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Abstract—In this paper, the uplink of an asynchronous
multi-carrier direct-sequence code-division multiple-access
(MC-DS-CDMA) system with multiple antennas at both the
transmitter and the receiver is considered. We analyze the system
performance over a spatially correlated Rayleigh fading channel
with multiple-access interference (MAI), and evaluate the an-
tenna array performance with joint fading reduction and MAI
suppression. Assuming perfect channel knowledge available at the
transmitter, maximal ratio transmission is employed to weight the
transmitted signal optimally in terms of combating signal fading.
At the receiver, adaptive beamforming reception is adopted to both
suppress MAI and combat the fading. Note that while correlations
among the fades of the antennas in the receive array reduce the
diversity gain against fading, the array still has the capability for
interference suppression. We examine the effect of varying the
number of transmit and receive antennas on both the diversity
gain and the interference suppression.

Index Terms—Beamforming, maximal ratio transmission
(MRT), multi-carrier code-division multiple-access (MC-CDMA).

I. INTRODUCTION

I T HAS BEEN well understood that multiple antennas
can increase the capacity and improve the performance

of a wireless system. Both information and coding theoretic
studies have shown significant diversity and coding gain for
quasi-static wireless channels by employing multiple antennas
at both the transmitter and the receiver. The main techniques
already proposed to exploit those potential improvements at
the transmitter side are: 1) space–time codes, which introduce
redundancy across multiple antennas [1]; and 2) spatial multi-
plexing, which generates multiple independent symbol streams
and transmits them through different antennas [2]. In these
references, no channel state information (CSI) is required at the
transmitter, and the power is assigned equally to each antenna.

Another antenna solution to improve the performance of
wireless systems is adaptive beamforming when there is a
dominant direction-of-arrival (DOA) for the signal of interest.
For a transmit array, the channel information is used to focus
as much energy in the direction of the receiver as possible. For

Paper approved by C. Tellambura, the Editor for Modulation and Signal De-
sign of the IEEE Communications Society. Manuscript received April 14, 2003;
revised September 30, 2004. This work was supported in part by the Center for
Wireless Communications at University of California, San Diego (UCSD), in
part by the Core Program of the State of California, and in part by the TRW
Foundation. This paper was presented in part at the Milcom Conference, Boston,
MA, October 2003.

Y. Zhang and L. B. Milstein are with the Department of Electrical and Com-
puter Engineering, University of California, San Diego, La Jolla, CA 92093
USA (e-mail: yzhang@cts.ucsd.edu).

P. H. Siegel is with the Center for Magnetic Recording Research, University
of California, San Diego, La Jolla, CA 92093 USA.

Digital Object Identifier 10.1109/TCOMM.2005.844963

a receive array, the gain of the antenna is maximized in the
direction of the path with the strongest power. Compared with
the spatial-diversity schemes mentioned above, beamforming
is preferred in terms of complexity. On the other hand, beam-
forming, in general, has a much lower data rate compared with
spatial multiplexing in a single-user multiple-antenna system.
However, in a multiple-access channel, where users, each
with transmit antennas, try to communicate with a common
receiver with receive antennas, beamforming is not only
sufficient, but also necessary for achieving the so-called sum
capacity of multiple-access channels, if the number of users is
much larger than the number of receive antennas [3]. This latter
condition generally holds in a code-division multiple-access
(CDMA) system.

In this paper, an asynchronous multi-carrier direct-sequence
(MC-DS) CDMA system with multiple antennas at both the
transmitter and the receiver is considered. Assuming perfect
channel knowledge available at the transmitter, maximal ratio
transmission (MRT) is employed to weight the transmitted
signal optimally in terms of combating signal fading. Adaptive
beamforming reception is adopted to suppress multiple-access
interference (MAI) and combat the fading. We analyze the
system performance over a spatially correlated Rayleigh fading
channel with MAI, and evaluate the antenna array performance
with joint fading reduction and MAI suppression. The detailed
organization of the paper is as follows. The system model and
channel model used in the paper are described in Section II.
Section III presents the analysis of system performance, and
is followed by some numerical results and discussions in
Section IV. Finally, conclusions are drawn in Section V.

II. SYSTEM MODEL

A. Transmitter

We describe a system model exploiting multiple antennas in
a single-cell MC-CDMA system. Assume that both the mobiles
and the base station use an antenna array to transmit and receive
signals, where each mobile has an antenna array of size used
for MRT [4], and the base station has an antenna array of size

used for adaptive beamforming reception. For the block dia-
gram shown in Fig. 1, the transmitted signal vector of dimension

, in the th subband for user , is given by

(1)
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Fig. 1. Transceiver with adaptive beamforming in an MC-CDMA system.

where is the th data symbol of user is a transmis-
sion weight vector for user in the th subband, is the
subcarrier frequency, is a random carrier phase associated
with user in the th subcarrier band and is uniformly dis-
tributed over , the spreading sequence of the interfering
users s, , are assumed to be independent,
identically distributed (i.i.d.) random variables taking values
with equal probability, while that of the desired user is taken
to be deterministic, is the impulse response of the baseband
chip wave-shaping filter, and is the chip rate of a bandlim-
ited MC-DS-CDMA system. We assume the chip wave-shaping
filter is bandlimited so that the spectra in each subband
do not overlap. We also define and assume
that satisfies the Nyquist criterion, i.e., .
The processing gain is defined as , and is taken
to be much smaller than the period of the spreading sequence,
where is the symbol duration. Then we can write the trans-
mitted signal vector from the th user as

(2)

B. Channel

The channel model is taken to be a slowly varying Rayleigh
fading channel for each subcarrier, with transfer function

, for and
, where is the index for the transmit an-

tennas and is the index for the receive antennas. We assume
that and are statistically independent for

different users, and that and are, respectively,

i.i.d. Rayleigh random variables with a unit second moment,
and uniform random variables over for different transmit
antennas. However, the array gain and the phase of the different
elements in the receive antenna array are correlated, where the
correlation is determined by parameters such as DOA ,
angular spread , spacing between neighboring receive
antennas , and the wavelength of the carrier signal .

Specifically, using the model in [5], the composite channel
gains for all the antennas in the array are represented as

(3)

where is uniformly distributed over
. If we make the additional, physically reasonable, as-

sumption that the angles of arrival, s, are uniformly dis-

tributed over , a closed-form spatial
correlation formula can be obtained [5]. That is

(4)

where and are given by

(5)

(6)

respectively, for , and where the s are Bessel
functions of integer order. When this correlation is high, the
signals at the antennas tend to fade at the same time, and the
diversity benefit of antenna arrays against fading is significantly
reduced. On the other hand, because independent fading is
not required for interference suppression, antenna arrays can
suppress interference, even with complete correlation. Thus,
we need to evaluate the antenna array performance with joint
fading reduction and interference suppression.

We define a channel matrix by putting the channel gain
of each transmit and receive antenna pair in the th subband
into a matrix of size . That is to say, the th entry in

is . Thus, the received signal vector in the antenna
array is obtained as

(7)

where is an arbitrary time delay uniformly distributed
over , and is the additive white Gaussian noise
(AWGN) vector added to the receive antenna array, and each
of its elements is a zero-mean complex Gaussian random
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process with two-sided spectral density . An asynchronous
MC-DS-CDMA is assumed, but the receiver is synchronized
to the desired transmission, say that of user 1; thus, we assume
that the power and delay of the desired signal are, respectively,

and , without loss of generality.

III. PERFORMANCE ANALYSIS

A. Output of the th Correlator

We evaluate the performance of the first user. Perfect carrier,
code, and bit synchronization are assumed. After down-con-
verting to baseband, we can write the complex baseband re-
ceived signal vector at the antenna array in the th subband
as

(8)

where

(9)

is the composite of MAI, and for
and . The noise is given by

(10)

and is a complex AWGN process.
The output of the correlator during the th symbol in-

terval, obtained by summing the corresponding despread
chip-matched filter output samples in the th branch, ,
is given by

(11)

where represents convolution. is the signal com-
ponent for the desired user

(12)

is the component due to thermal noise, and

(13)

is the MAI. In and

(14)

is the cross-correlation function of the spreading signal between
user and user 1 during the th symbol interval. Here we absorb

into , since both are random variables taking values
of with equal probability. By the Lyapunov version of the
central limit theorem, can be modeled as an asymptoti-
cally complex Gaussian vector as long as the following condi-
tion is satisfied [7]:

for all , where .

B. Output of the Adaptive Beamformer

The correlator outputs from each receive antenna in
each subband are combined with the beamforming vector

to produce an estimate of the
transmitted symbol of the desired user, where is the beam-
forming vector for the th subband, . Define the
correlator output vector .
Then the estimated data symbol can be represented as

(15)
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where denotes complex conjugate

(16)

(17)

for
, and

(18)

.
Now we proceed to determine the optimum transmit and

receive weight vectors and , respectively, for the desired
user. Since the MAI can be modeled as an asymptotically
zero-mean complex Gaussian vector, and is independent of the
AWGN vector , the conditional signal-to-interference-
plus-noise (SINR) of the estimated data , conditioned
on , is given by

(19)

where

is the autocorrelation of [see (14)], is a matrix
given by

...

...

and is a matrix whose elements are the crosscorrelations of
the channel gains of user . Refer to [7] for the detailed deriva-
tions of the covariance matrices for and .

C. MRT and Adaptive Beamforming Reception

In statistically optimum beamforming, the weights are chosen
based on the statistics of the data received at the array. Loosely
speaking, the goal is to “optimize” the beamformer response, so
the output contains minimal contributions due to noise and sig-
nals arriving from directions other than the desired signal direc-
tion. There are several different criteria for choosing statistically
optimum beamformer weights, with perhaps the most obvious
one being the maximization of the signal-to-noise ratio (SNR).

By using MRT, we set , where is a constant
used for normalization. Subject to the transmit power constraint

, we have . Then the transmit
weight vector is given by

(20)

After using (20) in (19), and considering as the desired
user, we obtain

(21)

Now the goal is to choose beamforming weight vector which
maximizes the SNR of (19). Subject to the normalization con-
straint, we have

(22)

where
. Then the optimum weight vector is the

principal eigenvector of , and is the cor-
responding eigenvalue [6], i.e., the maximum eigenvalue of

.
To compute , we need matrix of user , consisting of

the transmit weight vector . However, this is not available,
since it depends on receive weight vector [see (22)], which,
in turn, cannot be computed without the knowledge of for

[see (22)]. So we cannot apply (20) directly to get the op-
timum weight vector . As a consequence, one alternative is
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to use an iterative algorithm to solve the problem. Initially, we
assume that is an equal-weight vector, i.e., we weight each
branch equally. Now it is possible to compute the beamforming
weight vector for each user using (22). In turn, we can com-
pute the corresponding transmit weight vector for each user
using (20). By using these updated s, we further update the

iteratively until no improvement of SNR can be observed.
This algorithm is quite complicated, in that the receiver has to
recalculate the receive weight vector and feed it back to the cor-
responding transmitter. Note that this has to be done for all users
any time there is a noticeable change of state for any one of
them. As just one example, this is has to be done whenever the
number of active users changes in the system.

Considering the complexity of adjusting the receive and
transmit weight vectors based upon the corrresponding CSI
for all the active users, and the computational complexity that
this involves, as an alternative, we can replace the optimum
criterion which maximizes SNR with an ad hoc criterion
which only maximizes the received power for the desired user.
Following the steps described above, we obtain the optimum
receive weight vector for each subband as

(23)

Therefore, the receive weight vector is the scaled principal
eigenvector of , and the received power in each sub-
band is the corresponding eigenvalue, i.e., the maximum
eigenvalue of . Although it is difficult to find
the probability density function (pdf) of for the en-

semble of matrices , bounds on the can be easily
found. The fact that is a Hermitian and positive
semi-definite matrix guarantees its eigenvalues to be nonneg-
ative. Hence, the are bounded by

rank

(24)

where rank , and is the
trace of the matrix. Therefore

Fig. 2. Performance comparison of optimum algorithm and suboptimum
algorithm for M = 2; L = 2, and L = 4 system with varying number of
interfering users.

Fig. 3. Performance comparison of optimum algorithm and suboptimum
algorithm for M = 2; L = 1, and L = 8 system with varying number of
interfering users.

The last equality holds, since

is assumed. Thus

(25)

and we see that this scheme achieves a diversity of the order
, since the s are assumed uncorrelated.

This scheme overcomes the disadvantages of the iterative al-
gorithm, although it may suffer performance degradation. To
quantify the performance loss, we resorted to simulation. We
compared the performance of using the optimum algorithm and
the suboptimum one, and the results are shown in Figs. 2–4.
Note that in the low-SNR region, the additive noise is typically
larger than the MAI (especially when the number of interfering
users is small), and is dominated by the covariance matrix
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Fig. 4. Performance comparison of optimum algorithm and suboptimum
algorithm for M = 2; L = 2, and L = 4 with different correlations
among antennas.

of the noise, which is a scaled identity matrix. Thus, optimizing
the numerator term is equivalent to optimizing the SNR

. As expected, the results in these figures show that the gain
achieved by using the iterative algorithm is not significant in
the low-SNR region. As the SNR increases, the additive noise
is no longer the dominant element. In the medium-to-high SNR
region, the gain becomes more obvious by using the iterative
algorithm. We further observe that the improvement is smaller
when there are more interfering users in the system. It seems
that when the number of interfering users is large, the covari-
ance matrix of the MAI, ,
is close to a scaled identity matrix. Although we cannot give
a rigorous mathematical proof, an intuitive explanation based
on the numerical results is as follows. The elements along the
main diagonal of each are unity, while the off-diagonal
elements are complex numbers whose norms are smaller than
unity (this condition holds as long as the antennas in the array
are not fully correlated, and the signals of different users arrive
from directions uniformly distributed over ).
Also, it can be shown that all the diagonal elements in the ma-
trix are positive real numbers.
The off-diagonal elements are still complex numbers, whose
real and imaginary parts could be either positive or negative.
So the more the terms are in the summation, the more likely
the polarities of those off-diagonal elements are averaged out,
and the more accurate is the approximation of the covariance
matrix of the MAI, ,
looking like a scaled identity matrix. Thus, as the number
of interfering users increases, the improvement by using the
optimum criterion with the iterative algorithm diminishes.

When the correlations among the antennas in the receive array
become smaller, so does the improvement from using the iter-
ative algorithm, as observed in Fig. 4. As we know, when the
antennas become less correlated, the off-diagonal elements in

are much smaller than unity, while the diagonal elements
are unity. Thus, the approximation of by an identity ma-
trix is more appropriate, and there is less gain to be achieved by
using the optimum algorithm.

Fig. 5. BER versus E =� for K = 30.

IV. NUMERICAL RESULTS AND DISCUSSIONS

Given a fixed information rate and total bandwidth allocation,
the product must be held constant, where is
the processing gain of a single-carrier CDMA system and is
the corresponding value for each subcarrier in the MC-CDMA
system. We assume that the fading seen by each of the transmit
antennas is independent. At the receiver, receive antennas
are deployed for adaptive beamforming reception, where
can be a large enough number so that the fading experienced by
each receive antenna might be correlated. independent sub-
carriers can provide th-order frequency diversity gain, while

independent transmit antennas and independent receive
antennas result in an extra order of spatial diversity
gain. So fixing the value of fixes the maximal diver-
sity gain achievable by the system. When the fading is, in fact,
correlated, the diversity gain from the receive antenna array is
reduced. However, independent fading is not required for inter-
ference suppression, so correlated receive antennas can still be
used for MAI suppression. If we fix the product of ,
just for the sake of having a frame of reference for the perfor-
mance tradeoff, then increasing will increase the diversity
gain against fading, while sacrificing the receive antenna array’s
capability of MAI suppression.

We assume the use of a raised-cosine filter characteristic, with
rolloff factor , for pulse shaping. We further assume
the processing gain for a single-carrier system to be fixed at

. Since it is difficult to analytically derive the pdf
of the instantaneous SNR, , we cannot obtain a closed-
form expression for the bit-error rate (BER). To circumvent this
problem, a Monte Carlo simulation is carried out. After one mil-
lion trials, the SNR distribution of the combined outputs at the
receiver is accumulated and is numerically determined.
The SNR value for each combined output is applied to the
conditional bit-error probability for a binary phse-shift keying
(BPSK) system, , and the average BER is calculated by
integrating .

In Fig. 5, we consider a MC-DS-CDMA system with 30 users,
where the interference power is log-normally distributed with
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Fig. 6. BER versus E =� for K = 50.

either a 3- or 10-dB standard deviation. The average BER versus
, for different sets of parameters, is shown in the figure.

With the frequency diversity order fixed at , and
fixed at 16, we find that the system employing eight transmit
antennas and two receive antennas is much better than one em-
ploying four transmit antennas and four receive antennas. This
is primarily due to the eight-fold diversity gain from the eight
transmit antennas with independent fading. Note that since the
total length of the receive array is fixed at a value such that the
multiple receive antennas experience correlated fading, the re-
sulting effective diversity order achieved by the four-antenna
array is less than twice that achieved by the two-antenna array,
although the MAI suppression capability is enhanced with more
receive antennas. We also compare in Fig. 5 the performance of
other systems with the value of held constant. The
worst case is , and , since there
is no transmit diversity gain, and most of the receive diversity-
gain is lost due to the high correlations among the antennas in
the receive array. We further evaluate the system performance
with a more severe near–far problem, i.e., interference power
is log-normally distributed with a 10 dB standard deviation.
Compared with the system with better power control, the BER
performance of all of the above systems degrades by at least
one order of magnitude. It is further observed that the degra-
dations are more significant for the systems with re-
ceive antennas than they are for the systems with more receive
antennas. This phenomenon can be explained as follows. The
system’s ability to suppress MAI is augmented by using more
receive antennas, while sacrificing some diversity gain. Since
MAI becomes more dominant in a system with a severe near–far
problem, we find that the performance gap between the
and the or systems decreases
dramatically.

In Fig. 6, we plot BER performance curves for some of the
systems in Fig. 5 when is increased to 50. Compared with
the curves plotted in Fig. 5 for systems with , there is
smaller degradation when receive antennas are em-
ployed. However, the degradation is much more conspicuous
when , rather than , receive antennas are used.

Fig. 7. BER versus E =� for K = 30 and L = 2; L = 4 with varying
correlations between receive antennas.

Fig. 8. BER versus E =� for K = 30 and L = 1; L = 8 with varying
correlations between receive antennas.

These observations indicate that systems with a larger number of
receive antennas are more robust to various changes in the wire-
less environment, say, when the number of active users is con-
stantly varying and/or the power control cannot be accurately
implemented. Thus, it is beneficial to deploy more receive an-
tennas in a dynamic wireless system to keep relatively stable
service quality.

In Figs. 7 and 8, the BER performance, when the correlations
among receive antennas are varied by changing the spacing
between neighboring antennas, is shown. The fades become
more correlated as we narrow the spacing. As we know, corre-
lation results in loss of diversity gain against fading. However,
the beamforming gain for MAI suppression is enhanced. This
fact can be seen from the curves plotted in those two figures.
When MAI is dominant, e.g., interference power distributed
with 10 dB standard deviation, the performance degradation
is much less than that in a system with better power control,
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Fig. 9. BER versus E =� for K = 30 and N = 32 per subcarrier with
varying number of receive antennas.

Fig. 10. BER versus E =� for K = 50 and N = 32 per subcarrier with
varying number of receive antennas.

where fading is the more dominant source of degradation. It
is seen from the figures that the relative performance gap of
the system with is larger than that of the
system with when the correlations among the
array increase due to a decrease in the spacing of neighboring
antennas.

Note that while most of our results correspond to the product
of being held constant, in Figs. 9 and 10, we
show the effect of doubling and tripling the number of receive
antennas while keeping both and constant, for both
the optimum and the suboptimum algorithms. The resulting
performance improvement is not as significant as might be
expected. The reason is that we cannot double or triple the
order of the diversity by doubling or tripling the number of
receive antennas, since once again fades on the antennas become
more correlated due to the decreasing distance between antenna
elements. It is obvious from Figs. 9 and 10 that the performance

improvement using the optimum algorithm is more significant
than using the suboptimum algorithm when the number of
receive antennas is increased. However, this performance gain
is obtained at the expense of additional complexity, especially
when the number of receive antennas is large. Furthermore,
the performance gap between the optimum algorithm and the
suboptimum algorithm will decrease if we consider using noisy
channel estimates instead of the perfect CSI. This is because the
optimum algorithm needs the CSI of all the users to calculate
the weight vector for each user, whereas each receiver using
the suboptimum algorithm only needs its own channel-state
estimate. Last, from the Appendix, it is obvious that the number
of calculations involved in the optimum algorithm is greater
than that involved in the suboptimum algorithm.

V. CONCLUSION

In this paper, we proposed an MC-DS-CDMA system em-
ploying multiple antennas at both the mobile and the base
station. MRT and adaptive beamforming reception are used to
achieve the maximum received SINR for the desired user in a
multiple-access channel with correlated Rayleigh fading. The
conditional SNR is analytically derived, and the average BER is
investigated via simulation. By varying the number of transmit
antennas and receive antennas, we find a tradeoff between
obtaining diversity gain against fading and MAI supression.
In a spatially correlated Rayleigh fading channel, as long as
the interferers arrive from directions uniformly distributed over

, using more receive antennas is preferred in a
dynamic wireless system, since the effect of wireless environ-
ment changes (e.g., when the number of active users is varying
and/or the accuracy of power control is varying) on the perfor-
mance is smaller with more rather than less receive antennas.
The benefit of using only a single transmit antenna is easier
implementation in a small mobile unit. However, when the
number of active users is stable and/or accurate power control
is always maintained, using two independent transmit antennas
with a smaller number of receive antennas is preferred.

APPENDIX

The complexity analysis for the two algorithms is shown as
follows.

1) The computation complexity of the suboptimum
algorithm:
a) the number of multiplications

b) the number of divisions
c) the number of other operations: eigenvalue de-

composition of a square matrix of size .
2) The computation complexity of the optimum algorithm

depends on the number of iterations for convergence. In
each iteration
a) the number of multiplications
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b) the number of divisions
c) the number of other operations: eigenvalue decom-

position and inversion of a square matrix of .

Outside the loop, the number of multiplications is .
According to the simulation results, empirically, the number

of iterations ranges from 3 to 11, which depends on the specific
value for each parameter, , and . Generally, the
number of iterations increases as or increases.
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