
1286 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 56, NO. 3, MAY 2007

Frequency-Domain Interchip Interference
Cancelation for DS-CDMA

Downlink Transmission
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Abstract—The use of frequency-domain equalization (FDE)
based on minimum-mean-square-error criterion can significantly
improve the bit-error-rate (BER) performance of orthogonal mul-
ticode direct-sequence code-division multiple access downlink sig-
nal transmission in a frequency-selective fading channel. However,
the presence of residual interchip interference (ICI) after FDE
produces the orthogonality distortion among the spreading codes,
and the BER performance degrades as the number of multiplex
order increases. In this paper, we propose a frequency-domain
ICI cancelation scheme, in which the residual ICI replica in the
frequency domain is generated and subtracted from each fre-
quency component of the received signal after FDE. Three types
of ICI cancelation scheme are presented, and the effectiveness of
the proposed ICI cancelation scheme is confirmed by computer
simulation.

Index Terms—Direct-sequence code-division multiple access
(DS-CDMA), frequency-domain equalization (FDE), interchip-
interference (ICI) cancelation.

I. INTRODUCTION

THE WIRELESS channel is composed of many prop-
agation paths with different time delays, producing

frequency-selective multipath fading [1]. Direct-sequence
code-division multiple access (DS-CDMA) can exploit the
channel frequency selectivity by the use of coherent rake
combining that resolves the propagation paths having different
time delays and coherently combines them to obtain the path
diversity gain [2]. Wideband DS-CDMA [3] has been adopted
as a wireless access technique in third-generation (3G) mobile
communication systems for data transmissions of up to a few
megabits per second. Recently, demands for broadband services
in mobile communication systems are increasing, and a lot of
attention has been paid to the development of next-generation
mobile communication systems that support much higher data
rate services (e.g., higher than a few tens of megabits per
second) than 3G systems [4]. However, the bit-error-rate (BER)
performance of DS-CDMA with rake combining may signif-
icantly degrade due to a strong interpath interference (IPI).
Hence, IPI cancelation techniques have been studied for DS-
CDMA rake receivers, e.g., [5] and [6].
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Recently, multicarrier (MC)-CDMA has been attracting
much attention in broadband wireless access [7]–[9] since it can
achieve good BER performance in a severe frequency-selective
channel by using a simple one-tap frequency-domain equaliza-
tion (FDE) technique. MC-CDMA has the flexibility to provide
multirate transmissions, yet retain multiple access capability, as
DS-CDMA does. Recently, it has been shown [10]–[15] that
FDE based on the minimum-mean-square-error (mmse) crite-
rion can improve BER performance for DS-CDMA downlink
signal transmission and provide almost the same performance
as MC-CDMA. In [10], mmse-FDE is combined with transmit/
receive antenna diversity. mmse-FDE is applied to orthogo-
nal multicode DS-CDMA, and the transmission performance
with mmse-FDE is compared with rake combining in [11]. In
[12], the theoretical BER analysis of DS-CDMA with FDE is
presented. The joint use of FDE and multiaccess interference
(MAI) cancelation for the DS-CDMA uplink is considered in
[13] and [14], and the DS-CDMA downlink performance with
mmse-FDE is evaluated in [15].

Although FDE can significantly improve BER performance
of DS-CDMA, the presence of residual interchip interference
(ICI) after FDE degrades the BER performance. If the residual
ICI is sufficiently suppressed, BER performance approaches the
matched filter bound. In [16], time-domain adaptive decision
feedback equalization (DFE) based on mmse criterion is pro-
posed for DS-CDMA. In [17], an iterated-decision equalizer is
presented to reduce the effect of intersymbol interference for
single-carrier transmission. In [18], frequency-domain iterative
block DFE is presented for SC transmission. In [17] and [18],
the computation of the correlation between the transmitted
symbol and detected symbol is required and must be estimated.
Furthermore, [17] and [18] consider only the nonspread SC
transmission (i.e., SF = 1) and assume the single-user case. In
this paper, we consider the orthogonal multicode DS-CDMA
downlink signal transmission, where different users’ spread
chip sequences are code multiplexed. Therefore, in the orthog-
onal multicode DS-CDMA downlink, if the ICI is present after
FDE, the orthogonality distortion among users is produced
by the residual ICI, and this degrades the BER performance
as the number of multiplex order increases. In this paper,
we propose frequency-domain ICI cancelation for the DS-
CDMA downlink using mmse- and maximum ratio combining
(MRC)-FDE. MRC-FDE enhances the residual ICI due to the
frequency selectivity of the channel. However, it can provide
the largest signal-to-noise power ratio (SNR). This advantage of
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Fig. 1. Transmission system model for DS-CDMA downlink with joint FDE
and antenna diversity. (a) Base station transmitter and (b) mobile receiver
(uth user).

MRC-FDE is exploited by the proposed ICI cancelation. In the
proposed scheme, mmse-FDE is first performed to obtain an
accurate frequency-domain ICI replica. Then, the ICI replica is
subtracted from the MRC-FDE output to suppress the residual
ICI and gain the largest SNR. With the proposed ICI cancela-
tion, the orthogonality distortion among users is restored after
suppressing the residual ICI.

The remainder of this paper is organized as follows.
Section II shows that the presence of residual ICI degrades
the BER performance of the DS-CDMA downlink with FDE.
In Section III, the proposed frequency-domain ICI cancelation
is presented. In Section IV, the achievable BER performance
in a frequency-selective Rayleigh fading channel is evaluated
by computer simulation, and the effect of the proposed ICI
cancelation is discussed. Section V offers some conclusions.

II. FDE AND RESIDUAL ICI

A. Overall Transmission System Model

The transmission system model for DS-CDMA downlink
with joint FDE and antenna diversity is illustrated in Fig. 1.
The difference in the transmitter/receiver structure between
MC-CDMA and DS-CDMA is just as follows: Fast Fourier
transform (FFT) and inverse FFT (IFFT) are used at the MC-
CDMA transmitter and receiver, respectively, while both are
used at the DS-CDMA receiver. At the base station transmitter,
the uth user’s binary data sequence u = 0 ∼ (U − 1) is trans-
formed into data modulated symbol sequence {du(n)} and then
spread by multiplying an orthogonal spreading sequence cu(t).
The resultant U chip sequences are multiplexed and further
multiplied by a common scramble sequence cscr(t) to make the

Fig. 2. Block structure.

resultant multicode DS-CDMA signal white-noise like. Then,
the orthogonal multicode DS-CDMA signal is divided into a
sequence of blocks of Nc chips each, and then, the last Ng chips
of each block are copied as a cyclic prefix and inserted into the
guard interval (GI) at the beginning of each block, as illustrated
in Fig. 2.

The GI-inserted orthogonal multicode DS-CDMA signal is
transmitted from the base station over a frequency-selective
fading channel and is received by Nr antennas of the uth
user mobile station. After the removal of the GI, the received
signal on each antenna is decomposed by Nc-point FFT into Nc

subcarrier components (the terminology “subcarrier” is used for
explanation purposes only, although subcarrier modulation is
not used). Then, joint FDE and antenna diversity combining
is carried out in the frequency domain [12]. Finally, IFFT is
applied to obtain the time-domain received spread signal for
despreading and data demodulation.

B. Transmit and Received Signals

Throughout this paper, chip-spaced time representation of
transmitted signals is used. Without loss of generality, a trans-
mission of U data symbol sequences {du(n);u = 0 ∼ U − 1,
n = 0 ∼ (Nc/SF − 1)} is considered, where Nc and SF are
chosen so that the value of Nc/SF becomes an integer. The
spread signal {ŝ(t); t = −Ng ∼ (Nc − 1)}, which is to be
transmitted after the GI insertion, can be expressed, using the
equivalent lowpass representation as

ŝ(t) =
√
2Ec/Tcs(t mod Nc) (1)

where Ec and Tc denote the chip energy and the chip duration,
respectively, and s(t) is given by

s(t) =

[
U−1∑
u=0

du (�t/SF�) cu(t mod SF)

]
cscr(t) (2)

with |du(n)| = |cu(t)| = |cscr(t)| = 1 for t = 0 ∼ (Nc − 1),
where �x� represents the largest integer smaller than or
equal to x.

The propagation channel is assumed to be a frequency-
selective block fading channel having chip-spaced L discrete
paths, each subjected to independent fading. The assumption of
block fading means that the path gains remain constant over at
least one block duration. The channel impulse response hm(t)
observed by the mth receive antenna can be expressed as [19]

hm(t) =
L−1∑
l=0

hm,lδ(t− τl) (3)
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where hm,l and τl are the complex-valued path gain and
time delay of the lth path (l = 0 ∼ (L− 1)), respectively,
with

∑L−1
l=0 E[|hm,l|2] = 1 (E[·] denotes the ensemble average

operation). The received signal {rm(t); t = −Ng ∼ (Nc − 1)}
on the mth antenna m = 0 ∼ (Nr − 1) can be expressed as

rm(t) =
L−1∑
l=0

hm,lŝ(t− τl) + ηm(t) (4)

where ηm(t) is a zero-mean complex Gaussian process with
a variance of 2N0/Tc with N0 being the single-sided power
spectrum density of the additive white Gaussian noise (AWGN)
process.

C. Joint FDE and Antenna Diversity Combining

After the removal of the GI from the received signal rm(t),
an Nc-point FFT is applied to decompose {rm(t); t = 0 ∼
(Nc − 1)} into Nc subcarrier components {Rm(k); k = 0 ∼
(Nc − 1)}. The kth subcarrier component Rm(k) can be
written as

Rm(k) =
Nc−1∑
t=0

rm(t) exp
(
−j2πk

t

Nc

)

=
√
2Ec

Tc
Hm(k)S(k) + Πm(k) (5)

where S(k), Hm(k), and Πm(k) are the kth subcarrier com-
ponent of the transmitted signal {s(t); t = 0 ∼ (Nc − 1)}, the
channel gain, and the noise component due to the AWGN,
respectively. They are given by

S(k) =
Nc−1∑
t=0

s(t) exp
(
−j2πk t

Nc

)
Hm(k) =

L−1∑
l=0

hm,l exp
(
−j2πk τl

Nc

)
Πm(k) =

Nc−1∑
t=0

ηm(t) exp
(
−j2πk t

Nc

) . (6)

Then, joint FDE and antenna diversity combining is carried
out as

R̂(k) =
Nr−1∑
m=0

Rm(k)wm(k)

=
√
2Ec

Tc
S(k)Ĥ(k) + Π̂(k) (7)

with 
Ĥ(k) =

Nr−1∑
m=0

wm(k)Hm(k)

Π̂(k) =
Nr−1∑
m=0

wm(k)Πm(k)
(8)

where wm(k) is the equalization weight, and Ĥ(k) and Π̂(k)
are the equivalent channel gain and the noise component after

joint FDE and antenna diversity combining, respectively. We
consider mmse- and MRC-FDE. The MRC weight realizes a
matched filter to the channel and maximizes the SNR at each
subcarrier. The mmse weight is chosen so that the mean square
error (mse) between S(k) and R̂(k) is minimized. The equal-
ization weight for joint FDE and antenna diversity combining
is given by [12]

wm(k) =


H∗

m(k)
Nr −1∑
m=0

|Hm(k)|2+
(

U
SF

Es
N0

)−1
, for mmse-FDE

H∗
m(k), for MRC-FDE

(9)

where Es/N0 is the average symbol energy-to-AWGN power
spectrum density ratio, and ∗ denotes the complex conjugation
operation. Notice that the same mmse weight can be used in
DS- and MC-CDMA [12].

D. Despreading and Data Demodulation

Nc-point IFFT is applied to transform the frequency-domain
signal {R̂(k); k = 0 ∼ (Nc − 1)} into the time-domain signal
{r̂(t); t = 0 ∼ (Nc − 1)}:

r̂(t) =
1
Nc

Nc−1∑
k=0

R̂(k) exp
(
j2πt

k

Nc

)

=
√
2Ec

Tc

(
1
Nc

Nc−1∑
k=0

Ĥ(k)

)
s(t)+µ(t) + η̂(t) (10)

where s(t) in the first term represents the transmitted chip, µ(t)
is the residual ICI component, and η̂(t) is the noise component.
µ(t) and η̂(t) can be expressed as


µ(t) =

√
2Ec

Tc

1
Nc

Nc−1∑
k=0

Ĥ(k)

Nc−1∑
τ=0
�=t

s(τ) exp
(
j2πk t−τ

Nc

)
η̂(t) = 1

Nc

Nc−1∑
k=0

Π̂(k) exp
(
j2πk t

Nc

) .

(11)

Note that if Ĥ(k) 
= constant, µ(t) 
= 0 (the ICI cannot be
removed). Despreading is carried out on r̂(t) to obtain the uth
user’s decision variable for data demodulation on du(n), giving

d̂u(n) =
1

SF

(n+1)SF−1∑
t=nSF

r̂(t)c∗u(t mod SF)c∗scr(t). (12)

Substitution of (10) and (11) into (12) gives

d̂u(n) =
√
2Ec

Tc

(
1
Nc

Nc−1∑
k=0

Ĥ(k)

)
du(n) + µ(n) + η(n)

(13)
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TABLE I
SIMULATION PARAMETERS

where µ(n) and η(n) are given by

µ(n) = 1
SF

(n+1)SF−1∑
t=nSF

c∗(t)

×
 1

Nc

Nc−1∑
k=0

Ĥ(k)

√ 2Ec

Tc

Nc−1∑
τ=0
�=t

s(τ) exp
(
j2πk t−τ

Nc

)


η(n)= 1
SF

(n+1)SF−1∑
t=nSF

c∗(t)
{

1
Nc

Nc−1∑
k=0

Π̂(k) exp
(
j2πt k

Nc

)}
(14)

and their variances are obtained by

2σ2
ICI = E[|µICI|2]

= 2 U
SF

Ec

Tc

[
1

Nc

Nc−1∑
k=0

∣∣∣Ĥ(k)
∣∣∣2 − ∣∣∣∣ 1

Nc

Nc−1∑
k=0

Ĥ(k)
∣∣∣∣2
]

2σ2
noise = E[|µnoise|2]

= 2 1
SF

N0
Tc

(
1

Nc

Nc−1∑
k=0

Nr−1∑
m=0

|wm(k)|2
) .

(15)

E. Impact of Residual ICI on BER Performance

It is clearly understood from (13) that the frequency di-
versity gain can be obtained by FDE. The first term in (13)
is the desired symbol component. H = (1/Nc)

∑Nc−1
k=0 Ĥ(k)

is equivalent to the channel gain in a frequency-nonselective
channel. The probability that H drops (or fades) is very small
compared with the frequency-nonselective channel case since
H is the average of Nc different equivalent channel gains.
However, the residual ICI causes the orthogonality distortion
among the spreading codes and may degrade the achievable
BER performance in a frequency-selective fading channel (i.e.,
Ĥ(k) 
= constant) as the code multiplex order increases. The
impact of the residual ICI on the BER performance is evaluated
by computer simulation. The simulation parameters are sum-
marized in Table I. We assume quaternary phase-shift keying

Fig. 3. Downlink BER performance with mmse-FDE and MRC-FDE.

(QPSK) data modulation, FFT block size of Nc = 256 chips,
and a GI of Ng = 32 chips. The fading channel is assumed
to be a frequency-selective block Rayleigh fading channel
having a chip-spaced L-path uniform power delay profile
(i.e., E[|hm,l|2] = 1/L for all m and l), and the normalized
maximum Doppler frequency fDTc(Nc +Ng) = 0.001, where
fD = ν/λ with ν and λ represent, respectively, the mobile
terminal traveling speed and the carrier frequency (fDTc(Nc +
Ng) = 0.001 corresponds to a traveling speed of ν = 75 km/h
for a chip rate of 1/Tc = 100 MHz, 5-GHz carrier frequency,
Nc = 256, and Ng = 32). Perfect chip timing and ideal channel
estimation are assumed.

The simulated BER performance with mmse and MRC-FDE
is plotted in Fig. 3 as a function of the average received signal
energy per bit-to-AWGN power spectrum density ratio Eb/N0,
given by Eb/N0 = SF(1 +Ng/Nc)(Ec/N0), when Nr = 1
(no antenna diversity) and SF = 16. Decision errors are caused
by the residual ICI and the AWGN. The former becomes the
predominant cause of decision errors in high Eb/N0 regions
and produces the BER floor (since the amount of residual ICI
depends on the channel frequency-selectivity but not on the
Eb/N0 value). When U = 1, the mmse- and MRC-FDE can
achieve almost the same BER performance. However, when
U ≥ 4, the BER floors are seen with MRC-FDE due to a larger
orthogonality distortion caused by the residual ICI; mmse-FDE
can always achieve better BER performance than MRC, and no
BER floors are seen. However, although mmse-FDE provides
much better BER performance than MRC, its BER performance
degrades as U becomes larger.

III. ICI CANCELATION

It has been shown in Section II that the performance degrada-
tion is due to the orthogonality distortion caused by the residual
ICI. ICI cancelation can be introduced in FDE to improve BER
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Fig. 4. One-shot observation of the residual ICI.

performance. In this section, a mathematical expression for the
residual ICI is presented first, and then, frequency-domain ICI
cancelation is proposed.

A. Frequency-Domain Representation of Residual ICI

An Nc-point FFT is applied to {µ(t); t = 0 ∼ (Nc − 1)} in
(11) to obtain the residual ICI components {M(k); k = 0 ∼
(Nc − 1)} in the frequency-domain. M(k) is given by

M(k) =
√
2Ec

Tc

{
Ĥ(k)− 1

Nc

Nc−1∑
k′=0

Ĥ(k′)

}
S(k). (16)

Using (16), the one-shot observation of the residual ICI in
the frequency-domain is plotted in Fig. 4. As understood from
(16), the frequency-domain residual ICI is proportionate to the
difference between the equivalent channel gain Ĥ(k) and its
average. It can be seen from Fig. 4 that the residual ICI after
mmse-FDE is very small since Ĥ(k) is almost flat over the
entire frequency range. On the other hand, large residual ICI is
seen for MRC-FDE due to the enhanced frequency-selectivity
of the equivalent channel after equalization.

B. ICI Cancelation

The receiver structure using the proposed frequency-domain
ICI cancelation is illustrated in Fig. 5. We consider three types
of ICI cancelation using mmse-FDE and MRC-FDE. Type I,
II, and III canceler structures are illustrated in Fig. 6. R̂(k) in
(7), after joint mmse-FDE and diversity combining, is denoted
by R̂mmse(k), and R̂(k), after joint MRC-FDE and diversity
combining, is denoted by R̂MRC(k). The type I cancelation
scheme uses only R̂mmse(k), as shown in Fig. 6(a). On the
other hand, the type II and type III cancelation schemes make
use of both R̂mmse(k) and R̂MRC(k), as shown in Fig. 6(b) and
(c). Without ICI cancelation, mmse-FDE gives a better BER
performance than MRC-FDE, as stated in Section II. Hence,
for all types of ICI cancelation, mmse-FDE is first performed
to obtain a more accurate ICI replica for ICI cancelation.
However, if the residual ICI is perfectly canceled, MRC-FDE
gives a better BER performance than mmse-FDE since MRC-
FDE yields a higher SNR. Therefore, the MRC-FDE output is
used in the type II and III schemes to gain the highest SNR after
suppressing the residual ICI by ICI cancelation.

1) Type I: The type I cancelation scheme consists of two
steps. The i = 0th step uses the output R̂mmse(k) of joint
mmse-FDE and diversity combining. An Nc-point IFFT is
applied to {R̂mmse(k); k = 0 ∼ (Nc − 1)} in order to obtain
the time-domain chip sequence r̂

(0)
mmse(t) [which corresponds

to r̂(t) in (10)]. After the despreading of r̂(0)
mmse(t) as in (12),

the soft decision symbol replica d̃u(n) is generated as

d̃u(n) =
1√
2
tanh

(
χRe

[
d̂u(n)√
2Ec/Tc

])

+ j
1√
2
tanh

(
χIm

[
d̂u(n)√
2Ec/Tc

])
(17)

for QPSK data modulation, where tanh(x) is given by

tanh(x) =
exp(x)− exp(−x)
exp(x) + exp(−x)

(18)

and χ is a parameter that controls the extent to which the soft
decision contributes to the replica generation. When χ → ∞,
(17) represents a hard decision. On the other hand, when χ = 0,
(17) always gives d̃u(n) = 0, and hence, this represents the case
without ICI cancelation.

After the respreading of d̃u(n) for u = 0 ∼ U − 1, U chip
sequences are multiplexed and further multiplied by the com-
mon scramble sequence cscr(t) used at the base station trans-
mitter. Then, chip interleaving is used to generate the replica
s̃ (0)(t) corresponding to the spread signal s(t) transmitted
from the base station. Respreading of erroneous symbol replica
produces error propagation over consecutive SF chips. To avoid
this, chip interleaving is used at both the transmitter and re-
ceiver (the chip-interleaver is described in Section IV).

After chip interleaving, the Nc-point FFT is applied to de-
compose the replica s̃ (0)(t) into Nc subcarrier components.
The kth subcarrier component S̃(0)(k) is given by

S̃(0)(k) =
Nc−1∑
t=0

s̃ (0)(t) exp
(
−j2πk

t

Nc

)
. (19)

The ICI replica M̃
(0)
mmse(k) is generated by substituting

S̃(0)(k) into (16) in the i = 1st step. It is then subtracted
from R̂mmse(k). The signal components R̃(1)(k), after ICI
cancelation, is given by

R̃(1)(k) = R̂mmse(k)− M̃ (0)
mmse(k) (20)

where M̃
(0)
mmse(k) is given by

M̃ (0)
mmse(k)

=
√
2Ec

Tc

{
Ĥmmse(k)− 1

Nc

Nc−1∑
k′=0

Ĥmmse(k′)

}
S̃(0)(k) (21)

with Ĥmmse(k) being obtained from (8) using the mmse
weight.
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Fig. 5. Receiver structure using frequency-domain ICI cancelation for the uth user.

Fig. 6. ICI cancelation structure. (a) Type I. (b) Type II. (c) Type III.

Finally, a series of Nc-point IFFT operation, chip-
deinterleaving, despreading, and data-demodulation is carried
out again to recover the transmitted data.

2) Type II: The type II cancelation scheme is comprised of
two steps. As shown in Fig. 6(b), the i = 0th step uses the
output R̂mmse(k) of joint mmse-FDE and diversity combining.
Nc-point IFFT is applied to {R̂mmse(k); k = 0 ∼ (Nc − 1)} to
obtain the time-domain signal r̂(0)

mmse(t). After the despreading
of r̂

(0)
mmse(t), the soft decision symbol replica d̃u(n) is gener-

ated for u = 0 ∼ (U − 1), as in (17). After the respreading of
d̃u(n), U parallel chip sequences are multiplexed and further
multiplied by cscr(t). Then, chip interleaving is used to generate

the replica s̃ (0)(t) of the spread signal s(t) transmitted from
the base station. After chip-interleaving, the Nc-point FFT is
applied to decompose the replica s̃ (0)(t) into Nc subcarrier
components S̃(0)(k), as in (19). The above i = 0th step of
type II cancelation is the same as that of type I cancelation.

What makes type II cancelation different from type I can-
celation is the i = 1st step, i.e., the ICI replica M̃

(0)
MRC(k) is

generated and subtracted from R̂MRC(k) [see Fig. 6(b)]. Hence,
the signal component R̃(1)(k) is given by

R̃(1)(k) = R̂MRC(k)− M̃
(0)
MRC(k) (22)

where M̃
(0)
MRC(k) is generated using (21) but replacing

Ĥmmse(k) by ĤMRC(k). The type II cancelation scheme max-
imizes the SNR after the ICI cancelation if the symbol replica
generation is correct [i.e., S̃(0)(k) = S(k) for all k in (19)].

3) Type III: The type III cancelation scheme is comprised
of three steps [see Fig. 6(c)]. The i = 0th step and i = 1st step
are the same as in type I. After performing type I cancelation,
the symbol replica s̃ (1)(t), which is more reliable than s̃ (0)(t),
is generated and decomposed into S̃(1)(k) by Nc-point FFT.
Then, in the i = 2nd step, the ICI replica M̃

(1)
MRC(k) is gen-

erated and subtracted from R̂MRC(k). R̃(i)(k) for type III is
given by

R̃(i)(k)=

{
R̂mmse(k)− M̃

(0)
mmse(k), for i = 1 (type I)

R̂MRC(k)− M̃
(1)
MRC(k), for i = 2

(23)

where

M̃
(1)
MRC(k)

=
√
2Ec

Tc

{
ĤMRC(k)− 1

Nc

Nc−1∑
k′=0

ĤMRC(k′)

}
S̃(1)(k) (24)
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Fig. 7. Downlink BER performance with hard ICI cancelation (χ → ∞)
without chip interleaving. (a) U = 8, (b) U = 16.

with

S̃(1)(k) =
Nc−1∑
t=0

s̃ (1)(t) exp
(
−j2πk

t

Nc

)
. (25)

IV. COMPUTER SIMULATION

The simulation parameters are the same as in Table I. We first
discuss the effect of hard ICI cancelation [i.e., χ → ∞ in (17)]
and then the effect of soft ICI cancelation.

A. Hard ICI Cancelation

The downlink BER performance with hard ICI cancelation
(χ → ∞) and without chip interleaving is plotted in Fig. 7 as

a function of the average received Eb/N0 for SF = 16. For
comparison, the performance using mmse-FDE without ICI
cancelation [i.e., χ → 0 in (17)] and the BER performances
of mmse-FDE and MRC-FDE with perfect ICI cancelation are
also plotted in Fig. 7. The theoretical lower bound is also plotted
in Fig. 7 to show how the BER performance improves if the
residual ICI can be perfectly canceled. The theoretical lower
bound is given by [2]

Pb,MF bound(Γ)=

[
1
2

(
1−

√
Γ/2

Γ/2 + L

)]L
L−1∑
k=0

(
L− 1 + k

k

)

×
[
1
2

(
1+

√
Γ/2

Γ/2 + L

)]k

(26)

where
(
a
b

)
is the binomial coefficient, and Γ = SF(Ec/N0)

is the average signal energy per symbol-to-AWGN power
spectrum density ratio Es/N0. Note that if the residual ICI
is perfectly canceled, the orthogonality among users can be
restored, and the MAI is not produced; therefore, the MAI
effect is not considered in (26).

It can be seen from Fig. 7 that if the residual ICI is perfectly
canceled, MRC-FDE provides better BER performance than
mmse-FDE since MRC-FDE achieves a higher SNR. This
implies that the type II and III cancelation schemes using both
mmse- and MRC-FDE give better BER performance than the
type I cancelation scheme using mmse-FDE only. This perfor-
mance superiority of the type II and III cancelation schemes to
the type I cancelation scheme can be confirmed from Fig. 7;
however, the type I cancelation scheme can improve BER
performance and approaches mmse-FDE with perfect ICI can-
celation. It is seen that the type III cancelation scheme can
further improve BER performance compared with the type II
cancelation scheme. This is because the type III cancelation
scheme uses, for ICI replica generation, the ICI-reduced signal
obtained by the type I cancelation scheme.

The downlink BER performance for U = 8 is plotted in
Fig. 7(a). With the type III cancelation scheme, an Eb/N0

reduction of about 3 dB is achieved for BER = 10−4 from
the case without cancelation, but the performance degradation
from the theoretical lower bound is still 3.3 dB (including a
0.5-dB loss due to the GI insertion). The use of two-branch
(Nr = 2) antenna diversity combining is effective to further
improve BER performance. The type III cancelation scheme
with antenna diversity provides a BER performance close to the
lower bound by about 1.6 dB. The downlink BER performance
for U = 16 is illustrated in Fig. 7(b). The achievable BER
performance is worse than the case of U = 8 since the larger
orthogonality distortion among the spreading codes is produced
due to the residual ICI for U = 16. With the type III cancelation
scheme, an Eb/N0 reduction of about 3.2 dB is achieved from
the case without cancelation.

So far, we have considered the case without chip inter-
leaving, in which respreading of an erroneous symbol replica
produces the error propagation over consecutive SF chips,
thereby generating unreliable ICI replica. The chip interleaving
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Fig. 8. Downlink BER performance with hard ICI cancelation (χ → ∞) and
chip interleaving. (a) U = 8, (b) U = 16.

technique can be used to avoid this error propagation and
further improve downlink BER performance. In this paper,
the SF ×Nc row–column interleaver is used as a chip inter-
leaver. The effect of chip interleaving is shown in Fig. 8(a)
and (b) for the case of U = 8 and 16, respectively. The use
of chip interleaving provides a better BER performance than
the case without chip interleaving. This is because a more
reliable ICI replica can be generated by the use of chip in-
terleaving. Similar to the case without chip interleaving, the
type III cancelation scheme provides a better BER perfor-
mance than the type I and II schemes. When U = 8 (16),
the required Eb/N0 for BER = 10−4 can be reduced with
the type III cancelation scheme by as much as about 5.1
(5.4) dB from the case without cancelation. The BER perfor-
mance for U = 8 (16) approaches the lower bound by about
1.2 (2.4) dB when Nr = 1. When Nr = 2 and U = 8 (16),
the BER performance with the type III scheme approaches the
lower bound by about 0.7 (0.8) dB (including a 0.5-dB loss due
to the GI insertion).

Fig. 9. Dependency of BER achievable by type III soft ICI cancelation on χ
for SF = U = 16 and Nr = 1.

Fig. 10. Performance comparison of type III soft ICI cancelation and hard
decision ICI cancelation when SF = U = 16 and Nr = 1.

B. Soft ICI Cancelation

So far, we have assumed hard ICI cancelation (χ → ∞), but
the use of soft symbol replica generation reduces the influence
of error propagation. The BER dependence on χ with the
type III soft ICI cancelation scheme is plotted in Fig. 9 for
Nr = 1 when SF = U = 16. When χ → 0, the soft decision
symbol replica becomes 0, and therefore, the BER performance
with χ → 0 approaches that without ICI cancelation. On the
other hand, when χ → ∞, the soft decision symbol replica
approaches the hard decision symbol replica; in this case, deci-
sion error produces large interference due to error propagation
and, hence, degrades BER performance. Therefore, there is an
optimum value of χ. It is seen that there is a broad optimum of
χ that gives the smallest BER for each Eb/N0 value. However,
the optimum χ is almost independent of Eb/N0 and can be
taken as χ = 7. Therefore, in the following simulation, χ = 7
is used.

Fig. 10 compares the downlink BER performances with the
type III soft and hard ICI cancelation schemes for Nr = 1when
SF = U = 16. For comparison, the performance without ICI
cancelation and the theoretical lower bound are also plotted.
The use of the soft symbol replica provides a better BER
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performance. An Eb/N0 reduction of about 0.5 dB is achieved
with soft ICI cancelation for BER = 10−4, and the BER perfor-
mance with the type III soft ICI cancelation scheme approaches
the theoretical lower bound by 1.9 dB, even if Nr = 1.

V. CONCLUSION

The residual ICI after FDE degrades the BER performance of
DS-CDMA downlink signal transmission with FDE. In this pa-
per, in order to suppress the residual ICI, frequency-domain ICI
cancelation was proposed, and the downlink BER performance
in a frequency-selective Rayleigh fading channel was evaluated
by computer simulation. In the proposed frequency-domain ICI
cancelation, the ICI replica in the frequency-domain is gener-
ated and subtracted from each subcarrier component after FDE.
Three types of ICI cancelation scheme have been presented in
this paper. Type III uses the ICI-reduced chip sequence obtained
by the type I cancelation scheme to improve the reliability of
ICI replica, thereby achieving the best BER performance. It
was shown that the joint use of chip interleaving is beneficial to
alleviate the error propagation effect and improve the reliability
of the ICI replica generation. When the number U of users
is U = 8 (16) for SF = 16, the Eb/N0 reduction for BER =
10−4 from the case without cancelation was found to be about
5.1 (5.4) dB. The use of two-branch antenna diversity brings
the BER performance close to the theoretical lower bound by
about 0.8 dB when U = 16. The effect of soft and hard ICI
cancelation was also discussed. It was shown that the use of
soft ICI cancelation improves the achievable BER performance
by about 0.5 dB for U = 16.
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