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SUMMARY In this paper, we propose the code orthogonal-
izing filter (COF) based adaptive array antenna using sample
matrix inversion with common correlation matrix (CCM-SMI) of
time domain signals for multicarrier DS/CDMA systems. The
conventional array antenna system calculates the weight using
the correlation matrix of individual subcarrier’s signals. On the
other hand, our proposed system calculates the weight using the
correlation matrix of time domain signals before FFT operation,
so it can reduce the calculation time and the complexity of weight
calculation than the conventional scheme, to maintain the system
performance. Moreover, we consider the code orthogonalizing
filter to reduce the demerit of adaptive array antenna system
using sample matrix inversion algorithm with common correla-
tion matrix that requires heavy computational complexity while
the signal environment frequently changes. Our proposed system
obtains more accurate channel response vector using COF than
that of the conventional CCM-SMI based on the matched filter,
without increasing the matrix size. The performance is evaluated
in term of bit error probability. From the analysis and simula-
tion results, it is shown that our proposed scheme achieves better
BER performance than that of the conventional system.
key words: MC-DS/CDMA, code orthogonalizing �lter (COF),
sample matrix inversion (SMI), adaptive array antenna, com-
mon correlation matrix

1. Introduction

Mobile radio communication systems are increasingly
required to provide a variety of high-quality multi-
media services to mobile users. To meet these de-
mands, modern mobile radio transceiver systems must
be able to support high capacity, variable bit rate in-
formation transmission and high bandwidth efficiency.
In the mobile radio environment, signals are usually
impaired by fading and multi-path delay phenomenon.
In such channels, severe fading of the signal ampli-
tude and inter-symbol-interference (ISI) due to the fre-
quency selectivity of the channel cause an unaccept-
able degradation of the error performance. Multicar-
rier modulation is an efficient scheme to mitigate the
effect of multi-path channel, since it eliminates ISI by
inserting guard interval longer than the delay spread of
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the channel [1], [2]. Therefore, multicarrier modulation
is generally known as an effective technique for high
data rate services. The most widely used multicarrier
modulation schemes in wireless communication are a
spectrally non-overlapped multicarrier modulation for
CDMA-2000 and an orthogonal frequency-division mul-
tiplexing (OFDM) for broadcasting and mobile com-
munication which use rectangular transmission pulses
in each subchannel. Here, we focus on the OFDM-
DS/CDMA system, since OFDM is spectrally more ef-
ficient. One of the approaches to improve a DS/CDMA
system performance is the use of the spatial filtering
at a base station with adaptive antenna array [3], [4].
Adaptive array antenna is widely accepted, since it
provides many promising features such as high capac-
ity, high spectrum efficiency, and more degrees of free-
dom to adjust cell coverage characteristics, leading to
more efficient use of the radio resources. The promis-
ing techniques such as multicarrier modulation scheme
and adaptive array antenna can be combined to achieve
more improved system performance compared with the
conventional system [5]–[7].

Even though the combination of multicarrier mod-
ulation and adaptive array antenna has various merit,
this combination system has a heavy complexity of
weight calculation using various algorithms. There
have been many adaptive algorithms for weight updat-
ing like LMS (least mean square), RLS (recursive least
square), and SMI (sample matrix inversion). The LMS
algorithm has been widely used for weight calculation
algorithm of an adaptive processor in an antenna ar-
ray, but it causes signal acquisition and tracking prob-
lems due to its slow convergence in a multipath fad-
ing channel [8], [9]. The RLS algorithm is known to
achieve faster convergence than LMS algorithm, but it
is more computationally complex than LMS. The SMI
has been known as an approach with high convergence
rate. Using the information of the output signal of the
matched filter and the reference signal, the optimum
weight could be computed by directly calculating the
inversion of the covariance matrix [10], [11]. Although
it has a rapid convergence property, there are systems
in which the reference signal cannot be known at all
times while the signal environment frequently changes,
the inversion of a large matrix requires heavy compu-
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tational complexity. If we could reduce the calcula-
tion matrix size for obtaining the covariance matrix,
the SMI algorithm is the simplest algorithm to achieve
good convergence property.

Recently, many schemes have been proposed to
reduce the complexity of weight calculation to main-
tain the system performance. Wong proposes the novel
scheme to reduce the complexity of weight calculation
for adaptive array antenna using coherent bandwidth
grouping method for OFDM [12]. But this system per-
formance is degraded as the subcarrier group size is
increased, since the same weight is used in several car-
rier group. Watanabe and Yonezawa propose a com-
bination scheme of two different adaptive algorithms
for simplicity of weight calculation and improving the
system performance [13], [14], and Vook proposes the
modified SMI for improving the tracking performance
while maintaining the weight calculation complexity
[15]. But these systems are complex as before like con-
ventional system. Park and Hara propose an adaptive
array antenna algorithm to reduce the complexity and
obtain an optimum weight fastly with common corre-
lation matrix for DS/CDMA system [16], [17]. When
we adopt this scheme that uses the SMI algorithm with
common correlation matrix (CCM-SMI), to a multi-
carrier DS/CDMA systems, the complexity of weight
calculation of a multicarrier DS/CDMA systems also
increases, since the common correlation matrix is cal-
culated from the frequency domain signals after FFT
operation. It means that the weights are calculated
by using the individual subcarrier signal’s correlation
matrix, so it is necessary to calculate the inversion of
matrix of subcarrier to obtain the correlation matrix.
Moreover, when the number of users and multipath in-
creases, the performance of array antenna with com-
mon correlation matrix is degraded seriously because
of increase of the multiple access interference (MAI).
Park considers the large number of pilot signals to solve
above-mentioned problem [16]. With increasing the pi-
lot signals, it is shown good BER performance is ob-
tained where its transmission rate is also degraded, so
there is no meaning as mobile communication system.

Code orthogonalizing filter (COF), which is one of
the possible way to increase the system performance in
multipath time variant channel, controls its tap weight
vector of spreading code sequences so as to have the
orthogonality against all the interference signals [18],
[19]. However, in the COF, when a new user is added,
adjustment of coefficients of spreading code sequences
and its training for convergence are necessary again.
Since our proposed system also considers the spatial
filtering at a base station with adaptive antenna array,
so our proposed system can obtain fast adjustment and
convergence of coefficients, and good channel response
vector without increasing the number of pilot signals.
Therefore, the combination of COF and adaptive array
antenna reduces their demerits and obtains synergism

of the COF and array antenna.
In this paper, we propose the code orthogonalizing

filter based adaptive array antenna with common cor-
relation matrix of time domain signals for Multicarrier
DS/CDMA Systems. Since time and frequency domain
signals are basically same signals, so we can calculate
the correlation matrix using the time domain signals.
In this case, we can more easily calculate the optimum
correlation matrix with the inversion of time domain
signals than that of frequency domain signals that be
transformed from the same time domain signals by FFT
operation. Moreover, we can obtain optimum correla-
tion matrix using the time domain signal with same
size of the frequency domain signal for obtaining opti-
mum correlation matrix of individual subcarreir, so we
can obtain the optimum weight with small matrix cal-
culation about No. of subcarriers of frequency domain
calculation over one. And our proposed system obtains
more accurate channel response vector using the COF
than that of the conventional CCM-SMI based on the
matched filter, without increasing the matrix size and
number of pilot signals. Furthermore, beamforming op-
eration is done more accurately than that of the con-
ventional system with MF, so our proposed system can
obtain better system performance than that of the con-
ventional system. This paper is organized as follows.
The conventional and proposed systems are described
in Sects. 2 and 3. In Sect. 4, we analyze the performance
of adaptive array antenna with common correlation ma-
trix. In Sect. 5, we show the simulation results. Finally,
the conclusion is given in Sect. 6.

2. Conventional Array Antenna Using CCM-
SMI Algorithm

The block diagram of the conventional array antenna
system using CCM-SMI algorithm is shown in Fig. 1.
In the conventional system, the received signals at the
N antenna from M users are first transformed by FFT
operation. After FFT, the signals are fed into the m-th
MC-DS/CDMA receiver module which consists of S

Fig. 1 Conventional adaptive array antenna with common cor-
relation matrix of the frequency domain signal after FFT opera-
tion for MC-DS/CDMA system.
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matched filter for S subcarriers and are despread by the
spreading code. The despreaded subcarrier signals are
beamformed by the adaptive processor. The weights
are chosen to minimize the mean square error (MMSE)
between the beamformer output and the reference sig-
nal. The weight updating algorithms originate from
the adaptive filter theory [20]. The conventional sam-
ple matrix inversion with common correlation matrix
(CCM-SMI) algorithm calculates the weight of s-th car-
rier for m-th user using the output signal of the FFT
operation block and the reference signal, the optimum
weight could be computed by directly calculating the
inversion of the covariance matrix.

Φ−1
s = XsX

†
s (1)

Vm,s = Xm,sR
∗
m,s (2)

ωm,s = Φ−1
s Vm,s (3)

where Xs is the FFT transformed s-th subcarrier’s sig-
nal, Xm,s is the despreaded signal by the matched filter
for m-th user’s s-th carrier, Rm,s is the received pilot
signal for m-th user’s s-th carrier, Φ−1

s is the covari-
ance matrix using the common correlation matrix of
frequency domain signal after FFT operation for s-th
carrier, Vm,s is the channel response vector for m-th
user’s s-th carrier, and the superscript † and ∗ are
transpose and conjugate operator, respectively. From
Eq. (3), the data Ym,s for m-th user’s s-th carrier can
be represented by

Ym,s = ωm,nXm,s. (4)

3. Proposed System

In the conventional system, the system performance
depends on the channel response vector. However,
the conventional system is based on the matched fil-
ter (MF). So we consider the code orthogonaling filter
(COF) to improve the accuracy of calculation for the
channel response vector. Moreover, if we could calcu-
late the covariance matrix from the time domain signals
instead of the frequency domain signals, we can reduce
the complexity of the weight calculation. Since our pro-
posed system calculates the covariance matrix using the
common correlation matrix of time domain signal be-
fore FFT operation, the weight can be used for various
users and subcarriers with one time calculation from
the time domain signals and the complexity of the co-
variance matrix calculation can be reduced without any
degradation of the system performance. The block dia-
gram of the proposed system is shown in Fig. 2. In the
proposed system, the covariance matrix is calculated by
using common correlation matrix of time domain sig-
nals received at the N antenna before FFT operation.

Ψ−1
pro = XIFFT X†

IFFT (5)

Fig. 2 Proposed adaptive array antenna with common corre-
lation matrix of the time domain signal before FFT operation for
MC-DS/CDMA system.

Fig. 3 Block diagram of code orthogonalizing filter.

where XIFFT =
∑N

j=1Xj,IFFT is the received time do-
main signal’s vector form at N array antenna, and Ψ−1

pro

is the covariance matrix using the common correlation
matrix of time domain signal before FFT operation.
The received signals at the N antenna from M users
are transformed by FFT operation. After FFT, the
signals are fed into the m-th MC-DS/CDMA receiver
module which consists of S code orthogonalizing filters
for S subcarriers and are despread by the spreading
code. Figure 3 shows the block diagram of code orthog-
onalizing filter. Code orthogonalizing filter adaptively
controls the tap coefficents of spreading sequences to
orthogonalize to receieved sequences. So we can de-
spread the received data accurately. Since the chan-
nel response vector is calculated from the despreaded
data, we can have more accurate channel response vec-
tor. From this reason, we can reduce the problem of
conventional SMI and CCM-SMI that the performance
is degraded in multiuser case with time variant channel.
Our proposed weight could be computed by Eq. (5).

V m,s = X̂m,sR
∗
m,s (6)

ωm,s,pro = Ψ−1
proV m,s (7)

where X̂m,s is the despreaded signal by COF for m-th
user’s s-th carrier, Rm,s is the received pilot signal for
m-th user’s s-th carrier, V m,s is the channel response
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vector for m-th user’s s-th carrier, respectively. From
Eq. (7), the detected data Ym,s for m-th user’s s-th car-
rier can be represented by

Ym,s,pro = ωm,s,proX̂m,s. (8)

Since our proposed covariance matrix is calculated from
the time domain signals, it is possible to use for calcu-
lation the weights of whole user’s carrier. Moreover,
we use the COF to improve the accuracy of channel
response vector. It means that our proposed system
obtains more accurate channel response vector using
COF than that of the conventional CCM-SMI based
on the matched filter, without increasing the matrix
size. From above mentioned reasons, we can achieve
better system performance than that of conventional
system. Now, we consider the effect if the receiver in-
put data is shorter than the correlation matrix size like
2.048 × 104. The SMI algorithm calculates the weight
using the inversion of the covariance matrix. In this
case, system requires buffer memory to store a block or
a burst of the input signal, and processing delay. Our
system also requires buffer memory to store a block or
a burst of the input signal like SMI algorithm. When
we consider the shorter input data in the receiver than
the correlation matrix size like 2.048× 104, our system
can solve the weight directly with shorter matrix than
the 2.048 × 104 matrix size. And, our system shows
worse BER performance than that with 2.048 × 104

matrix size case, since it is not enough to calculate the
optimum weight directly with shorter matrix than the
correlation matrix. However, our proposed system re-
quires smaller matrix size than that of the conventional
system, so the system complexity can be reduced.

4. Performance Analysis

4.1 Weight Convergence

We will compare the characteristic of weight conver-
gence of CCM-SMI and our proposed scheme with com-
mon correlation matrix of time domain signal. In the
conventional CCM-SMI, the weight ω1,1,CCM of 1 user’s
1st carrier can be presented by [17]

ω1,1,CCM = Φ−1
1 V1,1

= (E[X1X
†
1 ])

−1V1,1

=

(
M∑

m=1

S∑
s=1

E[|ϕm,s|2]Vm,sV
†
m,s

)−1

V1,1

=

(
GV1,1V

†
1,1 +

M∑
m=2

S∑
s=2

Vm,sV
†
m,s

)
V1,1

(9)

since, E[|ϕm,s|2] = [G : (m, s = 1, 1), 1 : m, s �= 1, 1]
where G is the processing gain, and Φ1 is the covariance
matrix for 1st carrier. In our proposed scheme,

ω1,1,pro

= Ψ−1
proV1,1

= (E[XIFFT X†
IFFT ])−1V1,1

=

(
M∑

m=1

S∑
s=1

α2E[Xm,sX
†
m,s]

)−1

V1,1

=

(
M∑

m=1

S∑
s=1

α2E[|ϕm,s|2]Vm,sV
†
m,s

)−1

V1,1

=

(
α2GV1,1V

†
1,1 + α2

M∑
m=2

S∑
s=2

Vm,sV
†
m,s

)
V1,1

= α2(ω1,1,CCM ) (10)

where Ψpro is the covariance matrix that is calculated
by our proposed scheme, α is the IFFT operation term.
From Eqs. (9) and (10), our proposed scheme’s weight
and conventional CCM-SMI’s weight are basically same
combining ratio with scalar times difference. It means
that our proposed scheme can achieve the same conver-
gence characteristic.

4.2 COF

From Eqs. (9) and (10), the performance of array an-
tenna with common correlation matrix depends on the
following condition.

E[|ϕm,s|2]=[G : (m, s = 1, 1), 1 : m, s �=1, 1]. (11)

When the number of users and multipath increase, the
performance of array antenna with common correla-
tion matrix is degraded seriously because of increas-
ing the multiple access interference (MAI). Since COF
adaptively controls the tap coefficients of spreading se-
quences to orthogonalize to receive sequences, the COF
can achieve better system performance than that of
matched filter (MF). In Fig.3, the tap coefficients of
spreading code sequences are controlled to minimize the
error signal em,s(i) between the transverse filter output
X̂

′

m,s(i) and the decided signal X̂m,s(i) by using LMS
algorithm. The signals of the i-th bit are given by

X̂
′

m,s(i) = c†m,s(i)Xm,s(i) (12)

em,s(i) = X̂m,s(i)− X̂
′

m,s(i) (13)

where vector cm,s(i) and vector Xm,s(i) are represented
as the tap coefficient vector Cm,s and the received sig-
nal vector Xm,s of the i-th bit, respectively. The tap
coefficients of the COF is updated as

cm,s(i + 1) = cm,s(i) + µem,s(i)Xm,s(i) (14)

where µ is the step size for LMS algorithm. From
Eq. (14), we can obtain better detected signals by using
the COF than the MF. So we can achieve better system
performance than that of the conventional system.
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5. Computer Simulated Results

In this section, we show the results of computer sim-
ulation using rectangular array of isotropic four an-
tenna elements as Fig. 4, and element spacing of the
array is a half wavelength of the carrier frequency. Ta-
ble 1 shows the simulation parameters. Each frame
consists of Np = 4 pilot signal and Nd = 36 data sig-
nal as Fig. 5. Data modulation and spreading modula-
tion are QPSK and BPSK, respectively. The spreading
sequence is orthogonal gold sequence and its processing
gain is G = 64 chips per symbol. Figure 6 shows the
BER performance of various correlation matrix sizes
for Fd=20, 80Hz, and 5 users. Our proposed system
achieves the best performance when the correlation ma-
trix size is fixed at 2.048 × 104 chips per one weight
like that of the conventional system. It means that
the conventional system needs the calculation capacity
about 2.048×104 chips × No. of Carriers to achieve the
best performance, but our proposed system needs only
2.048× 104 chips per one weight. So we can reduce the

 

Fig. 4 The configuration of array antenna.

Table 1 Simulation parameters.

Transmission rate 2Mbps

Spreading code Ortho. gold sequence
Processing gain 64
Carrier number 4

Modulation (Data) QPSK
Modulation (Spreading) BPSK

Frame size 40 symbols
(Np = 4, Nd = 36)

Channel model 2-Rayleigh wave model
(1 chip delay )

Doppler frequency 20, 80Hz
Step size of COF (µ) 10−5

Fig. 5 The simulated packet structure.

complexity of weight calculation about 1/No. of carri-
ers. In this paper, we use the correlation matrix sizes
to calculate the weight like 2.048 × 104 chips per one
weight and 2.048×104 chips per carrier in our proposed
system and CCM-SMI, respectively. Figure 7 shows the
convergence characteristic of our proposed system and
the code orthogonalizing filter for 10 users, Fd = 20Hz.
When a new user is added, the code orthogonalizing
filter adjustment of coefficients of spreading sequences
and its training for convergence are necessary again.
In COF case, the training for convergence is required
about 200 iteration times. On the other hand, our pro-
posed system obtains about 35 iteration times. Since
our proposed system also considers the spatial filter-
ing at a base station with adaptive antenna array, our
proposed system can obtain fast adjustmet and conver-
gence of coeffients. Therefore, the combination of COF

Fig. 6 BER performance of various correlation matrix size,
Fd=20Hz and 80Hz, and No. of users=5.

Fig. 7 The convergence characteristic of our proposed system
and code orthogonalizing filter for 10 users, Fd = 20Hz.
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Fig. 8 BER performance of various number of pilot signal. It is
plotted as the parameter of Np inserted after every Ns = 36 data
symbols of individual carrier for 5 users and Doppler frequency
Fd = 20Hz.

and adaptive array antenna reduces theirs demerits and
obtains synergism of COF and array antenna. The roles
of pilot signal in our proposed system are to calculate
the tap coefficients of spreading sequences orthogonal to
the receive sequences, and obtain the channel response
vector to make an optimum weight for array antenna
system. In this case, we need to clarify the BER per-
formance of various number of pilot signals. Figure 8
shows the BER performance of various number of pilot
signals. It is plotted as the parameter of Np inserted af-
ter every Ns = 36 data symbols of individual subcarrier
for 5 users, and Fd = 20Hz. The pilot symbol pattern
is randomly assigned to each user from the patterns
of (1,1), (−1, 1) for two pilot symbols, and (1,1,1,1),
(1,−1, 1,−1), (1, 1, 1,−1), (1,−1,−1,−1) for four pilot
symbols. This is because the cross-correlation from the
other user’s interference signals and multipaths of the
desired signal should be average over the pilot signals.
With increasing Np, the BER performance of our pro-
posed system is improved. At the average BER of 10−3,
the required Eb/N0 decreases by about 3.5 dB when Np

increases from one to two. Moreover, as Np increases
from two to four, the required Eb/N0 at the average
BER of 10−3 decreases about 2 dB. From this result,
we use Np=4 in the following simulation for evalua-
tion BER performance. Since the COF is a kind of the
decision feedback type, it has the problem of the perfor-
mance degradation when the decision result is not true
in low Eb/N0. However, modern wireless communica-
tion systems can accept the high power pilot signal to
improve channel estimation against the effect of noise
and fading as shown in [21]. Here, the transmit power
of pilot signal to data signal is set to 5 dB in this evalua-
tion to achieve high power pilot signal condition. Thus,
our system can eliminate the above-mentioned prob-

Fig. 9 BER performance of SMI, LMS, CCM-SMI, and our
proposed systems for 5 users case, Fd = 20Hz.

Fig. 10 BER performance of SMI, LMS, CCM-SMI, and our
proposed systems for 5 users case, Fd = 80Hz.

lem of the COF. Figures 9 and 10 show the BER per-
formance of SMI, LMS, CCM-SMI, and our proposed
system. Our proposed system can achieve better BER
performance than that of the conventional system. The
conventional SMI scheme achieves the worst BER per-
formance. This is because the conventional SMI scheme
calculates the weight using the strong desired signal’s
covariance matrix from the MF’s output signal, so the
covariance matrix includes the error of despreading in
time variant channel with multiuser case. But CCM-
SMI scheme does not use the despreaded signal, so
CCM-SMI achieves better BER performance than that
of the SMI. The LMS algorithm achieves worse BER
performance than that of the CCM-SMI until 20 dB.
This is because LMS has signal acquisition and track-
ing problems due to its slow convergence. Our proposed
scheme achieves the best BER performance. Since the
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Fig. 11 BER performance of SMI, LMS, CCM-SMI, and our
proposed sytems for various number of users for Eb/No = 15dB.

Fig. 12 BER performance of CCM-SMI+MF, CCM-SMI
+COF with total correlation matrix size as 2.048 × 104 (case
1), CCM-SMI+COF with individual subcarrier’s correlation ma-
trix size as 2.048 × 104 (case 2), and our proposed system for 5
users case, Fd = 20Hz.

COF reduces the MAI than that of the MF based sys-
tem, our proposed system uses the accurate channel
response vector which is calculated from the COF’s out-
put signal for beamforming. So we can achieve better
BER performance than that of the conventional sys-
tem. Figure 11 shows the BER performance of SMI,
LMS, CCM-SMI, and our proposed systems for various
number of users for Eb/No = 15dB. Our proposed sys-
tem can accept more users than that of CCM-SMI at
the BER of 6 × 10−3. Moreover, our system achieves
better BER performance with increasing the number of
users without any performance degradation than that
of the CCM-SMI. This is because our proposed sys-
tem obtains the accurate channel response vector, so
beamforming operation is more accurately done com-

pared to the conventional system. Figure 12 shows the
BER performance of CCM-SMI+MF, CCM-SMI+COF
with total correlation matrix size as 2.048 × 104 (case
1), CCM-SMI+COF with individual subcarrier’s cor-
relation matrix size as 2.048 × 104 (case 2), and our
proposed system for 5 users case, Fd = 20Hz. If the
CCM-SMI uses the COF with individual subcarrier’s
correlation matrix size as 2.048 × 104 (case 2), case
2 achieves the same BER performance like our pro-
posed system. However, CCM-SMI+COF with total
correlation matrix size as 2.048 × 104 (case 1) shows
worse BER performance than that of our proposed sys-
tem, since case 1 calculates the individual subcarrier’s
weight with the individual subcarrier’s matrix size like
2.048×104/No. of carriers. In this case, it is not enough
to calculate the optimum weight. So our proposed sys-
tem achieves good BER performance with small matrix
size.

6. Conclusion

The performance of code orthogonalizing filter based
adaptive array antenna with common correlation ma-
trix of time domain signal has been analyzed and simu-
lated in Rayleigh fading channel. From the simulation
results, it is shown that our proposed system achieves
better BER performance than that of the conventional
system. Moreover, our proposed system achieves better
BER performance with increasing the number of users
without any performance degradation than that of the
CCM-SMI.
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