-RAKE. In other words, as long as thedver the O-stage counterparts, in which no interference can-
Sll and MAI are effectively canceled, the MIC-RAKE cancellation scheme is used. In the 1-stage MIC schemes, both
provide performance better than the MIC-DECO. Furthethe MIC-RAKE-1 and the MIC-DECO-1 can provide an
derivations of the performance bounds of the MIC-RAKEmprovement in SNR of about 2.5dB at a BER 1f *,
scheme can be found in [5]. 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-CONYV, the MIC-DECO, 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 and the MIC-RAKE in a multi-user system over a 2-path Rayleigh
fading channel. SNR=20dBYy=31, and equal-power users. Perfect fading channel. (SNR=20dBY=31, equal-power users. Imperfect
channel knowledge. Dotted line: MIC-OPTM-0, dashed line: MIC-  channel knowledger2 = 0.01).

OPTM-1, solid line: MIC-OPTM-2.

, ) ) , in the previous stage may be salient. Thus, when we ig-
multiuser system (K=3), by effectively subtracting the intern e sych correlation and use the Gaussian approximation
ferences, the canceller outputis similar to thatin the singlgy model the residual interferences, performance difference
user system and thus the MIC-RAKE-1 still conducts bett€fcc s especially for larg&”. Note that in the 0-th stage,
than the MIC-DECO-1 as shown in the figure. However, thg,o Gaussian approximation may work well and the MIC-
performance difference is very small (approximately 0.5dByp1\-0 may provide a good lower bound for the results of
at the level of BER%0~*). When there is no interference the other MIC schemes.
cancellation (at the stage 0), the MIC-OPTM-0 cannot be Nexi the channel estimation error is considered and the
approximated by the MIC-RAKE-0. Both the MIC-RAKE- y5riance of the channel estimation in (3) is assumed same
0 and the MIC-DECO-0 are not optimum and the MIC+4, 411 7 andw and denoted by?2.

DECO-0 has a slightly better performance than the MIC- comparison of the simulation results of the MIC-CONV,
RAKE-O at high SNR (SNB15dB). Generally, they can {he MIC-DECO and the MIC-RAKE is shown in Fig. 3,
provide a performance comparable to that obtained by thghere;2=0.01. We can see that in the presence of channel

MIC-OPTM-0. Finally, we note that the performance of thestimation error, the MIC-DECO and MIC-RAKE have a

MIC-OPTM-1 seems worse than those of the MIC-RAKEjnmilar performance and outperform the MIC-CONV.

1 and the MIC-DECO-1. This phenomenon might be due to

the Gaussian approximation in modeling the residual MAI

and Sl'to obtain the analy.t|cal B.ER for the MIC-OPTM-1. This work is partially supported by Ericsson Research

In Fig. 2, we plot the simulation results on the BER OfCanada

the MIC-CONV, the MIC-DECO, and the MIC-OPTM in a '

multi-user system with SNR=20dB over a 2-path Rayleigh REFERENCES

fadmg channelversus the number of users. The MIC'CON[Y]' D. Chen and S. Roy, “An adaptive multiuser receiver for CDMA sys-

0 has the same performance to that of the MIC-RAKE-O and  tems,” IEEE J. Select. Areas Communol. SAC-12, pp. 808-816,

therefore is not pIOttEd in the figure. The analytical reSUItS2] ;ur%evggg:l. “Combined multiuser detection and diversity reception

for the MIC-OPTM-0,1,2 are.also plotted. The results ShO\k for wireless CDMA systemsJEEE Trans. Vehi. Techvol. VT-45,

that in the presence of multiple users, the MIC-DECO-1,2  pp. 205-211, Feb. 1996. _

still outperform the detector without interference cancellal®] S: Striglis, A. Kaul, N. Yang, and B. D. Woerner, "A multistage RAKE

. . receiver for improved capacity of CDMA systems,” IBEE Vehi.

tion (MIC-DECO-0) and provide a performance close t0  tech. Conf., VTC94p. 789-793, 1994.

that of the MIC-OPTM-1,2. Besides, it can be seen thdt] Y. C. Yoon, R. Kohno, and H. Imai, “Cascaded co-channel interfer-

the simulation results are well lower bounded by the corre- €nce cancelling and diversity combining for spread spectrum multi-
. . . access over multipath fading channel$ZICE Trans. Commun.

sponding analytical results of the MIC-OPTM for the ini- o £76-B, pp. 163-168, Feb. 1993.

tial stage { = 0). Asi increases to 1 or 2, deviation may|5] }l F. Weng, G.”Q. Xue, rT.OILe—Ngoc, and S. ﬁahar, “Multistagﬁ inter-

; ; ; erence cancellation with diversity reception for QPSK asynchronous
OC.CW especially for largéc. A possible EXplana.‘tlon for DS/CDMA system over multipath fading,” ifCC99, Vancouver,
this is that wheri becomes large, the MAI also increases canada June 6-10 1999.

and thus the correlation among the bit error rates for usel8 ié 965- Proakis,Digital communications New York: McGraw-Hill,

V. ACKNOWLEDGMENT



	q: 0-7803-5565-2/99/$10.00 © 1999 IEEE


