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SUMMARY Direct sequence code division multiple access
(DS-CDMA) provides flexible data transmission in wide range of
data rates by the use of orthogonal multicode multiplexing. In a
multipath fading environment, the transmission performance of
multicode DS-CDMA degrades as that of single code DS-CDMA
does. Chip interleaving is known to improve the bit error rate
(BER) performance of the single code transmission by altering
the fading channel into severely time selective fading channel.
However, this partially destroys orthogonality property among
spreading codes and thus, significantly degrades the BER per-
formance of multicode DS-CDMA. In this paper, we propose the
joint use of chip interleaving and time-domain minimum mean
square error combining (MMSEC) equalization to improve the
multicode DS-CDMA transmission performance. It is confirmed
by computer simulations that the joint use of chip interleaving
and MMSEC equalization significantly improves the BER perfor-
mance of multicode DS-CDMA and achieves better BER perfor-
mance compared to the single code DS-CDMA using chip inter-
leaving and maximal ratio combining (MRC).
key words: multicode DS-CDMA, chip interleaving, MMSEC,
fading channel

1. Introduction

Recently, direct sequence code division multiple access
(DS-CDMA), that provides flexible data transmissions
in wide range of data rates by the use of orthogonal mul-
ticode multiplexing, is used in mobile communications
systems [1], [2]. In mobile radio, multipath channel is
created due to reflection and diffraction by obstacles be-
tween a transmitter and a receiver and the well-known
multipath fading appears on the received signal. Multi-
path fading severely degrades the bit error rate (BER)
performance. Rake receiver, antenna diversity recep-
tion, and channel coding are effective techniques to im-
prove the BER performance, but rake receiver cannot
be used in a frequency nonselective fading channel. Re-
cently, chip interleaving that exploits the spreading pro-
cess in DS-CDMA was proposed to improve the BER
performance in the frequency nonselective fading chan-
nel [3].

In general, the channel impulse response stays al-
most constant over one data symbol period since the
fading rate-to-data rate ratio is very small, e.g., for
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data transmissions of above several tens kbps. Such
fading is called time nonselective fading. Orthogonal
multicode DS-CDMA (hereafter simply referred to as
multicode DS-CDMA) relies on this time nonselectiv-
ity of the channel, in which parallel data transmission
is done using orthogonal spreading codes. Applying
chip interleaving to multicode DS-CDMA so that chips
belonging to one data symbol are spread in time, the
equivalent fading channel seen at the receiver can be
transformed into a severe time selective fading chan-
nel, where the channel gain varies over an interval
of one symbol duration. Thus, variations in the re-
ceived symbol energy after despreading can be made
less; however, orthogonality property among parallel
channels configured by orthogonal spreading codes is
partially destroyed. As a consequence, the BER perfor-
mance may degrade. In this paper, to reduce the influ-
ence of orthogonality destruction, we apply minimum
mean square error combining (MMSEC) used for joint
frequency-domain equalization and despreading in mul-
ticarrier CDMA (MC-CDMA) [4] to chip interleaved
multicode DS-CDMA.

Objective of this paper is to show that the BER
performance can be improved without relying on chan-
nel coding by transforming the fading channel seen at
the receiver into a severe time selective fading chan-
nel. Of course, joint use of channel coding and chip in-
terleaving can further improve the BER performance.
However, this is not treated in this paper.

Remainder of this paper is organized as follows.
Section 2 describes multicode DS-CDMA with chip in-
terleaving and MMSEC equalization. The BER per-
formance improvement in a Rayleigh fading channel is
evaluated by computer simulations. The simulation re-
sults are presented in Sect. 3 to show that the multicode
DS-CDMA with chip interleaving and MMSEC equal-
ization provides superior BER performance to the sin-
gle code DS-CDMA firstly in a frequency nonselective
Rayleigh fading channel and secondly in a frequency se-
lective Rayleigh fading channel, where rake combining
can be employed.

2. Multicode DS-CDMA with Chip Interleav-
ing and MMSEC Equalization

The transmission system model is illustrated in Fig. 1
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(a) Transmitter

(b) Receiver

Fig. 1 Multicode DS-CDMA transmission model.

for the case of frequency nonselective fading channel
(L=1). For simplicity, it is assumed that L=1 (how-
ever, note that, in Sect. 3, the computer simulation
is extended to the case of frequency selective fading
channel having L independently Rayleigh faded paths
(L=2∼4)).

2.1 Transmission System Model

At the transmitter, binary data sequence to be trans-
mitted is transformed into the coherent quaternary
phase shift keying (QPSK) symbol sequence {dn =
(±1±j)/

√
2;n = · · · ,−1, 0, 1, · · ·}, which is then serial-

to-parallel (S/P) converted to form C parallel symbol
sequences. The nth QPSK symbol is mapped to the (n
mod C)th code channel. Chip-space discrete time rep-
resentation is used hereafter. C parallel sequences are
spread by orthogonal spreading codes {ci,k = ±1; i =
0 ∼ C − 1, k = 0 ∼ SF − 1}, where SF represents
the spreading factor. After summing (i.e., code multi-
plexing) the C parallel spread chip sequences, the long
scramble sequence {cPN,t = ±1; t = · · · ,−1, 0, 1, · · ·}
is multiplied in order to transform the multicode DS-
CDMA signal into noise like signal. The resultant mul-
ticode DS-CDMA signal may be expressed using the
equivalent baseband representation as

st =

√
2S
C

cPN,t

C−1∑
i=0

di+C�t/SF�Ci,t mod SF

for t = · · · ,−1, 0, 1, · · ·
, (1)

where S is the total transmit power and �x	 represents
the largest integer smaller than or equal to x. Finally
chip interleaving is applied before transmission of {st}
over a frequency nonselective fading channel.

Fig. 2 Chip interleaver structure.

At the receiver, the received multicode signal is
filtered with a matched filter, sampled at the chip
rate, chip de-interleaved, and then one-tap time domain
MMSEC equalization is applied to transform the time
selective channel introduced by chip interleaving back
to the nearly time nonselective channel. After mul-
tiplying the long scramble sequence, C copies of the
resultant chip de-interleaved sequence are made, each
being multiplied by one of the C orthogonal spread-
ing codes to recover each of the C transmitted QPSK
symbol sequences. This is called despreading. Finally,
the recovered C QPSK symbol sequences are parallel-
to-serial (P/S) converted into the single QPSK symbol
sequence and then transformed into the binary trans-
mitted data sequence.

2.2 Chip Interleaving

Chip interleaver in this paper uses an SF × D-chip
block interleaver as illustrated in Fig. 2 [3], where D
represents the interleaving depth. The multicode chip
sequence to be transmitted is grouped into blocks of D
multicode DS-CDMA symbols (i.e., C×D QPSK sym-
bols per block). The multicode chip sequence is written
column by column and read out row by row. SF chips
belonging to one multicode symbol are separated by D
chips in time as illustrated in Fig. 3. At the receiver,
the chip de-interleaver brings back the chip sequence
into the original order. The use of chip interleaving
increases the fading rate by D times, thereby trans-
forming the channel into time selective fading channel;
the equivalent propagation channel gain seen after chip
de-interleaving varies over one QPSK symbol interval.
As a result, time diversity effect is obtained and the
received symbol energy varies less. However, multicode
transmission relies on the condition that the channel
gain remains constant over one QPSK symbol interval.
Hence, using chip interleaving degrades the multicode
transmission performance because of partial destruc-
tion of code orthogonality property. The time-domain
MMSEC equalization can be applied to partially restore
the code orthogonality.

As stated earlier, this paper is to show a possible
way to improve the BER performance without using
channel coding. In order to achieve this, chip inter-
leaving and MMSEC equalization are applied. Chip in-
terleaving requires much larger memory size compared
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Fig. 3 Separation of SF chips belonging to one multicode symbol.

to bit interleaving used in a channel coded system and
therefore, may be a difficult technique from the practi-
cal implementation view point. Hardware implementa-
tion issue is practically important, but we do not dis-
cuss this in the paper.

2.3 MMSEC Equalization

Well-known frequency-domain despreading techniques
for MC-CDMA are orthogonal restoration combining
(ORC) and MMSEC [4], [5]. They can be applied to
our case. ORC can perfectly restore the orthogonal-
ity property of the received multicode DS-CDMA sym-
bol and hence completely remove the inter-code inter-
ference; however, the noise enhancement is produced,
thereby increasing the BER due to additive background
noise. It is known that there exists a tradeoff between
orthogonality restoration and noise enhancement. MM-
SEC equalization trades off orthogonality restoration
with reducing noise enhancement and minimizes the
BER [4]. MMSEC equalization provides superior BER
performance to ORC.

Let the propagation channel gain and the received
chip sample at the discrete time t be ξt and rt, respec-
tively; {ξt} is the zero mean complex Gaussian process
with unity variance. Without loss of generality, we con-
sider the reception at the 0th signaling period, i.e., C
QPSK symbols {di; i = 0 ∼ C−1} are received. SF re-
ceived chips, each separated by D-chip time, belonging
to the 0th multicode DS-CDMA symbol, are brought
back to the original order by the chip de-interleaver.
The equivalent baseband representation of the chip de-
interleaved sample sequence {rkD; k = 0 ∼ SF −1} for
the 0th signaling period may be expressed as

rkD = ξkDskD + nkD

=

√
2S
C

ξkD

C−1∑
i=0

dici,k + nkD (2)

for k = 0 ∼ SF − 1, where {nkD; i = 0 ∼ C − 1}
is complex Gaussian noise sample sequence with zero
mean and variance 2N0/T (N0 is the single-sided power
spectrum density of the additive white Gaussian noise
(AWGN) and T is the multicode DS-CDMA symbol
length). The samples {rkD; k = 0 ∼ SF − 1} are
multiplied by the MMSEC equalization weights {wk;
k = 0 ∼ SF − 1} and orthogonal spreading code {ci,k;
k = 0 ∼ SF − 1} to be summed up (this is called de-

spreading) for obtaining the decision variable d̂i for the
ith transmitted QPSK symbol, i = 0 ∼ C − 1. As-
suming ideal channel estimation, MMSEC equalization
weight wMMSEC,k for QPSK is given by [4]

wMMSEC,k =
ξ∗kD

|ξkD|2 +
[
2
C

SF

(
Eb

N0

)]−1 , (3)

where Eb/N0 represents the average received signal en-
ergy per bit-to-AWGN power spectrum density ratio
and (.)* denotes complex conjugate. Hence, d̂i is given
by

d̂i =
SF−1∑
k=0

rkD · wMMSEC,k · ci,k (4)

for i = 0 ∼ SF − 1. C decision variables {d̂i; i =
0 ∼ C − 1} are parallel-to-serial converted and then,
QPSK demodulated to recover the transmitted binary
sequence.

Complexity for computing the MMSEC equaliza-
tion weights is similar to the MC-CDMA case. Weight
updating rate is dependent on the fading rate, i.e., the
fading maximum Doppler frequency fD and therefore,
is the same for chip interleaved DS-CDMA and MC-
CDMA if the carrier frequency is the same.

3. Computer Simulation

3.1 Simulation Condition

Table 1 summarizes the simulation condition. L-path
frequency selective Rayleigh fading channel (L=1∼4)
with the maximum Doppler frequency normalized by
the chip rate of fDTc=0.000025 is assumed (corre-
sponding to a traveling speed of 54 km/h for the carrier
frequency of 2GHz and the chip rate of 1/Tc=3.84M
chip/s).

In order to clearly show how the joint use of chip in-
terleaving and MMSEC equalization improves the BER
performance of multicode DS-CDMA, the frequency
nonselective channel (i.e., L=1), where the rake com-
bining effect cannot be expected, is considered as a spe-
cial case in Sects. 3.2–3.4. Then, the evaluation is ex-
tended to the case of frequency selective fading channel
in Sect. 3.5.
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Table 1 Simulation condition.

Table 2 Interleave depth and fading correlation.

3.2 Single Code Case (C = 1)

MMSEC equalization is not required for the single code
transmission and maximal ratio combining (MRC) is
used. Assuming ideal channel estimation, MRC weight
wMRC,k is given by

wMRC,k = ξ∗kD. (5)

The performance improvement achievable by the chip
interleaving and MRC is evaluated. Since the SF chips
belonging to one QPSK symbol are transmitted with
the separation of D chips in time, D times faster fad-
ing is seen after chip de-interleaving. Table 2 shows the
measured fading correlation ρ between two consecutive
chips for different values of D. The well-known Jakes
model [6] is assumed for multipath fading, in which
all multipath waves having the same time delay ar-
rives at the receiver from all directions with the same
power. The fading auto-correlation function is given by
J0 (2πfDτ ), where J0(.) is the 0th order Bessel func-
tion and τ represents the time difference. Hence, ρ can
be computed using ρ = J0 (2πfDTc ×D). As the value
of D increases, the fading correlation becomes smaller
and the propagation channel gain varies even during
the time interval of one multicode DS-CDMA symbol.
It can be seen from Table 2 that D=16384 gives almost
independent fading and thus, the time diversity effect
achieved by chip interleaving is almost saturated.

Figure 4 plots the simulated average BER perfor-
mance of the single code transmission case (C=1) with

Fig. 4 Average BER performance for the single code case.

D as a parameter. As is expected, the BER perfor-
mance improves as the value of D increases. When
no chip interleaving is applied (i.e., D=1), the BER
reduces in proportion to the inverse of the average re-
ceived Eb/N0, Γ, and a BER=10−4 is achieved at the
average received Eb/N0=34.0 dB. The required Eb/N0

for BER=10−4 can be reduced by 12.0 dB by increas-
ing D from 1 to 512. The additional reduction in the
required Eb/N0 is 3.0(6.0) dB when the value of D in-
creases from 512 to 1024(2048). The BER performance
continuously improves by the use of larger D and ap-
proaches that of no fading case. The required Eb/N0

for BER=10−4 becomes close to the no fading case by
about 4.1(1.9) dB when D=4096(8192). The BER per-
formance whenD=8192 and 16384 are almost the same.

Assuming that the fading channel gains {ξkD} are
independent of each other, the theoretical BER can be
derived. The decision variable for the ith QPSK symbol
is given by Eq. (4) with wMMSEC,k being replaced by
wMRC,k. Signal-to-noise ratio (SNR) per QPSK symbol
is given by

SNR = 2 ·
(
Γ
SF

) SF−1∑
i=0

|ξkD|2 = 2γ, (6)

where Γ and γ are the average received Eb/N0 and in-
stantaneous received Eb/N0, respectively. Since the
real and imaginary parts of ξkD are independent and
identically distributed (i.i.d.) complex Gaussian vari-
ables, γ is χ-square distributed with 2SF degrees of
freedom. The probability density function of γ can be
obtained as follows [7]:
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p(γ) =

(
γ

Γ/SF

)SF−1

(SF − 1)!(Γ/SF ) exp
(
− γ

Γ/SF

)
, (7)

which is equivalent to SF-branch MRC diversity recep-
tion with uncorrelated fading with the average received
Eb/N0 per branch of Γ/SF . The fading nature experi-
enced after despreading tends to disappear as a result of
chip interleaving. The average BER can be calculated
from [7]

Pb =
∫ ∞

0

1
2
erfc(

√
γ)p(γ)dγ

=
[
1− µ

2

]SF SF−1∑
k=0

(
SF − 1 + k

k

)[
1 + µ

2

]k

≈
(
SF

4Γ

)SF

for Γ
 1, (8)

where

µ =

√
Γ

Γ + SF
. (9)

On the other hand, the average BER without chip in-
terleaving is obtained by letting SF=1 in Eq. (8) and is
given by

Pb =
1
2

[
1−

√
Γ

Γ + 1

]

≈ 1
4Γ

, for Γ
 1. (10)

Comparison of Eqs. (8) and (10) implies that the aver-
age BER performance improves as the spreading factor
increases. For comparison, the theoretical BER perfor-
mances with and without chip interleaving, computed
from Eqs. (8) and (10), respectively, are plotted for
SF=16 in Fig. 4. Also plotted is the BER performance
in the AWGN channel, which is given by Pb = 1

2erfc
√
γ.

The simulated BER performances in the fading channel
with and without chip interleaving (i.e., D=16384 and
1) show a good agreement with the theory.

3.3 Multicode Case (C > 1)

It is seen from Fig. 4 that as the value of D increases,
the BER performance improves and approaches that
of the AWGN channel. In the following, assuming
D=4096 as a typical case, we discuss how the BER
performance is affected by the code multiplexing order
C (however, note that the impact of D is also evalu-
ated for C=16 in Fig. 7). Figure 5 plots the simulated
average BER performance of multicode DS-CDMA us-
ing chip interleaving and MRC with C as a parameter
when SF=16 and D=4096. When C=1 and 2, the use
of chip interleaving significantly improves the average
BER performance compared to the no chip interleav-
ing case. However, as the value of C increases above

Fig. 5 Average BER performance of multicode DS-CDMA
using chip interleaving and MRC.

Fig. 6 Average BER performance of multicode DS-CDMA
using chip interleaving and MMSEC equalization.

2, the average BER performance degrades significantly
and produces the BER floor due to inter-code inter-
ference. The BER floor can be completely eliminated
when MRC is replaced by MMSEC equalization. This
is shown in Fig. 6, which plots the simulated average
BER performance of multicode DS-CDMA using chip
interleaving and MMSEC equalization with C as a pa-
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Fig. 7 Impact of interleaving depth D for SF = C = 16.

rameter when SF=16 and D=4096. It can be seen that
the use of chip interleaving always provides better BER
performance than the no chip interleaving case even
though the BER performance with chip interleaving de-
grades as the value of C increases. Even when C=16,
the required Eb/N0 for BER=10−4 can be reduced by
15.4 dB with chip interleaving.

It is understood from Fig. 4 that for the single code
case (C=1), as the value of D increases, the larger
time diversity effect can be obtained, thereby improv-
ing the BER performance. In the multicode case, how-
ever, larger inter-code interference is produced. How
the selection of D impacts the achievable BER per-
formance with MMSEC equalization is illustrated in
Fig. 7 for C=16 (producing the largest inter-code inter-
ference when SF=16). It can be clearly seen from Fig. 7
that as the value of D increases, the BER performance
with MMSEC equalization consistently improves (but
the improvement almost saturates for D > 8192). This
is because the MMSEC equalization can equalize the
chip-interleaved channel (time selective channel) into
the nearly time nonselective channel while reducing the
noise enhancement.

3.4 Performance Comparison of Single Code Trans-
mission and Multicode Transmission

So far, it has been confirmed that the use of chip inter-
leaving can significantly improve the BER performance
of multicode DS-CDMA. For the same chip rate, single
code DS-CDMA with reduced spreading factor can be
used instead of multicode DS-CDMA. Hence, it is inter-
esting to compare the achievable BER performances of

Fig. 8 Performance comparison of multicode DS-CDMA using
chip interleaving and MMSEC equalization and single code DS-
CDMA using chip interleaving and MRC.

multicode DS-CDMA and single code DS-CDMA for
the same data rate and chip rate. For this purpose,
the equivalent spreading factor SFeq = SF/C is intro-
duced. Note that for the single code case, the equivalent
spreading factor is the same as the spreading factor SF
itself.

Figure 8 shows the performance comparison of
multicode DS-CDMA using chip interleaving and MM-
SEC equalization and single code DS-CDMA using chip
interleaving and MRC. For all values of SFeq, mul-
ticode DS-CDMA provides better BER performance.
The reason for this is due to the larger number of time
diversity branches for multicode DS-CDMA when the
equivalent spreading factor is the same. The number
N of time diversity branches is N = C × SFeq for mul-
ticode DS-CDMA, while that of the single code DS-
CDMA is N=SFeq . This larger number of time diver-
sity branches offsets the degradation due to inter-code
interference produced by time selective fading. For the
case of SFeq=1 (i.e., C=16), the reduction in the re-
quired Eb/N0 for BER=10−4 is 15.4 dB as shown ear-
lier. As the value of SFeq increases the amount in the
reduction of required Eb/N0 decreases, but as much as
1.9 dB reduction can still be achieved when SFeq=8.

3.5 Performance Improvement in a Frequency Selec-
tive Fading Channel

So far, we have evaluated the effect of chip interleav-
ing and MMSEC equalization in a frequency nonselec-
tive fading channel. It is interesting to see how the
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use of chip interleaving and MMSEC equalization can
further improve the performance in a frequency selec-
tive fading channel, where rake combining can be em-
ployed to improve the BER performance. The receiver
structure of Fig. 1(b) must be modified. We assume
L-path Rayleigh fading having uniform power delay
profile. Let the path gains of L propagation paths
at the discrete time t be ξl,t and their time delays
be τl, l = 0 ∼ L − 1, where {ξl,t; l = 0 ∼ L − 1}
are i.i.d. complex Gaussian processes with zero-mean
and variance of 1/L. In the case of L-path frequency
selective channel, L copies of the chip-matched filter
output sequence are made and time aligned according
to the time delays {τl} of L propagation paths. Each
time aligned chip sequence is input to the respective
chip de-interleaver. Then, one-tap time-domain MM-
SEC equalization (MMSEC equalization weights for
frequency selective channel is given later) is applied
to each chip de-interleaved sequence and coherently
summed up (this is called rake combining) to produce
the time-domain MMSEC equalized and rake combined
output chip-sequence. This is illustrated in Fig. 9. The
remaining process from the chip de-interleaver onward
is identical to the L=1 case illustrated in Fig. 1(b).

In the presence of L propagation paths, the time-
domain MMSEC equalized and rake combined output
for the 0th signaling period is represented as

d̂i =
SF−1∑
k=0

(
L−1∑
l=0

rkD+τl
· wMMSEC,l,k

)
ci,k, (11)

where wMMSEC,l,k represents the MMSEC equalization
weight associated with the lth propagation path. When
rake combining is used, since L different paths can
be viewed as independently faded antenna diversity
branches but with reduced average power by a factor of
L, we apply the MMSEC equalization weights derived
in [8]. wMMSEC,l,k is given by

wMMSEC,l,k =
ξ∗l,kD

L−1∑
l=0

|ξl,kD|2 +
[
2
C

SF

(
Eb

N0

)]−1 ,

(12)

where ξl,t+τl
= ξl,t is assumed since very slow fading is

Fig. 9 MMSEC equalization and rake combining.

assumed, i.e., fDTc=0.000025.
In a frequency selective channel, inter-code inter-

ference increases due to asynchronism among different
propagation paths in addition to chip interleaving while
path diversity effect owing to rake combining can be ex-
pected for no chip interleaving case. It is interesting to
see how the BER performance achievable by the use of
chip-interleaving and MMSEC equalization is impacted
by frequency selective fading. Figure 10 plots the av-

(a) SF=16.

(b) SF=64.

Fig. 10 Impact of number L of propagation paths.
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erage BER as a function of the number L of propaga-
tion paths for the average received Eb/N0=20dB. Uni-
form power delay profile of the propagation channel and
D=4096 are assumed. It is seen from Fig. 10 that as the
value of L increases, the average BER with chip inter-
leaving and MMSEC equalization increases due to in-
creased inter-code interference. However, without chip
interleaving, the average BER reduces first due to path
diversity effect as the value of L increases from 1 to
2, but in turn increases for L > 2 due to increased
inter-code interference as in the chip interleaving case.
Comparison shows that when SF=64, the introduction
of chip-interleaving yields the BER performance supe-
rior to the no chip interleaving case even in a frequency
selective fading channel although the performance su-
periority becomes less as L increases. However, when
SF=16, the BER performance of SFeq=8 (C=2) with
chip interleaving is slightly inferior to that with no chip
interleaving when L=4 (note that the BER inferior-
ity becomes less for smaller SFeq, i.e., SFeq=4 (C=4)).
This may be due to non-uniform distribution of inter-
code interference among different spreading codes for
the case of small spreading factors, but detailed discus-
sion on this is left for a future study.

4. Conclusion

In this paper, the joint use of chip interleaving and
MMSEC equalization was proposed to significantly im-
prove the multicode DS-CDMA transmission perfor-
mance in a fading channel. The average BER perfor-
mance achievable by the use of chip interleaving and
MMSEC equalization was evaluated by computer sim-
ulation. Following are the summary of the simulation
results:

(a) The use of chip interleaving alters the fading chan-
nel to severely time selective fading channel so that
the channel gain varies rapidly even during a sym-
bol interval. Since this provides time diversity
effect, the BER performance of single code DS-
CDMA can be significantly improved.

(b) In the case of multicode DS-CDMA, chip inter-
leaving produces intercode interference, thereby
degrading the transmission performance. Inter-
code interference is eliminated by applying MM-
SEC equalization. The resultant BER performance
is better than the single code DS-CDMA for the
same equivalent spreading factor.

(c) The BER performance of chip interleaved multi-
code DS-CDMA is superior to the no chip inter-
leaving case even in a frequency selective fading
channel (if small spreading factor, e.g., SF=16, is
not used) although the performance superiority be-
comes less as L increases.

In this paper, ideal channel estimation was assumed for
computing the MMSEC equalization weights. Pilot-

assisted channel estimation can be applied to the chip
interleaved system as proposed in [3]. For both cases
with and without chip interleaving, the BER perfor-
mance may degrade due to channel estimation error.
How the pilot-assisted channel estimation degrades the
BER performance of multicode DS-CDMA with chip
interleaving and MMSEC equalization is left as a prac-
tically important future study. Introduction of chan-
nel coding (e.g., turbo coding) in addition to chip in-
terleaving may be able to further improve the BER
performance of multicode DS-CDMA. This has been
shown for the case of single-code DS-CDMA (in this
case, MMSEC equalization is not necessary) [3]. How
the additional use of channel coding further improves
the BER performance of multicode DS-CDMA is left
as a future study. Also an interesting study is reducing
the peak-to-average power ratio (PAR) problem arising
in multicode DS-CDMA, but note that this PAR prob-
lem is present in any multicarrier systems, e.g., MC-
CDMA and orthogonal frequency division multiplexing
(OFDM), which have been gaining a lot of attention for
broadband mobile wireless access [9].

References

[1] F. Adachi, M. Sawahashi, and H. Suda, “Wideband DS-
CDMA for next generation mobile communications systems,”
IEEE Commun. Mag., vol.36, no.9, pp.56–69, Sept. 1998.

[2] F. Adachi, K. Ohno, A. Higashi, and Y. Okumura, “Coher-
ent multicode DS-CDMA mobile radio access,” IEICE Trans.
Commun., vol.E79-B, no.9, pp.1316–1325, Sept. 1996.

[3] D. Garg and F. Adachi, “Chip interleaved turbo codes for
DS-CDMA mobile radio in a fading channel,” IEE Electron.
Lett., vol.38, no.13, pp.642–644, June 2002.

[4] A. Chouly, A. Brajal, and S. Jourdan, “Orthgonal multicar-
rier techniques applied to direct sequence spread spectrum
CDMA system,” Proc. IEEE Globecom’93, pp.1723–1728,
Nov. 1993.

[5] S. Hara and R. Prasad, “Overview of multicarrier CDMA,”
IEEE Commun. Mag., vol.35, no.12, pp.126–133, Dec. 1997.

[6] W.C. Jakes, Jr., ed., Microwave mobile communications, Wi-
ley, New York, 1974.

[7] J.G. Proakis, Digital Communications, 3rd edition, McGraw-
Hill, 1995.

[8] F. Adachi and T. Sao, “Joint antenna diversity and
frequency-domain equalization for multi-rate MC-CDMA,”
IEICE Trans. Commun., vol.E86-B, no.11, pp.3217–3224,
Nov. 2003.

[9] H. Atarashi, S. Abeta, and M. Sawahashi, “Variable spread-
ing factor-orthogonal frequency and code division multiplex-
ing (VSF-OFCDM) for broadband packet wireless access,”
IEICE Trans. Commun., vol.E86-B, no.1, pp.291–299, Jan.
2003.



ITAGAKI et al.: CHIP INTERLEAVED MULTICODE DS-CDMA
87

Takeshi Itagaki received his B.E. de-
gree in communications engineering from
Tohoku University, Sendai, Japan, in
2002. Currently, he is a graduate student
at the Department of Electrical and Com-
munications Engineering, Tohoku Univer-
sity. His research interests include time
and frequency diversity techniques in di-
rect sequence and mulicarrier CDMA.

Tomoki Sao received his B.E. and
M.E. degrees in communications engineer-
ing from the Dept. of Electrical and Com-
munications Engineering, Tohoku Univer-
sity, Sendai, Japan, in 2001 and 2003,
respectively. Since April 2003, he has
been with NTT DoCoMo, Inc., Yokosuka,
Japan, where he is involved with the de-
velopment of HSDPA in Radio Network
Development Department. His research
interests include broadband wireless ac-

cess using OFDM and CDMA for cellular mobile communica-
tions systems. He was a recipient of 2002 IEICE Active Research
Award in Radio Communication Systems.

Deepshikha Garg received her
B.E. and M.E. degrees in Electrical and
Communications engineering from Kath-
mandu University, Nepal in 1998 and To-
hoku University, Japan in 2002, respec-
tively. Currently she is pursuing her
Ph.D. degree in the department of elec-
trical and communications engineering at
Tohoku University, Japan. Her research
interests include error control schemes
and accessing techniques for wireless com-

munications. She was the recipient of the 2002 active research
award in radio communication systems from IEICE in 2002.

Fumiyuki Adachi received his B.S.
and Dr. Eng. degrees in electrical engi-
neering 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
communications. From July 1992 to De-
cember 1999, he was with NTT Mobile

Communications Network, 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 Pro-
fessor of Electrical and Communication Engineering at Gradu-
ate School of Engineering. His research interests are in CDMA
and TDMA wireless access techniques, CDMA spreading code
design, Rake receiver, transmit/receive antenna diversity, adap-
tive antenna array, bandwidth-efficient digital modulation, and
channel coding, with particular application to broadband wire-
less communications systems. From October 1984 to September
1985, he was a United Kingdom SERC Visiting Research Fellow
in the Department of Electrical Engineering and Electronics at
Liverpool University. From April 1997 to March 2000, he was a
visiting Professor at Nara Institute of Science and Technology,
Japan. 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 paper of the year award 1980 and again 1990
and also a recipient of Avant Garde award 2000.


