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Abstract— A low-complexity approach is proposed for optimiz-
ing the performance of a multiple input multiple-output (MIMO)
direct sequence code division multiple-access (DS-CDMA) system
in the uplink for frequency selective fading channels. Each user
transmits a weighted form of its symbols through its multiple
antennas, and a receive antenna array at the base station is
equipped with minimum mean square error (MMSE) receivers.
We arrive at our system by attempting to find a suboptimal
solution based on maximizing the multiuser signal-to-noise inter-
ference plus noise ratio (SINR) and minimizing the MMSE of
the received signal simultaneously. This provides a noniterative
solution for jointly transmit beamformer weights of each user and
coefficients of the corresponding receiver. In addition, a power
control algorithm for suppressing interference is also derived.
Numerical results reveal that significant system performance and
capacity improvement over conventional approaches are possible.

Index Terms - MIMO CDMA System, beamforming,
MMSE receivers, power control, interference suppression.

I. INTRODUCTION

There is ever increasing need for next generation wireless
systems expected to provide higher data transmission rates be-
cause of the emerging demand on new multimedia application.
This results in a big challenge for the wireless technology; that
is increasing system capacity and quality within the limited
available frequency spectrum. It is well known that code-
division multiple-access (CDMA) is a promising means to
meet the high data rate demands of next generation wireless
systems. However, its performance is limited by the multiple
access interference (MAI) as well as the near-far effect where
strong users degrade the performance of the weak users
significantly. Techniques that control or suppress interference
help increase the capacity of a CDMA system.

In recent years, antenna systems which employ multiple
antennas at both the base station and mobile stations have been
proposed and demonstrated to significantly increase system
performance as well as capacity [1] [2] [3]. Accordingly
using multiple antennas in a CDMA system is an effective
to boost the system performance. Although a MIMO CDMA
system has much better performance compared with a single-
antenna CDMA system, it still inherits the CDMA traditional
impairments that are fading, delay spread and interference. The
challenge to enhance the performance of a MIMO CDMA sys-
tem therefore lies in the techniques of interference suppression
and power control for a MIMO multiuser system.

Joint transmitter and receiver design is an effective interfer-
ence management technique for multiuser systems. In particu-
lar, spreading sequence optimization in CDMA systems, which
aims to determine optimum transmitter sets to enhance the
performance of the overall system, has been investigated for
several channel models. Optimum CDMA spreading sequence
sets are identified, and iterative algorithms that converge to the
optimum spreading sequence set are proposed in [4] [5] [6] [7].
For multipath CDMA systems, jointly optimum transmission
schemes are investigated, and iterative algorithms to find the
optimum signature sets are proposed in [8], [9].

Transmit beamforming with receive combining for multiuser
MIMO systems when each user is transmitting a single data
stream has also been studied extensively up to date. Receiver
combining has been shown to be effective in interference
suppression in multiuser systems [10] [11]. Jointly optimum
transmit powers and receive beamformers were found in [12].
Reference [13] proposed an iterative algorithm for determining
the downlink powers and transmit beamformers given a signal-
to-interference plus noise ratio (SINR) target at the single
antenna receiver of each user. Algorithms that identify transmit
and receiver beamforming strategies and the corresponding
transmit power assignments are proposed in [14] with the aim
of maximizing the minimum achievable SINR or providing
each user with its SINR target. Most of the approaches in the
literature mentioned above are based on a serial of compli-
cated iterative processes to obtain the optimal or suboptimal
solutions. The main drawbacks of iteration approaches are
slow convergence and high computational complexity in a
multiuser system. For example, iterative approaches could be
ineffective for a system in the fast fading environments since
the convergence speed cannot catch up the channel variation.

Our aim in this work is to seek a noniterative approach
to enhancing the system performance for all users in a
MIMO CDMA system. We propose a means to optimize
the performance of a MIMO CDMA system by integrating
transmit beamforming, design of a minimum mean square
error (MMSE) receiver, and power control adaptation. Our
approach is based on deriving a noniterative optimal solution
for updating transmit beamforming weights of each user by
maximizing the product of the SINR of each receive antenna
at the base station, and we utilize the MMSE technique to
design the receiver which is corresponding to the optimal
weight solution. The major advantage of this approach is
that the relationship between the transmit antenna weights

IEEE Communications Society / WCNC 2005 280 0-7803-8966-2/05/$20.00 © 2005 IEEE



and the coefficients of the corresponding receiver are made
independent. Consequently an updated power control can be
obtained from the near-optimal solved information.

In our work we study a uplink case of a MIMO CDMA
system in frequency selective fading channels similar to [15],
which utilizes a transmit antenna array at the base station
and a receive antenna array at the MS in the downlink
case. However, our approach is different in that we adopt a
combined performance metric, i.e. the product of the SINR of
each user and the MMSE of the received signal, to solve the
optimization problems of transmit beamforming and receiver
design. We thus obtain an analytic noniterative expression for
transmit antenna weights as well as the design parameters for
each receiver at the base station. It is assumed in our solution
that channel state information (CSI) is known at the base
station only. Updating transmit beamforming is through the
feedback from the base station to the transmitter side. This
approach is shown by simulation to have better performance
than a conventional CDMA system with a Rake receiver at the
base station, and to have some extent robustness when channel
estimation errors occur.

Another contribution in this work is that power control can
be achieved without any iteration process as well. Traditional
iterative power control approaches assume that only one an-
tenna and matched filter receivers are being used at the base
stations and each user employs an SINR-based power update
where the user’s power is multiplied by the ratio of its target
SINR to its current SINR. Earlier work identified the power
control problem as an eigenvalue problem for nonnegative
matrices and the solution is found by a matrix inversion,
i.e., in a centralized and noniterative fashion [16], [17]. This
is followed by the development of iterative and distributed
algorithms that require only local measurements [18], [19]. In
the uplink of MIMO CDMA cases, we develop a suboptimal
power control algorithm that is based on the optimal solution
of transmit beamforming, the design coefficients of receivers
and the target SINR for each user. This algorithm is suboptimal
since its target SINR is chosen from the lower bound of
the SINR that is obtained from the upper bound of the self
interference (SI). However, the simulation result shows it still
outperforms the traditional approach; that is, the total required
power is much smaller than that of the traditional approach at
a given target SINR.

This paper is organized as follows. In Section II, we
introduce some necessary notations for a multiuser MIMO
CDMA system that is used throughout the paper. Section III
describes the performance metrics for optimizing the SINR
and MMSE of the received signals. Noniterative solutions
for transmit beamforming weights, MMSE receivers and the
power control algorithm for each user are derived in this
section. The convergence of the power control algorithm and
the performance improvement achieved by optimizing the
transmit beamformer as well as the receiver are investigated
in Section IV. Finally, we conclude the paper in Section V.

II. MIMO CDMA SYSTEM MODEL

A schematic configuration of the multi-antenna CDMA
system we consider is shown in Figure 1.
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Figure 1 MIMO CDMA System Model

We consider the uplink of a single cell DS-CDMA system with
K users and processing gain G , where every user is assumed
to have Mt transmit antennas and the base station is equipped
with Mr receiver antennas. A complex baseband model is
assumed throughout this paper. Also, the channels between
transmitter antennas and receiver antennas are independent
frequency selective fading channels and perfectly known to
the receiver but not to transmitters. We use binary phase-
shift keying (BPSK) modulation. Let us first consider the
link between a single user k and the base station. Thus, the
transmitted signal vector for user k is

s(k) =
√

Pkdk(t)ck(t)Wk (1)

where s(k) = vec([s(k)
1 (t) s

(k)
2 (t) . . . s

(k)
Mt

(t)]) in which
the operator vec(x) is to stacks x into a vector columnwise,
W(k) = [w(k)

1 w
(k)
2 . . . w

(k)
Mt

]T is the transmit beamforming
vector for user k, Pk is the transmitted signal power, and dk(t)
is the binary data signal for user k consisting of independent
and identically distributed data bits with duration Tb, which
takes on the values ±1 with equal probability and ck(t) is the
spreading signature for user k with duration Tc. Hence, the
processing gain G is equal to Tb/Tc. Throughout this paper,
the superscript T, * and H represent the transpose conjugate,
and complex conjugate transpose, respectively.

Since the antenna array transmits or receives through fre-
quency selective fading channels we use the simplified tapped
delay multipath channel with length L. For example, the
complex impulse response of the channel between the ith
transmitter antenna of user k and the jth receiver antenna of
the base station can be expressed as

h
(k)
ji (t) =

L−1∑
l=0

h
(k)
ji (l)δ(t − lTc) (2)
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In the presence of zero-mean additive white Gaussian noise
(ZMAWGN) nj(t) with variance N0

2 , the received signal of
the jth antenna at the base station is

yj(t) =
K∑

k=1

Mt∑
i=1

L−1∑
l=0

h
(k)
ji (l)s(k)

l (t − lTc) + nj(t) (3)

where j = 1, 2, . . . ,Mr. Since the channel has memory,
sequentially transmitted symbols will interference with each
other at the receiver, and therefore we need to consider a
sequence, or a block of symbols, instead of a single symbol
at a time. Let us consider the data be transmitted at n =
0, . . . , N − 1. The transmitted signal in (3) can be rewritten
in a vector form as

yj =
K∑

k=1

H(k)
j S(k) + nj (4)

where yj = [y(0) y(1) . . . y(N + L − 1)]T, H(k)
j =

[h(k)T

j1 h(k)T

j2 . . . h(k)T

jMt
] and h(k)

ji is a Toepliz channel ma-
trix with dimension N+L by N which transfers signals from
the ith transmit antenna to the jth antenna of user k and can
be given by

h(k)
ji =




h
(k)
ji

(0) 0 · · · 0

h
(k)
ji

(1) h
(k)
ji

(0)
. . .

.

.

.

.

.

.
.
.
.

. . . 0

h
(k)
ji

(L − 1) h
(k)
ji

(L − 2) · · ·
.
.
.

0 h
(k)
ji

(L − 1)
.
.
.

.

.

.

0 0 · · ·
.
.
.

0 . . . . . . h
(k)
ji

(L − 1)




(5)

Also, S(k) = vec(
[
s(k)
1 s(k)

2 · · · s(k)
Mt

]
) in which s(k)

i is a
sampled signal vector from the ith transmit antenna of user k
and can be given as

S(k) =
√

PkW(k) ⊗ D(k)
c (6)

where D
(k)
c = [dk(N + L − 1)ck(N + L − 1) · · · dk(0)

ck(0)]T and ⊗ is the Kronecker product. nj is a ZMAWGN
random vector from the jth antenna. For convenience, we
rewrite (4) as

yj = H̃jS̃ + ñj (7)

where H̃j =
[
H(1)

j H(2)
j · · · H(k)

j

]
, ñ = [n(0) n(1)

· · · n(N + L − 1)]T and S̃ = vec([
√

P1(W(1) ⊗ D(1)
c )√

P2(W(2) ⊗ D(2)
c ) · · · √

PK(W(k) ⊗ D(k)
c )]).

Next, let us consider the signal model in some particular
receiver. The MMSE receiver for each user at the base station
is shown in Figure 2. The received signal from each antenna
is passed through its corresponding adaptive filter in the mth
receiver for user m. For simplicity, we assume chip synchro-
nization at the receiver is achieved and would like to recover
the signal from user m. As shown in Figure 2, the received
signal (3) is first despreaded by the corresponding spreading
signature cm(t) and then pass through the mth MMSE filter.
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Figure 2 Receiver Filter of User k

Specially, we consider a vector-valued linear FIR filter of the
jth antenna Θ(m)H

j =
∑
l

θmz−l for user m such that the output

of the filtered sequence recovers d̂m(n) in a MMSE sense

d̂m(n) = Θ(m)H

j (z−1)[yj(n)cm(n)]

= Θ(m)H

j (z−1)(H̃jS̃(m)) + Θ(m)H

j (z−1)ñ(m)(n) (8)

where S̃(m) = vec([
√

P1(W
(1) ⊗ Ω

(1,m)
c )

√
P2(W

(2) ⊗ Ω
(2,m)
c )

· · · √
PK(W(K) ⊗ Ω

(K,m)
c )]), Ω

(k,m)
c = [ζ

(k,m)
c (N + L − 1)

ζ
(k,m)
c (N+L−2) · · · ζ

(k,m)
c (0)]Tand ñ(m)(n) is a ZMAWGN

random vector within the signal of user m. The MMSE filter
design problem is to minimize the mean square error between
the estimated value of the filtered signal d̂m(n) and the correct

signal dm(n) with respect to the coefficients of Θ(m)H

j (z−1).
That is to minimize the mean value of εm = |d̂m(n)−dm(n)|2,
i.e. the following expression

min E[|Θ(m)H

j (z−1)(H̃jS̃(m)) − dm(n)|2] (9)

Since the signal energy is unity, the above expression can be
further written in a matrix form as

E[εm] = N0‖Θ(m)
j ‖2 + (

K∑
k=1

√
PkΦ(k)

j Θ(m)
j −

u (N+L)
2

)H(
K∑

k=1

√
PkΦ(k)

j Θ(m)
j − u (N+L)

2
) (10)

where uN+L
2

is a (N + L) vector whose (N+L)
2 th element is

equal to one and all other elements are equal to zero. Hence
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Φ(m)
j can be given as

Φ
(k)
j =




φ0 0 · · · 0

φ1 φ0

. . .
...

...
...

. . . 0

φL−1 φL−2 · · ·
...

0 φL−1

...
...

0 0 · · ·
...

0 . . . . . . φL−1




(11)

where φp = ζ
(k,m)
c (p)W(k)Hh(k)

j (p), h(k)
j (.) = [h(k)

j1

h
(k)
j2 · · ·h(k)

jMt
] and ζ

(k,m)
c (.) is the crosscorrelation of the

spreading signatures between user k and user m, and its
continuous time form can be written as

ζ(k,m)
c (τ) =

√
Pk

τ∫
0

dk(t − lTc)ck(t − lTc)cm(t)dt (12)

III. PERFORMANCE METRIC AND NONITERATIVE
ALGORITHM

Our objective is to optimize a performance metric of the
multiuser MIMO system so that we can find the transmit
beamforming weights at the mobile station subjective to some
constraints. In order to increase the SINR and lower the
MMSE at the receiver, we certainly have to choose SINR and
MMSE as our performance metrics. These two metrics for
some user m can be written as

[W(m)
opt , Θ̃(m)

opt ] = arg max
K∏

k=1

SINRk (13)

[W(m)
opt , Θ̃(m)

opt ] = arg min
Mr∑
j=1

MMSEj (14)

(13) and (14) are both subject to the constrains of
[W(m),Θ(m)]. The reason for (13) to use the product of SINRs
is motivated from consideration of the capacity for MIMO
systems with parallel uncoupled channels since the capacity is
a log2 based function of SNR. Thus as the product of SINRs
is increased it is equivalent to augment the system capacity.

In order to acquire the noniterative solutions for W(m) and
Θ(m), the basic idea is first to seek a suboptimal solution
for W(m) from (13), then plug it into (14) to obtain Θ(m).
Accordingly the first task is to find the SINR for some user
m. According to Figure 2, the output signal power of the mth
sampler is

Ỹm = S̃(m)HH̃HQ̃(m)H̃S̃(m) + tr(Q̃(m))N0 (15)

where H̃ =
[
H̃H

1 H̃H
2 · · · H̃H

Mr

]
, Q̃(m) = diag[

Θ(m)
1 Θ(m)H

1 Θ(m)
2 Θ(m)H

2 · · · Θ(m)
Mr

Θ(m)H

Mr
] and tr(.) is the

trace operator of a matrix. In fact, (15) consists of the desired
signal part, the self interference (SI) due to multipath and the

multiple access interference (MAI) of user m. Thus (15) can
be rewritten as

Ỹm = P(m)
S + ISI + IMAI + tr(Q̃(m))N0 (16)

where P(m)
S is the desired signal power, ISI is the self

interference and IMAI is the multiple access interference.
These three terms can be given as follows

P(m)
S = PmW(m)HH̃(m)H

0 Θ̃(m)
0 Θ̃(m)H

0 H̃(m)
0 W(m) (17)

ISI = Pm(W(m) ⊗ ζ(m,m)
c )HH̃HΘ̃(m)Θ̃(m)H

H̃(W(m) ⊗ ζ(m,m)
c ) − P(m)

S (18)

IMAI = [S̃(m) − um ⊗ (W(m) ⊗ ζ(m,m)
c )]HH̃H

Q̃(m)H̃[S̃(m) − um ⊗ (W(m) ⊗ ζ(m,m)
c )] (19)

where Θ̃(m)
0 = [

∑
Θ(m)

1

∑
Θ(m)

2 · · · ∑Θ(m)
Mr

]T and

H̃(m)
0 =




h
(m)
11 (0) h

(m)
12 (0) · · · h

(m)
1Mt

(0)

h
(0)
21 (0) h

(m)
22 (0)

. . .
...

...
...

. . .
...

h
(m)
Mr1(0) h

(m)
Mr2(0) · · · h

(m)
MrMt

(0)




Therefore, the signal-to-interference plus noise ratio (SINR)
ηm for mth detector can be obtained as

ηm =
P(m)

S

IMAI + ISI + tr(Q̃(m))N0

(20)

Since the channel is estimated at the base station perfectly, our
objective is to find the optimal transmit beamforming vector
W(m) and the coefficient vector of the mth receiver Θ(m) by
substituting (20) into (13) to obtain the performance metric of
SINRs while we can substitute (10) into (14) to get the MMSE
metric. Therefore the optimum coefficient vector of the mth
receiver for the jth antenna can be found from the traditional
smart antenna algorithm as [20]

Θ
(m)
j = (

K∑
k=1

Pk√
Pm

Φ
(k)H

j Φ
(k)
j +

N0√
Pm

I)−1Φ
(m)H

j u (N+L)
2

(21)

A simpler method to achieve the optimal solution of (20) is
to solve it by just maximizing each user’s SINR separately.
As stated in the following proposition, the optimal solution of
(20) can be solved by maximizing (17) and minimizing (18).

Proposition 1: The optimal transmit beamforming vector for
user m is the normalized input singular vector corresponding
to the maximum singular value of H̃(m)

0 and the optimal
autocorelation vector of the spreading signature for user m
is the input singular vector corresponding to the minimum
singular value of H̃.

Proof : By inspection of (20), it is easy to achieve the
maximum value of ηm by maximizing its numerator and
minimizing self interference term of its denominator. Also,
It can be verified in [21] and [22] that P(m)

S is maximized
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when W(m) is the input singular vector of H̃(m)
0 . Hence, we

have

W(m) =
U(m)

max

‖U(m)
max‖2

(22)

where U(m)
max is the eigenvector of H̃(m)

0 corresponding to its
maximum singular value. Similarly, the self interference is
minimized when

W(m) ⊗ ζ(m,m)
c = Vmin

⇒ ‖W(m)‖2‖ζ(m,m)
c ‖2 = ‖Vmin‖2

⇒ ‖ζ(m,m)
c ‖2 = ‖Vmin‖2 ⇒ ζ(m,m)

c = Vmin

where Vmin is the input eigenvector corresponding to the
minimum singular value of H̃.

Proposition 2: A suboptimal power control scheme for user
m based on the optimal solutions of Proposition 1 is given as

Pm ≥

(
K∑

k=1,k �=m

Pk‖Ω(m,k)
c ‖2

2

)
Ξ(m)

1 + Ξ(m)
2

λ̃max
(N+L)

(
1 + η

(m)−1

∗
)
− Ξ(m)

1

(23)

where Ξ(m)
1 = ‖H̃‖2

F

Mr∑
j=1

‖Θ(m)
j Θ(m)H

j ‖2
F, Ξ(m)

2 = N0
(N+L)

Mr∑
j=1

‖Θ(m)
j ‖2

2, η
(m)
∗ is the target SINR of user m, and λ̃m is

the maximum eigenvalue of H̃(m)H

0 H̃(m)
0 .

Proof : In order to ensure the communication quality, the SINR
of every user at the receiver must be greater or equal to the
target value of SINR for each user. The target SINR for user
m can be chosen as the minimum value of (20). Let Pm,opt be
the optimal transmit power for user m, then the optimal power
control problem can be formulated as

Pm,opt = arg

[
min

K∑
m=1

Pm

]
(24)

which is subject to ηm ≥ η
(m)
∗ and Pm > 0 for all m.

The denominate of (20) is bounded above by the product
of the Frobenius norm of each term in the interference part.
Therefore, η

(m)
∗ can be chosen as

η
(m)
∗ =

Pmλ̃max

‖S̃(m)‖2‖H̃‖2
F‖Q̃(m)‖2

F + tr(Q̃(m))N0 − λ̃max

(25)

Then substitute (25) into (24), we can obtain (23).
The intuition behind this algorithm is simple. First, the

system performance can be optimized by maximizing the
SINR to find the transmit beamforming weight for each user
as shown in (22). Second, using (21) updates the coefficients
of each filter for each antenna. Finally, power control
adaptation for each user in the next sampling duration can be
completed by using (23) since the transmit beamforming for
each user is known and the coefficients of the receive filter
for each user can be obtained via (21).

IV. SIMULATION RESULTS

In this section, we present numerical results related to the
performance of the proposed algorithm. The simulations are
performed for a MIMO CDMA system with a processing gain
G = 16. Each user is equipped with multiple antennas as stated
for different cases and the receiver has Mr = 2 antennas.
The channel realizations used are a simple realization of a
frequency selective fading channel model where all links are
assumed to be independent. Variance of the ZMAWGN noise
is 0.5. Each plot shows the bit error rate (BER) versus SINR
for different cases.

For each bit-error rate simulation, more than 1000 data
packets are transmitted with independent channels. One data
packet consists of 1000 data symbols and BPSK is used.
Furthermore, a 2-ray equal gain model channel is utilized
where the path delay is assumed as Tc. Comparisons are
also made with the conventional CDMA system and the
CDMA system with smart antennas at the base station. The
conventional CDMA system is a system with one transmit
antenna at the mobile station and one receive antenna, as well
as a Rake receiver at the base station. The CDMA system
with smart antennas at the base station is a system with one
transmit antenna at the mobile station and multiple antennas
with MMSE receivers using the optimal weighting scheme in
(23). In addition, we define Eb

N0
as the average transmit energy

per bit over the received noise energy at each antenna of the
receiver at the base station. Note that this transmit energy per
bit is the total transmit energy per bit among all the transmit
antennas; therefore, the total transmit energy is the same for a
single transmit antenna system and multiple transmit antenna
for a particular value of Eb

N0
.
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Figure 3 Average BER for a MIMO CDMA System

In Figure 3, we show the results for the MIMO CDMA
system with N = 4 and L = 2. There are three users in the
system. It can be observed that for our system, significant BER
reduction is achieved compared with a conventional CDMA
system as well as with a CDMA system with smart antennas at
the base station. Furthermore, the performance improvement
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of our proposed MIMO system is much more significant. For
example, at an average Eb

N0
= 8 dB, we can see that there

is more than 15 dB decrease in BER for our MIMO CDMA
system for the (Mt = 1, Mr = 2) case compared with the
conventional CDMA system. Also, there is more than 35 dB
decrease for the (Mt = 2, Mr = 2) case.

The simulation result of the power control algorithm (23) is
presented in Figure 4. We assume there are three users in the
system. As you can see in Figure 4, the total needed power
based on our power control adaptation is much lower than the
traditional iterative control case. Traditional iterative power
control approaches assume that only one antenna and matched
filter receivers are being used at the base station and each user
employs an SINR-based power update where the user’s power
is multiplied by the ratio of its target SINR to its current SINR,

i.e., for user m, the update is Pm(n + 1) = η
(m)
∗

ηm(n)Pm(n). For
example, our MIMO CDMA power control for the case of
(Mr = 2,Mt = 1) can save about 50% total power compared
with the traditional approach when the target SINR is around
10 dB. As the number of users in the system increases, the
power difference between them is very significant. Thus the
system capacity under our power control scheme is enhanced
to a great extent.
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 Figure 4 Power Control for a MIMO CDMA System

V. CONCLUSION

We propose a low-complexity approach to finding the
noniterative transmit beamforming of each user and the co-
efficients of the receiver of each antenna at base station that
is geared towards optimizing the performance of a MIMO
CDMA system. The corresponding power control algorithm
is also derived. We investigated the relationship between the
number of transmit antennas each user has and the improved
system performance which is demonstrated when compared
to a conventional system with a Rake receiver at the base
station. Simulation results have revealed that significant system
performance and capacity improvements are possible and that
the performance of this system continues to improve without

saturation as more antennas are added. They also demonstrate
that the proposed power control algorithm is more efficient
compared with the traditional control scheme.
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