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ABSTRACT

The main 3rd generation cellular communications stan-
dard is based on wideband code-division multiple-access
(WCDMA). For WCDMA downlink, receivers based on
channel equalization at chip level have been proposed to
ensure adequate performance even with a high number of
active users. These receivers equalize the channel prior to
the despreading, thus restoring the orthogonality of users
and resulting multiple access interference (MAI) suppres-
sion. In this paper, ideas of generalized side-lobe canceler
(GSC) and minimum output energy (MOE) are applied to
the adaptation of downlink channel equalizer. The perfor-
mance of the adaptation scheme is compared to the perfor-
mance of conventional Rake receiver as well as to the per-
formance of equalizer adapted with Griffiths’ algorithm.
Numerical results show significant performance gain over
Rake receiver and some performance gain over the Grif-
fiths’ algorithm in a fading channel.

1. INTRODUCTION

Wideband code-division multiple-access is the main air in-
terface of the 3rd generation cellular mobile communica-
tions standards. The downlink capacity is expected to be
more crucial than the capacity of the uplink due to the
asymmetric capacity requirements, i.e., the downlink di-
rection should offer higher capacity than the uplink [1].
Therefore the employment of efficient downlink receivers
is important. In order to avoid performance degradation
near-far resistant (or multiuser) receivers can be used. Sev-
eral suboptimal receivers feasible for practical implementa-
tions have been proposed, including linear minimum mean
squared error (LMMSE) receivers [2]. The adaptive ver-
sions of the symbol level LMMSE receivers rely on cyclo-
stationary of multiple access interference (MAI), and thus
require periodic spreading sequences with a very short pe-
riod. Hence they can not be applied on the WCDMA down-
link, which uses spreading sequences with 1 radio frame
(10 ms) period.

In a synchronously transmitted downlink employing or-
thogonal spreading codes MAI is mainly caused by mul-
tipath propagation. Due to the non-zero cross-correlations
between the spreading sequences with arbitrary time shifts,
there is interference between propagation paths (or Rake
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fingers) after the despreading causing multiple access in-
terference. If the received chip waveform, distorted by the
multipath channel, is equalized prior to the correlation by
the spreading code or matched filtering, there is only a sin-
gle path in the despreading. With orthogonal spreading se-
quences the equalization effectively retains, to some extent,
the orthogonality of users lost due to the multipath propa-
gation, thus suppressing MAI. Since the signal is equalized
on the chip level, not on the symbol level, they can also be
applied in systems using long spreading sequences. Such a
receiver, discussed e.g. in [3]-[6], consists of a linear equal-
izer followed by a single correlator and a decision device,
as depicted in Fig. 1.

Several adaptive versions of chip-level channel equalizers
have been presented, e.g., in references in [6]-[7]. In this
paper the ideas of generalized side-lobe canceler and min-
imum output energy are applied, resulting a novel adap-
tation scheme, channel-response MOE (CR-MOE). The
bit error rate (BER) in a Rayleigh fading multipath chan-
nel was numerically evaluated for CR-MOE equalizer and
compared to the performance of conventional Rake re-
ceiver and equalizer adapted with Griffiths’ algorithm, sug-
gested in [8]. Comparison between CR-MOE and Griffiths’
algorithm [9] is quite natural due to the similarities of the
schemes.

2. SYSTEM MODEL

Since the downlink is considered, synchronous transmis-
sion of all signals through the same multipath channel is
assumed. The discrete-time received signal at user termi-
nal can be written as

r �

�

� � �
DCA� S� b � � n 	 (1)

where 
 is the number of users, D is a path delay and chip
waveform matrix whose columns contain samples from ap-
propriately delayed chip waveforms, and C is a block diag-
onal channel matrix containing channel coefficients for �
propagation paths. Diagonal matrix A� contains the aver-
age received amplitudes and S � is a block diagonal matrix
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Fig. 1. Conceptual structure of chip-level channel equalizer.
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containing the spreading sequence for the kth user. The
cell specific scrambling sequence is included to the spread-
ing sequence, and the sequences are normalized so that
SH� S� � I. Vector b � contains the transmitted symbols
of the kth user, and vector n contains samples from white
complex Gaussian noise process with variance  �� . A more
detailed description of the system model is given e.g. in [6].

3. RECEIVERS

In this section, the conventional Rake receiver as well as
the adaptive equalizers are discussed. First, the Rake re-
ceiver, the linear minimum mean square error (LMMSE)
chip-level channel equalizer, and Griffiths’ algorithm are
shortly defined, followed by discussion of the channel-
response MOE equalizer.

In the Rake receiver, the received signal is filtered by the
chip waveform, appropriately time-aligned and despread
by correlation with the spreading sequence in the each of
the Rake fingers. To obtain the decision variable, the Rake
fingers are weighted by the channel coefficient estimates
and combined in the maximal ratio combining (MRC).

The chip-level LMMSE equalizer is obtained by minimiz-
ing the mean square error between the equalizer output and
the total transmitted signal, i.e., by solving

w � � arg min
w

E � wHr �

�

� � �
A � S � b � � � 	 (2)

where minimization is carried out elementwise. The op-
timization problem in (2) can be easily solved. However,
the exact LMMSE solution depends on the spreading se-
quences of all users following from the dependency be-
tween consecutive chips to be estimated. In [6] it was
shown that the chip dependency has only minor effect on
the performance, and the LMMSE solution can be approx-
imated as

w� � � �
�

� � �
� � � DCCHDH �  �� I

� �

DC � (3)

The decision variable of the chip-level LMMSE equalizer
after the correlation with a spreading sequence is

y � SH� wH� r

� SH� CHDH � �
�

� � �
� � � DCCHDH �  �� I

� �

r � (4)

In the adaptive chip-level channel equalizers, the received
signal is filtered by chip waveform, equalized and cor-
related with the spreading sequence. The decision vari-
able for arbitrary selected user 1 after the correlation with
spreading sequence is given by y � SH� z, where vector
z contains equalizer outputs for corresponding chip inter-
vals. The � th element of z is defined by w � � � H �r � � � , where

w � � � ! " # � % '
� ) + -

contains the equalizer taps and �r � � � �
/ 0

� � � � 3 � 6 8 � � � �
0

� � 6 8 � 	 � � �
0

� � � � 3 � ? � 6 8 � ? � D F is a
vector of output samples from the chip waveform matched
filter within equalizer at � th chip interval. 6 8 is the num-
ber of samples per chip.

Several adaptation algorithms are obtained through differ-
ent approximations of gradient vector

G H
G

w
� � J E

/ L N �rD � J E
/ �r �rH D w 	 (5)

where
H � E

/
�

L
� wH �r � � D is the mean square error and

L N
is

the desired equalizer output’s complex conjugate [10]. For
example, the standard LMS algorithm is obtained by re-
placing expectations with instantaneous estimates, i.e., sig-
nal vectors �r � � � . In [8], the Griffiths’ algorithm is used for
the adaptation of chip-level channel equalizer. The algo-
rithm is obtained from (5) by replacing E

/ L N �rD with Pp, the
channel response matched filter. The resulting adaptation
becomes

w � � � ? � � w � � � � S � U
N

� � � �r � � � � Pp � 	 (6)

where S is the adaptation step size and U � � � is the equalizer
output at � th chip interval.

In the channel-response constrained minimum-output-
energy (CR-MOE) equalizer, the equalizer is decomposed
into a constraint (or non-adaptive) component and to an
adaptive component. This is the well known idea of gen-
eralized side-lobe canceler, described, e.g., in [10, chap.
5]. The same approach has been applied in blind MOE
multiuser receivers, in which the spreading sequence of a
desired user is used as the constraint [11]–[12]. As men-
tioned, the equalizer is decomposed into two parts, i.e.,
w � Pp � x. The channel response matched filter Pp is used as
the non-adaptive part, and the adaptive part x is constrained
onto subspace orthogonal to Pp to avoid suppression of the
desired signal. Now the mean square error

H
can be written

as
H � E

/ L
� D � J PpH Pp � � Pp � x � HE

/ �r�rH D � Pp � x � � (7)

Clearly the mean square error for given Pp is optimized by
minimizing the last term of

H
, i.e., equalizer output energy.

To obtain adaptive algorithm for x, stochastic approxima-
tion is applied to the gradient of output energy wHE

/ �r�rH D w.
The orthogonality condition is maintained at each iteration
by projecting the gradient onto the subspace orthogonal to

Pp. The orthogonal component of gradient is given by

G PH Z \
p

� �r � Pp PpH �r
PpH Pp

�rHw � (8)

The resulting adaptation algorithm is given by

x � � � ? � � x � � � � S U
N

� � � � �r � � � � U ^ � � � Pp � 	 (9)

where U ^ � � � � PpH �r � � � a � PpH Pp � is the output of channel re-
sponse matched filter normalized with the energy of chan-
nel response. The CR-MOE equalizer is depicted in Fig. 2.
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Fig. 2. Structure of CR-MOE equalizer.

The CR-MOE has the typical weaknesses of MOE adapta-
tion [12]. The orthogonality between x and Pp is lost when
the channel response estimate is updated. Thus periodical
re-orthogonalization of x is required, given by

x
Z \

p
� x � PpHx

PpH Pp Pp � (10)

The second problem of the MOE adaptation is the unavoid-
able estimation error in Pp. Due to the estimation error, x
has small projection on true p while maintaining orthogo-
nality with Pp. Since x is adapted to minimize output energy,
the projection on p translates to partial suppression of the
desired signal component. Since the channel estimation er-
ror is usually relatively small, suppression of the desired
signal means large � � x � � � values1 and significant noise en-
hancement. Therefore, in noisy environments the suppres-
sion remains at acceptable levels. However, to avoid the
desired signal suppression at high SNR, � � x � � � values must
be restricted. One solution is to introduce tap leakage [12]

x � � � ? � � � ? � S d � x � � � � S U N � � � � �r � � � � U ^ � � � Pp � 	
(11)

where d , a small positive constant, controls the tap leak-
age. On the other hand, too low � � x � � � values prevent effi-
cient channel equalization. Therefore d must be adjusted to
changing conditions. This can be achieved by periodically
observing � � x � � � a � � Pp � � � ratio and adjusting d if necessary.

It can be easily noted that the considered equalizers have
distinctively similar properties. For example the part of
adaptation step orthogonal to Pp in (6) is equal to the adap-
tation step in (9), assuming the same equalizer taps w � � � .
However, the estimated channel response is directly in-
serted to the equalizer in CR-MOE, whereas in Griffiths’
algorithm it is gradually introduced through the adaptation.
It is clear that both adaptive algorithms rely on the channel
response estimate, obtained, e.g., with the help of common

g h h
x

h h j k
xHx

or dedicated pilot channel. Also the whole transmitted sig-
nal from the desired base-station is utilized in the adapta-
tion instead of, e.g., using only the signal of desired user,
thus significantly enhancing the available SNR in the equal-
izer adaptation. Finally, both equalizers have relatively low
complexity with linear dependence on the channel delay
spread.

4. NUMERICAL RESULTS

To obtain a good understanding and comparison of the pre-
sented receivers’ performance, BER’s were evaluated in a
Rayleigh fading channel. The channel had three propaga-
tion paths with delays of 0 ns, 521 ns and 1042 ns, and the
relative average powers of the paths were 0 dB, -3 dB and
-6 dB. QPSK modulation was used employing root raised
cosine pulses with roll-off factor of 0.22. Random cell spe-
cific scrambling code and Walsh channelization codes were
used, and the chip rate was set to 3.84 Mchip/s correspond-
ing to 260 ns chip interval.

The BER’s were evaluated for the receivers in a Rayleigh
fading channel with 4 users employing spreading factor 8
and common pilot channel (CPICH) using spreading fac-
tor 64. The transmission power of pilot channel was scaled
to be 11% from the total transmitted power. The terminal
velocity was assumed to be 60 km/h. The fingers in the
Rake receiver were allocated at correct path delays. For the
equalizers, two samples per chip were taken from the out-
put of chip waveform matched filter. The channel response
matched filter Pp had non-zero values at correct path delays
as well as on the adjacent samples, due to oversampling of
chip waveform. The channel coefficients were estimated
with common pilot channel and a moving average filtering.

The BER’s are presented in Fig. 3, with the performance of
ideal LMMSE equalizer and theoretical single-user bound.
From the results it can be seen that both equalizers pro-
vide significant performance gain over the Rake receiver. It
can be also noted that CR-MOE equalizer provides perfor-
mance improvement over the equalizer adapted with Grif-
fiths’ algorithm in a fading channel.

5. CONCLUSIONS

One approach to improve the performance of WCDMA
downlink receivers was studied in this paper, namely chan-
nel equalization prior to despreading. The presented re-
ceivers restore to some extent the orthogonality of users,
and thus suppress the multiple access interference when
orthogonal spreading sequences are employed. The fil-
ter decomposition idea of generalized side-lobe canceler is
applied to the chip-level channel equalization, resulting a
novel adaptive equalizer, channel-response MOE equalizer.
CR-MOE equalizer consists of two parallel filters. Channel
response matched filter is used as the non-adaptive filter,
and the other filter minimizes the equalizer output energy.

The performance was numerically evaluated for CR-MOE
equalizer and compared to the performance of conventional
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Fig. 3. BER vs. l m n o p in a Rayleigh fading channel for 4 users with
spreading factor 8 and CPICH with spreading factor 64.

Rake receiver and an equalizer adapted with Griffiths’ al-
gorithm. Results show significant performance gain over
the Rake receiver. In a fading channel, CR-MOE equalizer
provides performance improvement also over the equalizer
adapted with Griffiths’ algorithm.
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