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ABSTRACT

An adaptive step-size least-mean-square (AS-LMS)
chip equaliser for long-code downlink direct-sequence
code-division multiple access {DS-CDMA) systems is
presented. The AS-LMS algorithm adaptively varies
the step-size in order to minimise the mean square
error (MSE) criterion in addition to the equaliser tap-
weight adaptation. The ability of the algorithm to
equalise multipath fading channels is assessed. Sensi-
tivity to the various initial values of the step-size and
the adaptation rates of the algorithm is also investi-
gated.

Keywords: Adaptive step-size, Least-mean-square,
Chip equaliser, Long-code DS-CDMA.

1. INTRODUCTION

In most commercial CDMA systems such as IS-
95 and third generation mobile DS-CDMA systems,
dowmiink symbols are spread by orthogonal short
codes and then scrambled by cell-specific long codes
prior to synchronous transmission {1]. As in many
communication chanpels, time-dispersive channels is
account for distortion of the received signals. Or-
thogonality among channel user codes is therefore de-
stroyed and multiple-access interference (MAT) cannot
be eliminated efficiently by the use of the matched fil-
ter (MF) currently implemented in the fonio of RAKE
receivers. If the MAI problem is not alleviated, bit
error rate may not be in acceptable levels for various
services which require high speed transmission, e.g.,
data downloading or web browsing.

I long-code DS-CDMA, multiuser detection
schemes designed for short code systems, e.g., mini-
mum output energy of [2|, cannot be applied dircetly
since cyclostationarity at the symbol peried is no
longer available. Early attempt includes a blind adap-
tive multiuser receiver designed for both short and
long spreading codes systerns (3]. However, conver-
gence to the desired user is not guaranteed. Adaptive
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implementation of chip-rate cqualisers is not straight-
forward since no continucus multi-user training chip
scquence is available [4). A recent attempt to improve
tracking performance of the receiver is the intreduc-
tion of the chip receiver that is updated at the chip
rate [5]. However, to attain the optimum solutions,
the cut-off parameter of the lowpass filter used as an
MAI suppressor must be chosen manually by the de-
signer.

We propose in this paper an adaptive step-size LMS
{AS-LMS3) fractiopally-chip-spaced equaliser (FSE)
for long-code downlink DS-CDMA systems. Despitc
structural similarity to those of [4, 6, 7], the proposed
receiver is equipped with AS-LMS in the cqualisation
stage for automatic judgement of the step-size. Train-
ing information is derived from the pilot signal perpet-
ually transmitted by the base-station and the updates
of the tap-weight vector, stop-size and the relevant
derivative of the tap-weight vector are all performed at
the symbol rate. Simulations confirm the applicability
of the algorithms for multipath fading COMA chan-
nels. Insensitivity of the algorithms to initial settings
of the step-size and the rate of step-size adaptation
are also shown.

For notation, we use bold lower case for vectors.
bold upper case for matrices, * denotes the convolution
operation, (-)7 for transposition, (" for Hermitian
transposition, (-}7 for complex conjugation and [-] for
rounding up to the nearest integer.

2. SIGNAL MODEL

The hase-band CDMA model of downlink transmis-
sio of 2 K -user plus a pilot channect long code COMA
system is illustrated in Fig. 1. A basc station trans-
mits a synchronous code division maltiplex signal (Z)
which is 2 result from spreading and scrambling se-
quences and given by

K M-
by

£(2) = s(z)(z Z (i — Nmb(m) + VFN_E), (1}

=1 m=l)

where (i) is the base-station scrambling long code.
¢1(4) is the spreading short code of length NV for the th



user, by (m) is the data symbol of the {th user with win-
cow of A bits ancl-&g is the pilot signal with spreading
zain MVg.

We consider the FIR channel model with the chan-
nel impulse response {A(k)}, k& € {0, ,L.}. The
received signal »(¢} is the result of a convolutional op-
eration between the transmitted signal ¢{£) and A{7),
Le., r{z) = t(f) « A{z). To facilitate the reception di-
versity, the received signal 7() as seen at the recciver
is sampled as a rate higher than the chip ratc T, ie.,
T = T./P where P > 1 is the oversampling factor.
At the receiver, with the notations adopted from [5],
the discrete-time received signal is fractionally sam-
pled r(i) = 3°, HHh(z — 7P} + wli) where w(i) is an
additive white Gaussian noise (AWGN) with variance
o2,

The received signal +(3} can be written in the form
of vector-matrix notation as

= Ht; + w;, (2)
where
hU o hLJ\.

H = ’ - )

hO e h(rn
h; = [h(l)(i), o ‘h(P)[,‘;”T,
t; = [t(‘&),' rt(iFL-‘% _L.f)]Ta
wi = |w(i),-- w(i = P(Ly+ )+ 17

At the receiver, all updates are performed every
symbol n and the FSE tap-weight inpat is a vector
consisting of P(Ly 4+ 1) x 1 chip signals
= [r(aly, + 1T, — ), 7 (0T + 1T, — 7 + T,

r(nTy + 1T — 7+ (P(Ly + 1) - HTH,(3)
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where T denotes a delay to input samples that is de-
péendent on the pulse shaping. The FSE equaliser f; is
considered to be adaptive and is defined by

f. = UG, @) (4)
(2RO RRR Sl G TR G R SO B

The chip estimate is given by
2(i) = £ r. . (5)

The main function of the channel equaliser £, is to re-
store the orthogonality of the chip estimate (7} prior
to the despreading and descrambling. The block di-
agram of the proposed receiver structure is shown in
Fig. 2.

2.1 Multi-user MIMSE Receiver

The chip-level MMSE equaliser is designed to min-
imise the mean-squared error between the multiuser
synchronous signal ¢(:) and is given by [8]

fmse = (are HH" + ¢ I)'lﬂeu, (6]

bi([ %]y —

f

C'[(l')

? | Bre—g—u

: !, % ‘f(:)
bell 1) —=E—

It

ex i)
Fig.1: The doumlink WCDMA system model for I
users with pilot channel.
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Fig.2: Lineor adaptive AS-LMS receiver structure

for the pilot channel. Note that the chip equaliser f;
is updated by the AS-LMS algorithm at every symbol,

L., fili:nN',+1\ﬁ.—1

where e, = [0,. .., %, .., 0]7. Tt should be noted that
training the MMSE egualiser above is not possible
since the imowledge of signals and spreading codes of
all users is required [8]. Also, training with the chip
sequence of the desired user does not offer a satistac-
tory result due to the very low signal to interference
ratio (SIR) of the chip sequence itself. Rather, we ex-
ploit the pilot signals as the training scquence which
employs the spreading code of all “+17{5,9].

3. ADAPTIVE STEP-SIZE LMS (AS-LMS)
RECEIVER STRUCTURE

We study the application of the adaptive step-
size LMS (AS-LMS) recciver in the long-code CDMA
model. We consider the adaptation based on the pilot
channel. [n [9], it is shown that the equaliser derived
from the pilot sequence can also be applied for de-
tection of different users within the same cell. Siuce
all updates are done every symbol, this implies that
f;, p: and the derivative of tap-weight with respect
to the step-size are frozen during the symbol interval
or at time ¢ ¥ niN + N — 1'. In this structure, the
MSE cost J = E{je(n){?} where e{n) = bo — 61" i
minimised with respect to £, which is a substitute af
£ onew-1 The bit estimate 5" is derived after the
total of ¥ Chlp estimates are normalised, summed and

TFor the salee of notation simpliciy, we shall drop the sub-
seript 0 from Ng.



resampled again at the bit rate

\ i N1
a0y Z (0 H
bE;) = N az+uNfﬂ Tris

1=l

(7)

i) & . i .
where af.,lq,‘w = ¢y(d) x § {z)' elimivates
t

e N+ N —
the effect of the spreading code and the scrambling

code of the detected bit at every symbol timiag [10].

3.1 Updating Algorithm

The update equation of f,, at the symbol time n
after despreading/descrambling is given by [10],

(8)

In adaptive step-size scheme of [11], the step-size is
also updated in order to minimising the MSE cost J

(o)
frn-&-l = fu = “rtanN+N..1c:t.ru,rlN-FN—l-

with respect to the step-size g, i.e., g—ﬁ‘ which

JL=[En

mives
0 . T He
a4yl = [}'—‘H +aas:f:"-i-N-leurn,nN-i-N-IY:I]u ’ (g)

where o denotes the adaptation parameter and | - Y
denotes truncation to lower and upper step-size limits .

and its update

$#=fin

Y, represents the derivative of ‘gﬁ

cquation is given hy

) T
Y.,.H = I"#nﬂnN.;.N_lrﬂ,nN+N—lru,nN+N—l Y.
()

Fpm o1 Cnlnan -1 (10)

Equations (8),(9) and {10) coostitute the adaptive
step-size LMS chip equaliser for long-code CDMA sys-
tens.

4. SIMULATIONS

We considered a long-code DS-CDMA system with
four active users. All signal powers are equal since
petfect power control was assumed. Walsh-Hadamard
codes were employed as channel short codes for all
users and rancom codes for the cell-specific long code.
The spreading gaun for all users were N = 8, and frae-
tional sampling factor # = 2. All users propagated
through the same three-ray mudtipath channel. The
first ray was assumcd to be the donunant path where
the probability of the location of the delay of the last
two rays were uniformly distnbuted over [0, 107%) with
standard deviation 0.3. Root-raised cosine chip wave-
form with excess bandwidth 0.22 was used as the pulse
shaping filter. The additive noise was white Gaussian
noise with SNR=20 dB.

First, by fixing the adaptation parameter ¢ to
1 x 10~*, we examined the behaviour of the AS-LMS
receiver tor different settings of the initial step-size
fn. Fig. 3 and Fig. 4 show respectively three trajec-
tories of different initialised step-sizes of the AS-LMS

o 0 W00 300 2000 2GR 000 I5C0
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4000
Fig.3: The trajectories of step-sizes of AS-LMS for
different pp with o = 1 x 1074

‘.‘ — bg=le-2
s | - Hprde=3
~31 . L]
bl -. [ Hl,:‘o..g L
+ ————
107
w 10 "
\
1
‘004 *
i
3
‘B-ﬂi
T o
1079 g e 2 e
1] S0 W0ed 500 X000 2500 3000 IS0 4000
Numbar of symbes

Fig.4: MSE for different up witha = 1x10~*. Large
Mo setting gives a slightly faster convergence speed.

algorithm. Each plot was averaged over 50 different
runs for 4 x 10% symbols. In Fig. 3, the trajectories
are driven up to the peak and gradually decrease to a
small value. A decrease in the value of the step-size
is associated with a decrease of the MSE of the AS-
LMS receiver as shown in Fig. 4. After n = 2500, all
trajectories stay at the same level. With the 100-foid
variation in po = {1 x 1074, 5 x 1075, 1 x 1072}, all
trajectories of the step-sizes for the proposed AS-LMS
receiver in Fig. 3 show auv approximately identical be-
haviour in convergence. It is noticed that the algo-
rithm converges slightly faster at large initial sctting
of step-sizes. A shuilar result has also been observed
for the standard AS-LMS algorithm shown i [12}.

In order to test the effect of the adaptation gain «
upon the algorithm, we considered the performance
of the AS-LMS chip receiver at different values of
o. In Fig. 5 and Fig. 6 show trajectorics of y,, and
MSE at different settings of initialisation of step-size
o was set at 1 x 107* and the adaptation rates at
a={5x107%1x 1075 x 107%}. From the plots,
the trajectories of the step-sizes converge to an ap-
proximately similar level despite a 10-fold difference
in adaptation race setting. The step-sizes converge to
some small levels but will not go to zero. Although
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unique global convergence has not yet been proven,
the consistency in convergence of different adaptation
rates suggests the insensitivity of adaptation rate o
of the AS-LMS chip equaliser for loug-code CDMA
systems.

5. CONCLUSION

In this paper, the structure AS-LMS chip equaliser
is introduced. The performance of the algorithm for
long-code downlink DS-CDMA multipath fading chan-
nel is examined. The insensitivity to the wide-range
initialisation points of step-size and adaptation rate of
AS-LMS arc also investigated. The trajectories of the
step-sizes for the algorithm converge to approxdmately
the same level with a 10-fold difference in adaptation
rates. Simulation results suggest the relative insensi-
tivity to variation of both initial step-size and adap-
tation rate settings of the AS-LMS algorithm.
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Abstract

This paper proposes a blind Multiuser Detector
{(MUD) for high rate {HR) user detection. The design
comesponds for the dual rate Direct Sequence Code Division
Multiple Access (DS-CDMA) systems. The proposed detector
is based upon the Adaptve-stepsize Constrained Minimum
Output Energy (AS-CMOE) algorithm, which can achieve
improvement over original AS-CMOE detector by applying a
subspace concept. Simulations show that the proposed
detector yields significant SINR improvement, ie. 4dB as
compared to the original algorithm. Faster convergence rate is
achieved in multipath channels with dynamic environments,
where the number of interfering users are time varying.

Keywords: Blind multiuser detection, Dual eate DS-CDMA.
AS-CMOE, subspace and Time-varying.
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Abstract-This paper presents a novel combination of subspace
method and linear adaptive step-size LVIS receiver for multiuser
detection {MUD) in synchronous leng-code dewnlink DS-CDMA
systems. The receiver can be operated in multipath environments
with the presence of multiple access interference (MAI) and
near-far problem. Simulations show that the proposed receiver is
capatle of MAI suppression and multdpath mitigation.
Specifically, the proposed recciver improves perfermance of the
linear adaptive LMS receiver in terms of convergence speed and
SINR in static environment and dynamic envirenmesnt where the
aumber of interferers are time varying.

[. INTRODUCTION

Dhrect sequence code division multiple access (DS-CDiMA)
has received considerable interest especially in wireless
communication applications, due to its efficient spectral
utilization and its ability to support larger number of users and
higher data transmission rate. Currently, the majority of
receiver implementation is limited 10 short-code CDMA
systems in which each user’s data bit is spread by an identical
short code assigned to that particular user. Nonetheless,
pracucal systems including the existing 13-95 and the third
generation (3G) systems rely on long-code sequences with
very long periods. Specifically, in addition to a short
orthogonal code assigned to each mobile user, a cell-specific
long-code - often referred to as a scrambling code - is also
employed prior to synchronous transmissien [1].

In multipath environments, performance degradation of
CDMA systems is mainly due to multiple access interference
(M AT} and near-far problem. The latter is more pronounced in
downlink than uplink since downlink power control leads to a
possible near-far problem by design. Specifically, the base
station transmits at higher power to mobile terminals which are
further away, multipath components for the signal destined for
such users can then seriously affect reception at a terminal
close to the base station [2). The multipath effect destroys
orthagonality among distinct user codes. As a consequence,
Ml and near-far problems cannot be efficiently alleviated by
the use of matched filter (MF) implemented in the form of
RAKE receivers. Therefore, bit error rate may not be in an
acceptable level for various services, which require high-speed
transmission. For long-code DS-CDMA, multiuser detection
(MUD} schemes designed for short-code systems, ¢.g., the
minimum output energy (MOE) algorithm [3] and the subspace
method of {4] cannot be directly applied since cyclostationarity
at the symbol period is no longer available.

Recently, a blind adaptive muitiuser receiver designed for
both short and loag spreading codes systems was proposed in
[5). A more recent attempt to improve tracking performance of
the receiver is the introduction of the chip receiver that is
updated at the chip-rate (6). The method exploits a
code-multiplexed pilot to adapt the chip rate equalizer.
Nevertheless, to attain the optinum solutions. the cut-off
parameter of the low-pass filter is used as an MAI suppressor
must be chosen manually by the designer.

IEEE

Despreading can be directly incorporated into the
equalization cost funcrion [2] which enables the use of piiot or
training signal at higher SIR and direct estimation of the
desired user at the symbol rate. The symbol-level equalizer
measures the error after the despreading at symboi rate
Typically, the received signal is sampled faster than the chip
rate to increase temporal diversity. This leads to the use of
fractionally-chip-spaced equalizer (FSE) at the receiver.
However, the performance of the stochastic gradient based
algorithm of [2] heavily depends upon a choice of siep-size.
Also, FSE tap-weights achieved by pilot-based channel
estimaton cannot be directly applied for the desired user
detection unless a scaling process on the tap-weights 13
performed [7}.

In this paper, we propose an adaptive step-size FSE
equalizer for restoring the orthogonality among the spreading
sequences after descrambling. A subspace method substitutes
MF in [2] for MAI suppression and near-far problem
mitigation. This method is shown to be efficient in suppressing
MAI in channel which orthogonality of spreading code is
destroyed. The projection approximation subspace tracking
(PASTA) algorithm (4] is employed 10 reduce computational
complexity incurred by singuiar value decornposition (SVD)
technique. An adaptive step-size least mean square (AS-LMS)
algorithm is incorporated into the equalization stage in order to
automatically adjust the step-size. The novel receiver structure
is semi-biind in the sense that the blind MUD operates together
with the non biind AS-LMS. Simulations wili later confirm
improvement in terms of convergence speed and SINR of the
proposed receiver as compared to the linear adaptive LMS
receiver [2].

The remaining of this paper 15 organised as follows. In
Section Ii. a mathematical framework of synchronous
fong-code downlink DS-CDMA system is formulated. The
proposed receiver is presented in Section [ where its
associated update equations are also given. Simulation results
are then shown in Section 1V. Finally. conclusion is drawn in
Section V.

A. Notations

Throughout this paper, we use bold lower case for vectors,
bold upper case for mawices. Also, ® denotes the convelution
operation, (.Y for transposition, ()" for complex conjugation
and {.]for rounding up to the nearest integer.

[1. SIGNAL MODEL

Let us consider a baseband model for COMA downlink,
where a base station has X symbol-synchronous users. In
addition, the base station also transmits a synchronous pilot
signal to facilitate channel estimation in the mobile. Each
mobile user is assigned an orthogonal Walsh code of length V,
with the all-ones Walsh code reserved for the pilot. Following
this, signals from all users and pilot are combined and
multiplied by a long-code cell-specific (aperiodic) sequence.
This gives us the long-code downlink CDMA systera modet as
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illustrated in Fig.| from which a synchronous code division
muitiplex signal £(s) i3 given by

!(i]4.&(l‘l{§‘$‘c. = ("")*’

Lal et N,

(n

where s(¢) is lhe base-station scrambling Iong code, ¢,{r) is the
short spreading code oflmgth N, for the & user. Also, by(m) is
the data symbol for the &* user and &y 15 the pilot signal with
spreading gain M, Without loss of generality, il 15 assumed
throughout the paper that user | is the desired uscr.

In practice, the signal reaching each mobile passes through a
multipath channel. Here, we consider an FIR channel model
with the channel impulse response {A(i), £ & {0, ... Ly}t As
users 1n the same base-station are synchronous and go through
the same chaancl, the recerved signal {t) is then a convolution
between the ransmirted signal i) and the channe! A(7), ic.
f{iy=Kiy @ A{1). To case a synchronization process, the
received signal is typically sampled faster than the chip raze 7,
Le. Ti=T/P, where P> is the oversampling factor. Therefore,
we arrive at the fractionally-spaced (FS) received signal H{n)
mven by

r{n)= 3 10 h{n = jP)+ win} {2)

1

where w{n) is an additive white Gaussian noise (AWGN) with
variance &2 . Notc that the nme indexes » and § are
intentionally uscd o distinguish between symbol rate and chip
rate, respechvely. For convenience, the received signal r(n) is

compactly written in a vector-matnx form as

r,=Ht +w, (3
where
h, h,,
H= '
h,, h,
h, = Px‘”(:')‘.__J:”"(t}]r.

L= [f(f}.,...f(i— L, - Lf)]r .
;
w, = [W“). W(J'— P[Lr Pt |)] .

At the teceiver, all updates are performed every symbol n and
FSE tap-weight inpul is a vector consisting of P{L+1) chip
signals

r, =l {al +iT = c)r(al, +1T -0+ T ).
(T, + 07 - v (P, e D=1
CH
v\;here r denotes a delay to input samples that is dependent on
the puise shaping.
[11. THE PROPOSED RECEIVER

In this section, a novel adaptive receiver for the long-code
CDMA downlink 15 inroduced. Fig. 2 illustrates a block
diagram of the proposed receiver. The FSE is employed to

Il

Fig. 1 The downlink COMA system modei for K users with
code-multiplexed pilot.

S iyl emd desined e branch

,‘ MUD
PAST
r,, —] Algor ithm,
i Lo o
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o A
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Algorithm

Fig. 2. The proposed subspace-based adaptive receiver for
CDMA downlink.

compensate the effect of multipath and thus restore the
orthogenality of distorted spreading code after descrambling.
Adaptation of FSE is based on AS-LMS. which s able 0
autornaticaliy adjust the step-size and therefore suitable for
operation in dynamic environments [8]. Following this, the
subspace method (4] is applied for MAL suppression.
Subspace tracking is achieved via the PASTd [4] algorithm
that significantly reduces the incurred computational
complexity as oppose to a traditional singular value
decomposition (SVD) technique. The algorithm not only
tracks the signal subspace component of the signal inside the
symbol after descrambled but also updates rank of the
subspace as well.

Training information is derived from the pilot signal
perpetually trangmitted by the base-station. The updates of the
tap-weight vector, step-size and the relevant dervative of the
tap-weight vector are all performed at the symbol rate. Afier
the proposed rcceiver reaches a certain level of SINR, it
switches to detect the desired user using only the knowledge of
the user spreading code. Detection of pilot signal and the
desired user can be switched by using the corresponding code
as a constraint to the MUD algorithm.

Let us define the FSE equalizer tap f,, as

,=[L0. 0]
=[;;"(s)., L,

L®
7 (:) ..... ;,‘f’(:)}

Here. a mean square error (MSE) cost function is used. That is

J=E{leﬂr}_ e, =b 7., (6)

= where §, is soft decision cutput obtained from the PASTd
algorithm. [n addition, 7, is either a constant +1 pilot signal or

hard decision output &, from hard limitter, depending upon the
SINR condition at the time instant 2. Based on the above MSE
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cost, adaptanion for the chip-rate equalizer tap vector f, ; using
AS-LMS is obtained as {8):

=l -seR d 7

Lt N

where the mattix

R, = [rn,»,v-"a.;w ERRLIPY .v-lsn,.-au.-.'-l]

and the vector

d,= [dn,m\f“‘ "dv-,-w-;\r-:]r

Ar each recursion n, the step-size g, is as well updated in a
manner that the derivative of the MSE cost.Jf with respect o the
step-size ;—J

»

is minimized. Following this, we arrive at the

update equat:on of the step-size. Specifically,

e
v

soa=[ v ae (R, ]v ] ®)

S

where o denotes the adaptation parameter and [-]:t denotes
wuncation to lower and upper step-size limits. Furthermore,

the vector ¥, contains the denivative ‘;ﬂ‘ and is adapted

Hluag,

according o
Foe[1-s[R8JR AT |1 +eR . ©

With reference to Fig. 2, the chip estimate is readily expressed
as

x(iy=1lr

LA (10
where the FSE tap vector f, and input vector r,, are given by
(7} and (4), respectively. Afier descrambling by the
scrambling code s(i} (c.f. Fig. 2), the overlaid scrambling code
is removed. Therefore, the subspace method uging the PASTd
algorithm can be applied because now both cyclostationarity
and orthogonality are already restored. In particular, the vector
d, is computed via the PASTd algorithm:

d, = ~(UA U, , (1

where

'
CTTUATE
and ¢, is the &™spreading code with =0 for pilot and k=1 for
the desired vser, again depending on the condition of SINR at
the time instant », Besides, the matrix U, ={u,mmmte, ]
contains an orthonormal eigenvector of the signal subspace and
A, =disg[4,.. .4,] is the diagonal matrix with its diagonal
elements being K+1 associated eigenvalues. Both eigenvectors
and eigenvalues are obtained decomposed from the decompo-

TABLE {
THE PROPOSED ALGORITHM

FOR n=0,1.2... DO
FOR i=t:¥ DO
o, =f'r,
Yos =5 50s
Rﬂ,i = rlel.J

END
Vo= dn]
R*=[&p“”&ﬂ]
FOR k=0:K DO
Compute «, , and 4, using PASTd algorithm
END
U:- =[uu.n""‘ui(.»]
A, =ding[ Ay, ]
d, ==V, A 'Ue,
b,=y.d,
IF & =k, THEN
e, =6, -1
ELSE
h, =sgn(, )
e =5 —f;"
END
Vae[t-n[ra (R ] |r R,

Moo= [#, +ae [R"d,]r ?’.,]

f.=f-ueRd,
END

i
g

sition of the autocorrelation marrix of the symbol-rate signal
after descrambled, ie. wm, 2 €{yy7}.

Finaily, the output estimate can be computed from the inner
product derived after the total of MV chip estimations.

b,=y.d,, (12)

where the input vector

M
_[er ) T .
Y. = [ln.wrn,naf"n.nw L "r.t_n.':'-}\'-lrwJ-.\-.\'-l“"u.-r,\”A \'-l:l

The proposed algorithm is summarized in Tabie [.
1V, SIMULATIONS

[n this section, we consider the performance of the proposed
receiver in comparisen with the linear adaptive LMS presented
in (2] for long-code downlink DS-CDMA under multipath
fading channels. The Walsh-Hadamard code was employed as
the user-specific short code while a random code was used for
the cell-specific long-code. A spreading gain for all users was
N=32, and fractional sampling factor P=2. All usess
propagated through the same four-ray multipath channel. The
first ray was assumed to be the dominant path where the
probabitity of the location of the delay of the last three rays
were umiformly distributed over [0,107] with standard
deviation of 0.3, A root-raised cosine (RRC) chip waveform
with excess bandwidth of 0.22 was used as the pulse-shaping
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filter. The additive noise was white Gaussian noise wath
SNR=20 dB.

Case I- Convergence speed:

The performance of the proposed receiver is investigated n
comparison with the existing receivers under a  static
enviconment. The system with K+1=3 active users was
considered where user &0 and | are equally pawered at
Py=P = P while user £=2 is 6 dB stronger, i.e. /;=4P. An
appropnate step-size x4 of 5x 107* was chosen for the linear
adaptive LMS to ensure a stable convergence and good steady
state SINR performance. For the propased algorithm, the initial
step-size g, of Ix 107 was selected. Moreover, the upper and
lower step-size limits g~ and g~ were 107 and 0 respectively.
[n this case all algorithms are designed to detect the pilot
signal. Fig 3 illustrates an average MSE attained from both
algorithms over 50 Monte-Carlo runs. Clearly, the proposed
receiver achieves an improvement on the convergence speed
over the linear adaptive LMS. [n particular, while the linear
adaptive LMS reaches its steady state at #=3000, the novel
receiver reach steady state at as fast as n=300. Furthermore,
the MSE value of the proposed receiver at the steady state is
lower than that of the linear adaptive LMS receiver by 0.06 and
reaches to theoretical MMSE=0.035.

Case 2- Effective of new users with strong MAL:

Next simulation zimed to compare tracking capability of
each receiver in detecting the desired user in a dynamic
environment where the number of users in the channel is time
varying. Simulation parameters were 1dentical to those of case
1 except that two additional users with equal power to the pilot
signal entered the channel at n=0. The lirear adaptive LMS
receiver was updated by using pilot sequences. Detection of the
desired user was made after despreading by using the
spreading code of the desired user. For the proposed receiver.
at time r=0 the receiver starts to detect the pilot user, until at
time n=200 the receiver is switched to detect the desired user.
At time n=400 two users with 6 dB stronger than and three
users with equal power to the desired user were presented in
addition to the existing users. At time #=700, one of the 6 dB
strenger user and three of the equal power users were absent
from the system. Fig. 4 illustrates averaged SINR over 50
Monte-Carlo runs. The proposed receiver responds to the
abrupt change of the number of users in strong MAI much
better than the lincar adaptive LMS. STNR improvement is
approximately 4 dB.

V. CONCLUSIONS

In this paper. a subspace method and an adaptive step-size
LMS$ are appiied into the linear adaptive LMS receiver for
long-code downlink DS-COMA systems. The performance of
the proposed receiver within nonstaticnary environment,
multipath fading channels and strong MA{ are examined. The
proposed receiver works well in tracking the abrupr changes
due o interfering users entering and exiting the channel.
Simuiation resuits have shown that the novel algorithm can
dchieve improved convergence speed and higher SINR as
compared to the linear adaptive LMS receiver.

ot

Ay MSE

R

EE AR REE
i1 !
d TP

Coem W s e s w0 oy
Tagmiyt 0 " eer

Fig. 3. Averaged MSE’s obnained from the proposed recdiver
and the linear adaptive LMS receiver [2] in a static
environment.

Cmkiwd Crapt 38 Kptn
H [ e e

R - I < T
Hordn of Tyl

Fig 4. Averaged SINR’s obtained from the proposed receiver
and the linear adaptive LMS receiver [2] in sudden arzival of
users and nonstationary multipath channel.
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|PAPER Special Sectign on Adaptive Signal Processing and Iis Applicalions
Subspace-Based Interference Suppression Technique for

Long-Code Downlink CDMA Adaptive Receiver

Samphan PHROMPICHAI', Peerapol YUVAPOOSITANON'™, and Phaophak SIRISUK', Nonmembers

SUMMARY  This paper presents a multiple constrained subspace based
multuser detecior for synchronous leng-code downlink multirate DS-
CDMA systems. The novel receiver adapis its fractionally-spaced equaliser
tap-weights based upon two modes, namely raining and decision-direcied
imodes. Swiiching berween (wo modes is achieved by changing the code
[constraint in the associated subspace algorithm. Moreover, detection of the
desired user requires the knowledge of the desred user’s spreading code
oniy. Simulation results show that the proposed recciver is capable of mul-
uiple access interference {MAD suppression and multipath mitigation. Be-
sides. the resulls revezl the Jmprovement in teems of convergence speed
and mean square error (MSE) of the proposed receiver over the existing
receiver in both stauc and dynamic environments.

key words: DS-COMA. cyclostatinnary. initerference suppression. long
spreading sequence, aduptive step-size

1. Introduction

Direct sequence code division multiple access (DS-CDMA)
has received considerable interest especially in wireless
commuanication applications due 1o its efficient spectral util-
isation and its ability to support larger number of users wnd
higher data wansmission rate {1]. Currently, the majority
of receiver implementation js limited to short-code CDMA
systems in which each user's data bit is spread by an iden-
tical short code assigned to a particular user. Nonetheless,
practical systems including the existing 13-93 and the third
generation (3G) mobile communication systems rely upon
long-code sequences with very long periods.

In most 3G sysiems, downlink data-rates are expected
to be much greater than uplink rates. [n the downlink, the
muitirate bit-streams are multiplexed vsing a short orthogo-
nal code assigned o each mobile user. a cell- specific long-
code {or scrambling code) is then employed prior 10 syn-
chronous transmission [2]. In multipath environments. per-
formance degradation of CDMA sysiems is mainly due to
multiple access interference (MAI) and near-far problem.
Since the base-station transenits at higher power to mobile
terminals that are further away, the near-far problem is more
pronounced in downlink than uplink. This phenomenon is
often referred 1o us o “near-far probfem by desigr” (3]. In
addition to the aforementioned difficulties, the multipath ef-
fect destroys orthogonality among distinct user codes. As
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a consequence, MAI and near-far problems cannor be effi-
ciently alleviated by the use of only maiched flters {MF)
implemented in the form of RAKE receivers [4]. There-
fore, bit error rate may not be in an acceptable level for
various services which require high-speed transmission, e.g.
data downloading, web browsing and video sireaming.

Recently, blind adaptive multiuser receivers designed
for both short and long spreading codes systems were pro-
posed in [5],[6]. Blind algorithms appear more aliractive
since the cumbersome reliance on training is avoided. How-
ever for long-code DS-CDMA, mubiiuser detection (MUD)
schemes originally designed for short-code sysiems, e.g.,
the minimur output energy (MOE) algorithm (7}, the sub-
space method {8] and a more recent projected subgradient
method [9] cannot be direcily applied since cyclostationar-
ity at the symbel rate is no longer available.

Implementation of chip-rate zero-forcing (ZF) and
minimum mean square error (MMSE} equalisers were pro-
posed in [10]. However, the solution of these receivers rely
on the total transmitted signal which is usually associated
with low signal-to-interference-plus-noise ratic (SINR). A
more recent attempt to improve tracking performance of a
chip receiver that is updated at chip rate was proposed in
{I'L]. The method exploits a code-multiplexed pilot to adapt
the chip-raie equaliser. Nevertheless, 10 attain an optimum
sclution. the cut-off frequency parameter of the low-pass fil-
ter used as an MAI suppressor must be chosen appropriately.
Moreover, ientative decisions are obtained by despreading,
which requires knowledge of the spreading code of all users
in the system [11].

Despreading ¢an be incorporated directly imo the
equalisation cost function [3), which enables direct esti-
mation of the desired user at the symbol rate and enables
the use of pilot or training signal at higher SINRs. The
symbol-level equaliser measures the error between the ac-
tual and estimated transmined symbols afier despreading
at the symbol rate. Typically, thé received signal is sam-
pled faster than the chip rate to increase temporal diversity.
This leads us to the use of fractionally-chip-spaced equaliser
(FSE) at the receiver. A standard stochastic gradient descent
(SGD) algorithm can be employed for the adaptation of the
equaliser tap. However, its performance heavily depends
upon a choice of siep-size. The problem was addressed in
[12] and [13] in which blind adaptive step-size algorithms
were applied in the coatext of MUD. In addition to the prob-
lem of step-size, FSE tap-weights achieved by pilot-based
channel estimation cannot be directly applied for the desired

Copyrighi © 2005 The [nstitute of Electronics, Information and Communication Engineers
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user detection unless @ scaling process on the tap-weights is
performed (14].

In this paper, we propose a multiple constrained sub-
space based MUD receiver which utilises the adaptive step-
size LMS (AS-LMS) algorithm to improve the performance
of the system. [ effect, the multiple constrained subspace-
based MUD substitutes an MF in the receiver presented in
(3). The projection approximation subspace tracking with
deflection (PASTd) algocithm [15} is employed for signal
subspace tracking to reduce computational complexity in-
curred by the conventional singular value decomposition
{SVD) technique, The AS-LMS algorithm is incorporated
into the equalisation stage in order to automatically adjust
the step-size at symbot time. Since the novel algorithm op-
erates by switching between two modes, i.e., traicing and
decision-directed modes, it does not suffer from the prob-
lem of SINR drop resulted by the use of shared equaliser as
found in the original.algorithm (3]. We are aware that blind
algorithms proposed in [7] and (9] can substitate an MF as
well. However, the derivation of the proposed scheme is
based on a multiple constrained technique which is not men-
tioned in (7] and [9] and performance compansoa 1s there-
fore invalidated.

The remaining of this paper is organised as foilows. In
Sect. 2, a mathematical framework of a synchronous long-
cade downlink multirate DS-CDMA system is formulated.
Section 3 presents three linear receivers, particularly an
MMSE receiver, the AS-LMS version of the receiver pre-
seated in [3) and our proposed receiver. Besides, computa-
tional complexity of the novel receiver is addressed. Simu-
falion resuits are then shown in Sect.4, Finatly, conclusion
is drawn in Sect. 5.

1.1 Notations

Throughout this paper, we use bold lower case for vectors,
bold vpper case for matrices. Also, ® denotes the convolu-
tion operation, (Y denotes transpose and [.] denotes round-
ing ug to the nearest integer.

2. Signal Model

Let us consider a baseband model for CDMA dowalink,
where a base-station has K symbot-synchronous users. The
kth mobile user is assigned an orthogonal Walsh Hadamard
code of length ANy, with the ali-one code reserved for the
pilot. Following this, signals from all users and the pilot
are combined and maltiptied by a cell-specific long-code
sequence. This gives us the long-code downlink meltirate
CDMA system model as illustrated in Fig. I, in which a
synchronous code division muitiplexed signal «{{) for the ith
“chip” instant is given by

K M
(@ = s{f)[z Z Cx i = mNg) by (m) + *\%—0 M

where s{(7} is the base-station long scrambling code, ¢,(f) is

k=1 m=\
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(]

5{d)

Fig.1  The downlink muturate CDMA sysiem model for & users with
code-muiliplexed pilot.

the short spreading code of length Ny for the &th user. Fur-
thermore, &.{m) is the data symbol for the kth user with win-
dow size of M bits and b is the pilot signal with spreading
gain Mg. It is assumed throughout the paper that user 1 is the
desired user. Although it is further assumed thar all signals
and the multipath channels are real-valued, the extension o
a complex-system is straightforward and can be conducted
without the loss of generality of the present paper.

In practice, the signal reaching each mobile passes
through 2 mulupath channel. Here, we consider an FIR
channel model with the channet impulse response {A{i}). [ €
(G, ..., Ly}, where L, is the order of channei. As users in
the same base-station are synchronous and go through the
same channel, the received signal r(s) is then the convolu-
tional result of the transmitted signal (f) and the channel
h{i), t.e. r() = (i) ® h{i). To increase temporal diversity, the
received signal is typically sampled at the rate T faster than
the chip rate T, i.e. Tg = T./P, where P > | is the oversam-
pling factor. Therefore, we artive at the fractionalty-spaced
(FS) received signat #F)(J) given by

HP(p) = Z HHRGE ~ jP) + uD), (2)
i

where w(i) is additive white Gaussian noise (AWGN) with
variance o2, Note that the time indices n and { are intention-
ally used to distinguish between the symbaol rate and chip
rate. respectively. For the sake of convenience, the received
signal r(f) is compactly written in a vector-matrix form as

ri= Ht +w;, (3)

where r; ts the received signal vector and the convolutional
channel matrix
ho - hy,
H = )
ho - Ay,
T
Ry = [h}“,...,h””] L {=0.... L,
T
f = [:(0, e t(i— Ly - Lf)] .
r
w, = (@, ..., wli - PL;+ D+ D]

where h:"), p € {l,..., P} is the oversampled channel im-
pulse response at !th chip and Ly denotes the order of
equaliser f; which is basically an FIR filter that is used to
obtain chip estimater. At the receiver, the tap-weight vector
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of f; is fracuonally spaced with P. Therefore, the length
-P(L; + 1) equaliserf;,

fl' = [ff?,-O" '“’f?.-i.; T
T
Y PR O I ) (R

is updated every symbol # using the FSE tap-weight input
vectar r,; of length P(Ly + 1) written as

Tue = [r(ﬂTb +il, —T).r(n?}, +I'TC—T+TF)‘
r(aTy +iTe -7+ (PL+ D= )T )

where 1 denotes a delay to input samples that is dependent
on the length of the pulse shaping filier.

3. Linear Receivers

In this section, criteria t0 obtain linear receivers are dis-
cussed. Throughout the paper, the terms linear receivers and
equalisers are used interchangeably. First, mulduser MMSE
receiver thal requires both multiuser synchronous training
signal and knowledge spreading code of all users is firstly
developed. Subsequently, the linear receiver originally pre-
sented in [3] is modified such that the fixed step-size LMS
algorithm is replaced by an adaptive step-size leading 1o AS-
LMS receiver that updates FSE tap-weights at symbol rate.
Note that in what follows, the receiver is referred to as a lin-
ear AS-LMS receiver. Finally, the proposed receiver that in-
corporates a multiple constrained subspace method for MAI
suppression, adaptation of FSE based on AS-LMS and two
modes operating are introduced. The computational com-
plexity of the proposed receiver is also addressed.

3.1 Multiuser MMSE Receiver

Theoretically, the optimal MMSE equaliser is designed to
minimise the MSE criterion

Jamse = E {If,rff = f(f')iz}- (%)

where #i) is the multiuser synchronous signal as defined in
{1). Following [10] we assume that () is an i.i.d. random
variable. Therefore the MMSE equaliser {fyse) 18 readily
given by [10] '

k] ~1
fMMSE=oT(O-rzHHH+O-i|!) He,, )
where
b? K b2
2 4] k T
= —. &6 =00 ..., I,...,01".
o8 No+;N;‘ &, =10 T 1

Training the above MMSE equaliser is not possible unless
the knowledge of both training signals and spreading code
of all users in system are available [L0]. Also, the training
process is difficult since the SINR of (i} is usually low in
practice.

-Slep-s1ze E
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3.2 Linear AS-LMS Receiver

Ap adaptive step-size technique [{2],[13] can be applied
into the linear adaptive LMS receiver originally proposed
in {3]. Adaptation of the algorithm relies upon the pilot {all-
one) sequence {3], [14] employed as the training sequence,
In [3], {16), it was shown that the equaliser derived from the
pilot sequence can also be applied for detection of differens
users within the same cell. Since all updates are performed
every symbol. the tap-weight vector f;, the adaptive step-
size p; and the derivative of tap-weight with'respect to the
step-size are frozen during the symbol interval or at time
[ # nN + N ~ 1. The algorithm attempts 10 minimise the

012
MSE cost J; = Elie,,iz] = E{|bo - bf,ml }, with respect to
S 175 4liene .+ Which from now on is compactly written as
Sims.qr where f{ s is the LMS equaliser. The bit estimate

BQ for pilot detection and 5. for detection of the desired
user are derived after the total of N chip estimates are nor-
malized, summed and resampled again at the bit raie, i.e.

=1

- 1
oy __ 0] T
bﬂ - N am\"ﬂfl..\’ls.nr"-i‘ (8)
=0
and
) p Nt "
Ll ) T
bf‘ )= N Z anN-‘:EfLMSJrr""" ey
i={
where a0, = co(d) X s(aN + ) and @), = ¢(()) X s(aN + 1)

eliminate the effect of spreading code and the scrambling
code of the detected bit at every symbol timing. The update
equation of f, at the symbol time n after despreading and
descrambling is given by [16]

— )
fussas = Simsa - Hul e w1 €alnaN eN=1» {1}
a pA] . .
where e, = by — b, . In the adaptive step-size scheme, a
each recursion a, the siep-size p,, is updated in a manner
that the derivative of the MSE cost J, with respect io the

8y is minimised {17]. Hence. we arrive at the

H=Ha
update equation for the step-size

0 e

- T
Hael = [Juf! + aanN'-N-'|e"r:u:N+N-lqu]

{n

¥
=

where @ denotes the adaptation parameter and ()5 denotes
truncation to lower and upper step-size limits. Beside, g,

represents %Lfl and is adapted according to
=it

— (3] T
Gne) = [1 ‘#nany+,\.r_|fn.nN+N—|r,.,nN+N_|] Y

0y
+ 8y v EnT AN - (12)

3.3 The Proposed Receiver

Figure 2 illustrates the block diagram of the proposed re-
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(N pl signal and devired user branch
c - MUD
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A lgoritton

Fig.2 The proposed subspace-based AS-LMS receiver for CDMA
downlink,

ceiver. The AS-LMS equaliser (f,) is employed to coun-
termeasure the effect of multpath. Foliowing this, the sub-
space based MUD (8] is applied for MAI suppression. Sub-
space tracking is achieved via PASTd algerithm [8], [15].
The algorithm not only tracks the signai subspace compo-
nents of the signal inside the symbol after descrambling but
also updates rank of the subspace.

Initiatly, AS-LMS operates in the training mode, in
which it utilises the pilot signal continuously transmitied
by the base-station tor adaptation. All components, namely
the tap-weight vector, the step-size and the relevant deriva-
tive of the tap-weight vector, are updated at the symbol
rate. After the SINR reaches a certain level, the receiver is
switched to the decision-directed mode that detects the de-
sired user using only the knowledge of the spreading code of
that user. Detection of pilol signal and the desired user can
be achieved by choosing appropriate constraints imposed to
the subspace algorithm. Therefore, the proposed algorithm
does not suffer from the shared equaliser for both pilot and
desired user detection as oppose to the receiver presented in
the last sub-section, which is based upon the receiver ino-
duced in [3].

To formulate the algorithm, let us define an MSE cost
function as

JZ = E{‘éuizl- &y = bn = ¥ (13)

where b, is a s0ft decision output obtained from the PASTd
algorithm. In addition. v, is either a constant +1 pilos sig-
nal (rraining mode) or hard decision output f?,, (decision-
directed mode) from a hard limiter, depending upon the
SINR condition at the iime instant 7. Based on the above
MSE cost, adaptation tor the chip-rate equaliser tap vector
£ using AS-LMS is obtained as:

frrd-l :fn _ﬂnénpw (14)

where Py = [dﬂJlNrmesnm’\f O dnJ:Nd-N—I-’n;.-N«LN-I
Smanan—1)T. Subsequently, the step-size u, is adaptively
cemputed via

+

pnet = [n + aapl g (15)

where vector g,,,, i$ given by

Tnel = {1 _xui'lpﬂ'p:] L' + Enpn- (16)

Equations (14)-(16) are essentially the modified ver-
sions of (1N-(12) with the MUD receiver d, =

679

(draps - - -+ dunsenv-1 )7 incorporated. Referring to Fig. 2, the
chip estirnate is readily expressed as

Xni = frri, ({7

where the FSE tap vector r,; and input vector f, are given
by (4) and (5), respectively. After descrambling by s* (¢} (c.f.
Fig. 2), the overlaid scrambling code is removed. Therefore,
the subspace method using the PASTd algorithm can be ap-
plied because now cyclostationarity is already restored. Foi-
lowing (8], the new d,..) vector is camputed via

Aoy = U ASNUL CE = Ank, ' (18)

CLIT A 5

= (CTA,,)-I}B and 8 = {1l 1}7. Note that the elements of
the censtraint matrix € are the multiple constraints used in
the subspace algorithm depending on the condition of SINR
at the time instant 2. The matrix U, = [tag, . ... 4ax] con-
tains an orthonormal eigenvector of the signal subspace and
A = diag[dag. - . .. Ank) is a diagonal matrix whose diag-
onal elements being K + 1 associated eigenvalues. They
are obtained from the decomposition of the autocorrela-
tion matrix of the symbol-rate signal after descrambling
R,, S E {y,,gf;]. The PASTd algorithm is employed to track
the rank and signal subspace components. Finally, the out-
pul estimate can be obtained from the inner product derived
after the total of M chip estimations

by =y do. (19

whete A, = U, A;AUT,C and £ = (CTUL,ATLOT,C) ' B

-
T T

where iy = [fn YanwSnal - - - vfn FaaN+N =1 5nm\r'+.r\f'-|] . The

proposed algorithm is summarized in Table ). '

3.3.1 Constraint Matnix C
The operation of the subspace method relies upon the mul-
tiple constraint matrix C. [f C is appropniately chosen, our

proposed receiver coincides with the MMSE receiver pre-
sented in Sect. 3.1, To this end, let us rewrite the MSE cost
N-1
Zf;{ r:l.nN-iiSn_m\U-.-'dnﬁNH =Y
=0

function in Eq. (13) as
2
= E{ } (20)

2
52 = E{lyld, - of )
In Appendix A, it is shown that f, that mimimises the above
cost function is given by

f.= O D(o?HHT +o~§,1)" He,, 2

VN

where b, is the data of the kth user at time # and

M=
Z dr.'.nNH

=0

Tl




Table 1 The proposed algorithm.

FOR n=0,12... DO

FOR i=l:N DO
5, =T,
Yau = X 50
P = GnilaSuy
END

IR ARSI |

. =[P».|+---+Pn..\f]
FOR £=0:K DO
Track u, , and &, , using PASTd algorithm (8], [15].
Computc the N %2 matix A, , =u,, A4, C.
END
A=A +A]

da.l = An [CrAn]-l B

b=y,
F k =k, THEN
& =b -1
ELSE
b, =sgn(b,)
&, =b-b,
END

g, =[1- 2.0} Ja. +ép,

= 5 ol i
Hyo =2, +02,p7q, ]
f.=L-uép,
END

Since in the PASTd algorithm a linear constraint d7¢; =
| is imposed and d, and ¢, k € {Q, 1] are colinear, thus
we have ||d”]]2 = |. From Eq.(21}, it is verified that the
proposed receiver coincides with the MMSE receiver, i.c.
S = Fanse. if and only if

|
D= dyawei = 07 e, (22)

i=0

[n order to make Eq. (22) holds, additional constraint on d,,
must be imposed to the subspace decomposition via PASTd
algorithrn. Therefore, the constraint matox € becomes [ 18]

€ =ex o? VMt (23)
where 1 = [1...., 117 is an all-one vector of length N,. As

the receiver has two modes of operation, particularly train-
ing and decision-directed modes, two different constraint
matrices are invoked. That is, the constraint matrix

C= [Co ot Noll (24)

is employed during training mode (k = 0), and that the con-
straint matrix

C=[c, o \/17!1] (25)
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is used once the receiver is switched o decision-directed
mode (k = 1), where vector ¢ and ¢, contain the spread-
ing codes of pilot and desired user respectively. Clearly,
construction of € according to Eqs. (24) and (25) requires
the knowledge of the transmitted signal power 0. How-
ever, this information is often available or can be estimated
in most practical systems. The performance of proposed
receiver in (18) depends on the multiple constrained ma-
trix € in Eq.(24) or Eq. (25). The derivation in Appendix
B shows that the solution of the proposed subspace MUD
algorithm 4 is identica! to the MMSE mulduser detection
solution dypmse. ‘

3.3.2 Computational Complexity

The computational complexity of the proposed architecture
is incurred by: 1) the AS-LMS algorithm and 2) the PASTd
algorithm. Since calculation of symbol estimates through
Egs. (14}—(17) has the complexity of order O(NP(L, + 1})
and that of the PASTd algodthm is O(2N(K + 1)}, thus the
proposed algorithm possesses the computational complexity
of order O(N(PL; + 2K + P + 2}). In practical scenarios, it
results in 6o more than two-fold increase in the complexity
as compared to the linear receiver using LMS algorithm (3]
and AS-LMS algorithm presented in Sect. 3.2. Note that the
complexity of linear receiver using recursive Jeast squares
(RLS) algerithm in (3] is of O(M(P(L; + 1))?).

4. Simulations

The performance of the proposed receiver is investigated in
comparison with the linear AS-LMS receiver (i.e.[3] with
adaptive step-size) discussed in Sect. 3.2 and adaptive chip-
rate receiver [11]. The receivers were examined in the long-
code downlink multirate DS-CDMA system under mult-
path fading channels. The Walsh-Hadamard codz was em-
ployed as the user-specific short code and a random code
was used for the cell-specific long-code. A frac:ional sam-
pling factor was two, i.e. P = 2, All users propagated
through the same four-ray multipath channel. The first ray
was assumed to be the dominant path, where the probabil-
ity of the location of the delay of the last three rays were
uniformly distributed over [0,107] with standard deviation
of 0.3. A root-raised cosine (RRC) chip waveform with ex-
cess bandwidth of 0.22 was chosen, The additive noise was
white Gaussian noise with SNR=204B.

4.1 Static Environment

Case [- Convergence speed:

In this simulation, the system with three active users (K'=2)
was considered. The pilot (k=0) and desired user (k=1) were
equally powered. The interference user (k=2) is three dB
stronger. The spreading gain for the desired user and in-
terference users were 32 and 64, respectively. An initial
step-size ug for the proposed and linear AS-LMS algorithms
were chosen as pg = 1 x 1073, Moreover, the upper and
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Fig.3  Averaged MSE's obtained from the proposed, MMSE, AS-LM3
and adaptive chip-rate receivers in a stalic environment.

lower step-size Yimits u* and x4~ were 107% and 0, respec-
tvely. Also, the adaptation factor @ of 1X10™ was selecied.
The adaptive chip-rate algorithm [11] parameters, ¢ and g
{pole location) were chosen through jeint eptimization, re-
spectively g = 2x 1072 and p = 0.8. All algorithms were de-
signed 1o detect the pilot signal. Figure 3 illustrates an aver-
age MSE attained from the algerithms over 50 Moate-Carlo
runs. Clearly, the proposed receiver achieves an improve-
ment on the convergence speed over the linear AS-LMS.
In particular, while the linear AS-LMS reaches its steady
state at n=3000, the nove! receiver reaches the steady state
at #=1000 which is the same as that of the adaptive chip-
rate receiver [11]. At any rate, the MSE value of the pro-
pesed receiver at the steady state is lower than that of the
linear AS-LMS and the adaptive chip-rate (L[] receivers.
This confirms that the proposed receiver converges o the
MMSE receiver. Whereas the linear AS-LMS and the adap-
tive chip-rate [11] receivers suffer from large MSEs resulted
by the use MF and low-pass filter (LPF).

Case 2- Suppression of MAT in a multirate systemn:

In this case, the receivers were investigated in a system con-
ststing of mulrtirate users with the following spreading gains:
(32 64 128 256 512]. The desired user had spread-
ing gain of 32 and was equally powered to that of the pilot.
Iwo interference users with spreading gains of 64 and 128
~ere three dB sironger. QOther two interference users with
spreading gaing 256 and 512 were six dB stronger than the
lesired users. Simulation parameters were identical to those
f Case 1. The linear AS-LMS receiver was updated by us-
ng pilot sequences. Detection of the desired user was made
fier despreading by using the spreading code of the desired

ser. (cf. Eq.(9)). Tke adaptive chip-rate receiver [11] was ~

pdated by using pilot sequences at the chip-rate. Detection
f the pilot and desired user at the symbol was made after
espreading by using the spreading code of the pifot and de-
ired user, At time n=0, the proposed receiver was initially
tarted in the training mode 1o detect the pilet. Then at time
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Fig.4  Averaged SINR's obtained from the proposed, MMSE, AS-LMS$
and adaplive chip-rate receivers in multirate vansmission and under siatic
eovironmen.
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=200 the receiver was switched 1o the decision — directed
mode to detect the desired user. Figure 4 illuserates aver-
aged SINR obtained from all receivers over 50 Monte-Carlo
runas. Note that the SINRs attained from both pilot and the
desired user detections for the AS-LMS and the adaptive
chip-rate [11] receivers are displaygd. It is observed that the
proposed receiver offers the SINR improvement of approx-
imately five and ten dB in detection of the desired user over
the adaptive chip-rate [11] and AS-LMS receivers respec-
tively. Appaready. the performance of the AS-LMS and the
adaptive chip-rate (11] receivers suffer from the SOINR drop
as a result of the use of the shared equaliser. in addition, per-
formance of the proposed system is still superior to that of
the AS-LMS and the adaptive chip-rate [1 1) receivers even
in the case of the pilot detection.
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4.2 Dynamic Environment

Case 1- Effects of new users with strong MAI:

Next simuladon aims to compare tracking capability of cach
receiver in detection of the desired user in a dynamic en-
vironment in which the number of users in the channel is
tume varying. Simulation parameters were identicat 1o those
of case 2 at n=0. At time n=500, five interference users
whose spreading gains identical to those of the set of current
users, but with nine dB stronger, entered the system. At time
n=1000, apart from the pilot and the desired user, only one
interference user with spreading gain of 32 and power being
nine dB stronger sull existed in the system. Figure 5 illus-
irates averaged SINR over 50 Monte-Carlo runs. The pro-
posed receiver responds to the abrupt change of the number
of users in strong MAI much better than the linear AS-LMS
and the adaptive chip-rate [11] receivers.

5. Conclusions

In this paper, a novel multiple consirained subspace-based
receiver has been proposed for multiuser detection it long-
code downlink multurate DS-CDMA sysiems. The receiver
relies upon the combination of the subspace method and AS-
LMS chip-rate FSE, the adaptation of which is based on
training mode and decision —directed mode. 1t is shown
that if the constraint matrices are chosen correctly, the pro-
posed receiver becomes the MMSE receiver. [n addition, ex-
tensive simulations under non-stationary environment, mul-
tipath fading channels and strong MAI were conducted. It
has been revealed that the performance of the novel receiver
is much superior to that of the existing receivers. Specifi-
cally, approximately five dB improvemeat in SINR over the
existing receiver is achieved by the new receiver.
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Appendix A:  Solution of the Proposed Receiver

For the sake of convenience, let us rewrite the cost function
in Eq.(20) as
2

J:=E . (Al)

N-i
T 4 R
f,, Faad+tFnniviCraiei — Y
i=0

Substituting (3) into (A- 1) and 1aking expectaiion yields

2

J» =E

N=1

r

fn [ E (H'ranH + wnJINH)SnnNHdnﬁN:J] -7
i=0 v



PHROMPICHAI <1 al.: SUBSPACE-BASED INTERFERENCE SUPPRESSION TECHNIQUE

r 2
H|E fu,annﬂN SnMaiﬂN
‘h-._v__l
o
t L
wrN+ N1 A ] ]
— v
+...+E o HT
2 ‘dz J f?l
- S N+N- Y rai+N-1
+ Woan an Sﬂ.nNdanN ..
|
=y
T 2
T Wratt e~ 1 Wg apspr- SZMN+N—ldMN+N-I

oid
LaaNSnaN dn,cN +...
e P

L

THE N2

- ‘)"fri i d
+ Lo g eN-1SraN+N=1 QnaN+N-1
—_——

Bk

VR

Ly aN SnaN dﬂﬂN +...
——

b

EYn

T 2
H' f,+ Iyl
+ L aieN-1 SaaNen—t BnaNeN-1 f

——

-yE

B
'

M-l
= f: stﬂNﬂ-(O'-:HHT'f‘Of.I] fu
=G

S————
i) *

=1
bu.k
o Zﬂ dunpsi (ST HE, ~ €] HT£,) + 12

~Y
(A-2)

Taking the gradient of (A-2) with respect 10 f, and setting
the result to zero gives us

Vi) = lidol (ot HH + 021 f,

bn.l' pla
e bt si Hgv =0, (A3}

naven-1]. Solving (A-3) for f,, we

where d, = Id,an, - ..

finally obtain
N=l
wlfom]
nK 1=l -
sy——"" ' {2HHT + I\ Hs,.
AN N Cr oul) Hs,

(A-4)

Appendix B: Derivation of Proposed Muiltiple Con-
strained Subspace MUD and MMSE
MUD Soiutions

The solution for subspace method is given by minimising
the constrained MOE criterion, i.e.

4683

d=arg l'rgn d"R,,d subjecito dC=8, (A5
where
Ryy = E{yy"} = UAUT + UuALUT,.

By setting the Lagrange cost function

J(d) = d"R,,d~2(d7C - B¢, (A 6)
the solution is obtained by setting V 4/ (d)‘z Oas
©d=UN'UTCE. * (A-T)
where the Lagrange multipli-er £ is obtained as (17]
£=(CTUA;'UIC) " B (A-8)

Likewise, the solution for MMSE MUD is given by min-
imising the constrained MMSE criterion, i.e. [8]
. T 2
dumse = arg "':m E {lAlbl - dMMSEyl }
subjectto  dl.coC = B. (A-9)
In a fashion to the above Lagrangion method, we arrive at

Fomse (dumse)
= d:‘lMSEE {ny]dMMSE - 241 d 456 E10 14
——

+ A} - z(dgmsEC ‘ﬁr)s‘:-

The solution is obtained by setting V4/umse (duvmse) = 0

(A-10)

dumise = UsA7 UTCE, (A-1D)
where

E=la+6) &)
Since digseC = B, we arrive at

¢ =(CTuAUC) B, (A-12)

Therefore, the proposed multiple constrazined subspace
MUD coincides with the MMSE MUD.
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