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PAPER

Frequency-Domain Multi-Stage Soft Interference Cancellation for
DS-CDMA Uplink Signal Transmission

Koichi ISHIHARA†a), Member, Kazuaki TAKEDA†, Student Member, and Fumiyuki ADACHI†, Member

SUMMARY It is well-known that, in DS-CDMA downlink signal
transmission, frequency-domain equalization (FDE) based on minimum
mean square error (MMSE) criterion can replace rake combining to achieve
much improved bit error rate (BER) performance in severe frequency-
selective fading channel. However, in uplink signal transmission, as each
user’s signal goes through a different channel, a severe multi-user inter-
ference (MUI) is produced and the uplink BER performance severely de-
grades compared to the downlink. When a small spreading factor is used,
the uplink BER performance further degrades due to inter-chip interference
(ICI). In this paper, we propose a frequency-domain multi-stage soft inter-
ference cancellation scheme for the DS-CDMA uplink and the achievable
BER performance is evaluated by computer simulation. The BER perfor-
mance comparison of the proposed cancellation technique and the multi-
user detection (MUD) is also presented.
key words: DS-CDMA, frequency-domain equalization (FDE), MUI can-
cellation, multi-user detection (MUD)

1. Introduction

Wideband direct sequence code division multiple access
(DS-CDMA) with coherent rake combining has been
adopted in the 3rd generation mobile communication sys-
tems for data transmissions rates up to a few Mbps trans-
missions [1]. In the next generation mobile communica-
tion systems, however, much higher speed data transmis-
sion (e.g., close to 1 Gbps) is required. For such high-speed
data transmission, the channel becomes severely frequency-
selective [2] and the transmission performance significantly
degrades due to a large inter-path interference (IPI) even
if coherent rake combining is used. Recently, orthogonal
frequency division multiplexing (OFDM) and multi-carrier
(MC)-CDMA [3]–[5] have been attracting much attention.
OFDM uses many low rate orthogonal subcarriers for paral-
lel transmission and applies frequency-domain equalization
(FDE) to overcome the frequency-selective channel. MC-
CDMA is a combination of OFDM and CDMA, and spreads
the data modulated symbol over a number of subcarri-
ers (frequency-domain spreading) to achieve the frequency-
diversity gain. However, OFDM and MC-CDMA signals
have large peak-to-average power ratio (PAPR). This is a se-
rious problem for the uplink (mobile-to-base) signal trans-
mission since a linear transmit power amplifier with large
peak power is required at a mobile station (MS). On the
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other hand, DS-CDMA does not have such a PAPR prob-
lem in general. However, when rake combining is used for
the reception of DS-CDMA signals, the transmission perfor-
mance significantly degrades due to severe IPI. Therefore, a
proper equalization technique instead of rake combining is
necessary to improve the DS-CDMA transmission perfor-
mance.

Recently, it was shown [6]–[8] that the use of FDE
based on minimum mean square error (MMSE) criterion can
significantly improve the bit error rate (BER) performance
of DS-CDMA downlink and give similar performance to
MC-CDMA. However, in the uplink, each user’s signal goes
through a different channel and thus, the orthogonality be-
tween users is lost; the uplink BER performance severely
degrades due to multi-user interference (MUI) [9]–[13] even
if FDE is applied. Furthermore, when a small spreading fac-
tor is used, the BER performance degrades due to inter-chip
interference (ICI) [8]. Many works on the MUI and ICI can-
cellation are found, e.g., [11], [14]. In [14], MUI cancella-
tion is repeated together with time-domain equalization and
decoding. In [11], MUI cancellation and inter-symbol inter-
ference (ISI) cancellation are carried out separately; parallel
interference cancellation (PIC) is used to cancel MUI and
frequency-domain decision-feedback equalization (DFE) is
used to cancel ISI.

In this paper, we propose a frequency-domain multi-
stage soft PIC (FD-MS-SPIC) scheme and a frequency-
domain multi-stage soft successive interference cancellation
(FD-MS-SSIC) scheme to simultaneously suppress both
MUI and ICI. The remainder of this paper is organized as
follows. The DS-CDMA uplink signal transmission is pre-
sented in Sect. 2. The FD-MS-SPIC and SSIC are described
in Sect. 3. In Sect. 4, the MMSE weight and cancellation
weight are derived. Section 5 presents the computer simula-
tion results for the uplink BER performance in a frequency-
selective Rayleigh fading channel. The paper is concluded
in Sect. 6.

2. DS-CDMA Uplink Signal Transmission

The DS-CDMA uplink transmitter/receiver structure is il-
lustrated in Fig. 1. Throughout the paper, the chip-spaced
discrete-time signal representation is used.

We assume that U users are transmitting their signals to
the base station (BS). We consider the transmission of one
block of Nc chips, where Nc denotes the block length for
fast Fourier transform (FFT). At the uth user MS transmit-
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(a) MS transmitter.

(b) BS receiver.

Fig. 1 Uplink transmitter/receiver structure.

ter, u=0∼(U −1), a binary data sequence is transformed into
data-modulated symbol sequence du(n), n=0∼(Nc/SF − 1),
and then spread by multiplying it with a user-specific long
pseudo noise (PN) sequence cu(t), where SF is the spreading
factor. The resultant DS-CDMA signal su(t), t=0∼(Nc − 1),
can be expressed using the equivalent baseband representa-
tion as

su(t) =

√
2Ec

Tc
du

(⌊ t
SF

⌋)
· cu(t), (1)

where Ec and Tc represent the chip energy and the chip
length, respectively and �x� represents the largest integer
smaller than or equal to x. A user-specific random chip in-
terleaver is used in order to reduce the negative effect of
error propagation due to decision feedback used for the in-
terference replica generation. The last Ng chips of su(t) are
copied and inserted as a cyclic-prefix into the guard interval
(GI) at the beginning of the block [8].

U users’ transmitted signals go through different fading
channels and are received at the BS receiver. Assuming that
each user’s fading channel has L independent propagation
paths with chip-spaced distinct time delays {τu

l ; l = 0∼(L −
1)}, the impulse response hu(t) of the uth user’s channel can
be expressed as [15]

hu(t) =
L−1∑
l=0

hu
l δ(t − τu

l ), (2)

where hu
l is the lth path gain with

∑L−1
l=0 E[|hu

l |2] = 1 (E[.] is
the ensemble mean). In this paper, we assume that the users’
transmit timings are asynchronous but they are kept within
the GI and we also assume perfect chip timing.

The received signal r(t) can be expressed as

r(t) =
U−1∑
u=0

L−1∑
l=0

hu
l s(t − τu

l ) + η(t), (3)

where η(t) represents the zero-mean noise process hav-
ing variance 2N0/Tc with N0 representing the single-sided
power spectrum density of the additive white Gaussian noise
(AWGN). Here, we have assumed block fading, where path
gains remain constant over the time interval of t = −Ng∼
(Nc − 1). After the removal of the GI, the received signal is

decomposed into Nc frequency components {R(k); k = 0∼
(Nc − 1)} by applying Nc-point FFT. R(k) is given by

R(k) =
Nc−1∑
t=0

r(t) exp

(
− j2πk

t
Nc

)

=

U−1∑
u=0

Hu(k)S u(k) + Π(k), (4)

where S u(k) is the kth frequency component of su(t) and
Hu(k) and Π(k) are respectively the channel gain and the
noise component at the kth frequency due to the AWGN.
S u(k), Hu(k) and Π(k) are given by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

S u(k) =
Nc−1∑
t=0

su(t) exp

(
− j2πk

t
Nc

)

Hu(k) =
L−1∑
l=0

hu
l exp

(
− j2πk

τu
l

Nc

)

Π(k) =
Nc−1∑
t=0

η(t) exp

(
− j2πk

t
Nc

)
. (5)

Then, FD-MS-SPIC or SSIC is performed to obtain a se-
quence of decision variables for data demodulation.

3. FD-MS-SPIC and SSIC

The operation principle is described first for FD-MS-SPIC
and then for FD-MS-SSIC. We assume quadrature-phase
shift keying (QPSK) data modulation. The cancellation
structure at the ith stage is illustrated in Figs. 2 and 3 for
FD-MS-SPIC and SSIC, respectively.

3.1 FD-MS-SPIC

First, the uth user’s signal replica {S̄ u
i−1(k); k = 0∼Nc − 1} in

the frequency-domain is generated. The replica generation
for the uth user is illustrated in Fig. 4. The decision variable
for the nth symbol du(n) obtained after the (i − 1)th stage is
denoted by d̃u

i−1(n). The soft symbol replica d̄u
i−1(n) of the

uth user is generated by using the decision variable d̃u
i−1(n).

The log-likelihood ratio (LLR) λu
m(n) of the mth bit

bu
m,n in the nth symbol du(n) is computed using the deci-

sion variable d̃u
i−1(n), where m=0∼log2 M − 1 with M being

the modulation level. Approximating the residual interfer-
ence (MUI+ICI) plus noise as a zero-mean complex Gaus-
sian noise variable with variance 2σ̂2

i−1 (see Sect. 4.3), the
LLR for bu

m,n is given by [16]

λu
m(n) = ln

(
p(bu

m,n = 1)

p(bu
m,n = 0)

)

≈ ln

max
{du:bu

m,n=1}
1√

2πσ̂2
i−1

exp

(
− 1

2σ̂2
i−1

∣∣∣∣∣d̃u
i−1(n) −

√
2Ec

Tc
Au

i−1du
∣∣∣∣∣
2)

max
{du:bu

m,n=0}
1√

2πσ̂2
i−1

exp

(
− 1

2σ̂2
i−1

∣∣∣∣∣d̃u
i−1(n) −

√
2Ec

Tc
Au

i−1du
∣∣∣∣∣
2)
, (6)
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Fig. 2 FD-MS-SPIC structure for the uth user’s signal detection at the ith stage.

Fig. 3 FD-MS-SSIC structure for the uth user’s signal detection at the ith stage.

Fig. 4 Replica generator for uth user at the ith stage.

where p(bu
m,n = 1) (or p(bu

m,n = 0)) is the probability of
bu

m,n = 1 (or 0), {du : bu
m,n = 1 (or 0)} denotes a set of

symbols whose mth bit is 1 (or 0), and

Au
i−1 =

1
Nc

Nc−1∑
k=0

Ĥu
i−1(k) (7)

with

Ĥu
i−1(k) = wu

i−1(k)Hu(k), (8)

where wu
i−1(k) is the MMSE weight, which is derived in

Sect. 4.2. The denominator and numerator of Eq. (6) are
given as

max
{du:bu

m,n=1 (or 0)}⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1√

2πσ̂2
i−1

exp

⎛⎜⎜⎜⎜⎜⎜⎝− 1

2σ̂2
i−1

∣∣∣∣∣∣d̃u
i−1(n) −

√
2Ec

Tc
Au

i−1du

∣∣∣∣∣∣
2⎞⎟⎟⎟⎟⎟⎟⎠

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=
1√

2πσ̂2
i−1

exp

⎛⎜⎜⎜⎜⎜⎜⎝− 1

2σ̂2
i−1

∣∣∣∣∣∣d̃u
i−1(n)−

√
2Ec

Tc
Au

i−1dmin
bu

m,n=1 (or 0)

∣∣∣∣∣∣
2⎞⎟⎟⎟⎟⎟⎟⎠ ,
(9)

where dmin
bu

m,n=1 (or 0) is the most probable symbol whose mth

bit is 1 (or 0), for which the Euclidean distance from d̃u
i−1(n)

is minimal. Therefore, Eq. (6) can be approximated as

λu
m(n) ≈ 1

2σ̂2
i−1

⎛⎜⎜⎜⎜⎜⎜⎝
∣∣∣∣∣∣d̃u

i−1(n) −
√

2Ec

Tc
Au

i−1dmin
bu

m,n=0

∣∣∣∣∣∣
2

−
∣∣∣∣∣∣d̃u

i−1(n) −
√

2Ec

Tc
Au

i−1dmin
bu

m,n=1

∣∣∣∣∣∣
2⎞⎟⎟⎟⎟⎟⎟⎠ . (10)

The soft decision symbol d̄u
i−1(n) can be obtained from

[14]

d̄u
i−1(n) =

∑
d∈D

dbu
m,n

∏
bu

m,n∈d
p(bu

m,n), (11)

where dbu
m,n

is the candidate symbol (that has bu
m,n as the mth

bit) in the signal space D. Using p(bu
m,n = 1)+ p(bu

m,n = 0) =
1, p(bu

m,n = 1) and p(bu
m,n = 0) are given by

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
p(bu

m,n = 1) =
exp[λu

m(n)]
1 + exp[λu

m(n)]

p(bu
m,n = 0) =

1
1 + exp[λu

m(n)]

. (12)

Assuming QPSK data modulation in this paper, the soft
symbol replica d̄u

i−1(n) is given as

d̄u
i−1(n) =

(
1√
2
+ j

1√
2

)
p
(
bu

0,n = 1
)

p
(
bu

1,n = 1
)

+

(
1√
2
− j

1√
2

)
p
(
bu

0,n = 1
)

p
(
bu

1,n = 0
)
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+

(
− 1√

2
+ j

1√
2

)
p
(
bu

0,n = 0
)

p
(
bu

1,n = 1
)

+

(
− 1√

2
− j

1√
2

)
p
(
bu

0,n = 0
)

p
(
bu

1,n = 0
)
.

(13)

Substitution of Eq. (12) into Eq. (13) gives

d̄u
i−1(n) =

1√
2

[
tanh

(
λu

0(n)

2

)
+ j tanh

(
λu

1(n)

2

)]
. (14)

However, in this paper, to avoid the negative effect of the
error propagation from the replica generation, we take a
heuristic approach; the parameter βi−1 is introduced as

d̄u
i−1(n)≈ 1√

2

[
tanh

(
βi−1
λu

0(n)

2

)
+ j tanh

(
βi−1
λu

1(n)

2

)]
.

(15)

The soft symbol replica d̄u
i−1(n) is re-spread as

s̄u
i−1(t) =

√
2Ec

Tc
d̄u

i−1

(⌊ t
SF

⌋)
· cu(t) (16)

and then decomposed into Nc frequency components
{S̄ u

i−1(k); k = 0∼(Nc − 1)} by applying Nc-point FFT. S̄ u
i−1(k)

is given by

S̄ u
i−1(k) =

Nc−1∑
t=0

s̄u
i−1 exp

(
− j2πk

t
Nc

)
, (17)

where s̄u
−1(t) = 0. Then, joint MMSE-FDE and SPIC is

carried out, as in Fig. 2, as

S̃ u
i (k)=wu

i (k)R(k) − Mu
i (k)S̄ u

i−1(k)−
U−1∑
u′=0
�u

Mu′
i (k)S̄ u′

i−1(k),

(18)

where Mu′
i (k) is the cancellation weight (it will be derived

in Sect. 4.1), the second term is the ICI cancellation com-
ponent and the third one is the MUI cancellation compo-
nent. Nc-point inverse FFT (IFFT) is performed on {S̃ u

i (k);
k = 0∼(Nc − 1)} to recover the uth user’s transmitted sig-
nal s̃u

i (t), which corresponds to Eq. (1), and despreading is
carried out to obtain the decision variable d̃u

i (n) as

d̃u
i (n) =

1
SF

(n+1)SF−1∑
t=nSF

s̃u
i (t) · {cu(t)}∗. (19)

The above procedure is carried out for all U users.

3.2 FD-MS-SSIC

In FD-MS-SSIC, a series of joint MMSE-FDE and SSIC,
despreading, symbol decision, replica generation is carried
out for all users, according to the ranking of users’ received
signal powers. The uth user’s received signal power Pu is
given by

Pu =

Nc−1∑
k=0

|Hu(k)|2. (20)

{Pu; u = 0∼(U − 1)} are compared and users are ranked
according to {Pu} in the descending order. In this paper,
we assume P0 ≥ P1 ≥ . . . ≥ Pu ≥ . . . ≥ PU−1 without
loss of generality. The replica generation is the same as for
SPIC. The soft symbol replicas {d̄u′

i (n); u′ = 0∼(u − 1)} and
{d̄u′

i−1(n); u′ = u∼(U − 1)} are respectively generated from
{d̃u′

i (n); u′ = 0∼(u − 1)} and {d̃u′
i−1(n); u′ = u∼(U − 1)} using

Eqs. (10) and (15). The symbol replica d̄u′
i (n) (or d̄u′

i−1(n))
is re-spread and decomposed into Nc frequency components
{S̄ u′

i (k); k = 0∼(Nc − 1)} (or {S̄ u′
i−1(k); k = 0∼(Nc − 1)}) by

applying Nc-point FFT as in Eq. (17).
Joint MMSE-FDE and SSIC for the uth user at the ith

stage is carried out, as in Fig. 3, as

S̃ u
i (k) = wu

i (k)R(k) − Mu
i (k)S̄ u

i−1(k)

−
⎧⎪⎪⎨⎪⎪⎩

u−1∑
u′=0

Mu′
i (k)S̄ u′

i (k)+
U−1∑

u′=u+1

Mu′
i (k)S̄ u′

i−1(k)

⎫⎪⎪⎬⎪⎪⎭ , (21)

where the second and third terms are respectively the ICI
and MUI components to be cancelled.

Similar to SPIC, Nc-point IFFT is performed on {S̃ u
i (k);

k = 0∼(Nc − 1)} to recover the uth user’s transmitted signal
s̃u

i (t), which corresponds to Eq. (1), and despreading is car-
ried out to obtain the decision variable d̃u

i (n) as in Eq. (19).

4. Derivation of MMSE Weight, Cancellation Weight
and Interference Plus Noise Variance

4.1 Cancellation Weight

Substitution of Eq. (4) into Eq. (18) gives

S̃ u
i (k) = Ĥu

i (k)S u(k) +
U−1∑
u′=0
�u

wu
i (k)Hu′ (k)S u′ (k)

− Mu′
i (k)S̄ u′

i−1(k)−
U−1∑
u′=0
�u

Mu′
i (k)S̄ u′

i−1(k) + wu
i (k)Π(k) (22)

for SPIC. Substitution of Eq. (4) into Eq. (21) gives

S̃ u
i (k) = Ĥu

i (k)S u(k) +
U−1∑
u′=0
�u

wu
i (k)Hu′ (k)S u′ (k)

− Mu
i (k)S̄ u

i−1(k)

−
⎧⎪⎪⎨⎪⎪⎩

u−1∑
u′=0

Mu′
i (k)S̄ u′

i (k) +
U−1∑

u′=u+1

Mu′
i (k)S̄ u′

i−1(k)

⎫⎪⎪⎬⎪⎪⎭
+ wu

i (k)Π(k) (23)

for SSIC. The uth user’s time-domain signal s̃u
i (t) after joint

MMSE-FDE and SPIC or SSIC is obtained, by applying Nc-
point IFFT to {S̃ u

i (k); k = 0∼(Nc − 1)}, as

s̃u
i (t) = Au

i su(t) + µICI,i(t) + µMUI,i(t) + η̃i(t), (24)
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where µICI,i(t) and µMUI,i(t) are the residual ICI and MUI
components, respectively. They are given by

µICI,i(t) =
1

Nc

Nc−1∑
k=0

{(
Ĥu

i (k) − Au
i

)
S u(k) − Mu

i (k)S̄ u
i−1(k)

}

× exp

(
j2πk

t
Nc

)
(25)

and

µMUI,i(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
Nc

Nc−1∑
k=0

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
U−1∑
u′=0
�u

(
wu

i (k)Hu′ (k)S u′ (k)
−Mu′

i (k)S̄ u′
i−1(k)

)⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
× exp

(
j2πk t

Nc

)
for SPIC

1
Nc

Nc−1∑
k=0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

u−1∑
u′=0

(
wu

i (k)Hu′ (k)S u′ (k)
−Mu′

i (k)S̄ u′
i (k)

)

+

U−1∑
u′=u+1

(
wu

i (k)Hu′ (k)S u′ (k)
−Mu′

i (k)S̄ u′
i−1(k)

)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
× exp

(
j2πk t

Nc

)
for SSIC

.

(26)

η̃i(t) is the noise component, given by

η̃i(t) =
1

Nc

Nc−1∑
k=0

(
wu

i (k)Π(k)
)

exp

(
j2πk

t
Nc

)
. (27)

If Mu
i (k) can be chosen such that µICI,i(t) = µMUI,i(t) =

0 for all t, then the ICI and MUI cancellation is perfect. As-
suming that the replica generation in the (i−1)th or ith stage
is perfect (i.e., S u(k) = S̄ u

i−1(k) or S u(k) = S̄ u
i (k)), the can-

cellation weight Mu′
i (k) can be obtained, from Eqs. (25) and

(26), as

Mu′
i (k) =

{
Ĥu

i (k) − Au
i if u′ = u

wu
i (k)Hu′ (k) otherwise

, (28)

which is used for both SPIC and SSIC in this paper.

4.2 MMSE Weight

The equalization error eu
i (k) is defined as the difference be-

tween S̃ u
i (k) and the uth user’s kth frequency signal compo-

nent Au
i S u(k), given by the first term of Eq. (24). Therefore,

eu
i (k) is given by

eu
i (k) = S̃ u

i (k) − Au
i S u(k)

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

wu
i (k)

⎡⎢⎢⎢⎢⎢⎢⎣R(k) −
U−1∑
u′=0

Hu′ (k)S̄ u′
i−1(k)

⎤⎥⎥⎥⎥⎥⎥⎦
−Au

i

(
S u(k) − S̄ u

i−1(k)
)

for SPIC

wu
i (k)

⎡⎢⎢⎢⎢⎢⎢⎣R(k)−
u−1∑
u′=0

Hu′ (k)S̄ u′
i (k)−

U−1∑
u′=u

Hu′ (k)S̄ u′
i−1(k)

⎤⎥⎥⎥⎥⎥⎥⎦
−Au

i

(
S u(k) − S̄ u

i−1(k)
)

for SSIC

.

(29)

Since we assume a white-noise like user-specific long
PN sequence cu(t), we have E

[
S u(k){S u′ (k)}∗

]
=

E
[
S u(k){S̄ u′

i−1(k)}∗
]
= E

[
S̄ u

i−1(k){S̄ u′
i−1(k)}∗

]
= 0 if u � u′,

{Π(k); k = 0∼(Nc − 1)} are identical independent distributed
(i.i.d.) zero-mean complex-valued Gaussian variables hav-
ing variance 2(N0/Tc)Nc. Therefore, the MSE E[|eu

i (k)|2] for
SPIC becomes

E[|eu
i (k)|2]

=
2Ec

Tc
Nc

⎡⎢⎢⎢⎢⎢⎢⎣
∣∣∣wu

i (k)
∣∣∣2 U−1∑

u′=0

ρu′
i−1

∣∣∣Hu′ (k)
∣∣∣2 + ρu

i−1

∣∣∣Au
i

∣∣∣2

−2Re
[
wu

i (k)Hu(k)ρu
i−1Au

i

]
+

(
Ec

N0

)−1 ∣∣∣wu
i (k)

∣∣∣2
⎤⎥⎥⎥⎥⎥⎦ , (30)

where

ρu′
i−1 =

(
2Ec

Tc

)−1 1
Nc

E
[∣∣∣S u′ (k) − S̄ u′

i−1(k)
∣∣∣2]

=

(
2Ec

Tc

)−1 1
Nc

Nc−1∑
t=0

E
[∣∣∣su′(t) − s̄u′

i−1(t)
∣∣∣2]. (31)

Since s̄u′
i−1(t) is the expectation of su′(t) (i.e., s̄u′

i−1(t) =

E[su′(t)]) and E[
∣∣∣su′(t)

∣∣∣2] = 2Ec/Tc, we have

ρu′
i−1 =

(
2Ec

Tc

)−1 1
Nc

Nc−1∑
t=0

{
E

[∣∣∣su′(t)
∣∣∣2] − ∣∣∣s̄u′

i−1(t)
∣∣∣2}

=
1

Nc

Nc−1∑
t=0

⎧⎪⎪⎨⎪⎪⎩1 −
(
2Ec

Tc

)−1 ∣∣∣s̄u′
i−1(t)

∣∣∣2
⎫⎪⎪⎬⎪⎪⎭. (32)

The set of MMSE weights {wu
i (k); k = 0∼(Nc − 1)} satisfies

∂E[|ei(k)|2]/∂wu
i (k) = 0 for all k. Since

∂E[|ei(k)|2]
∂wu

i (k)
=

2Ec

Tc
Nc

⎡⎢⎢⎢⎢⎢⎢⎣2wu
i (k)

⎧⎪⎪⎨⎪⎪⎩
U−1∑
u′=0

ρu′
i−1

∣∣∣Hu′ (k)
∣∣∣2 +

(
Ec

N0

)−1
⎫⎪⎪⎬⎪⎪⎭

− 2ρu
i−1Au

i Hu∗(k)

⎤⎥⎥⎥⎥⎥⎦, (33)

we have

wu
i (k) =

Hu∗(k)
U−1∑
u′=0

ρu′
i−1

∣∣∣Hu′ (k)
∣∣∣2 +

(
Ec

N0

)−1
. (34)

At the initial stage (i=0) of SPIC, Eq. (34) becomes the
MMSE weight derived in Ref. [13].

Similar to SPIC, we can show that wu
i (k) for SSIC is

given by

wu
i (k) =

Hu∗(k)
u−1∑
u′=0

ρu′
i |Hu′ (k)|2+

U−1∑
u′=u

ρu′
i−1|Hu′ (k)|2+

(
Ec

N0

)−1
.

(35)
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4.3 Interference Plus Noise Variance

The variance 2σ̂2
i of interference (MUI+ICI) plus noise is

necessary to compute the LLR for soft symbol replica gen-
eration (see Sect. 3). The residual MUI can be approximated
as a zero-mean complex-valued Gaussian variable accord-
ing to the central limit theorem [17] since it is a contribution
from a number of different users’ signals. The residual ICI
can also be approximated as another zero-mean complex-
valued Gaussian variable since it is a contribution from a
large number of chips (i.e., Nc − 1 chips). Therefore, the
sum of interference (MUI+ICI) and noise can be treated as
a new zero-mean complex-valued Gaussian noise. The vari-
ance 2σ̂2

i is given by

2σ̂2
i = 2σ̂2

MUI,i + 2σ̂2
ICI,i + 2σ̂2

noise,i, (36)

where 2σ̂2
MUI,i, 2σ̂2

ICI,i and 2σ̂2
noise,i are the variances of

MUI, ICI and noise, respectively.
From Eq. (26), 2σ̂2

MUI,i is given by

2σ̂2
MUI,i = E

⎡⎢⎢⎢⎢⎢⎢⎢⎣
∣∣∣∣∣∣∣

1
SF

(n+1)SF−1∑
t=nSF

µMUI,i(t) {cu(t)}∗
∣∣∣∣∣∣∣
2⎤⎥⎥⎥⎥⎥⎥⎥⎦

=
1

SFNc

(
2Ec

Tc

) U−1∑
u′=0
�u

ρu′
i−1

Nc−1∑
k=0

∣∣∣wu
i (k)Hu′ (k)

∣∣∣2,
(37)

since we are assuming a white-noise like PN sequence and
therefore, E[cu(t){cu(τ)}∗] = δ(t − τ) (δ(t) is the delta func-
tion). Here, ρu′

i−1 is given by Eq. (32). 2σ̂2
ICI,i is obtained,

from Eq. (25), as

2σ̂2
ICI,i = E

⎡⎢⎢⎢⎢⎢⎢⎢⎣
∣∣∣∣∣∣∣

1
SF

(n+1)SF−1∑
t=nSF

µICI,i(t) {cu(t)}∗
∣∣∣∣∣∣∣
2⎤⎥⎥⎥⎥⎥⎥⎥⎦

=
1

SF
2Ec

Tc
ρu

i−1

⎡⎢⎢⎢⎢⎢⎢⎣ 1
Nc

Nc−1∑
k=0

∣∣∣Ĥu
i (k)

∣∣∣2−∣∣∣Au
i

∣∣∣2
⎤⎥⎥⎥⎥⎥⎥⎦ , (38)

since E[cu(t){cu(τ)}∗] = δ(t−τ). Finally, 2σ̂2
noise,i is given by

[8]

2σ̂2
noise,i =

1
SF

2N0

Tc

⎛⎜⎜⎜⎜⎜⎜⎝
Nc−1∑
k=0

|wu
i (k)|2

⎞⎟⎟⎟⎟⎟⎟⎠ . (39)

As a consequence, we have

2σ̂2
i = 2σ̂2

MUI,i + 2σ̂2
ICI,i + 2σ̂2

noise,i

=
1

SF
· 2Ec

Tc

⎡⎢⎢⎢⎢⎢⎣ 1
Nc

U−1∑
u′=0
�u

⎧⎪⎪⎨⎪⎪⎩ρu′
i−1

Nc−1∑
k=0

∣∣∣wu
i (k)Hu′ (k)

∣∣∣2
⎫⎪⎪⎬⎪⎪⎭

+ ρu
i−1

⎧⎪⎪⎨⎪⎪⎩
1

Nc

Nc−1∑
k=0

∣∣∣Ĥu
i (k)

∣∣∣2 − ∣∣∣Au
i

∣∣∣2
⎫⎪⎪⎬⎪⎪⎭

+

(
Ec

N0

)−1
⎛⎜⎜⎜⎜⎜⎜⎝ 1

Nc

Nc−1∑
k=0

|wu
i (k)|2

⎞⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎦. (40)

In a similar manner to SPIC, we can derive 2σ̂2
i as

2σ̂2
i =

1
SF
· 2Ec

Tc

⎡⎢⎢⎢⎢⎢⎣ 1
Nc

u−1∑
u′=0

⎧⎪⎪⎨⎪⎪⎩ρu′
i

Nc−1∑
k=0

∣∣∣wu
i (k)Hu′ (k)

∣∣∣2
⎫⎪⎪⎬⎪⎪⎭

+
1

Nc

U−1∑
u′=u+1

⎧⎪⎪⎨⎪⎪⎩ρu′
i−1

Nc−1∑
k=0

∣∣∣wu
i (k)Hu′ (k)

∣∣∣2
⎫⎪⎪⎬⎪⎪⎭

+ ρu
i−1

⎧⎪⎪⎨⎪⎪⎩
1

Nc

Nc−1∑
k=0

∣∣∣Ĥu
i (k)

∣∣∣2 − ∣∣∣Au
i

∣∣∣2
⎫⎪⎪⎬⎪⎪⎭

+

(
Ec

N0

)−1
⎛⎜⎜⎜⎜⎜⎜⎝ 1

Nc

Nc−1∑
k=0

|wu
i (k)|2

⎞⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎦

for SSIC. (41)

5. Computer Simulation Results

Table 1 shows the computer simulation conditions. We as-
sume an FFT block length of Nc=256 chips, a GI length
of Ng=32 chips, and QPSK data-modulation. A chip-
spaced 16-path (L=16) frequency-selective block Rayleigh
fading channel having a uniform power delay profile (i.e.,
E[|hu

l |2] = 1/L for all l) are assumed. The path gains stay
unchanged, but vary block by block. In [18], how the vari-
ation of the path gains during a block affects the BER per-
formance is discussed. According to [18], the BER perfor-
mance is almost insensitive to the fading rate if the normal-
ized maximum Doppler frequency fD(Nc + Ng)Tc is smaller
than 0.01 (this corresponds to a terminal moving speed of
750 km/h for a chip rate 1/Tc of 100 Mchip/s and a carrier
frequency of 5 GHz for an FFT size of Nc=256 chips and
a GI length of Ng=32 chips). Therefore, we assume block
fading.

In the next generation mobile communication systems,
much higher speed data transmissions than the present sys-
tems are required. To achieve high speed data transmissions

Table 1 Simulation conditions.
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(a) U = 8. (b) U = 12.

(c) U = 16.

Fig. 5 Uplink BER performance using FD-MS-SPIC.

for the given chip rate (or bandwidth), the spreading factor
SF must be small. In Ref. [19], SF=16 is used in uplink
packet data transmission. In the following computer simu-
lation, only SF=16 is considered. Users’ transmit timings
are asynchronous but they are assumed to be kept within the
GI and to be perfect chip timing by transmit timing control.
We assume ideal channel estimation.

For the soft symbol replica generation, the parameter
βi was introduced in Eq. (15). As βi → 0, the soft deci-
sion chip replica becomes zero and the BER performance
approaches that without interference cancellation (IC). On

the other hand, as βi → 1, the accuracy of chip replica may
deteriorate due to the error propagation. Therefore, there
exists an optimum value in βi, which was found by com-
puter simulation in this paper. We use a random interleaver
in order to reduce the negative effect of error propagation
due to decision feedback. We have found by computer sim-
ulation that the interleaver size to sufficiently improve the
BER performance is SF-by-Nc chips. With chip interleaver,
the decision error is scattered over an interval of SF-by-Nc

chips and more reliable ICI replica can be generated (with-
out chip interleaver, re-spreading of an erroneous symbol
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(a) U = 8. (b) U = 12.

(c) U = 16.

Fig. 6 Uplink BER performance using FD-MS-SSIC.

replica produces the error propagation over consecutive SF
chips).

Figures 5 and 6 show the average BER performance as
a function of the average received signal energy per bit-to-
the AWGN power spectrum density ratio Eb/N0 (=0.5SF(1+
Ng/Nc)(Ec/N0)). The optimum parameter βi found by the
computer simulation is shown in the figures. Also plot-
ted in the figures for comparison are the theoretical lower
bound BER performance [8], the single-user (U=1) perfor-
mance without IC (therefore, the residual ICI remains intact)
and the BER performance with multi-user detection (MUD)

[12]. The lower bound BER performance is obtained by
assuming maximum ratio combining (MRC)-FDE and ne-
glecting the ICI for the single-user case (U=1). The rea-
son for assuming MRC-FDE instead of MMSE-FDE is that
MRC-FDE achieves the highest signal-to-noise power ratio
(SNR).

In this paper, we have assumed the same average re-
ceived signal power for all users, but they have differ-
ent instantaneous received signal powers. In SSIC, users
are ranked according to their instantaneous received signal
powers. It was found by computer simulation that when
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i ≤ 3, the BER performance with ranking is better than that
without ranking; however, when i=4, almost the same BER
performance is achieved with and without ranking. In Fig. 6,
the BER performance of SSIC with ranking is plotted.

Without IC (i.e., FD-MS-PIC with i=0), the BER per-
formance is severely degraded due to a severe MUI. How-
ever, it can be seen that the proposed FD-MS-SPIC/SSIC
scheme can significantly improve the BER performance un-
der multi-user environment.

When U = 8 (see Figs. 5(a) and 6(a)), even with
i=3rd (2nd) stage for SPIC (SSIC), the average BER perfor-
mance can be significantly improved and is better than with
MUD. Furthermore, the BER performance with FD-MS-
SPIC/SSIC is better than that of single-user case (without
IC). This is because SPIC and SSIC can sufficiently suppress
the MUI and ICI while the ICI remains intact in the single-
user case. The Eb/N0 degradation for BER=10−3 from the
lower bound performance becomes as small as 0.6 dB.

For full load condition of U/SF=1 (i.e., U=16), SPIC
cannot improve the BER performance because of the nega-
tive effect of the error propagation due to decision feedback.
On the other hand, SSIC with i=4 SSIC can achieve a BER
performance close to the lower bound. In SSIC, the inter-
ference cancellation is more reliable since it is done in the
descending order of the received signal power.

As the number of users increases, the MUI becomes
severer, and hence the number of stages necessary to achieve
a good BER performance increases. For FD-MS-SSIC, a
sufficient number of iterations for improving the BER per-
formance is found, from Fig. 6, to be i=2, 3, and 4 for U=8,
12, and 16, respectively. On the other hand, for FD-MS-
SPIC, it is found, from Fig. 5, to be i=4 and 6 for U=8 and
12, respectively; however, when U=16, SPIC cannot pro-
vide a good BER performance because of the negative effect
of the error propagation due to decision feedback.

In this paper, we have assumed the same average re-
ceived signal power for all users; this is equivalent to the
use of slow transmit power control (TPC). We have also ex-
amined the BER performance assuming the same instanta-
neous received signal power for all users (equivalent to the
use of fast TPC) and found that although all users are ranked
the same, SIC provides better BER performance than PIC
(for the sake of brevity, the BER performance with fast TPC
are not shown here). A possible reason for this is as follows.
In SIC, MUI replica of an interfering user is subtracted one
by one from the received signal. However, in PIC, the MUI
replicas of all interfering users are subtracted at once from
the received signal, thereby large error propagation due to
feedback is sometimes produced.

6. Conclusion

In this paper, we proposed a frequency-domain multi-
stage soft parallel interference cancellation (FD-MS-SPIC)
scheme and a frequency-domain multi-stage soft successive
interference cancellation (FD-MS-SSIC) scheme in DS-
CDMA uplink signal transmission. We have derived the

MMSE weight and IC weight taking into account the resid-
ual inter-chip interference (ICI) and multi-user interference
(MUI). The MMSE weight, cancellation weight, and the soft
interference replica generation weight are updated in each
cancellation stage. The BER performances with the pro-
posed FD-MS-SPIC/SSIC scheme in a frequency-selective
Rayleigh fading were evaluated by computer simulation.
When the channel is lightly loaded (e.g., U/SF=0.5), both
SPIC and SSIC work well and a performance close to the
lower bound can be achieved at the i=3rd stage for SPIC
and the i=2nd stage for SSIC. The average BER perfor-
mance with the proposed scheme is better than with multi-
user detection (MUD) and that of the single-user case (with-
out IC). This is because SPIC/SSIC can sufficiently suppress
the MUI and ICI. However, when the channel is fully loaded
(U/SF=1), SPIC cannot work, but SSIC with the i=4th stage
provides a good BER performance.

In this paper, by assuming ideal channel estimation, we
have shown that the proposed IC schemes can significantly
improve the DS-CDMA uplink performance in a multi-user
environment. However, the BER performance with IC is
sensitive to the channel estimation error. The impact of the
channel estimation error is left as an important future study.
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