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PAPER

Theoretical Performance Analysis of Downlink Site Diversity in
an MC-CDMA Cellular System

Arny ALI†, Nonmember, Takamichi INOUE†, and Fumiyuki ADACHI†a), Members

SUMMARY The downlink (base-to-mobile) bit error rate (BER) per-
formance for a mobile user with relatively weak received signal in a
multicarrier-CDMA (MC-CDMA) cellular system can be improved by uti-
lizing the site diversity reception. With joint use of MMSE-based frequency
domain equalization (FDE) and antenna diversity combining, the site diver-
sity operation will increase the downlink capacity. In this paper, an expres-
sion for the theoretical conditional BER for the given set of channel gains is
derived based on Gaussian approximation of the interference components.
The local average BER is then obtained by averaging the conditional BER
over the given set of channel gains using Monte-Carlo numerical method.
The outage probability is measured from the numerically obtained cumula-
tive distribution of the local average BER to determine the downlink capac-
ity. Results from theoretical computation are compared to the results from
computer simulation and discussed.
key words: MC-CDMA, site diversity, downlink capacity, outage probabil-
ity, MMSE-based FDE, antenna diversity

1. Introduction

Due to many reflecting and refracting obstacles between a
base station (BS) and a mobile user, the propagation chan-
nel suffers from a series of multipaths with different delays
and amplitudes, resulting in the frequency-selective fading
[1]. In addition to this, the channel is also impaired by the
attenuation effect from the distance-dependent path loss and
shadowing loss.

Meanwhile, multicarrier-CDMA (MC-CDMA) has
been considered as a wireless access candidate for a wide-
band downlink transmission due to its robustness against the
frequency-selectivity of the multipath channel and high fre-
quency efficiency [2]–[8]. A basic MC-CDMA transmitter
spreads the user’s data symbol using an orthogonal spread-
ing code in the frequency domain. Moreover, the use of
frequency-domain equalization (FDE) based on minimum
mean squared error (MMSE), referred to as MMSE-FDE
in this paper, in wireless transmission has been shown to
provide good bit error rate (BER) performance for an MC-
CDMA system in a severe fading environment [2]–[8]. In
a cellular system, MC-CDMA employs the frequency reuse
feature that efficiently utilizes the limited bandwidth, similar
to a direct sequence CDMA (DS-CDMA) [9]. This feature
initiates the use of site diversity reception, allowing a mobile
user to receive signals from multiple base stations (BS’s)
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and thus improving the downlink transmission performance
for a mobile user with relatively weak received signal power,
due to the shadowing loss and distance-dependent path loss
[1]. Recently, it has been shown by computer simulation in
[10] that the site diversity operation can improve the down-
link capacity with joint use of MMSE-FDE and receive an-
tenna diversity. However, there has been no theoretical work
to compare with the computer simulation results obtained
from [10]. The objective of this paper is to build the theoret-
ical foundation to evaluate the downlink performance with
site diversity operation and compare the theoretical perfor-
mance results to the computer simulation results [10].

This paper is organized as follows. Section 2 presents
the downlink site diversity operation and the transmission
system model for cellular MC-CDMA with MMSE-FDE
and receive antenna diversity. The theoretical BER analysis
is presented in Sect. 3, where the expression for conditional
BER for the given set of channel gains is derived. This is
followed by Sect. 4, where the local average BER is com-
puted by averaging the conditional BER over the given set
of channel gains using Monte-Carlo numerical method, and
the numerically obtained cumulative distribution of the local
average BER is tabulated for finding the outage probability.
Theoretical computation results are then compared to com-
puter simulation results with discussion. Section 5 gives the
conclusion for this paper and some future works.

2. System Model

2.1 Site Diversity in Downlink Transmission

Assuming all BS’s transmit pilot signals with equal power,
a mobile user measures the local average received signal
power from surrounding BS’s and sorts out them out in de-
scending order. The “local average received power” means
taking the average of the instantaneous received power in or-
der to remove the received power variations due to multipath
fading and only the influence of shadowing and distance-
dependent path loss remains. In site diversity operation, the
selection for active BS’s is performed based on a thresh-
old Pth. A BS having a local average received signal power
within the threshold from the maximum will be selected
as an active BS for the operation. Figure 1 shows the site
diversity operation model for the case of three (3) active
BS’s, with the radio network controller (RNC) monitoring
the whole operation [10].

The threshold Pth can control the number of active
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BS’s. Therefore, it is an important design parameter in site
diversity operation. When Pth is too small, the number of
selected BS’s is small and this decreases the downlink ca-
pacity. However, setting a too large Pth will result in select-

Fig. 1 Site diversity model.

(a) Base station transmitter.

(b) Mobile station receiver.

Fig. 2 Downlink MC-CDMA transmitter/receiver with site diversity operation.

ing more BS’s and increasing the interference power and for
compensating this, the downlink capacity has to be reduced.
Evidently, there shall be an optimum Pth that gives the max-
imum downlink capacity.

2.2 Transmit/Receive Signal Representation

The downlink MC-CDMA transmitter/receiver for site di-
versity operation with joint use of MMSE-FDE and receive
antenna diversity is illustrated in Fig. 2. An MC-CDMA
system with Nc subcarriers and spreading factor SF is as-
sumed. At BS i, the data modulated symbol sequence
{du(i)(n); n = 0 ∼ Nc/SF − 1} for user u(i) in cell of BS i
is first serial-to-parallel (S/P) converted into Nc/SF parallel
data sequences. Each of the S/P converter output is copied
SF times and multiplied with the orthogonal spreading code
{cu(i)(k); k = 0 ∼ SF − 1}. All users’ spread signal compo-
nents at each subcarrier are combined and multiplied with
the common scrambling code {cPN(i)(k); k = 0 ∼ Nc − 1}
of BS i. Different scrambling codes are used in different
cell sites for separating the cell sites as in DS-CDMA cel-
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lular systems [11], besides making the resultant signal to be
white-noise like.

In this paper, we use discrete-time representation of the
transmit signal. The composite transmit signal of BS i at
subcarrier k is given as

s̃i(k) =

√
2Pi

SF

U+δui−1∑
u(i)=0

du(i)

(⌊
k

SF

⌋)

× cu(i)(k mod SF)cPN(i)(k) (1)

with Pi and U + δui defined as the transmit power per chan-
nel and the total number of active channels (users) of BS i,
respectively, where U denotes the number of users per cell
and δui denotes the number of additional channels of BS
i for site diversity (for users, in surrounding cells, receiv-
ing signals from BS i during site diversity operation) and∣∣∣du(i)(n)

∣∣∣ = ∣∣∣cu(i)(k)
∣∣∣ = ∣∣∣cPN(i)(k)

∣∣∣=1. The orthogonal spread-
ing and the scrambling codes have the following character-
istics⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

1
SF

SF−1∑
k=0

cu(i)(k)c∗u′(i)(k) = δ(u − u′)

E
[
cPN(i)(k)c∗PN(i)(k

′)
]
= δ(k − k′)

, (2)

where δ(.) denotes the delta function.
Perfect orthogonality between users cannot be achieved

in a multipath fading channel, and this produces the multiple
access interference (MAI). Furthermore, the inter-cellular
interference (ICI) from other neighboring cells has to be
considered since the scrambling codes between cells are not
orthogonal. After Nc-point IFFT, an Ng-sample cyclic pre-
fix is inserted into the guard interval (GI) placed at the be-
ginning of each symbol frame to mitigate the inter-symbol
interference (ISI). The MC-CDMA transmit signal is then
expressed as

si(t) =
Nc−1∑
k=0

s̃i(k) exp

(
j2πk

t
Nc

)
(3)

for t = −Ng ∼ Nc − 1.
We consider user u( j) in cell of BS j as a user of in-

terest. The signal si(t) transmitted from BS i is assumed
to go through a frequency-selective block Rayleigh fading
channel with L independent propagation paths. The channel
impulse response observed by antenna m can be written as
[12]

h(m)
i u( j)(τ) =

L−1∑
l=0

ξ(m)
i u( j),lδ(τ − τl), (4)

where ξ(m)
i u( j),l and τl denotes the complex path gain and time

delay of the path l between BS i and antenna m of user u( j)

in cell of BS j respectively, with E
[∑L−1

l=0

∣∣∣∣ξ(m)
i u( j),l

∣∣∣∣2] = 1 for

all m, with E[.] representing the ensemble average opera-
tion. It is assumed that the time delay of each path is an
integer multiple of the Nc-point IFFT sampling period Tc.

For M-branch antenna diversity reception, the antenna sep-
aration is assumed to be sufficiently large for all the receiv-
ing antennas to obtain independent fading and the path gains
{ξ(m)

i u( j),l; m = 0, . . . ,M − 1, l = 0, . . . , L− 1} are then charac-
terized to be independent zero-mean complex random pro-
cesses.

The MC-CDMA signal transmitted from a base station
goes through a frequency-selective fading channel. The re-
ceived MC-CDMA signal at antenna m of user u( j) in cell
of BS j is sampled at a rate of 1/Tc. Its equivalent baseband
representation, r(m)

u( j)(t), t = −Ng ∼ Nc − 1, is given by

r(m)
u( j)(t) =

∞∑
i=0

L−1∑
l=0

ξ(m)
i u( j),l si u( j)(t − τl) + n(m)(t), (5)

where si u( j)(t) denotes the MC-CDMA signal transmitted
from BS i (i.e., si(t) in (3)) and received by user u( j) in cell
of BS j and n(m)(t) is the zero-mean complex additive white
Gaussian noise (AWGN) having a variance of 2N0/Tc with
N0 being the single-sided power spectrum density. si u( j)(t)
is given as⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

si u( j)(t) =

√
S i u( j)

Pi
si(t)

S i u( j) = Pi × r−αi u( j) × 10−ηi u( j)/10
, (6)

where S i u( j) represents the local average signal power re-
ceived by user u( j) from BS i, ri u( j) and ηi u( j) respectively
the distance and the shadowing loss in dB between the BS i
and user u( j), and α the path loss exponent. Since the shad-
owing loss varies following to approximately the lognormal
distribution [1], ηi u( j) is characterized as a zero-mean Gaus-
sian variable with the standard deviation β.

After the GI is removed with the assumption that there
is no exceeding time delay, the received signal at each an-
tenna is decomposed into Nc-subcarrier components by the
FFT processing. The kth subcarrier component is given as

R(m)
u( j)(k)

=
1
Nc

Nc−1∑
t=0

r(m)
u( j)(t) exp

(
− j2πk

t
Nc

)

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∞∑
i=0

H(m)
i u( j)(k)

√
2S i u( j)

SF

×
⎛⎜⎜⎜⎜⎜⎜⎝

U+δui−1∑
u(i)=0

du(i)

(⌊
k

SF

⌋)
cu(i)(k mod SF)cPN(i)(k)

⎞⎟⎟⎟⎟⎟⎟⎠

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+
∏(m)(k), (7)

where H(m)
i u( j)(k) and Π(m)(k) are respectively the channel

gain and the noise component due to AGWN received on
antenna m and they are given as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

H(m)
i u( j)(k) =

L−1∑
l=0

ξ(m)
i u( j),l exp

(
− j2πk

τl

Nc

)

Π(m)(k) =
1

Nc

Nc−1∑
t=0

n(m)(t) exp

(
− j2πk

t
Nc

) . (8)
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2.3 Joint MMSE-FDE and Receive Antenna Diversity

The Nc-subcarrier components are multiplied by the com-
plex conjugate of the scrambling code to extract the desired
signal component from the selected active BS in the site
diversity operation. To reduce the distortion among sub-
carrier components arising from frequency-selective fading,
the frequency domain equalization is necessary [2], [3]. The
MMSE weight for the joint FDE and receive antenna diver-
sity derived in site diversity operation is given as [10]

w(m)
i u( j)(k) =

Γ
eff
i u( j)H

(m)∗
i u( j)(k)

∞∑
i=0

(U + δui)Γ
eff
i u( j)

M−1∑
m=0

∣∣∣∣H(m)
i u( j)(k)

∣∣∣∣2+SF

(9)

with

Γ
eff
i u( j) =

S i u( j)NcTc

N0

=
Es

N0
× r−αi u( j) × 10−ηi u( j)/10, (10)

where Es/N0 = PiNcTc/N0 represents the transmitted effec-
tive symbol energy-to-AWGN power spectrum density ratio.
Then, the signal components of each subcarrier k received
by M antennas are all combined.

2.4 Decision Variable

To obtain the decision variable yu( j)(n) for the nth data mod-
ulated symbol of user u( j), site diversity combining (i.e.,
combining the desired signal kth subcarrier components re-
ceived from D selected BS’s) is performed first after joint
FDE and receive diversity [10] and then, despreading (i.e.,
summing up the site diversity-combined kth subcarrier com-
ponent from k=nSF to (n+1)SF−1 after multiplying with the
complex conjugate of the spreading code cu( j)(k mod SF)).
The decision variable is expressed as

yu( j)(n)

=
1

SF

(n+1)SF−1∑
k=nSF

⎛⎜⎜⎜⎜⎜⎜⎝
M−1∑
m=0

D−1∑
b=0

εbw
(m)
b u( j)(k)R(m)

u( j)(k)c∗PN(b)(k)

⎞⎟⎟⎟⎟⎟⎟⎠
× c∗u( j)(k mod SF) (11)

where D is the allowable maximum number of active BS’s
and εb=1 (0) for the BS with ∆b < Pth (otherwise) with
∆b representing the difference of the local average received
signal power associated with BSb from the maximum value.
The active BS index is given in descending order and only
D strongest BS’s that satisfy ∆b < Pth are selected for site
diversity operation [10].

After the parallel-to-serial (P/S) conversion, the set
of Nc/SF decision variables is demodulated to recover the
transmitted data symbol sequence. Substituting (6) into (11)
gives

yu( j)(n) = xu( j)(n) + µnoise(n) + µMAI(n) + µICI(n), (12)

where the first term represents the desired signal component,
the second term the noise component due to AWGN, the
third term the MAI and the fourth term the ICI. The desired
signal component is given by

xu( j)(n)

=

⎛⎜⎜⎜⎜⎜⎜⎝ 1
SF

(n+1)SF−1∑
k=nSF

M−1∑
m=0

D−1∑
b=0

εbw
(m)
b u( j)(k)

√
2S b u( j)

SF
H(m)

b u( j)(k)

⎞⎟⎟⎟⎟⎟⎟⎠
×du( j)(n) (13)

whereas the noise component is given as

µnoise(n) =
1

SF

(n+1)SF−1∑
k=nSF

M−1∑
m=0

D−1∑
b=0

εbw
(m)
b u( j)(k)

× c∗PN(b)(k)c∗u( j)(k mod SF)
∏(m)(k) (14)

the MAI as

µMAI(n)

=
1

SF

(n+1)SF−1∑
k=nSF

M−1∑
m=0

D−1∑
b=0

U+δub−1∑
u(b)=0
�u( j)

εb

√
2S b u( j)

SF
H̃(m)

b u( j)(k)

× cu(b)(k mod SF)c∗u( j)(k mod SF)du(b)(n) (15)

with H̃(m)
b u( j)(k) = w(m)

b u( j)(k)H(m)
b u( j)(k), and the ICI as

µICI(n)

=
1

SF

(n+1)SF−1∑
k=nSF

M−1∑
m=0

D−1∑
b=0

∞∑
i=0
�b

U+δui−1∑
u(i)=0

εb

√
2S i u( j)

SF
H(m)

i u( j)(k)

×w(m)
b u( j)(k)cPN(i)(k)c∗PN(b)(k)

×cu(i)(k mod SF)c∗u( j)(k mod SF)du(i)(n) (16)

3. BER Analysis

This section consists of the derivation of the theoretical con-
ditional SINR and the conditional BER for the MC-CDMA
downlink, which are based on Gaussian approximation of
the interference components, MAI and ICI. The Gaussian
approximation is established based on the central limit the-
orem [13].

3.1 Derivation of SINR

It is understood from (12) that the output of the despreader,
yu( j)(n) is a random variable with mean xu( j)(n) conditioned
on {H(m)

i u( j)(k)}. The users’ binary data and the scrambling
code are assumed to be independently and identically dis-
tributed (i.i.d.) random variables taking values {+1, −1}with
equal probability. The orthogonal spreading code also takes
the values {+1, −1} with equal probability. Using the central
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limit theorem, the MAI and ICI components can be approx-
imated to be zero-mean complex-valued Gaussian noise for
a large number of users. Consequently, the sum of µnoise,
µMAI and µICI can be treated as a new zero-mean complex-
valued Gaussian noise µ. The sum of the variances from the
AWGN noise, MAI and ICI gives the variance for µ, which
is given by

2σ2
µ=E[|µ|2]=2σ2

noise(n)+2σ2
MAI(n)+2σ2

ICI(n). (17)

The variances of the noise, MAI and ICI components
in (17) can be separately derived. From (15), the term µMAI

can be rewritten as

µMAI(n)

=
1

SF

(n+1)SF−1∑
k=nSF

D−1∑
b=0

εb

{
Ĥb u( j)(k) − H̄b u( j)(n) + H̄b u( j)(n)

}

×
√

2S b u( j)

SF

U+δub−1∑
u(b)=0
�u( j)

du(b) (n) cu(b)(k mod SF)c∗u( j)(k mod SF)

(18)

with ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
Ĥb u( j)(k) =

M−1∑
m=0

w(m)
b u( j)(k)H(m)

b u( j)(k)

H̄b u( j)(n) =
1

SF

(n+1)SF−1∑
k=nSF

Ĥb u( j)(k)

, (19)

Since the orthogonal spreading codes are used, then

(n+1)SF−1∑
k=nSF

cu(b)(k mod SF)c∗u( j)(k mod SF) = 0 (20)

for u(b) � u( j). Using (20), we have

1
SF

(n+1)SF−1∑
k=nSF

D−1∑
b=0

εbH̄b u( j)(n)

√
2S b u( j)

SF

×
U+δub−1∑

u(b)=0
�u( j)

du(b)(n)cu(b)(k mod SF)c∗u( j)(k mod SF) = 0

(21)

in (18). Therefore, (18) reduces to

µMAI(n)

=
1

SF

(n+1)SF−1∑
k=nSF

D−1∑
b=0

εb

{
Ĥb u( j)(k) − H̄b u( j)(n)

}

×
√

2S b u( j)

SF

U+δub−1∑
u(b)=0
�u( j)

du(b) (n)

cu(b)(k mod SF)c∗u( j)(k mod SF). (22)

Since different users’ transmitting data symbols are inde-
pendent, i.e., E[du(b)(n)d∗u′(b′)(n)] = 1(0) if u(b) = u′(b′) (oth-
erwise), the variance of the MAI component can be given as

2σ2
MAI(n)

= E[|µMAI(n)|2]

=
2

SF2

D−1∑
b=0

εbS b u( j)(U + δub − 1)

× 1
SF

(n+1)SF−1∑
k=nSF

∣∣∣Ĥb u( j)(k) − H̄b u( j)(n)
∣∣∣2. (23)

Further simplification can be made using (19) as

2σ2
MAI(n) =

2

SF2

D−1∑
b=0

εbS b u( j)(U + δub − 1)

×
⎧⎪⎪⎪⎨⎪⎪⎪⎩ 1

SF

(n+1)SF−1∑
k=nSF

∣∣∣Ĥb u( j)(k)
∣∣∣2−

∣∣∣∣∣∣∣ 1
SF

(n+1)SF−1∑
k=nSF

Ĥb u( j)(k)

∣∣∣∣∣∣∣
2⎫⎪⎪⎪⎬⎪⎪⎪⎭ .

(24)

Next, the variance of the ICI component is obtained
from (16). Since random scrambling codes is assumed (i.e.,
E[c∗PN(b)(k)cPN(b′)(k)] = 1(0) if b = b′ and k = k′ (other-
wise)), the variance of the ICI component can be approxi-
mated as

2σ2
ICI(n) = E[|µICI(n)|2]

=
2

SF2

D−1∑
b=0

εb

∞∑
i=0
�b

S i u( j)(U + δui)

× 1
SF

(n+1)SF−1∑
k=nSF

M−1∑
m=0

M−1∑
m′=0

{
w(m)

b u( j)(k)w(m′)∗
b u( j)(k)

}
×
{
H(m)

i u( j)(k)H(m′)∗
i u( j)(k)

}
. (25)

Since {H(m)
i u( j)(k); m = 0 ∼ M − 1} are independent zero-

mean variables, the sum of ICI components from different
interfering cells, except for the case of m = m′, can be ap-
proximated to be zero from the law of large numbers [13]
for a large number of interfering cells. Therefore, we have

2σ2
ICI(n) =

2

SF2

D−1∑
b=0

∞∑
i=0
�b

εbS i u( j)(U + δui)

× 1
SF

(n+1)SF−1∑
k=nSF

M−1∑
m=0

∣∣∣∣w(m)
b u( j)(k)H(m)

i u( j)(k)
∣∣∣∣2. (26)

Finally, the variance of the noise term is obtained from
(14). For the random scrambling codes, the variance of the
noise component is given as

2σ2
noise(n) =

1

SF2

D−1∑
b=0

εb

(n+1)SF−1∑
k=nSF

M−1∑
m=0

M−1∑
m′=0

{
w(m)

b u( j)(k)w(m′)∗
b u( j)(k)

}
×E

[∏(m)(k)
∏(m′)∗(k)

]
. (27)

Since noise components on the different antennas are inde-
pendent (i.e., E[

∏(m)(k)
∏(m′)(m)] = 2N0/Tc (0) if m = m′

(otherwise), (27) becomes
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2σ2
noise(n)=

2N0

NcTc

1

SF2

D−1∑
b=0

εb

(n+1)SF−1∑
k=nSF

M−1∑
m=0

∣∣∣∣w(m)
b u( j)(k)

∣∣∣∣2.
(28)

Hence, using (24), (26) and (28), the variance of µ can
be rewritten as

2σ2
µ
=

2

SF2

N0

NcTc

×
⎡⎢⎢⎢⎢⎢⎣ D−1∑

b=0

εb

(n+1)SF−1∑
k=nSF

M−1∑
m=0

∣∣∣∣w(m)
b u( j)(k)

∣∣∣∣2

+
Es

N0

D−1∑
b=0
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To derive the conditional BER and evaluate the per-
formance of the MC-CDMA downlink with site diversity
operation, the conditional signal-to-interference plus noise
(SINR) is defined. The conditional SINR can be expressed
as

γ
(
Es/N0|

{
H(m)

i u( j)(k)
})
=

∣∣∣∣E [
yu( j)(n)|

{
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i u( j)(k)
}]∣∣∣∣2

σ2
µ

(30)

where

E
[
yu( j)(n)|{H(m)

i u( j)(k)}
]
= xu( j)(n) (31)

which is given by (13). Applying (29) and (31) to (30), the
simplified conditional SINR is then given as
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The downlink capacity performance can almost be ex-
plained from the above conditional SINR expression. When
the number of active BS’s selected is very small due to a
small threshold Pth, the desired signal power reduces and
this results in a lower SINR value. Therefore, a better SINR
value is achieved by increasing the threshold value. On
the other hand, with too large a threshold Pth, more ac-
tive BS’s are selected and this improves the desired signal
power. However, the number of active channels is also in-
creased due to site diversity operation, resulting in excessive
MAI and ICI. This also degrades the SINR. Therefore, as
previously mentioned, there should be an optimum Pth that
can simultaneously improve the desired signal power and
compensate the large interference components due to the in-
crease of number of active channels.

3.2 Expression for Conditional BER and Local Average
BER

The conditional BER for user u( j) in cell of BS j is derived.
The QPSK data modulation is considered. We assume all
“1” transmission for user u( j), i.e., {du( j)(n) = (1 + j1)/

√
2},

but random binary data transmission for all other users.
Based on the Gaussian approximation of the MAI and ICI
components, the conditional BER for the given set of chan-
nel gains {H(m)

i u( j)(k); k = 0 ∼ Nc − 1; m = 0 ∼ M − 1;
i = 0 ∼ ∞} can be expressed as
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⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (33)

where erfc(x) is the complementary error function given by
erfc(x) = 2√

π

∫ ∞
x

exp(−t2)dt. The theoretical local average
BER for the transmitted nth modulated symbol can be nu-
merically computed by averaging (33) over the given set of
channel gains and written as

Pe

(
Eb

N0

)
=

∫ ∞

0
· · ·
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0
Pe[γ(Es/N0|{H(m)
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dH(m)
i u( j)(k) (34)

where p({H(m)
i u( j)(k)}) is the joint probability density function

of {H(m)
i u( j)(k)}. Accordingly, the downlink performance can

then be examined.
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4. Numerical Results and Discussion

In this section, the numerical computation for the local av-
erage BER is performed using the conditional BER expres-
sion. Then, the theoretical downlink capacity is obtained
and compared to the computer simulation result.

4.1 Monte-Carlo Numerical Process

The evaluation of the downlink capacity is performed by the
Monte-Carlo numerical method. The cellular structure and
the computation condition are respectively shown in Table 1
and Fig. 3. An MC-CDMA system with Nc=256 subcarri-
ers is assumed. The signal is assumed to propagate through
a block Rayleigh fading channel having an L=16-path ex-
ponential power delay profile with decay factor γ dB and
τl = l, l = 0 ∼ L − 1. The shadowing loss standard de-
viation β is varied from 0 to 10 dB. An interference-limited
environment is assumed such that the effect of the AWGN is
neglected. The transmitted Es/N0 in (10) is set to 50 dB and
the cell radius is normalized to unity. The interference com-

Table 1 Computation condition.

Fig. 3 Cellular structure.

ing from the second-tier cells is relatively weak and can be
neglected [14]. Therefore each user will receive the dom-
inant interference from the six adjacent cells’ BS’s. The
user of interest is located in cell of BS 0 and there are 18
surrounding cells considered as co-channel cells. The max-
imum number D of active BS’s is varied from 1 to 7, where
D=1 corresponds to the no site diversity operation and D=7
corresponds to the site diversity operation with six adjacent
co-channel cells.

The Monte-Carlo computation flowchart is summa-
rized in Fig. 4. In each computation loop, the users’ loca-
tions are randomly generated and this followed by the gen-
eration of path and shadowing losses for each user. For
site diversity operation, the active BS’s for each user are se-
lected based on the local average signal-to-noise power ratio
(SNR) and the threshold Pth. The number of active channels
for each BS is then determined. Next the set of fading chan-
nel gains and the FDE weight for downlink transmission

Fig. 4 Monte-Carlo numerical computation flowchart.
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to user 0(0) are generated. Then the conditional SINR and
BER are computed. The local average BER is tabulated with
the locations for users randomly changed in every repeated
computation loop. The outage probability (the probability
of the local average BER larger than the required BER) is
obtained using the cumulative distribution of the local aver-
age BER. As seen from Table 1, the required BER is 10−2

with the allowable outage probability given as 0.1. Then,
the maximum number U of users per cell that satisfies the
allowable outage probability is determined as the downlink
capacity.

4.2 Confirming Gaussian Approximation

In Sect. 3, the interference components have been approx-
imated as the complex-valued Gaussian random variables
for computing the conditional SINR and BER. In Fig. 3, the
probability density functions (pdf’s) of the MAI and ICI
components obtained from Gaussian approximation using
theoretically derived variances, 2σ2

MAI and 2σ2
ICI , are plot-

ted. To verify this Gaussian approximation, the pdf’s of the
MAI and ICI components obtained from the computer sim-
ulation [10] are examined and plotted in Fig. 5. A uniform
power delay profile for the channel (γ=0 dB) and 27 users
per cell (U=27) are assumed. Pth=4.5 dB is used for the
case with site diversity operation. Only the real parts of
µMAI and µICI are plotted in Fig. 5. The computer simula-
tion plots show that the pdf’s of the real part of µMAI and
µICI follow the Gaussian distribution with zero-mean. This
therefore justifies the approximation used in the theoretical
analysis.

4.3 Numerical Results

The following numerical results from the theoretical compu-
tation show the impacts of various parameters: the threshold
Pth, the path loss exponent α, the shadowing loss standard
deviation β, the number of maximum allowable number D of
active BS’s and the number M of receive antennas. Finally,
the effect of the decay factor γ of the power delay profile is
also examined.

Computer simulation results taken from [10] are also
shown for comparison. The users’ locations are also ran-
domly distributed in each computer simulation run of [10].
After generation of path losses and shadowing losses, active
BS’s are selected based on the local average SNR for each
user in site diversity operation. Users’ data are then mod-
ulated and transmitted through a Rayleigh fading channel
with L=16 paths. At the receiver, the site diversity oper-
ation is carried out, followed by data-demodulation and the
number of transmission error is counted to measure the local
average BER.

4.3.1 Effect of Site Diversity Threshold

The effect of site diversity threshold Pth on the downlink ca-
pacity, normalized by SF, is shown in Fig. 6. The uniform

(a) MAI component.

(b) ICI component.

Fig. 5 Distributions of MAI and ICI components.

Fig. 6 Effect of site diversity threshold Pth.
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Fig. 7 Effect of path loss exponent α.

power delay profile (γ=0 dB) is assumed. It is seen that the
optimum Pth exists. As Pth increases from 0 dB to optimum,
more active BS’s are selected, and this gives higher SINR
and better BER performance. Higher downlink capacity is
thus obtained. However, as Pth becomes larger, the number
of site diversity users is increased, creating excessive MAI
and ICI despite of the improved received signal power. As a
result, the downlink capacity is reduced. Therefore, control-
ling the Pth is very important for obtaining the appropriate
number of active BS’s to improve the BER performance for
a mobile user and compensating the increase of MAI and
ICI due to more additional active channels.

The optimum Pth becomes larger as path loss exponent
α increases in both plots. This is because the received sig-
nal power decreases as α increases and causes the need for
more active BS’s in the site diversity operation. A fairly
good agreement between the theoretical computation and
computer simulation results are seen in Fig. 6.

4.3.2 Effects of Path Loss Exponent α and Shadowing
Loss Standard Deviation β

Figures 7 and 8 show the effect of path loss exponent α and
shadowing loss standard deviation β on the downlink capac-
ity. For the case with site diversity operation, the optimum
Pth is used, while Pth=0 dB (or D=1) for the case with no
site diversity operation. In Fig. 7, the downlink capacity in-
creases as α increases. Since path loss is proportional to the
inverse α-th power of the distance, the interference power
from relatively far BS’s is greatly attenuated in compari-
son to the desired signal component from active BS’s as α
increases. This results in better SINR and thus, produces
higher downlink capacity in the interference-limited envi-
ronment.

It is seen from Fig. 8 that the downlink capacity per-
formance is almost unaffected by the increase of β in both
cases. As β increases, the variations in the interference
power become larger and results in a higher probability of

Fig. 8 Effect of shadowing loss standard deviation β.

Fig. 9 Effect of maximum allowable number D of active BS’s.

large interference, reducing the downlink capacity. How-
ever, since the interference power variations from different
BS’s are independent, the site diversity effect due to more
active BS’s selection increases and thus improves the re-
ceived signal power. This compensates for the minor varia-
tions in the effect of β. In both figures, theoretical computa-
tion result shows a fairly good agreement with the computer
simulation result.

4.3.3 Effect of the Maximum Number D of Active BS’s

Until now, a maximum allowable number D of active BS’s
is assumed to be D=7. The downlink capacity performance
also depends on D. Figure 9 shows that as D increases, the
downlink capacity increases, due to the higher site diversity
effect. However, since more additional channels are neces-
sary for site diversity operation, the interference power in-
creases and the downlink capacity is reduced. Thus, there is
a maximum achievable downlink capacity for each D. Ap-
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Fig. 10 Effect of number M of receive antennas.

Fig. 11 Effect of decay factor γ.

parently, the maximum achievable value for different Pth lies
in the region of D=3∼7, as shown in both theoretical com-
putation and actual simulation plots. The theoretical com-
putation plot exhibits similar characteristic in comparison to
the computer simulation plot. It can be concluded that the
maximum achievable downlink capacity can be obtained at
D=3.

4.3.4 Performance Improvement by Antenna Diversity
Reception

The single antenna reception has been assumed in the previ-
ous cases. Figure 10 shows the downlink capacity improve-
ment by employing the antenna diversity reception. The
downlink capacity increases almost linearly with the num-
ber M of receive antennas, both shown in theoretical com-
putation and computer simulation plots.

4.3.5 Effect of Decay Factor γ of Exponential Power De-
lay Profile

The effect of decay factor γ of the exponential power delay
profile channel is also examined.

From Fig. 11, as γ increases, the frequency-selectivity
of the channel becomes weaker, thus reducing the
frequency-diversity effect in MC-CDMA system. This de-
grades both the SINR and BER performance, resulting in
reduced downlink capacity performance, despite the use of
site diversity operation. Similar performance degradation is
shown for both theoretical computation and computer simu-
lation plots.

5. Conclusion

In this paper, a theoretical treatment was developed for the
downlink site diversity reception with joint use of MMSE-
FDE and antenna diversity in a MC-CDMA cellular system.
The expressions for the conditional SINR and BER were de-
rived based on Gaussian approximation of the interference
components; and the local average BER was numerically
computed using Monte-Carlo computation method. The
theoretical performance results were compared with com-
puter simulation results to show a high degree of agreement.
It should also be pointed out that the theoretical evaluation
has the advantage of taking less time in computation. Evi-
dently, from both theoretical and simulation evaluations, the
site diversity operation improves the MC-CDMA downlink
performance. Both results showed that three (D=3) active
BS’s participating in site diversity operation are sufficient
for achieving the maximum downlink capacity.

The theoretical analysis and computer simulation only
considered the downlink case and for future work, the uplink
site diversity reception should be studied for MC-CDMA
cellular system. Further works can include finding a way to
balance the optimum Pth and capacities for both link trans-
missions. Theoretical analysis on joint use with turbo-coded
space-time transmit diversity (STTD) [15] can lead to a fur-
ther interesting research.

References

[1] W.C. Jakes, Jr., ed., Microwave mobile communications, Wiley,
New York, 1974.

[2] S. Hara and R. Prasad, “Overview of multicarrier CDMA,” IEEE
Commun. Mag., vol.35, no.12, pp.126–144, Dec. 1997.

[3] S. Hara and R. Prasad, “Design and performance of multicarrier
CDMA system in frequency-selective Rayleigh fading channel,”
IEEE Trans. Veh. Technol., vol.48, no.5, pp.1584–1595, Sept. 1999.

[4] M. Helard, R. Le Gouable, J.F. Helard, and J.-Y. Beaudis, “Multi-
carrier CDMA techniques for future wideband wireless networks,”
Ann. Telecommun., vol.56, pp.260–274, 2001.

[5] N. Maeda, H. Atarashi, S. Abeta, and M. Sawahashi, “Antenna di-
versity reception appropriate for MMSEC combining in frequency
domain for forward link OFCDM packet wireless access,” IEICE
Trans. Commun., vol.E85-B, no.10, pp.1966–1977, Oct. 2002.

[6] H. Atarashi, S. Abeta, and M. Sawahashi, “Variable spreading



1304
IEICE TRANS. COMMUN., VOL.E89–B, NO.4 APRIL 2006

factor-orthogonal frequency and code division multiplexing (VSF-
OFCDM) for broadband packet wireless access,” IEICE Trans.
Commun., vol.E86-B, no.1, pp.291–299, Jan. 2003.

[7] F. Adachi and T. Sao, “Comparative study of various frequency
equalization techniques for downlink of a wireless OFDM-CDMA
system,” IEICE Trans. Commun., vol.E86-B, no.1, pp.352–364, Jan.
2003.

[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] A.J. Viterbi, CDMA: Principles of spread spectrum communica-
tions, Addison Wesley, 1995.

[10] T. Inoue, S. Takaoka, and F. Adachi, “Frequency-domain equaliza-
tion for MC-CDMA downlink site diversity and performance eval-
uation,” IEICE Trans. Commun., vol.E88-B, no.1, pp.84–92, Jan.
2005.

[11] 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.

[12] C. Kchao and G.L. Stuber, “Analysis of a direct-sequence spread
spectrum cellular radio system,” IEEE Trans. Commun., vol.41,
no.10, pp.1507–1516, Oct. 1993.

[13] J.G. Proakis, Digital communications, 4th ed., McGraw Hill, New
York, 2000.

[14] W.C.Y. Lee, Mobile communications engineering: Theory and ap-
plications, 2nd ed., McGraw Hill, New York, 1997.

[15] S. Tsumura, M. Vehkapera, Z.L. Li, D. Tujkovic, M. Juntti, and S.
Hara, “Performance evaluation of turbo and space-time turbo coded
MC-CDMA downlink in single and multi-cell environments,” IEICE
Trans. Commun., vol.E87-B, no.10, pp.3011–3019, Oct. 2004.

Arny Ali was born in Malaysia in 1976.
She received her B.Sc. (Electrical Engineering)
from the George Washington University, Wash-
ington D.C. in 1999 and M.Eng. (Electrical &
Communication Engineering) from the Tohoku
University, Japan in 2005. She worked for TM
Telekom Malaysia after graduation in 1999 as
network application engineer, and later joined
the Multimedia University in 2002 as assistant
lecturer before pursuing the Master degree. Cur-
rently, she is a researcher at TM R&D (previ-

ously known as Telekom R&D) and attached to the Antenna Propagation
Unit. Her research interest includes wireless and mobile communication
systems, digital signal processing, multiple access technologies, and an-
tenna propagation.

Takamichi Inoue received his B.E. and
M.E. degrees in communications engineering
from the Dept. of Electrical and Communica-
tions Engineering, Tohoku University, Sendai,
Japan, in 2003 and 2005, respectively. He joined
System Platforms Research Laboratories, NEC
Corporation in 2005. He is engaged in research
for beyond 3G mobile communications systems.

Fumiyuki Adachi received the B.S. and
Dr. Eng. degrees in electrical engineering from
Tohoku University, Sendai, Japan, in 1973 and
1984, respectively. In April 1973, he joined the
Electrical Communications Laboratories of Ni-
ppon Telegraph & Telephone Corporation (now
NTT) and conducted various types of research
related to digital cellular mobile communica-
tions. From July 1992 to December 1999, he
was with NTT Mobile Communications Net-
work, 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 Uni-
versity, Sendai, Japan, where he is a Professor of Electrical and Communi-
cation Engineering at the Graduate School of Engineering. His research
interests are in CDMA wireless access techniques, equalization, trans-
mit/receive antenna diversity, MIMO, adaptive transmission, and channel
coding, with particular application to broadband wireless communications
systems. From October 1984 to September 1985, he was a United Kingdom
SERC Visiting Research Fellow in the Department of Electrical Engineer-
ing and Electronics at Liverpool University. He was a co-recipient of the
IEICE Transactions best paper of the year award 1996 and again 1998 and
also a recipient of Achievement award 2003. He is an IEEE Fellow and
was a co-recipient of the IEEE Vehicular Technology Transactions best pa-
per of the year award 1980 and again 1990 and also a recipient of Avant
Garde award 2000. He was a recipient of Thomson Scientific Research
Front Award 2004.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


