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SUMMARY It is well known that some of urban man-made
noises can be characterized by a wideband impulsive noise (pure
impulsive noise). The presence of this pure impulsive noise
may significantly degrade the wireless digital transmission per-
formance. As the data rate becomes higher and the radio band-
width becomes wider, the performance degradation due to pure
impulsive interference may become larger. In this paper, the DS-
CDMA transmission performance in the presence of pure impul-
sive interference is theoretically analyzed. First, the BER expres-
sions are derived for DS-CDMA with antenna diversity and Rake
combining in a frequency selective fading channel. Then, the nu-
merical computation based on Monte-Carlo method is performed
to evaluate the BER performance. Two types of error floor are
observed: one is due to impulsive interference and the other due
to the multi access interference (MAI). It is found that the error
floor due to impulsive interference becomes larger as the area of
impulse and the error floor is linearly proportional to the impulse
occurrence rate. Furthermore, it is found that the antenna di-
versity and Rake combining do not help to reduce the error floor
caused by impulsive interference and that the influence of impul-
sive interference can be negligible when the channel is limited by
the MAI (i.e., large number of users are in communication).
key words: impulsive interference, DS-CDMA, antenna diver-

sity, Rake receiver

1. Introduction

The man-made noise caused by vehicles, power lines,
electrical equipments, etc, is a non-Gaussian random
process. However, most practical receivers are designed
to be optimal or near optimal against Gaussian noise.
In mobile communications, a user may reach the vicin-
ity of interference source where the impulsive inter-
ference may seriously degrade the signal transmission
performance. Hence, the study of impulsive noise is
of practical importance. As a statistical model of im-
pulsive noise, the Middleton’s class-A impulsive noise
model [1] is well known. Another often used model is
the ε-mixture model [3], [5], [11], which is the mixture of
a heavy noise and a Gaussian distributed background
noise. To obtain highly tractable performance results,
the heavy noise is assumed as a Gaussian noise with
large variance in [3], [5]. It is known [5], [11] that the
ε-mixture model represents an approximation to the
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Middleton’s class-A model. In the above models, im-
pulsive interference is treated as a bandpass impulsive
noise having narrower spectrum than the receiver band-
width. On the other hand, ignition noise generated by
internal combustion engines of vehicles can be charac-
terized by a truly wideband impulsive noise [8]. Such
noise can be modeled as a pure impulsive interference.

The influence of the bandpass impulsive interfer-
ence on digital transmission performance has been stud-
ied extensively [1], [3], [5], [6], [11]. The bit error rate
(BER) performance analysis of direct sequence code di-
vision multiple access (DS-CDMA) in the presence of
the Middleton’s class-A interference and the ε-mixture
noise can be found in [6] and [5], respectively. Antenna
diversity reception is a well-known technique to improve
the BER performance in a multipath fading channel.
The BER performance of TDMA with antenna diver-
sity reception in the presence of the ε-mixture noise was
theoretically analyzed in [3] to reveal that linear com-
bining antenna diversity cannot effectively reduce the
influence of impulsive interference. Theoretical analysis
of the effect of pure impulsive interference on a narrow-
band digital system can be found in [9] and [10]. The
performance degradation due to ignition interference
(pure impulsive interference) was experimentally eval-
uated for a narrowband digital system to show that the
impulsive interference significantly degrades the BER
performance [2].

Recently, the radio bandwidth has become wider
and wider to meet the demands for higher data rate
transmissions. The third generation mobile commu-
nication systems use wideband DS-CDMA of around
5 MHz to increase the data rate with improved quality
[4]. A pure impulsive interference may cause significant
performance degradation in such a wideband system.
Another cause of performance degradation in a wide-
band system is the frequency selective fading, which can
be overcome by antenna diversity reception and Rake
combining. To the best of authors’ knowledge, the BER
performance of DS-CDMA with antenna diversity and
Rake combining in the presence of pure impulsive in-
terference has not been fully understood.

Motivated by the above, assuming pure impulsive
interference, this paper analyzes the BER performance
of DS-CDMA with antenna diversity and Rake com-
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bining in frequency selective fading. In Sect. 2, BER
expressions are derived. Then, in Sect. 3, the numeri-
cal computation based on Monte-Carlo method is per-
formed to evaluate the BER performance for the single
user case and the multi-user case. Sect. 4 draws some
conclusions.

2. Derivation of BER Expression in the Pres-
ence of Impulsive Interference

2.1 Transmission System Model

M -branch antenna diversity reception is considered.
Figure 1 illustrates the antenna arrangement and Fig. 2
shows the DS-CDMA receiver structure. Quadrature
phase shift keying (QPSK) and binary PSK (BPSK)
are assumed for data modulation and spreading modu-
lation, respectively. K users are assumed to be in simul-
taneous communication. The propagation channel is
assumed to have L discrete paths having different time
delays and independent Rayleigh fading. It is assumed
that the source of impulsive interference is located in
line of sight, but, sufficiently far from the receiver of
interest and hence it arrives as a plane wave with the
same incident angle to all the receiver antennas. The
received signal on each antenna is the sum of spread sig-
nals of different users, the impulsive interference, and
the background noise. An ideal L-finger coherent Rake
combiner based on maximal ratio combining (MRC) is
assumed. In each Rake finger, the composite signal
is de-spread by a correlator whose timing is synchro-
nized to each propagation path, and multiplied by the
complex conjugate of channel gain of the correspond-
ing path. All finger outputs of M antennas are then
combined.

Fig. 1 Antenna arrangement.

Fig. 2 DS-CDMA receiver structure.

2.2 Received Signal

Since we are interesting in the theoretical analysis of
the impulsive interference effect, ideal linear amplifier
is assumed (note that the use of a limiter receiver can
improve the BER performance in the presence of im-
pulsive interference [6]). The received signal rm(t) on
themth antenna is expressed using the equivalent base-
band representation as

rm(t) =
√

2S
∞∑

q=−∞

K−1∑
k=0

L−1∑
l=0

ξk,m,l(q)dk(q)

· ck(t− qT − lTc) + Im(t) + nm(t), (1)

where S is the average received signal power, ξk,m,l(q)
is the complex Gaussian process representing the chan-
nel gain of the lth path seen on the mth antenna of the
kth user’s receiver, and dk(q) is the qth data symbol of
kth user. It has been assumed that the time delays of L
paths are chip spaced (i.e., Tc) and the channel gain re-
mains constant over one symbol duration T . Note that
T = (SF )Tc = 2(PG)Tc for QPSK data modulation,
where SF is the spreading factor defined as the num-
ber of chips per data symbol, PG is the processing gain
defined as the number of chips per data bit. ck(t) is the
kth user’s spreading chip waveform and is represented
as

ck(t) =
∞∑

i=−∞
ck,iu(t− iTc), (2)

where

ck,i ∈ (1,−1)

u(t) =

{
1, 0 ≤ t < Tc

0, elsewhere
(3)

where {ck,i} is the random spreading code sequence.
Note that for the forward (base-to-mobile) link, {ck,i}’s
are generated by multiplying SF -length orthogonal se-
quences by a long pseudo noise (PN) random sequence
which is different for different base stations. The re-
verse (mobile-to-base) link is asynchronous while the
forward link is synchronous, but in this paper, syn-
chronous link is assumed for the simplicity of analysis
(the reverse link applies different long PN spreading se-
quences to different users and thus, the assumption of
synchronous timing does not cause any difference). In
Eq. (1), Im(t) and nm(t) represent the received impul-
sive interference and the additive white Gaussian noise
(AWGN) with one-sided power spectrum density N0.
Im(t) may be expressed as

Im(t) = I(t) exp[j2mπ(D/λ) cosφ], (4)

where φ is the incident angle to antennas, λ is the car-
rier wavelength, D is the antenna separation, and
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I(t) = A
∑

n

δ(t− tn) (5)

with tn being the occurrence time of the nth impulse.

2.3 Rake Combiner Output

First, we consider the reverse link. In each Rake fin-
ger, the received signal is correlated with the spreading
waveform ck(t). The 0th data symbol of the 0th user
(k = q = 0 in Eq. (1)) is to be detected. Assuming that
one impulse has occurred at the nth chip timing of the
first arrival path (i.e., zero time delay), the lth finger
output may be expressed as

ym,l =
√

2Sξ0,m,ld0 + Ĩm,l

+
1
T

L−1∑
l′=0
l′ �=l

√
2Sξ0,m,l′

∫ T

0

d0c0(t− l′Tc)

· c∗0(t− lTc)dt

+
1
T

L−1∑
l′=0

K−1∑
k=1

√
2Sξk,m,l′

∫ T

0

dkck(t− l′Tc)

· c∗0(t− lTc)dt

+
1
T

∫ T

0

nm(t− lTc)c∗0(t− lTc)dt, (6)

where ξk,m,l = ξk,m,l(0) and dk = dk(0) for simplicity,
and

Ĩm,l =
1
T

∫ T

0

Im(t)c∗0(t− lTc)dt

=
A

T
c∗0,n−l exp

[
j2mπ

D

λ
cosφ

]
, (7)

is the contribution from the impulsive interference to
the lth Rake finger output. We are assuming a pure
impulsive interference model [9], [10] as presented in
Eq. (5). The pure impulse has the infinite amplitude,
resulting in infinite power. However, since the de-
spreading process is equivalent to an integration filter
with the bandwidth of 1/T , the band-limited impulsive
interference has the finite amplitude, which is A/T as
understood from Eq. (7).

The desired signal components in the L finger
outputs are coherently combined by the Rake com-
biner based on MRC. Hence, the Rake combiner output
yreverse is represented as

yreverse

=
√

2S
M−1∑
m=0

L−1∑
l=0

ym,lξ
∗
0,m,l

= 2Sd0
M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

+
√

2SA
T

M−1∑
m=0

L−1∑
l=0

ξ∗0,m,lc
∗
0,n−l exp

[
j2πm

D

λ
cosφ

]

+
2S
T

M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0
l′ �=l

ξ0,m,l′ξ
∗
0,m,ld0

·
∫ T

0

c0(t− l′Tc)c∗0(t− lTc)dt

+
2S
T

M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0

K−1∑
k=1

ξk,m,l′ξ
∗
0,m,ldk

·
∫ T

0

ck(t− l′Tc)c∗0(t− lTc)dt

+
√

2S
T

M−1∑
m=0

L−1∑
l=0

ξ∗0,m,l

∫ T

0

nm(t− lTc)c∗0(t− lTc)dt,

(8)

which is the decision variable. The first term is the
desired signal component, the second term the contri-
bution from the impulse, the third term the inter-path
interference (IPI) from own user, the forth term the
MAI, and the last term the noise component due to
AWGN.

Rake fingers are time-synchronized to the time de-
lays of the multipath channel. Because of this, the rela-
tive time positions of the impulsive interference seen on
the different Rake fingers become different. Therefore,
it is interesting to note that the impulsive interference
is transformed to a chain of L impulses having time
delays same to those of the propagation channel.

Next, the forward link is considered. Unlike the
reverse link, the forward link is synchronous and the
orthogonal spreading codes can be used so that MAI
is not produced in the same path. Furthermore, trans-
mitted spread signals from all users experience the same
fading, i.e., ξk,m,l = ξ0,m,l. Hence, the Rake combiner
output yforward is represented as

yforward

=
√

2S
M−1∑
m=0

L−1∑
l=0

ym,lξ
∗
0,m,l

= 2Sd0
M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

+
√

2SA
T

M−1∑
m=0

L−1∑
l=0

ξ∗0,m,lc
∗
0,n−l exp

[
j2πm

D

λ
cosφ

]

+
2S
T

M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0
l′ �=l

ξ0,m,l′ξ
∗
0,m,ld0

·
∫ T

0

c0(t− l′Tc)c∗0(t− lTc)dt
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+
2S
T

M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0
l′ �=l

ξ0,m,l′ξ
∗
0,m,l

·
K−1∑
k=1

dk

∫ T

0

ck(t− l′Tc)c∗0(t− lTc)dt

+
√

2S
T

M−1∑
m=0

L−1∑
l=0

ξ∗0,m,l

∫ T

0

nm(t− lTc)c∗0(t− lTc)dt.

(9)

2.4 BER Expression

Assuming that the four phase symbols of QPSK are
transmitted equally likely, transmission of d0 = (1 +
j)/

√
2 (representing (1, 1) transmission) is considered

without loss of generality. The conditional error proba-
bility of the first bit for the given {ξk,m,l; k = 0 ∼ K−1,
m = 0 ∼ M − 1, l = 0 ∼ L − 1} and {dk; k = 0 ∼
K − 1} can be obtained once the statistical properties
of Re[y]|{ξk,m,l, d0 = (1 + j)/

√
2, dk} are known.

First, we consider the reverse link. From Eq. (8),
Re[yreverse ]|{ξk,m,l, d0 = (1 + j)/

√
2, dk} is given by

Re[yreverse ]|{ξk,m,l, d0 = (1 + j)/
√

2, dk}

=
√

2S
M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2 +
√

2SA
T

M−1∑
m=0

L−1∑
l=0

· Re[ξ∗0,m,lc
∗
0,n−l exp{j2πm(D/λ) cosφ}]

+
2S
T

M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0
l′ �=l

Re[ξ0,m,l′ξ
∗
0,m,ld0]

·
∫ T

0

c0(t− l′Tc)c0(t− lTc)dt

+
2S
T

M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0

K−1∑
k=1

Re[ξk,m,l′ξ
∗
0,m,ldk]

·
∫ T

0

ck(t− l′Tc)c0(t− lTc)dt

+
√

2S
T

M−1∑
m=0

L−1∑
l=0

Re

[
ξ∗0,m,l

∫ T

0

nm(t− lTc)c∗0(t− lTc)dt

]
.

(10)

By observing Eq. (10), it is understood that the incident
angle φ of impulsive interference has no impact on the
average decision error, since the channel gain is a com-
plex Gaussian variable and its phase is uniformly dis-
tributed over [−π, π]. Therefore, exp[j2πm(D/λ) cosφ]
can be dropped from the second term of Eq. (10).
The integral

∫ T

0
ck(t − l′Tc)c∗0(t − lTc)dt in the third

term has a zero mean binomial distribution and can
be well approximated as a zero mean Gaussian vari-
able for large PG from the central limit theorem.
Since there are 2PG chips in one QPSK symbol pe-
riod T , its variance is given by T 2/(2PG). The integral∫ T

0
nm(t− lTc)c∗0(t− lTc)dt in the noise component due

to AWGN is a complex Gaussian variable of zero mean
and variance 2N0T . Taking into account the above,
Re[yreverse ]|{ξk,m,l, d0 = (1 + j)/

√
2, dk} is approx-

imated as a Gaussian variable with average m0 and
variance σ20 :


m0 =
√

2S
M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

+
√

2S ·A
T

M−1∑
m=0

L−1∑
l=0

Re[ξ0,m,l]

σ20 =
2S2

PG

M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0
l′ �=l

Re2[ξ0,m,l′ξ
∗
0,m,ld0]

+
2S2

PG

M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0

K−1∑
k=1

Re2[ξk,m,l′ξ
∗
0,m,ldk]

+
2SN0
T

M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2.

(11)

Then, the conditional error probability is obtained as

Pr(Re[yreverse ] < 0|{ξk,m,l, d0 = (1 + j)/
√

2, dk})

=
1
2

erfc
(
m0√
2σ0

)
=

1
2

erfc(X
√
Y ), (12a)

with

X = 1 +

A√
2N0

1√
T√(

Eb

N0

)
M−1∑
m=0

L−1∑
l=0

Re[ξ0,m,l]

M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

Y =

(
Eb

N0

)M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

1 +
2
PG

(
Eb

N0

)




M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0
l′ �=l

Re2[ξ0,m,l′ξ
∗
0,m,ld0]

+
M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0

K−1∑
k=0

Re2[ξk,m,l′ξ
∗
0,m,ldk]




M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

(12b)
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where erfc(x) = (2/
√
π)
∫∞

x
exp(−t2)dt and Eb (=

ST/2) is the received signal energy per bit.
Similarly, the conditional error probability for the

forward link is obtained as

Pr(Re[yforward ] < 0 | {ξ0,m,l, d0 = (1 + j)/
√

2, dk}|)

=
1
2

erfc(X
√
Y ) (13a)

with

X = 1 +

A√
2N0

1√
T√

Eb

N0

M−1∑
m=0

L−1∑
l=0

Re[ξ0,m,l]

M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

Y =

(
Eb

N0

)M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

1 +
2
PG

(
Eb

N0

)
M−1∑
m=0

L−1∑
l=0

L−1∑
l′=0
l′ �=l

K−1∑
k=0

Re2[ξ0,m,lξ
∗
0,m,l′dk]

M−1∑
m=0

L−1∑
l=0

|ξ0,m,l|2

(13b)

Finally, the average BERs Pb(A)’s of the reverse
link and the forward link in the presence of impulsive
interference can be computed by averaging Eqs. (12)
and (13), respectively, over {ξk,m,l} and {dk}:

Pb(A) = Pr(Re[y] < 0 | d0 = (1 + j)/
√

2)

=
∫

· · ·
∫

Pr(Re[y] < 0 | {ξk,m,l,

d0 = (1 + j)/
√

2, dk})

×
∏

k,m,l

{p(ξk,m,l)dξk,m,l}×
∏
k

{p(dk)ddk}.

(14)

Assuming that the interference source does not gener-
ate more than one impulse in one data symbol period,
the overall BER Pb is given by

Pb = PpulsePb(A) + (1 − Ppulse)Pb(A = 0), (15)

where Pb(A = 0) is the average BER in the presence of
no impulsive interference and Ppulse is the probability
of the occurrence of the impulse per data symbol (or
the impulse occurrence rate normalized by QPSK data
symbol rate).

It can be understood from Eqs. (12), (13) and (15)
that the influence of impulsive noise on the BER per-
formance is governed by the following parameters: the
normalized impulse area A/

√
2N0, the symbol rate T ,

and the impulse occurrence rate Ppulse .

3. Numerical Results

The bit errors are produced by AWGN and MAI as
well as impulsive interference. For the multipath chan-
nel, the uniform power delay profile is assumed, i.e.,
E[|ξk,m,l|2] = 1/L for all k and m, where E[.] repre-
sents ensemble average. Unless otherwise stated, it is
assumed that the spreading chip rate is 32 MHz, the
symbol rate is 1 Msymbol/s (sps) (i.e., T = 10−6 sec
and PG = 32), Ppulse = 10−3, L = 4, and M = 4.

The average BER Pb(A) in the presence of impul-
sive interference is given by Eq. (14). However, obtain-
ing the closed-form equation is very difficult if not im-
possible. Therefore, we apply the Monte Carlo simu-
lation to numerically compute Eq. (14). The multiple-
integration required in Eq. (14) is performed based on
Monte Carlo method. Since Re[yreverse ]|{ξk,m,l, d0 =
(1 + j)/

√
2, dk} in Eq. (14) can be approximated as a

Gaussian distribution, the conditional error probabil-
ity for the given {ξk,m,l; k = 0 ∼ K − 1, m = 0 ∼
M − 1, l = 0 ∼ L − 1} and {dk; k = 0 ∼ K − 1}
can be expressed using the complimentary error func-
tion. Numerical computation of Pb(A) based on Monte
Carlo method is performed as follows. First, the set of
independent channel gains {ξk,m,l} and QPSK symbols
{dk} are generated. Then, using Eqs. (12) and (13),
the conditional error probability is computed. This is
repeated 1 million times to obtain Pb(A).

3.1 Effects of A/
√

2N0, 1/T , and Ppulse

To begin with, the single user case (K = 1) is as-
sumed. It is understood from Eqs. (12) and (13) that
the BER performance of reverse link is identical to that
of forward link. How A/

√
2N0, 1/T , and Ppulse affect

the BER performance is discussed assuming the con-
stant chip rate of 64 Mchip/s (i.e., the spreading band-
width of 64 MHz). The computed results are plotted in
Figs. 3–5.

Figure 3 plots the Pb(A) curves with A/
√

2N0 as
parameter assuming M = L = 1. The BER perfor-
mance with A/

√
2N0 = 0.0001 was found to be almost

identical to that in the presence of no impulsive inter-
ference. Increasing the value of A/

√
2N0 degrades the

BER performance. When the impulse becomes stronger
by 20 dB, the BER performance curve is shifted towards
right by 20 dB.

The relationship between the desired signal rms
amplitude and the area of impulsive interference is dis-
cussed below. The instantaneous rms amplitude of
desired signal after despreading is given by

√
S|ξ| =√

2Eb/T |ξ| from Eq. (6), where the signal energy per
bit Eb = ST/2 for QPSK data modulation and ξ
denotes the complex channel gain characterized by a
complex Gaussian process. For simplicity, we have as-
sumed a one-path propagation channel, single antenna
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Fig. 3 Effect of A/
√
2N0 on Pb(A). Single-user case.

reception and the single user, i.e., M = L = K = 1.
On the other hand, the amplitude of impulsive inter-
ference after despreading becomes A/T as seen from
Eq. (7). Consequently, the instantaneous desired sig-
nal rms amplitude-to-impulsive interference amplitude
ratio χ after despreading becomes

χ =
√
S

A/T
|ξ| =

(√
Eb

N0

√
T

A/
√

2N0

)
|ξ| = α|ξ|. (16)

For example, if the average signal energy per bit-to-
AWGN power spectrum density ratio (average Eb/N0)
= 30 dB, A/

√
2N0 = 0.01 and T = 10−6 [sec], the value

of α is
√

10. However, it should be noted that |ξ| is a
Rayleigh distributed random variable with E[|ξ|2] = 1.
The probability density function (pdf) of χ is given by

p(χ) =
χ

α2
exp

(
− χ2

2α2

)
. (17)

Assuming that bit errors are produced at the probabil-
ity of almost 1/2 when χ ≤ 1, Pb(A) can be approxi-
mately computed from

Pb(A) ≈ 1
2

∫ 1

0

p(χ)dχ =
1
2

[
1 − exp

(
− 1

2α2

)]
.

(18)

When the average Eb/N0 = 30 dB and A/
√

2N0 = 0.01,
the approximate Pb(A) computed from Eq. (18) be-
comes Pb(A) ≈ 2.4×10−2, which agrees quite well with
the result presented in Fig. 3.

Figure 4 plots the Pb(A) curves with the symbol
rate as parameter. The range of the symbol rates is
from 0.25 Msps to 32 Msps (i.e., PG = 128 to 1). For
comparison, the BER performance curve in the pres-
ence of no impulsive interference is plotted as a dotted

Fig. 4 Effect of symbol rate on Pb(A). Single-user case.

Fig. 5 Effect of Ppulse on overall BER performance.
Single-user case.

line. For the given chip rate, the BER performance de-
grades as the symbol rate increases. Two times increase
in the symbol rate degrades the BER performance by
about 3.5 dB.

Figure 5 plots the overall BER performance curves
with Ppulse as a parameter for M = L = 4. As the
average Eb/N0 increases, the BER falls first and re-
mains almost constant (BER floor) until a certain av-
erage Eb/N0 value, beyond which the BER value starts
to fall again. The BER floor value is determined by
the impulse occurrence rate Ppulse while the BER floor
region is determined by the value of A/

√
2N0 and T

as can be understood from Figs. 3 and 4. In the BER
floor region, the impulsive interference is a predominant
cause of errors and hence, from Eq. (15), Pb is approxi-
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Fig. 6 Effect of antenna diversity on overall BER performance.
Single-user case.

Fig. 7 Effect of Rake combining on overall BER performance.
Single-user case.

mately given by Pb
∼= Pb(A)Ppulse . Therefore, the BER

floor value is in proportion to Ppulse .

3.2 Effects of Antenna Diversity and Rake Combining

Again here, the single user case (K = 1) is assumed.
Figure 6 shows how antenna diversity improves the
BER performance assuming an L = 4-finger Rake com-
bining. It is seen in Fig. 6 that antenna diversity does
not help to reduce the BER floor due to impulsive in-
terference at all as found in [3]. In this region, the
probability Pb(A) of error due to impulsive interference
is almost 0.5 since the impulsive interference is much
stronger than the desired signal. Hence, such error can-

(a) Forward link

(b) Reverse link

Fig. 8 Effect of number K of users on overall BER
performance. Multi-user case.

not be eliminated by antenna diversity reception.
Figure 7 shows how the Rake combining improves

the BER performance for L = 1 ∼ 4. As found for
antenna diversity reception, Rake combining effect is
not helpful to reduce the influence of impulsive inter-
ference. This is due to the fact that the decision error is
produced with a probability of almost 0.5 when strong
impulse occurs.

3.3 BER Performance in Multi-User Case

So far we have considered the single user case. Here, we
extend the evaluation to the multi-user case. The BER
floor is produced by MAI in addition to impulsive noise.
It is interesting to see how differently the impulsive
interference impacts the overall BER performances of
the reverse link and forward link. Figure 8 plots the
BER performance with the number K of users as a
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(a) Forward link

(b) Reverse link

Fig. 9 Effect of antenna diversity on overall BER performance.
Multi-user case.

parameter. For comparison, the BER performances in
the presence of no impulsive interference are plotted as
dotted lines. As K increases, the influence of impulsive
interference tends to be masked by MAI when K > 16
(i.e., K/PG = 0.5) on the reverse link but K > 24 (i.e.,
K/PG = 0.75) on the forward link (this is because of
smaller MAI on the forward link owing to orthogonal
spreading codes).

Figure 9 plots the BER performance with the num-
ber M of antenna as a parameter for L = 4 and K = 16
(i.e., K/PG = 0.5). For comparison, the BER perfor-
mance in the presence of no impulsive interference is
also plotted as dotted lines. Without antenna diver-
sity, the BER performance is almost governed by MAI.
The BER due to MAI reduces asM increases. However,
as mentioned earlier, antenna diversity has no effect in

(a) Forward link

(b) Reverse link

Fig. 10 Effect of Rake combing on overall BER performance.
Multi-user case.

reducing the BER produced by impulsive interference
and hence, the error floor starts to appear when M in-
creases to 3 (4) on the forward (reverse) link. It should
be noticed that the BER floor due to impulsive noise is
the same for both reverse and forward links.

Figure 10 plots the BER performance with the
number L of Rake fingers as parameter for M = 4 and
K = 16 (i.e., K/PG = 0.5). For comparison, the BER
performances in the presence of no impulsive interfer-
ence are plotted as dotted lines. For the forward link,
the performance improvement against MAI is already
saturated with an M = 4-antenna diversity reception
and hence, no additional performance improvement can
be obtained by Rake combining. Hence, the BER floor
due to impulsive noise is visible. However, on the re-
verse link, the MAI still remains predominant even with
an M = 4-antenna diversity reception. Hence, Rake
combining can improve the BER performance. But
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when L is more than 3, the BER floor region due to
impulsive interference exists.

4. Conclusions

BER expressions for DS-CDMA with antenna diversity
and Rake combining in the presence of pure impulsive
interference were derived and then, the BER perfor-
mance was computed based on Monte-Carlo method.
The impact of the pure impulsive interference on the
BER performance was discussed. The results obtained
in this paper can be summarized as follows:

(a) The incident angle φ of impulsive interference to
diversity antennas has no impact on the average
decision error.

(b) Impulsive interference produces BER floor. The
BER floor value is governed by the impulse occur-
rence rate Ppulse while the BER floor region is de-
termined by the value of A/

√
2N0 and T .

(c) Antenna diversity reception and Rake combining
do not help to reduce the BER floor produced by
impulsive interference. They are however effective
in reducing the BER floor due to MAI.

The results obtained in this paper can be used to
estimate the performance degradation in the presence
of pure impulsive interference. The assumption made
in this paper on the pure impulsive interference was
that the impulses always have the same area A. How-
ever, in a real environment, the value of A may be a
random variable and impulses may arrive in groups.
How these affect the BER performance is left for fu-
ture study. Also, an interesting extension of the analy-
sis is to the case of Middleton’s class A impulsive noise
model.
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