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PAPER

Frequency-Domain Adaptive Antenna Array for Multi-Code
MC-CDMA

Osamu NAKAMURA†a), Shinsuke TAKAOKA†, Eisuke KUDOH†, and Fumiyuki ADACHI†, Members

SUMMARY MC-CDMA is an attractive multi-access method for the
next generation high-speed mobile communication systems. The uplink
transmission performance is limited by the multi-access interference (MAI)
from other users since all users share the same bandwidth. Adaptive an-
tenna array can be used to suppress the MAI and to improve the up-
link transmission performance. In this paper, we propose a frequency-
domain adaptive antenna array for multi-code MC-CDMA. The proposed
frequency-domain adaptive antenna array uses a simple normalized LMS
(NLMS) algorithm. Although the NLMS algorithm is used, very fast
weight convergence within one MC-CDMA symbol duration is achieved
since the weight updating is possible as many times as the number of sub-
carriers within one MC-CDMA symbol duration.
key words: MC-CDMA, adaptive antenna array, adaptive algorithm,
frequency-domain

1. Introduction

High speed and high quality data services are strongly de-
manded for the next generation mobile communication sys-
tems. Since the mobile channel is composed of many propa-
gation paths with different time delays, the channel becomes
severely frequency-selective, which degrades the transmis-
sion performance [1]. Recently, orthogonal frequency di-
vision multiple access (OFDMA) and multicarrier code di-
vision multiple access (MC-CDMA) have been attracting
attention as promising candidates for the next generation
systems, because of their robustness against the frequency-
selectivity of the channel [2]–[4].

The uplink (mobile-to-base) transmission performance
is limited by the multi-access interference (MAI). Adaptive
antenna array is an attractive technique for suppressing the
MAI [5]. Adaptive antenna array for OFDMA and MC-
CDMA can be classified into post-FFT type [6], [7] and pre-
FFT type [8]. In this paper, we propose frequency-domain
adaptive antenna array, which falls in the post-FFT type,
for the orthogonal multi-code MC-CDMA uplink transmis-
sion. The proposed frequency-domain adaptive antenna ar-
ray uses the desired signal after array combining as the ref-
erence signal. This idea is also used in Ref. [9]. (However,
the access scheme considered in Ref. [9] is direct sequence
code division multiple access (DS-CDMA)). The proposed
adaptive antenna array in this paper is designed to minimize
the average interference power. This allows us to use the
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same array weight for all subcarriers and hence, the array
weights can be updated, in one OFDM symbol duration, as
many times as the number of subcarriers. Because of this,
a very fast weight convergence can be achieved although a
simple normalized least mean square (NLMS) algorithm is
used. The adaptive antenna array studied in Ref. [8] is pre-
FFT type. The time-domain reference signal generation and
array weight updating at every sampling time are necessary
for achieving fast array weight convergence. On the other
hand, our proposed method uses the frequency-domain ref-
erence signal. In this paper, the optimum array weight is the-
oretically derived based on the Lagrange multipliers method
under the weight constraint. Also derived is the equalization
weight when frequency-domain equalization (FDE) based
on the minimum mean square error (MMSE) criterion is
used after array combining.

The remainder of this paper is organized as follows.
Section 2 describes the multi-code MC-CDMA uplink with
frequency-domain adaptive antenna array. The frequency-
domain array weight updating algorithm is presented in
Sect. 3. Section 4 gives the bit error rate (BER) analy-
sis. The simulation and numerical results are presented in
Sect. 5. Finally, Sect. 6 concludes the paper.

2. Multi-Code MC-CDMA with Frequency-Domain
Adaptive Antenna Array

2.1 Transmit Signal

We assume that U users are transmitting their MC-CDMA
signals with Nc subcarriers. SF and C denote the spreading
factor and the code multiplexing order, respectively. Fig-
ure 1 illustrates the u-th user multi-code MC-CDMA trans-
mitter structure. The binary data sequence is transformed
into a data-modulated symbol sequence and is serial-to-
parallel (S/P) converted into C streams {du,c(i); i=0∼Nc/SF−
1}, c=0∼C − 1. Each stream is spread by orthogonal spread-
ing code {cu,c(k); k=0∼SF − 1}, c=0∼C − 1. The C spread
sequences are then combined and further multiplied by a

Fig. 1 Transmitter structure of the u-th user.

Copyright c© 2007 The Institute of Electronics, Information and Communication Engineers



NAKAMURA et al.: FREQUENCY-DOMAIN ADAPTIVE ANTENNA ARRAY FOR MULTI-CODE MC-CDMA
919

Fig. 2 Frame structure.

scramble sequence {cu,scr(k); k=0∼Nc − 1}. The code-
multiplexed chip sequence is divided into a sequence of chip
blocks of Nc chips. Nc-point IFFT is applied to each Nc-chip
block to generate the MC-CDMA signal. The MC-CDMA
signal after the insertion of Ng-sample guard interval (GI)
can be expressed using the equivalent lowpass representa-
tion as

su(t)=
Nc−1∑
k=0

S u(k) exp

(
j2πk

t
Nc

)
for t=−Ng∼Nc−1, (1)

where

S u(k)=

√
2Pu

SF

C−1∑
c=0

cu,c(k mod SF)cu,scr(k)du,c (�k/SF�) (2)

is the k-th subcarrier component with Pu being the transmit
power per code and �a�denoting the largest integer smaller
than or equal to a.

Figure 2 illustrates the frame structure of the MC-
CDMA signal. Each frame consists of Np OFDM pilot
symbols and Nd MC-CDMA data symbols; the OFDM pilot
is allocated the same power (i.e., (C/SF)Pu) as the multi-
code MC-CDMA data. The array weight updating is done
by using OFDM pilot; however, ideal channel estimation
is assumed (in practical systems, channel estimation is per-
formed by using pilot).

2.2 Propagation Channel

The MC-CDMA signal is transmitted over a frequency-
selective fading channel with L independent propagation
paths and is received by M antennas. The l-th path gain
and delay time associated with the m-th antenna are denoted

by hu,l,m and τu,l, respectively, with E
[∣∣∣hu,l,m

∣∣∣2] = 1/L for all

u and m (E[.] denotes the ensemble average operation). The
received signal on the m-th antenna is given by

xm(t) =
U−1∑
u=0

L−1∑
l=0

su(t − τu,l)hu,l,m + ηm(t)

for t = −Ng∼Nc − 1. (3)

Here ηm(t) is the noise having a variance of 2N0/Ts, where
N0 represents the single-sided additive white Gaussian noise
(AWGN) power spectrum density and Ts is the MC-CDMA
signaling period including GI.

Fig. 3 Receiver structure of the 0th user.

2.3 Received Signal

Without loss of generality, the u=0th user is assumed to be
the desired user. Figure 3 illustrates the receiver structure
for the 0th user. After the removal of the GI, Nc-point FFT
is performed to decompose the received signal into Nc sub-
carrier components. The k-th subcarrier component Xm(k) is
given by

Xm(k) =
1

Nc

Nc−1∑
k=0

xm(t) exp

(
− j2πk

t
Nc

)

=

U−1∑
u=0

S u(k)Hu,m(k) + Πm(k), (4)

where
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Hu,m(k) =
L−1∑
l=0

hu,l,m exp

(
− j2πk

τu,l

Nc

)

Πm(k) =
1

Nc

Nc−1∑
t=0

ηm(t) exp

(
− j2πk

t
Nc

) . (5)

2.4 Adaptive Array and MMSE-FDE

Antenna array combining is done in the frequency-domain.
The array combiner output Y(k) for the k-th subcarrier is
given by

Y(k) = wT
arrayX(k) = S 0(k)wT

arrayH0(k)

+

U−1∑
u=1

S u(k)wT
arrayHu(k) + wT

arrayΠ(k), (6)

where warray = [warray,0, warray,1, . . . , warray,M−1]T is the ar-
ray weight vector, X(k) = [X0(k), X1(k), . . . , XM−1(k)]T ,
Hu(k) = [Hu,0(k), Hu,1(k), . . . ,Hu,M−1(k)]T , Π(k) = [Π0(k),
Π1(k), . . . ,ΠM−1(k)]T . The array weight vector is the same
for all subcarriers. Updating warray is presented in Sect. 3.

After the array combining, MMSE-FDE is performed
as

R(k) = wFDE(k)Y(k) =
U−1∑
u=0

S u(k)H̃u(k) + Π̃(k), (7)
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where wFDE(k) is the equalization weight and{
H̃u(k) = wFDE(k)wT

arrayHu(k)
Π̃(k) = wFDE(k)wT

arrayΠ(k)
. (8)

The mean square error (MSE) between the k-th subcarrier
component R(k) after FDE and the transmitted signal com-
ponent S 0(k) is written as

JFDE(k) = E
[
|R(k) − S 0(k)|2

]

= 2
C
SF
|wFDE(k)|2

U−1∑
u=0

Pu

∣∣∣wT
arrayHu(k)

∣∣∣2

+ |wFDE(k)|2 2N0

Ts
+ 2P0

C
SF

− 4P0
C
SF

Re
[(
wFDE(k)wT

arrayH0(k)
)∗]
, (9)

since

E
[∣∣∣wT

arrayΠ(k)
∣∣∣2] = 2N0

Ts
(10)

from
∥∥∥warray

∥∥∥2
= 1. The MMSE equalization weight

is obtained from ∂JFDE(k)/∂wFDE(k) = 0, where ∂JFDE(k)/
∂wFDE(k) is given as

∂JFDE(k)
∂wFDE(k)

= 4P0
C
SF

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
wFDE(k)

U−1∑
u=0

Es,u

Es,0

∣∣∣wT
arrayHu(k)

∣∣∣2

+
N0

Es,0

SF
C
−

(
wT

arrayH0(k)
)∗

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(11)

with Es,u = PuTs being the symbol energy. The MMSE
equalization weight is derived as

wFDE(k)=

(
wT

arrayH0(k)
)∗

U−1∑
u=0

Es,u

Es,0

∣∣∣wT
arrayHu(k)

∣∣∣2+
(

C
SF

Es,0

N0

)−1
. (12)

After MMSE-FDE, parallel-to-serial (P/S) conversion and
multi-code despreading are performed to obtain

d̂0,c(i)=
1

SF

(i+1)SF−1∑
k=iSF

R(k)
{
c0,c(k mod SF)c0,scr(k)

}∗ (13)

for i=0∼(Nc/SF) − 1 and c=0∼C − 1. Finally, the data-
demodulation is performed.

3. Frequency-Domain Array Weight Updating

3.1 MSE

The MMSE adaptive algorithm [10], which minimizes the
MSE between the array output Y(k) and the reference signal
Z(k), is used to determine the array weight vector. In the
case of Z(k) = p0(k), the array weight has to not only sup-
press the interference but also perform coherent detection

and therefore, the algorithm needs to track a time-selective
fading. However, the BER performance degrades in a fast
fading due to the tracking problem. Following the idea
shown in [9], we use the desired signal component in Eq. (6)
as Z(k), which is given by

Z(k) = S 0(k)wT
arrayH0(k). (14)

Therefore, the error signal e(k) becomes

e(k) = Z(k) − Y(k)

= −
U−1∑
u=1

S u(k)wT
arrayHu(k) − wT

arrayΠ(k). (15)

The MSE E[|e(k)|2] is given by

E
[
|e(k)|2

]
= wH

arrayRi+nwarray, (16)

where the superscript H denotes the Hermitian transposition
and Ri+n is the M-by-M correlation matrix of the interfer-
ence plus noise and is given by

Ri+n=E

⎡⎢⎢⎢⎢⎢⎢⎣
U−1∑
u=1

(S u(k)Hu(k))∗ (S u(k)Hu(k))T

⎤⎥⎥⎥⎥⎥⎥⎦+ 2N0

Ts
I (17)

with I being an M-by-M identity matrix. warray is deter-
mined so that the MSE can be minimized. However, the
solution includes warray = 0. To avoid this, we introduce the
constraint∥∥∥warray

∥∥∥2
= 1. (18)

The phase and amplitude variations of the desired signal
component, due to the fading, remain after the array com-
bining. The fading compensation is a task of MMSE-FDE.

3.2 Optimum Array Weight

Under the constraint
∥∥∥warray

∥∥∥2
= 1, we use the following

cost function [10]

Jarray(warray)=w
H
arrayRi+nwarray+κ

(
1−wH

arraywarray

)
, (19)

where κ denotes the complex Lagrange multiplier. Taking
the derivative of Jarray(warray) with respect to warray, we have

∂Jarray(warray)

∂warray
= 2Ri+nwarray − 2κwarray. (20)

By setting Eq. (20) to zero vector, we obtain

(Ri+n − κminI)warray = 0. (21)

Sincewarray � 0, warray is one of the eigen vectors associated
with eigen values κ= {κ0, κ1, . . . , κK−1}, where K is the rank
of the matrix (K ≤ M). Multiplying Eq. (21) by wH

array gives

wH
arrayRi+nwarray = κ

∥∥∥warray

∥∥∥2
= κ. (22)

Since our objective is to find warray that minimizes
wH

arrayRi+nwarray, the optimum warray is the eigen vector cor-
responding to the minimum eigen value κmin. Hence, the
optimum warray is the one that satisfies

(Ri+n − κminI)warray = 0. (23)
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3.3 Weight Updating Algorithm

The gradient vector ∇E
[
|e(k)|2

]
[10] is given by

∇E
[
|e(k)|2

]
=
∂E

[
|e(k)|2

]
∂warray

= 2Ri+nwarray

= 2Rxxwarray − 2Rsswarray, (24)

where Rxx and Rss are given by⎧⎪⎪⎪⎨⎪⎪⎪⎩
Rxx = E

[
X∗(k)XT (k)

]
Rss = E

[
(S 0(k)H0(k))∗ (S 0(k)H0(k))T

] . (25)

Since there is no correlation between S 0(k) and S u(k), and
also between S 0(k) and Πm(k), we have

Rsswarray

= E

⎡⎢⎢⎢⎢⎢⎢⎣
⎛⎜⎜⎜⎜⎜⎜⎝

U−1∑
u=0

S u(k)Hu(k) +Π(k)

⎞⎟⎟⎟⎟⎟⎟⎠
∗

S 0(k)wT
arrayH0(k)

⎤⎥⎥⎥⎥⎥⎥⎦
= E

[
X∗(k)Z(k)

]
. (26)

Therefore, Eq. (24) can be rewritten as

∇E
[
|e(k)|2

]
= 2Rxxwarray − 2Rsswarray

= 2E
[
X∗(k)XT (k)

]
warray−2E

[
X∗(k)Z(k)

]
= E

[
2X∗(k) (Y(k) − Z(k))

]
= E

[−2e(k)X∗(k)
]
. (27)

Based on the steepest decent algorithm [10], we develop
a stochastic adaptation algorithm. Removing the ensemble
average operation from Eq. (27), we obtain the following al-
gorithm similar to the well known NLMS algorithm:

w̃(n+1)
array = w

(n)
array + 2µe(n mod Nc)

X∗(n mod Nc)

‖X(n mod Nc)‖2 (28)

for the n-th updating, where

w(n+1)
array = w̃

(n+1)
array

/∥∥∥w̃(n+1)
array

∥∥∥ (29)

and µ is the step size. Equation (29) is necessary to satisfy

the constraint
∥∥∥warray

∥∥∥2
= 1. Since the same array weight

vector is used for all the subcarriers, the weight updating, as
many times as Nc, is possible within one MC-CDMA sym-
bol duration.

4. Average Bit Error Rate

From Eqs. (2) and (7), Eq. (13) can be written as

d̂0,c(i) =
1

SF

√
2P0

SF
d0,c(i)

(i+1)SF−1∑
k=iSF

H̃0(k)

+ χICI(i) + χMAI(i) + χnoise(i), (30)

where the first term represents the desired signal component
and the second, third, and fourth terms are the inter-code

interference (ICI), residual MAI, and noise due to AWGN,
respectively. χICI(i), χMAI(i), and χnoise(i) are given by
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

χICI(i) =
1

SF

√
2P0

SF

(i+1)SF−1∑
k=iSF

H̃0(k)c∗0,c(k mod SF)c∗0,scr(k)

×
C−1∑
c′=0
�c

d0,c′(i)c0,c′ (k mod SF)c0,scr(k)

χMAI(i)

=
1

SF

U−1∑
u=1

(i+1)SF−1∑
k=iSF

√
2Pu

SF

C−1∑
c=0

du,c(i)cu,c(k mod SF)

×cu,scr(k)H̃u(k)c∗0,c(k mod SF)c∗0,scr(k)

χnoise(i) =
1

SF

(i+1)SF−1∑
k=iSF

Π̃(k)c∗0,c(k mod SF)c∗0,scr(k)

.

(31)

It can be understood from Eq. (30) that d̂0,c(i) is a random

variable with a mean 1
SF

√
2P0

SF d0,c(i)
∑(i+1)SF−1

k=iSF H̃0(k). Ap-
plying the Gaussian approximation of χICI and χMAI , the
sum of χICI , χMAI , and χnoise can be treated as a new zero-
mean complex-valued Gaussian variable χ. The variance of
χ is the sum of those of χICI, χMAI , and χnoise:

2σ2
χ = E

[
|χ|2

]
= 2σ2

χICI
+ 2σ2

χMAI
+ 2σ2

χnoise
, (32)

where, from Appendix,
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σ2
ICI = P0

C − 1

SF3

⎛⎜⎜⎜⎜⎜⎜⎜⎝
(i+1)SF−1∑

k=iSF

∣∣∣H̃0(k)
∣∣∣2− 1

SF

∣∣∣∣∣∣∣
(i+1)SF−1∑

k=iSF

H̃0(k)

∣∣∣∣∣∣∣
2⎞⎟⎟⎟⎟⎟⎟⎟⎠

σ2
MAI =

1

SF2

U−1∑
u=1

Pu
C
SF

(i+1)SF−1∑
k=iSF

∣∣∣H̃u(k)
∣∣∣2

σ2
noise =

1

SF2

N0

Ts

(i+1)SF−1∑
k=iSF

|wFDE(k)|2

.

(33)

Assuming quaternary phase shift keying (QPSK) data
modulation, the conditional BER, for the given set of
Γ = [Es,0/N0, Es,1/N0, . . . , Es,U−1/N0]T and H = [H0(k),
H1(k), . . . ,HU−1(k)], is given as [1]

Pb(Γ,H) =
1
2

er f c

⎡⎢⎢⎢⎢⎢⎣
√

1
4
γ(Γ,H)

⎤⎥⎥⎥⎥⎥⎦ , (34)

where erfc [x] =
∫ ∞

x
exp(−t2)dt is the complementary er-

ror function and γ(Γ,H) is the conditional signal-to-
interference plus noise power ratio (SINR) defined as
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γ(Γ,H)

=

2P0

SF3

∣∣∣∣∣∣∣
(i+1)SF−1∑

k=iSF

H̃0(k)

∣∣∣∣∣∣∣
2

σ2
χ

=

2
1

SF

Es,0

N0

∣∣∣∣∣∣∣
(i+1)SF−1∑

k=iSF

H̃0(k)

∣∣∣∣∣∣∣
2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

C − 1
SF

Es,0

N0

⎛⎜⎜⎜⎜⎜⎜⎜⎝
(i+1)SF−1∑

k=iSF

∣∣∣H̃0(k)
∣∣∣2− 1

SF

∣∣∣∣∣∣∣
(i+1)SF−1∑

k=iSF

H̃0(k)

∣∣∣∣∣∣∣
2⎞⎟⎟⎟⎟⎟⎟⎟⎠

+

U−1∑
u=1

C
SF

Es,u

N0

(i+1)SF−1∑
k=iSF

∣∣∣H̃u(k)
∣∣∣2+

(i+1)SF−1∑
k=iSF

|wFDE(k)|2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(35)

The theoretical average BER can be numerically evaluated
by averaging Eq. (34) over all possible H.

5. Simulation and Numerical Results

Table 1 summarizes the computer simulation conditions.
Multi-code MC-CDMA with equivalent spreading factor
SFeq (= SF/C) = 1 is considered, which provides the same
data rate as OFDM (note that SF=1 gives the OFDM sig-
nal). The OFDM pilot is generated using a binary ran-
dom sequence. Channel coding and frequency-domain in-
terleaving are not considered in this paper. We assume a
frequency-selective block Rayleigh fading channel having a
sample-spaced L=16-path uniform power delay profile (i.e.,

E
[∣∣∣hu,l,m

∣∣∣2] = 1/L for all u and m) and the l-th path delay

time τu,l,m = l samples. The arrival angles of 16 paths are
assumed to be uniformly distributed over the angle interval
of [φ−∆, φ+∆], where φ is called the nominal arrival angle
and ∆ is called the arrival angle spread. We will show the

Table 1 Simulation and numerical condition.

simulation and numerical results for the case of U=4 with
the nominal arrival angles of u=0th, 1st, 2nd and 3rd users
signals being 17◦, 236◦, 88◦ and 321◦, respectively. The
average received signal powers from all users are the same
(i.e., the average received desired signal power-to-total in-
terference power ratio (SIR) = −4.8 dB). The initial array
weight is set as

w(0)
array,m =

{
1 + j0, m = 0
0 + j0, m � 0

. (36)

Besides the computer simulation of the signal transmis-
sion, the theoretical average BER is also evaluated numeri-
cally, using Monte-Carlo numerical computation method as
follows. The set of path gains {hu,l,m; u=0∼U−1, l=0∼L−1,
and m=0∼M−1}, is generated to obtain {Hu(k); k=0∼Nc−1},
warray and {wFDE(k); k=0∼Nc−1}, by using Eqs. (5), (23) and
(12), respectively. The conditional BER for the given aver-
age received Es/N0 is computed by using Eq. (34). This is
repeated a sufficient number of times to obtain the average
BER.

Figure 4 shows the array weight vector convergence
rate, measured by the average BER, with the step size µ as a
parameter for OFDM case (SF=1). It is seen that the array
weight vector warray converges within one OFDM symbol
duration for µ=1/8 and 1/32, since the proposed adaptive ar-
ray is able to update the array weight vector as many times as
the number of subcarriers. Figure 5 shows the beam pattern
generated after the array weight has converged. It is seen
that the nulls are directed to the interfering users. As the step
size µ increases, a faster convergence can be seen, but the
BER after the weight vector has converged becomes higher
(see Fig. 4). In the following simulation, we use µ=1/32.

Figure 6 shows the convergence rate with SF as a pa-
rameter for the case of equivalent spreading factor SFeq=1.
As SF increases, the BER after the weight has converged
becomes smaller. This is because the frequency diversity
effect increases as SF increases. Also seen from Fig. 6 is
that the adaptation algorithm developed in Sect 3.3 gives an

Fig. 4 Impact of step size µ.
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Fig. 5 Generated beam pattern.

Fig. 6 Convergence rate when SFeq=1.

Fig. 7 BER performance when SFeq=1.

array weight close to the theoretically predicted one given
by Eq. (23).

Figure 7 plots the average BER performance obtained
after weight updating 512 times (i.e., after 2 OFDM sym-
bols duration) with SF as a parameter for the case of
SFeq(=C/SF)=1. For comparison, the theoretical BER of
Wiener solution (maximum SINR) case is plotted. It is seen

Fig. 8 Impact of arrival angle spread ∆.

that as SF increases, the BER performance improves since
a larger frequency diversity effect is obtained. In a high
Eb/N0 region, the BER of the proposed array is almost close
to the Wiener solution case. On the other hand, although
the proposed array slightly degrades from the Wiener so-
lution case in a low Eb/N0 region, it provides a BER per-
formance close to the Wiener solution case. We have also
examined the BER performance using antenna diversity re-
ception using maximal ratio combining (the results are not
shown here) and found that a large BER floor of around
BER=0.1 appears since the antenna diversity reception can-
not sufficiently suppress the MAI.

Figure 8 plots the average BER performance obtained
after weight updating 512 times with the arrival angle spread
∆ as a parameter for the case of SFeq=1. The proposed adap-
tive antenna array is designed to minimize the average inter-
ference power and therefore, if L paths arrive from different
directions, different paths look like different users; hence,
the equivalent number Ue of users is given by the number of
users times that of paths, i.e., Ue = L × U. Therefore, even
if M = U = 4, as ∆ increases, the BER floor appears and the
achievable BER performance degrades due to the increase
of the BER floor. As a consequence, the proposed adaptive
antenna array is effective only when ∆ is very small; this
happens if the base station antenna height is high enough so
that there is no obstacle which blocks the interfering signals.
This is a limitation of the proposed adaptive antenna array
(Note that the proposed adaptive antenna array is based on
the average interference power minimization criterion and
hence, can only suppress the interference power; even when
Ue < M, it cannot increase the desired signal power un-
like the adaptive antenna array using a different array weight
vector on a different subcarrier).
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6. Conclusion

In this paper, we proposed a frequency-domain adaptive an-
tenna array for multi-code MC-CDMA uplink transmission.
In the proposed array, the same array weight is used for
all subcarriers and hence the weight update can be done as
many times as the number of subcarriers within one MC-
CDMA symbol duration. Therefore, a very fast weight con-
vergence is achieved although a simple NLMS algorithm is
used. The MMSE-FDE weight taking into account the resid-
ual MAI after array combining was derived and the average
BER performance was theoretically analyzed. The effec-
tiveness of the proposed array was confirmed by both com-
puter simulation and numerical evaluation.

In this paper, we assumed ideal channel estimation.
However, the channel estimation accuracy may degrade in
a multi-user environment, thereby degrading the antenna
beam forming. There are many literatures concerning chan-
nel estimation, e.g., [11]–[13]. The impact of channel esti-
mation errors on the proposed adaptive antenna array is left
as an important future work.
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Appendix: Derivation of σ2
ICI

, σ2
M AI

, and σ2
noise

For simplicity, we denote cu,c(k mod SF)cu,scr(k) by cu,c(k).
The ICI, residual MAI, and noise can be rewritten as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

χICI(i) =
1

SF

√
2P0

SF

(i+1)SF−1∑
k=iSF

H̃0(k)c∗0,c(k)
C−1∑
c′=0
�c

d0,c′(i)c0,c′ (k)

χMAI(i) =
1

SF

U−1∑
u=1

(i+1)SF−1∑
k=iSF

√
2Pu

SF
C−1∑
c=0

du,c(i)cu,c(k)H̃u(k)c∗0,c(k)

χnoise(i) =
1

SF

(i+1)SF−1∑
k=iSF

Π̃(k)c∗0,c(k)

(A· 1)

Letting

H̄u(k) =
1

SF

(i+1)SF−1∑
k=iSF

H̃u(k), (A· 2)

we have H̃u(k) =
{
H̃u(k) − H̄u(k)

}
+ H̄u(k). Therefore, χICI(i)

can be rewritten as

χICI(i) =
1

SF

√
2P0

SF

(i+1)SF−1∑
k=iSF

C−1∑
c′=0
�c

{
H̃0(k) − H̄0(k)

}

d0,c′(i)c0,c′ (k)c∗0,c(k), (A· 3)

since
(n+1)SF−1∑

k=nSF

cu,c′(k)c∗u,c(k) = 0, if c � c′. (A· 4)

We have

σ2
ICI =

1
2

E
[
|χICI |2

]

=
P0

SF3

(i+1)SF−1∑
k=iSF

(i+1)SF−1∑
k′=iSF

C−1∑
c′=0
�c

C−1∑
c′′=0
�c(

H̃0(k) − H̄0(k)
) (

H̃0(k′) − H̄0(k′)
)∗

×E
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∗
0,c′′ (i)c0,c′ (k)c∗0,c(k)c∗0,c′′(k

′)c0,c(k′)
]

(A· 5)

Since E
[
d0,c′(i)d∗0,c′′ (i)

]
= 0 if c′ � c′′, we have

σ2
ICI =

P0

SF3

(i+1)SF−1∑
k=iSF

C−1∑
c′=0
�c

∣∣∣H̃0(k) − H̄0(k)
∣∣∣2

+
P0

SF3

(i+1)SF−1∑
k=iSF

(i+1)SF−1∑
k′=iSF
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c′=0
�c,c′′

C−1∑
c′′=0
�c,c′

×
(
H̃0(k) − H̄0(k)

) (
H̃0(k′) − H̄0(k′)

)∗
× E

[
c0,c′(k)c∗0,c(k)c∗0,c′′(k

′)c0,c(k′)
]
, (A· 6)
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Applying the law of large numbers [14], the second term of
Eq. (A· 6) is zero. Hence, we obtain

σ2
ICI=P0

C − 1

SF3

⎛⎜⎜⎜⎜⎜⎜⎜⎝
(i+1)SF−1∑

k=iSF

∣∣∣H̃0(k)
∣∣∣2− 1

SF

∣∣∣∣∣∣∣
(i+1)SF−1∑

k=iSF

H̃0(k)

∣∣∣∣∣∣∣
2⎞⎟⎟⎟⎟⎟⎟⎟⎠ .
(A· 7)

Next, σ2
MAI is given by

σ2
MAI =

1
2

E
[
|χMAI |2

]

=

U−1∑
u=1

U−1∑
u′=1
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SF3
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∣∣∣2. (A· 8)

Finally, σ2
noise is given by

σ2
noise =

1
2

E
[
|χnoise|2

]

=
1
2

1

SF2
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=
1
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Osamu Nakamura received his B.S. and
M.S. degrees in communications engineering
from the Dept. of Electrical and Communica-
tions Engineering, Tohoku University, Sendai,
Japan, in 2004 and 2006, respectively. Since
April 2006, he has been with Sharp Corporation,
where he is involved with Advanced Telecom-
munication Laboratory. He is engaged in re-
search for Beyond 3G mobile communications
systems.

Shinsuke Takaoka received his B.S., M.S.
and Ph.D. degrees in communications engineer-
ing from Tohoku University, Sendai, Japan, in
2001, 2003 and 2006 respectively. Currently,
he is with Matsushita Electric Industrial Co.,
Ltd. His research interests include digital signal
transmission techniques, especially for mobile
communication systems.

Eisuke Kudoh received the B.S. and
M.S. degrees in physics and Ph.D. degree in
electronic engineering from Tohoku University,
Sendai, Japan, in 1986, 1988, and 2001, respec-
tively. In April 1988, he joined the NTT Radio
Communication Systems Laboratories, Kana-
gawa, Japan. He was engaged in research on
digital mobile and personal communication sys-
tems including CDMA systems and error con-
trol schemes, etc. Since October 2001, he has
been with Tohoku University, Sendai, Japan,

where he is an Associate Professor of Electrical and Communication En-
gineering at Graduate School of Engineering. His research interests are in
wireless network, wireless packet transmission, etc.

Fumiyuki Adachi received his B.S. and
Dr. Eng. degrees in electrical engineering from
Tohoku University, Sendai, Japan, in 1973 and
1984, respectively. In April 1973, he joined
the Electrical Communications Laboratories of
Nippon Telegraph & Telephone Corporation
(now NTT) and conducted various types of re-
search related to digital cellular mobile commu-
nications. From July 1992 to December 1999,
he was with NTT Mobile Communications Net-
work, Inc. (now NTT DoCoMo, Inc.), where he

led a research group on wideband/broadband CDMA wireless access for
IMT-2000 and beyond. Since January 2000, he has been with Tohoku
University, Sendai, Japan, where he is a Professor of Electrical and Com-
munication Engineering at Graduate School of Engineering. His research
interests are in CDMA and TDMA wireless access techniques, CDMA
spreading code design, Rake receiver, transmit/receive antenna diversity,
adaptive antenna array, bandwidth-efficient digital modulation, and channel
coding, with particular application to broadband wireless communications
systems. From October 1984 to September 1985, he was a United Kingdom
SERC Visiting Research Fellow in the Department of Electrical Engineer-
ing and Electronics at Liverpool University. From April 1997 to March
2000, he was a visiting Professor at Nara Institute of Science and Tech-
nology, Japan. He has written chapters of three books: Y. Okumura and
M. Shinji Eds., “Fundamentals of mobile communications” published in
Japanese by IEICE, 1986; M. Shinji, Ed., “Mobile communications” pub-
lished in Japanese by Maruzen Publishing Co., 1989; and M. Kuwabara
ed., “Digital mobile communications” published in Japanese by Kagaku
Shinbun-sha, 1992. He was a co-recipient of the IEICE Transactions best
paper of the year award 1996 and again 1998. He is an IEEE Fellow and
was a co-recipient of the IEEE Vehicular Technology Transactions best pa-
per of the year award 1980 and again 1990 and also a recipient of Avant
Garde award 2000.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


