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PERFORMANCE ANALYSIS OF SLIDING WINDOW MULTIUSER
DETECTORS USED IN ASYNCHRONOUS DS-CDMA SYSTEMS
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ABSTRACT

In this paper. the stiding-window method is applied on both decorrelating and
linear minimum mean—-squared error (LMMSE) multiuser detectors. The analytical
expressions for the error probability of those multiuser detectors (MUDs) are derived.
The analysis is presented for asynchronous direct sequence code-division multiple-
access {DS-CDMA) in additive white Gaussian noise (AWGN) and multipath fadin:
environment. The adopted detectors divide the received signal stream inlo processing-
windows and process them window by window. The effects of expanding the
processing-window length on the error probabilities are investigated. The analysis
shows that the error performance of the decorrelating detector is much better than that
of the LMMSE detector when the power of the interfering users is larger than the
desired user power. It is also shown that the performance of the presented detectors
will be significantly improved with processing-window length up to four symbols.
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1. INTRODUCTION

Next generation comiunication sy-
stems have been developed to support
voice, data, and multimedia services
with large sysiem capacity [1]. A direct
sequence code-division multiple-access
(DS-CDMA) scheme has been chosen
as a multiple access technique for next
generation communication system. A
conventional matched filter (MF) detec-
tor for DS-CDMA systems ts limited for
single user detection [2].[3]. To
overcome such a limitation. multiuser
detectors MUDs have been investigated
for next generation communication
systems. MUDs have been proposed to
alleviate the performance degradation
caused by multiple-access interference
(MAT) in CDMA. In MUD., the received
signal is matched-filtered by spreading
sequence corresponding to each user
and then processed by multiuser filter.
For synchronous systems, the multiuser
detect-ion is achieved by processing the
received signal over the present symbol
duration. However, f{or asynchronous
systems. the optimal multiuser detection
needs an infinitely long processing-
window [2]. These infimte memory

length detectors are almost impossible

to implement due to its computational
complexity, memory requirements, and
processing delay. For this reason,
suboptimal multiuser detectors for asyn-
chronous channels usually adopt the
linear time invariant (LTI} filtering
method [3], [4], finite memory-length
(referred to FIR) method [2], [3], one-
shot sliding-window method (3], {5-7],
or isolation bit insertion method [3] to
obtain truncated infinite memory length
detectors. However the LTI filtering and
finite merﬁory-lenglh (FIR) methods
require large computational complexity
2]. 131
method doesn’t exhibit satisfactory perf-
ormance [3], [5]. In addition, the

one-shot  sliding-window

isolation bit insertion method has low
bandwidth efficiency [2]. Therefore. in
this paper, we generalize the sliding-
window technique to utilize more than
one symbol. The sliding-window
technique is appliecd on both
decorrelating  and  linear minimum
mean-squared error detectors (LMMSE)
as linear MUDs. The decorrelating and
LMMSE detectors have received the
most interest due to their good

performance and simple mathematical
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formulation [15]. The decorrelating and
LMMSE deteciors can be characterized
as an inverse of some form of
correlation matrix |8].

In this paper, stiding-window decorr-
elating and LMMSE detectors are math-
ematically developed. it is shown that
when extending the processing-window
tength, the error probability will be
greatly reduced.

The paper is organized as follows. [n
section 2, the system model and channel
characieristics are presented. Sliding-
window technique is described In
secuon 3. and Multiuser detectors in
multipath fading channel are presented
in section 4. Section 5 presents the per-
formance analysis of the proposed detc-
ctors. Scclion 6 presents the numerical
results. and. finally, conclusions arc

drawn in section 7.

2. SYSTEM MODEL AND CHA-
NNEL CHARACTERISTICS.

A. System Model.
The CDMA system consists of K
users. These K users share the same

communication media asynchronously.

The channel of each user is modeled as
frequency selective fading channel with
L resolvabie paths. The fading chara-
cteristic for cach path is independent
and identically distributed. It is assu-
med that the fading rate is slow enough
to regard the channel characteristic as a
constant over one symbol duration 7.
The received signal () is the conv-
olution of the transmitted signal and the
channel impulse response plus the
common additive channel noise. Then

received signal can be represented as

follow [15}:

Y Y
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where N, is the number of symbols in
the data packet, K is the number of

A =P, 18  the

transmitted  amplitlude of user &

aclive  users,

(assumed to be constant over the trans-

mission), £, is the transmitted power of
user &, b"is the nth transmitted data
symbol of user &,

sUY = s (0 - nT ) is the kth
user spreading sequence waveform,
C{™(t) is the impulse response of the kth

user’s radio chanpel at symbol interval

n, * denotes convolution and w(f)is the
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complex zero-mean additive white
Gaussian noise (AWGN) with variance
o°. For convenience, assume that s"'(2)
1s real and normalized so that
s =0 Ve [n]’;,(n+[)?1] and
A,
[l b =1
",
where T, denotes the symbol interval,

and ™1y = Dol -r, )
-1

Ll

where ¢ 1s the complex cocthicient of

the /th path of user k during the nth

symbol intcrval,
and r,, is the delay of the /th multipath

component of user & Now the received
signal can be written as
LIAEN
i) = ZZZ/‘U?;"'CITS‘(I—H?:—T”)-I—H(!) . (2)
Akl

for notational convenience. Eq. (2) may

be expressed in vector form as foljow,
Fie) = Z S . (3)

where S =[5, 537 - 517] is the

spreading  sequence  vector  with

NED tHy  {w ud

s =0 sy o s where
Sy =sU-nT -1, K" =CM A B
where (' = diagjC\" C" Cy) is

the complex channel coefficient matrix

with C{" =[e¢el? ... ¢7]" where
[.1 denotes the transpose notation,
A =diag[A, A, A, ] is the matrix

of total transmitted amplitudes,

b = (b bL! 5] €EX is assu-
med to be Gaussian random data vector
with modulation alphabet = and W is
the channel noise vector. If the received
signal #(1) is fed into a corrclation
receiver that 1s matched to the
corresponding spreading waveforms, the
output signal vector can be represented
as follow [2], [3], [4],

V7= R=DEY + RO + RIOH P+, (4)

where

R, (= [\ (=7, )s, ((+IT, —7, et
= 0 ‘U1i|>| (5)
R (®=1,R ()=0 and R-{)=R"()
and the covariance matrix of the
correlated noise W'is given by
&’ R(0). The conventional RAKE dete-
ctor makes decision on the combined
output of the correlation receiver. There
are [ resolvable independently faded
paths. These L paths are coherently
combined to form decision statistic
b = sgn fC "y 6)

where H denotes the Hermitian notation.
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B. Channel Characteristics.

The channel  coeflicicints  vector

C - [(-lﬂl (-Inl (_v(h'h—'u)l’ . (?)

1s assumed to be complex Gaussian ran-
dom vector with zero mcan and covari-
ance matrix Z.. iU is assumed that the
fading channel coefticients have a zero
mean and variance normalized to the

covariance so that ¥ ,.;( oy ’)= L vk
3, (v

The standard wide-sense  stationary
uncorrelated scattering (WSSUS) fad-
ing channel model holds [9]. The
channels are assumed to be stationary
over the observation interval so that the
channel autocorrelation 'aulocovariance’

LAy ey

function ¢, (n.n")y = E(c”c” ) is a fun-
ction ol the ume difference (a—-n7
only [9], [10]. The stationary assum-
ption 1s valid il (he vehicle speed doesn't
change  during transmission. The
Doppler power spectrum s assumed 1o
be classical Jake's spectrum {9], [11],
{12].  The width of the channel
autocorrelation  function is  called

channcl coherence time, denoted by
s % . where f, s the maximum
Doppler spread. The channel is said to

be slowly fuding it 7., >>7 and fusi

i

fading f T

E. 23

<T,. In the intermediate

crh

case T, >7. . the channel will be

termed relarively fost fuding. In this
paper. the channel of ecach user is
modeled as frequency selective slow
fading channel. The uncorrelated scatt-
cring assumption 1s valid if the chann~l
cocflicients are independent. The cov-
ariance matrix of the channel can be
partitioned as

r, s vt E

e M L] a0
AR 5 . ¥
. =~ A UL R
o= S R )]
I oM ~
Z:HNKJ\’JI 24J|1-\14a e 211}*4&!1; N

channel model

1. (9)

with WSSUS
X, =diagl¥ ¥,

.
Ty [

where Z‘M =d:'ag[qh(nﬂ) @) %,(mﬂl

3. SLIDING-WINDOW MODEL.

To explain the basic concepts of the
proposed MUDs, we consider a multi-
user system with 3 users only and sing-
fe path propagation. FIR-MUD js an
approximation of [IR-MUD with finite
memory length [2]. [10], as shown in
Fig.1.a. FIR-MUD with window length
"P"outilices PKL MFs. (PKL is the
multiplication of I, Kand L)
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Fig. 1. Block diagram of the sliding window MUD



Mansourz Engineering Journal, (MEJ), Vol. 32, No. 2, June 2007. E. 25

The performance of FIR-MUD may be
degraded due to edge effect [2], [3].
Fig.).a. shows that the (n+4)th symbol
of user / has edge eflect on (rwt3)th
symboi of user 2. The improved onc-
shot multiuser detector (10S-MUD)
converts asynchronous CDMA system
to synchronous one by taking a window
of length T, as shown in Fig. 1.b. The
resulting performance is not satisf-
actory. because it exploits only partial
information of the user spreading
waveforms. which results in degraded
signal-to-noise ratic (SNR) perform-
ances [5]. [13].

An efficient solution to this problem
can be found in using sliding-window
technigue with expanded processing
window length such that at lcast one
symbo! of each user can be included in
the window. The processing window
length that satisfies this condition is ",
where P=2. 3.4, ... symbols. As shown
in Fig.l.c. the sliding-window MUD
processes the rececived signal over a
processing-window of length "P" from
(n-1)T; to (n-1+P)T,. to detect (n+m)th
symbol, where me[O,P—Z[, and
consequently (P+1) MF outputs are

generated for each user's path. For K

users, L paths, (P+ /1)KL MF oviputs are
utilized at the multiuser detection
ProCess.

I'ig. 2 shows the structure of the
sliding window MUD of length PT,. It
consists of (P+/} MF banks, each MF
bank is composed of KL MFs, multiuser

filter and X maximum ratio combiners.

4. MULTIUSER DETECTORS IN
MULTIPATH FADING CHANN-
ELS.

There are two approaches which may
be employed for MUDs. Multiuser
filtering can take place either after
multipath combining (post-combining),
or prior to it (pre-combining). Perfor-
mance differences of the two structures
for decorrelating MUD in a known fixed
channel have been compared in [14].
Multipath combining prior to multiuser
filtering makes channe! estimation more
difficult since the multiuser detection
depends on channel estimates, which
cannot be estimated at the output of the
detector in this case. Therefore, the
practical implementations of the multi-
user receivers first perform multiuser
detection and, subsequently, channel

estimation [15]. Such receivers also
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have thc advantage that the detection
does not depend on the fading channel
state.

As shown in Fig.2, at the middle
banks (from 2nd bank to Pth bank). the
reccived signal is matched-filtered by
corresponding spreading sequences with
one entire symbol duration. The MFE

output vector of these banks is
{n+m) 7I tinem)
y = _[S ()t

= R(-A"™ ™" + RO)A'"™™ +
(1) (0) (10)
R(I)h(ntm—li+wtn+m)

where mel0, p-2}. In the first MF
bank. the reccived  signal  r(f)  is
matched-filtered by a set of partial
spreading scquence waveforms (fai/
portions) and they are expressed as

g0 ={.\-, - W—g b LSS, gy

0 : othenwise
where ~ denotes tail portion. The MF
using (ail portions 1s called a partial MF.
This partial MF output vector is

expressed as

""(!I—l} Isv'-‘ln |l;(’kj!

(12)
= R-DH™ + RO + W,
where S R L e

R(0) = ]S’“" e 8 " (MHar

and W =[S (W @) ar

The term R(NA"? is absent because
#" Mis outside the processing window.
Similarly, at the (P+]}th MF bank, the
received signal r(t) is matched-filtered
by (« head portions) of spreading seque-

nce waveliorm defined as

&=
s{~mp--,),  (p-2T4g, <t S(n+p—l)?:( 13)
0 ; oltherwise

where * denotes head portion.

The output of this MF bank is

s lep) | limi -1

s o (14)
é(O)h‘""' n +]«”},""J" ZI_‘_ﬁ;ﬁnp 1

1y _[atespely oo pd N
where S‘"""’—[s:'l'”"’ ot ;f;’:f" ,

and R(0)= J@“""’"‘(1)5““""”’(:)9’: . For con-

venience, the matched filter banks out-

put veetor may be expressed as follows:
};' =[5_;?(n—-u }/’tnl )}tmnm )’]lnip—l)f

js;‘"’;(r) dt ,  (15)

ii

R b +W,

where §7” = =[S S g S0y

- A

) 0y, Q. e OKr,
R RY R 0
. : . e X K_D

»

I_ 0)\'-’. Q(,f_ . KQ_

P FE
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[ ir
BT e et

Lerb -1
A hl(rlp }ln'.‘ and

W= (i e e gt iy
where 0, isa KLx KL null matrix.

In conventional RAKE detector, any
symbol in the processing window from
nth symbol to (n+/-2)th symbol can be
detected by making the decision on the
combincd output data of user &,
b5 = sl ) (16)
Since there are nonzero off-diugonal

terms in R . the MAI and consequently

NF problem exist in the output.

To overcome these shortcomings, the
outputs of the matched filter banks arc
fed to a multiuser filter o form a multi-
user deteclor.  Dmportant linear multi-
user detectors are decorrelating detector

and LMMSE detector.

A. Decarrelating Detector.
Decorrelating detector provides NF
resistance performance by eliminating
MAIL To eliminate MAL. the MF output
vector is fed to a decorrelating filter, n
which the input signal is multiplied by
the inverse of the cross-correlation
matrix over the processing-window

6], [17].

The decorrelator output vector is

(aém) _ (n+m) -1y
x, =T, RY,

_ (r+m) {ar+m)
= h, + Z .

; (17

: remy [ twemy oy tm)]?'
Where  x; —[xp, Xy X .

trim| Invm} fHem) intm|

X =[~",4’_| X2 xpi.f.]:’ :

(e
Tp - [0 KL cKbdml} !n OA'J,xm,t;--m-n |

and /,, is a (KixKL) identity matrix. A
selector matrix 7™ is used to select
(n+m)th complete symbol in the proce-
ssing window, wherc m is an integer
ranging from 0 to (P-2) and output noise
vector 77" is Gaussian since it is 4
linear transformation of Gaussian noise
w, and the oulput noisc covariance
malrix ts expressed as

E[Z::'Hm] Z:‘(m-m)] =o_27~;n+mJR;tT:(ﬂ+m}l (18)
The decorrelator output vector has KL
clements. ‘There are . clements for cach
user which are associated with L
resolvable independently faded paths.
These L elements are coherently com-
bined to form a decision statistic 5™

for user k as follows

1

(Fem) _ (im) sinim])
b = Z Koo Cut ’ (19
i=1
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B. LMMSE Detector.
The target of LMMSE detector is to

minimize the cost function E}. Ihp-hm_lzl
wherehszYFis the estimate of h,.
This leads to the LMMSE detcctor
L ={R +oxl ) (20)

where £, = E lhrh;’,' J
The selected LMMSE output vector is
x:‘l:l‘;::!" = Tf:n‘m’Lﬂ-f }‘p

= MU e L 21
r Af

Vo) {nem) {mem) lerrnny 1
where X mm"[x,u: sise Xpzapasy x_;..l;)t.f,u.\;i-]

‘:.'I'L’::m {"::,‘4'::41\1 ::; imu I::f:f:m.\':-.], .
N N AL A and
MUY f.':;“"’RP = )"J',"‘""L“ R,. The
output noise vector can be expressed as
follows Zi3,7 = L7 ™W (22}
with covariance matrix

[/(-nm} /!ﬁnlmil =0 l|‘(U!li'l'lIR ‘(:\THIM) (23)

TpMAINE T SIS r
The L resolvable paths of each user are
coherently combined to form decision
statistics b} 10, for user k& as follows

!
[mm] {m} {mm}
1 ARAESE Z PARLENHEH Ciy - (24)

Hl

5. PERFORMANCE ANALYSIS.
The performance of the decorre-

lating and LMMSE detectors is analy-

7zed in a known channe! to ebtain an
expression for the average bit error
probability (BEP) of each receiver. The
analysis is based on the characteristic
function method presented in {10}, |14],
and {18]. The characteristic function is
solved via eigenanalysis for the matrix

formed from the decision variable.

A. Decorrelating Detector Perfor-
mance.

The deciston statistic of the decorre-
lating receiver for user & afler maximal
ratio combining can be expressed in the
form bl ™ =/ myte (25)
includes the decorrelating filter output
veclor for user & [q. (25)can be re-
writing in quadratic form as follows

plat "t = v Qu. (26)
1 2

0, f,
whcr(:():—1 g and =[] x"’"”‘r
204, 0

The probability of bit error for user &
can be expressed as [10], [14].

[ ]
N S va
=t =] ]_ ]
AQ yw A

i f=123--2L are the

27)

where A,

eigenvalues of the matrix JB,0, and

B B yom
A=t v ¢ 28

- ﬂ‘;-u-i :’;un ﬁ‘_::tﬂl

Y
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is the covariance matrix of the
vector v. The combining vector cov-

artance malrix s

om =t sl ] -t

The covartance matrix between  the

1}(2%

combining vector and the decorrelating

filter output vector becomes
B = A (30)
H R i

and the covariance matrix of the decorr-

elating filter output vector has the form
fJ::--. :/ﬂbzrmma]:q;wl +o;(?:'um;@;}»’:uun.-]]m”]‘ (3 I)

where a is the matrix identifier

a=(k-DL+1:kL.

B. LMMSE Detector Performance.
The decision statistic of the
LMMSE detector for user & can be
expressed as Wi =G, (32)
and can be rewriting in quadratic form
as follows #lim.=ulQu, . (33)

|1

The recciver output vector xp700.. is

conditioned on the dala veclor
h!(ru,n—ll].‘

fim=
bp=[b (=l bruap b""””...

50 the probability of error for user & con-

ditioned on b, can be expressed as [10]

(34)

oA |
}:_ﬂh, = Z |
i

7"
=1

P b V,L

Where 4, i j=4123,-.2L are

the eigenvalues of the matrix g ¢ and
iy

| /): o b: P L 35
/}t\rihr - ! ™ ﬂl""" ( )

‘-lamn -",4':;;{\4"1- S vnrigPs
is the covariance matrix of the vector

v, . FThe combining vector covariance
matrix is G ......
i

The covariance matrix between the co-
mbining vector and the LMMSE filter

output vector becomes

ﬁ( 4r-n\| dmam) !h

Kb wnm !y

=4 [Ou,yu--uu by " E.‘,' e Oup.ar-sy (36)

I} .
Ou.xu-lm b& E‘_:..t:..p} U(I,vu.‘—lu.l

[EIN A ) Laim)
Ou.-u ey h& )_‘,‘..., A OU.-IK m.p]M '

and the covariance matrix of the
IL.MMSE filter output vector has the

form

B N :M;’”‘"'Z“ Mﬂuw} + l(;m\ﬂﬂ Mﬂ;rw} (37)

‘u-f REATAY

thrCM ::um} = Tr:;lm]M (nrm)

0 IR el AT ]

The kth user's average BEP of a

{mimy _
and 7,)'" = [O ARTIY IR

I.MMSE is obtained by averaging over
all possible interfering symbol comb-
inations. Thus, the BEP of user &k can be

cxpressed in the form {10], [14]

[
Px = [T Z“ Pr..il.‘-r : (38)
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6. NUMERICAL RESULTS.

The performances of decorrelating
and LMMSE receivers are analyzed and
compared to thce performance of the
conventional RAKE receiver which is
designed to combat multipath while
ignoring, the MAI. The channel charact-
eristics are assumed to be known. Data
symbols are BPSK-modulated and spr-
ead using gold sequences with period
63. A randomly chosen delay in the
range [0.T,;) was used, while keeping a
uni-form  distribution.  The Doppler
power spectrum is assumed 1o be Jake's
spec-trum with vehicle speed of 60 mph,
carnicr [requency 900 Mllz, and data
rate 9600 bps. The maximal ratio com-
bining 1s used for diversity combining.
In the analysis we take 20 active user
and multipath diversity reception with 2
branches.

Bit error probabilities (BEPs) of
detecting (n+m)th symbol of user k
using  decorrelating  detector  with
window length of 67 as a function of
SNR are shown in Fig. 3. It is shown
that the BEPs of nth and (n+4)th
symbols are not satisfactory compared

to other medial symbols in the window.

5 ) " P » 0
BN {df

Fig.3 BEPs of detecting symbal (n+m),
P=61,. m=0.}.2.3 .4 using Decorrclating detector,
K=20,1=2

This is because the nth symbols suffer
from partial correlation between (n-1)th
partial symbols, also (n+4)th symbols
suffer from partial correlation between

(n+5)th partial symbols.

S,
- -
0w, e

/

0o

3/ |dE)

tig.4 BEPs o RAKE detecteor and Decorrelating
deteclor, P=2, 3, 4, 5, 6, K=20, L=2

Fig. 4 shows that the proposed
decorrelating detector outperforms con-
ventional RAKE  detector and  also
shows the BEP improvement due to

increment of window length "P".
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1 ,
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4 eme LMMSE Pa2 : -
07 a LAIMSE a3 i . ."n_;-.‘ v
-0 LMMEE Peg g %,
O LMMSE Pa3 't
© g LMMSE Pl |
1w - .
5 fo 5 0 s ]

BN (98)
Fig. 5 BEPs of RAKLE delector and |.MMSE
detector, P=2, 3, 4, 5, 6 K=20.1.=2

Fig. 5 compares between the BEPs of
LMMSE detector and RAKE detector.
This figure shows the performance imp-
rovement due to the increment of "P,

From fig.4 and fig.5 it can be shown
that the performance of decorrelating
and LMMSL detectors will be marg-
inally improved with processing-win-

dow length up to four symbols.

— O ctreinbry |
O LMMGE

Fig.6 BE of the decorrelating and E.MMSE
detectors Vs. P. K=25,1.=2 and SNR=15dB

Fig.6 shows the BEP of the decorrelat-
ing and LMMSE detectors as a function

of window length at signal to noise ratio

S/N= 25 dB and contirms that the BEP
is seen to decrease as the window length
increases. This figure shows that a mar-
ginal performance improvement can be
achieved by expanding the window
length from 27, to 47,. It is also shown
that the window length cxpansion of
more than 47, does not exhibit a
performance improvement.

Fig.7 shows the BEPs performance
of decorrelating, LMMSE (with P=4)
and RAKE detectors. It is shown that

. I.MMSE detector is better than the

decorrelating and RAKE detectors from
BEP point of view when all users have
gqual SNRs. It 1s also shown that the
BEPs of decorrelating and LMMSE
detectors are approximately equal at
high signal-to-noise ratio. This is bec-
ause the noise effect becomes signific-

antly small compared to MAIL
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Fig.7 BEPs of the decorrelating, LMMSE detector

(P=4T,) and RAKE detectors, K=20, L=2
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Fig. 8 shows the interfering power effect
on the BEP of RAKE, Decorrelating
(P=4T,) and LMMSE (P=4T) detectors
in uplink receivers. For simplicity. we
suppose only 2 users, 2 paths for each
user and SNR of the first user is 15 dB.
This figure shows that only the
decorrelating detector has the NF
resistance and it superior to both
LMMSE and RAKE detectors when the
interfering user power exceeds the

desired user power.

7. CONCULUSIONS

In this paper, sliding window
approach is applied on both decorrel-
ating and LMMSE detectors with
expanded window length. Both

detectors have a BEP performance

improvement when "P=47.". The
decorrelating receiver eliminates MAI,
whilc LMMSE receiver still  sulfers
from MAI and consequently NF
problem. Although LMMSE detector
BEP performance outperforms decorrel-
ating detector when all users have equal

SNRs, decorrelating detector has NF
resistance better than LMMSE detector.
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