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Multicarrier code division multiple access (MC-CDMA) is a promising technique that combines orthogonal frequency division
multiplexing (OFDM) with CDMA. In this paper, based on an alternative expression for the Q-function, characteristic function
and Gaussian approximation, we present a new practical technique for determining the bit error rate (BER) of multiuser MC-
CDMA systems in frequency-selective Nakagami-m fading channels. The results are applicable to systems employing coherent
demodulation with maximal ratio combining (MRC) or equal gain combining (EGC). The analysis assumes that different subcar-
riers experience independent fading channels, which are not necessarily identically distributed. The final average BER is expressed
in the form of a single finite range integral and an integrand composed of tabulated functions which can be easily computed
numerically. The accuracy of the proposed approach is demonstrated with computer simulations.
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1. INTRODUCTION

Multicarrier code division multiple access (MC-CDMA),
which efficiently combines CDMA with orthogonal fre-
quency division multiplexing (OFDM), has gained consid-
erable attention as a promising multiple access technique for
future mobile communications [1, 2, 3, 4, 5, 6, 7, 8]. MC-
CDMA is a spread spectrum technique where the signal is
spread in the frequency domain. Since the MC-CDMA tech-
nique possesses the advantages of both OFDM and CDMA, it
has the properties desirable for future systems such as insen-
sitivity to frequency-selective fading channels, frequency di-
versity, and the capability of supporting multirate service by
applying either multicode or variable spreading factor tech-
niques [1].

Many papers have been dedicated to the bit error rate
(BER) analysis of MC-CDMA [3, 4, 5, 6, 7]. The perfor-
mance of MC-CDMA has been studied both for the uplink
and the downlink of a mobile communication system [3]
in which perfect time synchronization among users was as-
sumed. To get the BER, three approximation methods for
the distribution of the sum of independently identically dis-
tributed (i.i.d.) Rayleigh random variables (r.v.’s) were em-
ployed in the paper: the law of large numbers (LLN) approx-
imation, the small parameter approximation and the central

limit theorem (CLT) approximation. The authors of [5] an-
alyzed the BER performance of MC-CDMA systems with a
frequency offset. The CLT approximation was used in the
analysis. A performance analysis using the LLN approxima-
tion of an MC-CDMA system employing an antenna array
at the base station has been presented in [6]. The bit error
probability in multipath channels was analyzed in [7] based
on the CLT approximation.

It is well known that approximation methods are not al-
ways accurate in practice, thus we have to choose the ap-
proximation method according to the system parameters
and/or operating environment. For a maximal ratio com-
bining (MRC) receiver operating in a Rayleigh fading chan-
nel, the distribution of the sum of exponentially distributed
r.v.’s is known to have a gamma distribution from which the
exact expression for the average probability of error can be
obtained. However, for an equal gain combining (EGC) re-
ceiver, finding the distribution of the sum of the independent
Rayleigh r.v.’s is more problematic. In [9], Beaulieu offered
an infinite series representation of this sum. With the help
of characteristic functions of the decision variables, the au-
thors of [10] studied the performance of MC-CDMA with
an EGC receiver and Rayleigh fading channels. Nakagami
fading channels have received considerable attention in the
study of various aspects of wireless systems [11, 12]. The
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Figure 1: Block diagram for the MC-CDMA (a) transmitter and
(b) receiver (GI: guard interval).

Nakagami distribution provides a more general and versa-
tile way to model wireless channels [13]. The authors inves-
tigated the BER performance of MC-CDMA with an EGC
receiver and Nakagami-m fading channels [8] with the same
fading parameter m on different subcarriers. Although usu-
ally the correlation of fading channels amongst subcarriers
cannot be ignored, it can be reduced with a properly designed
frequency interleaver. Furthermore, the BER performance of
MC-CDMA with independent fading channels can provide
a helpful benchmark for system design. Motivated by this,
the objective of this paper is to present an alternative Gaus-
sian approximation (AGA) approach for deriving the expres-
sion for the BER of MC-CDMA with both MRC and EGC
in Nakagami-m fading channels where independent fading
channels between different subcarriers are assumed. By us-
ing an alternative expression for the Gaussian Q(·) function
and the characteristic function of Nakagami-m variables, the
average BER of an MC-CDMA system can be found.

The rest of this paper is organized as follows. Section 2
gives a description of the MC-CDMA system model. The
performance analysis for both MRC and EGC is carried
out in Section 3. Section 4 provides a comparison between
computer simulation results and analytical results. Finally,
Section 5 draws the conclusions.

2. SYSTEMMODEL

In this section, the model of an MC-CDMA system is de-
scribed. We assume that there are K simultaneous users, each
having N subcarriers. The block diagrams of the considered
MC-CDMA transmitter and receiver with one tap frequency
domain equalizers in the uplink are depicted in Figure 1.

2.1. Transmitter

Transmitted signal Sk(t) corresponding to the block of M
data bits of the kth user is

Sk(t) =
√

2P
N

M−1∑
m=0

N−1∑
n=0

ck[n]bk[m] cos
(
ωnt

)
pTb

(
t −mTb

)
,

(1)
where P is the power of a data bit, M is the packet size,
{ck[n]} represents the signature sequence of the kth user,
pTb(t) is the rectangular pulse defined over the bit duration
[0,Tb], and bk[m] represents the mth input data bit from
user k which are independent equiprobable r.v.’s (∈ ±1) with
E[bk(m)] = 0 and E[|bk(m)|2] = 1. ωn is the angular fre-
quency of the nth subcarrier.

2.2. Channel model

Independent, frequency-selective Nakagami-m fading chan-
nels for each user are considered. With the proper selec-
tion of the number of subcarriers for a user, it is reason-
able to assume that each subcarrier undergoes indepen-
dent frequency-nonselective Nakagami fading. Therefore,
the equivalent time-variant complex fading channel for the
kth user, nth subcarrier can be represented as

Hk,n(t; τ) = βk,n(t)e jθk,n(t)δ
(
τ − τk

)
, (2)

where τk is the propagation delay for the kth user and δ(·) is
the Dirac delta function. The amplitudes {βk,n(t)} are inde-
pendent Nakagami-m r.v.’s and the phase offsets {θk,n(t)} are
identical r.v.’s uniformly distributed over [0, 2π). The fading
amplitude βk,n is characterized by a Nakagami-m distribu-
tion [13]

p
(
βk,n,Ωk,n

) = 2m
mk,n

k,n

Ω
mk,n

k,n

β
2mk,n−1
k,n

Γ
(
mk,n

) exp
(−mk,nβ

2
k,n

Ωk,n

)
(3)

with the parametersmk,n = Ω2
k,n/E[(β

2
k,n −Ω2

k,n)
2] ≥ 0.5 and

Ωk,n = E[β2k,n], E[·] denotes the expectation operator and
Γ(·) is the Gamma function. The Nakagami assumption on
the amplitude implies that γk,n = β2k,n(Eb/N0)(Eb = PTb :
the energy per bit) follows the well-known gamma distribu-
tion

p
(
γk,n

) = m
mk,n

k,n

γ̄
mk,n

k,n

γ
mk,n−1
k,n

Γ
(
mk,n

) exp(− mk,nγk,n
γ̄k,n

)
, (4)

where γ̄k,n = (Eb/N0)Ωk,n is the average signal-to-noise ratio
(SNR) per symbol. For the downlink, Hk,n is the same for
different k at a certain reception point {k = 0, 1, . . . ,K − 1}.

2.3. Receiver

The received signal r(t) can be written as

r(t) =
√

2P
N

K−1∑
k=0

M−1∑
m=0

N−1∑
n=0

βk,n(t)ck[n]bk[m]

× cos
(
ωnt + θk,n(t)

)
pTb

(
t −mTb − τk

)
+ n(t),

(5)
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where n(t) is the additive white Gaussian noise (AWGN) with
a double-sided power spectral density of N0/2.

The insertion of an equalizer in the frequency domain or
time domain is necessary to upgrade the performance of the
system by multiplying each subcarrier by the factor Gk,n(m)
in themth bit interval [14]. Without the loss of generality, we
consider the signal from the first user as the desired signal.
With coherent demodulation, the decision variable v0 of the
mth data bit of the first user is given by

v0 = 1
Tb

∫ (m+1)Tb

mTb

r(t)
N−1∑
n=0

c0[n]G0,n(m) cos
(
ωnt + θk,n(t)

)
dt,

(6)

where it has been assumed that one data bit occupies all
subcarriers1 and the receiver is synchronized with the de-
sired user (k = 0). The channel fading and phase shift
variables are assumed to be constant over the time interval
[mTb, (m + 1)Tb] and are denoted by βk,n(m) and θk,n(m).

In this paper, we have paid attention to the two
commonly and effectively used combining methods: MRC
(G0,n(m) = β0,n(m)) and EGC (G0,n(m) = 1) [14, 15]. For
brevity, the time indexm is omitted in the following.

3. PERFORMANCE ANALYSIS

An alternative representation of the Q-function was pre-
sented in [16] and leads to a convenient method for perfor-
mance analysis. By applying the Q-function

Q(x) = 1
π

∫ π/2

0
exp

(
− x2

2 sin2 θ

)
dθ, x ≥ 0 (7)

and the characteristic function of Nakagami-m fading r.v.’s,
the bit error probability of an MC-CDMA system can be
evaluated.

In order to be more general, the uplink direction is con-
sidered. For simplicity, it is assumed that different subcar-
riers experience an i.i.d. fading channel, although identical
fading channels are not necessary for the analysis. Assuming
that the users are time synchronous, after demodulation and
combining subcarrier signals, the decision variable in (6) can
be written as

v0 = S + I + η, (8)

where S represents the desired signal term, I is the multi-
ple access interference (MAI) from other users, and η is the
AWGN term.

3.1. Performance ofMRC
With G0,n = β0,n and from (6), (8), we get the desired signal
of (8) as

S =
√

P

2N

N−1∑
n=0

b0β
2
0,n, (9)

1Higher data rates can be obtained by using a small spreading factor (SF),
that is, subcarriers are used by different data bits. For SF = 1, the system
becomes OFDM.

η is a Gaussian random variable with zero mean and variance
σ2η = (N0/4Tb)

∑N−1
n=0 β20,n. The MAI term I can be expressed

as follows:

I =
√

P

2N

K−1∑
k=1

N−1∑
n=0

bkck[n]c0[n]βk,nβ0,n cos θ̃k,n, (10)

where θ̃k,n = θ0,n − θk,n. θ0,n and θk,n are i.i.d. r.v.’s, uni-
formly distributed over [0, 2π). According to [17], the prob-
ability density function of θ̃k,n can be easily obtained and
E[cos θ̃k,n] = 0. Since βk,n and θk,n (k = 1, 2, . . . ,K − 1; n =
0, 1, . . . ,N−1) are i.i.d. r.v.’s, all (K−1)×N terms in the sum-
mation of (10) are uncorrelated with zero means. Assuming
that there is no near-far problem, MAI can be approximated
by a conditional Gaussian random variable with zero mean
and variance

σ2I = E
[
I2
] = P

2N
(K − 1)E

[
β2k,n

]
E
[
cos2 θ̃k,n

] N−1∑
n=0

β20,n, (11)

where E[cos2 θ̃k,n] = 1/2.
We see that v0 is a conditional Gaussian variable condi-

tioned on {β0,n}. Since η and I are mutually independent, the
probability of error using BPSK modulation conditioned on
{β0,n} is simply given by [18]

Pr
(
error |β0,n

) = Q



√√√√ S2(

σ2η + σ2I
)

. (12)

To compute the average BER, we must statistically
average (12) over the joint probability density function
pβ(β0,0, . . . ,β0,N−1) of the fading amplitudes. Using the al-
ternative Q-function (7) and the assumption of independent
fading channels at different subcarriers, the average BER can
be expressed as

Pe =
∫∞
0
· · ·

∫∞
0

1
π

∫ π/2

0
exp


− S2/

(
σ2η + σ2I

)
2 sin2 φ




× pβ0,0
(
β0,0

)
, . . . , pβ0,N−1

× (
β0,N−1

)
dβ0,0 · · ·dβ0,N−1dφ

= 1
π

∫ π/2

0

N−1∏
n=0

I0,n
(
SINR0,n,φ

)
dφ,

(13)

where SINR0,n is the average signal to interference plus noise
ratio (SINR) for the nth subcarrier of the first user and the
following equation has been used:

S2

σ2η + σ2I
= 1

N/2 +
(
Eb/N0

)(
(K − 1)/2

) N−1∑
n=0

γ0,n. (14)
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By using (4) and
∫∞
0 xv exp(−ax)dx = Γ(v + 1)/av+1 (a >

0, v > −1) [19], I0,n can be expressed as

I0,n =
∫∞
0
exp

(
− γ0,n

2sin2φ
(
N/2 +

(
Eb/N0

)(
(K − 1)/2

))
)

× p
(
γ0,n

)
dγ0,n

=
(
1 +

SINR0,n

m0,nsin
2φ

)−m0,n

.

(15)

The average SINR0,n for the nth subcarrier of the first user
can be obtained as

SINR0,n =
(P/N)E

[
β20,n

]
N0 +

∑K−1
k=1 (P/N)E

[
β2k,n

] . (16)

If all N subcarriers are identically distributed with the
same average SINR per bit, then (13) simplifies further to

Pe = 1
π

∫ π/2

0

[
I0,n

(
SINR0,n,φ

)]N
dφ. (17)

Since a multiuser system is considered in this paper, the
average BER of the system is given by

BER = 1
K

K−1∑
k=0

Pe(k). (18)

Using (13)–(18), we can obtain the average BER of the MC-
CDMA systemwithMRC by using the simple form of a single
integral with finite limits and an integrand composed of an
elementary function.

3.2. Performance of EGC

The EGC equalizer is of importance because the enhance-
ment of MAI due to MRC can be alleviated by EGC. The de-
cision of the mth data bit of the first user is used during the
analysis. Similar to MRC, the conditional BER of the system
with EGC can be obtained as

Pr
(
error|β0,n

) = Q



√√√√ S2(

σ2η + σ2I
)

, (19)

where the expressions for S, η, and I are different from those
of the MRC receiver and can be derived from (6) and (8).

The desired signal with perfect channel estimation can be
expressed as

S =
√

P

2N

N−1∑
n=0

b0β0,n, (20)

η is a Gaussian random variable with zero mean and variance
σ2η = NN0/4Tb. The MAI term I can be written in the form
of

I =
√

P

2N

K−1∑
k=1

N−1∑
n=0

bkck[n]c0[n]βk,n cos θ̃k,n, (21)

where θ̃k,n has the same meaning as in (10). The term I can
be approximated by a Gaussian random variable with zero
mean and variance

σ2I = E
[
I2
] = P

2
(K − 1)E

[
β2k,n

]
E
[
cos2 θ̃k,n

]
. (22)

Using the alternative representation of the Q-function
(7), the average BER can be expressed as

Pe=
∫∞
0
· · ·

∫∞
0

1
π

∫ π/2

0
exp


−(P/2N)/

(
σ2η+σ

2
I

)
2 sin2 φ


 N−1∑

n=0
β0,n


2



× pβ0,0
(
β0,0

)
, . . . , pβ0,N−1

(
β0,N−1

)
× dφ dβ0,0 · · ·dβ0,N−1.

(23)

We extended the technique of [20] to anMC-CDMA sys-
temwithmultiple users. By changing variables, (23) becomes

Pe =
∫∞
0

1
π

∫ π/2

0
exp

(
− A2

2 sin2 φ
λ2
)
pλ(λ)dλdφ, (24)

where

A =
√√√√ P

2N
(
σ2η + σ2I

) λ =
N−1∑
n=0

β0,n (25)

and λ denotes the sum of the fading amplitudes after com-
bining.

Next, according to the definition of the characteristic
function, the term pλ(λ) could be obtained by employing the
characteristic function of the Nakagami-m fading channel

pλ(λ) = 1
2π

∫∞
−∞

ψλ( jv)e− jvλdv. (26)

Since the fading experienced by different subcarriers is as-
sumed to be mutually independent, the characteristic func-
tion of λ simply equals the product of the characteristic func-
tion of individual components, leading to

ψλ( jv) =
N−1∏
n=0

ψβ0,n( jv). (27)

Thus (26) can be of the form

pλ(λ) = 1
2π

∫∞
−∞

[ N−1∏
n=0

ψβ0,n( jv)

]
e− jvλdv. (28)

By combining (28) and (24), we get

Pe = 1
2π2

∫ π/2

0

∫∞
−∞

[ N−1∏
n=0

ψβ0,n( jv)

]

×
∫∞
0
exp

(
− A2

2 sinφ
λ2 − jvλ

)
dλ

︸ ︷︷ ︸
J(v,φ)

dv dφ.
(29)
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The integral of J(v,φ) can be obtained as [16]

J(v,φ) = (
X(φ) + jY(v,φ)

)
exp

(
− sin2 φ

2A2
v2
)

=
√
X2(φ) + Y 2(v,φ) exp

[
j arctan

(
Y(v,φ)
X(φ)

)]

× exp

(
− sin2 φ

2A2
v2
)
,

(30)

where 1F1(·; ·; ·) is the Kummer confluent hypergeometric
function [21] and

X(φ) =
√
π

2
sinφ
A

,

Y(v,φ) = −1F1

(
1
2
;
3
2
;
sin2 φ
2A2

v2
)
v sin2 φ
A2

.
(31)

Generally speaking, the characteristic function of a random
variable will be a complex quantity and hence the product of
the characteristic function in (27) will be also complex. How-
ever, since the average BER is real, it is sufficient to consider
only the real part of the right side of (29), which yields

Pe = 1
2π2

∫ π/2

0

∫∞
−∞
�
([ N−1∏

n=0
ψβ0,n( jv)

]
J(v,φ)

)
dv dφ, (32)

where�(·) denotes the real part.
Next we elaborate the expression of the characteristic

function corresponding to the Nakagami-m fading channel.
By definition, the characteristic function of β0,n is given by
ψβ0,n( jv) = E[exp( jβ0,nv)]. It can be expressed as [20]

ψλ( jv) =
N−1∏
n=0

ψβ0,n( jv)

=
N−1∏
n=0

[√
U2

0,n(v)+V
2
0,n(v) exp

(
j arctan

(
V0,n(v)
U0,n(v)

))]

× exp

[
−

N−1∑
n=0

Ω0,nv2

4m0,n

]

(33)

in which

U0,n = 1F1

(
1
2
−m0,n;

1
2
;
Ω0,nv2

4m0,n

)
,

V0,n = Γ
(
m0,n + 1/2

)
Γ
(
m0,n

)
√

Ω0,n

m0,n
v1F1

(
1−m0,n;

3
2
;
v2Ω0,n

4m0,n

)
.

(34)

Substituting (33) and (30) into (32) gives

Pe = 1
2π2

∫ π/2

0

∫∞
−∞

exp

[
−
(
sin2 φ
2A2

+
N−1∑
n=0

Ω0,n

4m0,n

)
v2
]

×W(v,φ)dv dφ,

(35)

where

W(v,φ) = R(v,φ) cosΘ(v,φ),

R(v,φ) =
√
X2(φ) + Y 2(v,φ)

N−1∏
n=0

√
U2

0,n(v) +V 2
0,n(v),

Θ(v,φ) = arctan
(
Y(v,φ)
X(φ)

)
+

N−1∑
n=0

arctan
(
V0,n(v)
U0,n(v)

)
.

(36)

Finally, letting η(φ) = sin2 φ/2A2 +
∑N−1

n=0 (Ω0,n/4m0,n) and

changing the variables as x =
√
η(φ)v, the inner infinite inte-

gral can be derived as

∫∞
−∞

W


 x√

η(φ)
,φ


 exp

(− x2
)
dx (37)

which can be readily evaluated by the Gaussian-Hermite
quadrature formula [21, 22],

∫∞
−∞

W


 x√

η(φ)
,φ


 exp

(− x2
)
dx

=
Np∑
i=1

HxiW


 xi√

η(φ)
,φ


 + RNp ,

(38)

where Np is the order of the Hermite polynomialHNp(·) and
xi is the ith zero of theNp-order Hermite polynomial.Hxi are
the weight factors of the Np-order Hermite polynomial and
are given by

Hxi =
2Np−1Np!

√
π

Np
2[HNp−1

(
xi
)]2 . (39)

The remainder of (38) is

RNp =
Np!

√
π

2n(2n)!
W (2Np)

(√
2A

sinφ
ξ,φ

)
(−∞ < ξ <∞). (40)

The order number of Np can be properly selected by taking
both complexity and accuracy into consideration. Because of
the symmetry of the Hermite polynomials about the origin,
the nonzero roots occur in pairs ±xi, and the corresponding
weight coefficients obey the symmetry relation Hxi = HxNp−i .
Both the zeros and the weight factors of the Np-order Her-
mite polynomial are tabulated in [21, 22] for various poly-
nomial orders Np. Thus yielding the final result in the form
of a single finite integral on φ, namely,

Pe = 1
2π2

∫ π/2

0

1√
η(φ)


 Np∑

i=1
HxiW


 xi√

η(φ)
,φ




dφ. (41)

The average BER of a system with multiple users is obtained
by averaging (41) over individual users Pe.
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Figure 2: BER as a function of Eb/N0 (dB) for the MRC receivers of
the uplink with different numbers of users in a fading channel. The
methods used are AGA analysis and computer simulations (N = 8;
◦: single user; ∗: 2 active users; +: 8 active users).

4. NUMERICAL AND SIMULATION RESULTS

In this section, both computer simulations and a theoret-
ical analysis are carried out to investigate the BER perfor-
mance of anMC-CDMA system with multiple active users in
a Nakagami-m fading channel. The fading channels used in
computer simulations are Rayleigh (corresponding tom = 1)
fading channels and Nakagami-m fading channels (m = 2 is
selected). Both the uplink and downlink are considered here.
The simulated system utilizes Walsh-Hadamard (WH) codes
as signature sequences. The number of subcarriers is equal
to the length of the signature sequence. To calculate the BER,
it is assumed that the mean power of each interfering user is
equal to the mean power of the desired signal. It is also as-
sumed that the uplink users are synchronous within a cyclic
prefix. A flat fading channel on each subcarrier is used and
i.i.d. fading among different subcarriers is assumed in this
section.

Figure 2 shows the comparison of the results from
computer simulations and the AGA analysis presented in
Section 3 for the uplink MRC receiver in a Rayleigh fading
channel with different numbers of active users. The number
of subcarriers and maximum number of users used in the
simulation system is 8. As we can see from Figure 2, the re-
sults achieved by the AGA analysis agree well with those of
the computer simulations. Similar results can be obtained
from Figure 3, which demonstrates the performance com-
parison of the same approach for the EGC receiver of the
uplink in a Rayleigh fading channel. From Figures 2 and 3,
it is not difficult to see that the AGA analysis gives nearly
the same results as the computer simulations. There exists
a marginal difference in the multiple user cases when MAI
becomes the dominant factor affecting system performance.
This is due to the inadequate assumption of a Gaussian MAI
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Figure 3: BER as a function of Eb/N0 (dB) for the EGC receivers of
the uplink with different numbers of users in a fading channel. The
methods used are AGA analysis and computer simulations (N = 8;
◦: single user; ∗: 2 active users; +: 8 active users).

model when the number of active users is small (K < 10).
In [8], we have compared the analytical results for EGC re-
ceivers using the proposed AGA technique and the method
proposed in [8]. It was shown that the two analytical meth-
ods give quite the same analysis results from which the ac-
curacy of the presented analysis method was further demon-
strated. However, the method presented in [8] requires that
the fading channels on all subcarriers have the same fading
parameters.

The approach presented in this paper can also be em-
ployed to obtain the BER for the receivers in the downlink of
an MC-CDMA system. Of course the formulas presented in
Section 3 must be changed to correspond to the synchronous
downlink case. The performance comparison between the
analytical and simulation results of both an MRC receiver
and EGC receiver in the downlink are shown in Figures 4
and 5, respectively. The number of subcarriers is fixed to 8
and the number of active users is varied. It is clearly seen
from these two figures that the approach is also accurate in
the downlink. MRC is not practical for the downlink as the
loss of orthogonality of the WH codes is emphasized in the
receiver when applying it. In the downlink, EGC outperforms
MRC in most cases, especially at high SNR. This means that
the loss of orthogonality for EGC, which is caused by channel
fading, is less than that of MRC.

In order to further verify the accuracy of the proposed
AGA method, the comparison between analysis and simu-
lation results for Nakagami-m fading channels with m = 2
is shown in Figure 6 (MRC receivers) and Figure 7 (EGC re-
ceiver). The considered system is uplink MC-CDMA with 8
subcarriers and different numbers of active users. From these
two figures it should be noted that the AGA method gives
more accurate results with m = 2 than in Rayleigh fading
channels.
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Figure 4: BER as a function of Eb/N0 (dB) for the MRC receivers
of the downlink with different numbers of users in a fading chan-
nel. The methods used are AGA analysis and computer simulations
(N = 8; ◦: single user; ∗: 2 active users; +: 8 active users).
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Figure 5: BER as a function of Eb/N0 (dB) for the EGC receivers
of the downlink with different numbers of users in a fading chan-
nel. The methods used are AGA analysis and computer simulations
(N = 8; ◦: single user; ∗: 2 active users; +: 8 active users).

Figures 8 and 9 illustrate the effects of channel fading
parameter m on the performance of MRC and EGC re-
ceivers. Both figures show the analytical results for MRC and
EGC receivers in the uplink with different numbers of users.
The Eb/N0 is fixed to 0 dB and the number of subcarriers
N is 8. As expected, the system performance improves as
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Figure 6: BER as a function of Eb/N0 (dB) for the MRC receivers of
the uplink with different numbers of users in a fading channel. The
methods used are AGA analysis and computer simulations (N = 8;
fading parameterm = 2; ◦: single user; ∗: 2 active users; +: 8 active
users).
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Figure 7: BER as a function of Eb/N0 (dB) for the EGC receivers of
the uplink with different numbers of users in a fading channel. The
methods used are AGA analysis and computer simulations (N = 8;
fading parameterm = 2; ◦: single user; ∗: 2 active users; +: 8 active
users).

the amount of fading decreases, more specifically, as m in-
creases, the performance of both EGC andMRC receivers be-
comes better. The performance of the receivers with the non-
fading channel can be obtained until m approaches 10. By
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Figure 8: BER as a function of the fading parameterm for the MRC
receiver of the uplink with different numbers of active users (N = 8,
Eb/N0 = 0 dB).
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Figure 9: BER as a function of the fading parameterm for the EGC
receiver of the uplink with different numbers of active users (N = 8,
Eb/N0 = 0 dB).

comparing the MRC receiver and the EGC receiver, it should
be noted that the performance curves of the EGC receiver
change more than that of the MRC receiver and this suggests
that the EGC receiver is more sensitive to the variation of
fading parameterm than the MRC receiver.

Using the expression for the BER obtained for the up-
link transmission in a Nakagami-m fading channel, the av-
erage BER versus the number of active users both for EGC
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Figure 10: BER as a function of the number of active users for both
the EGC andMRC receivers of the uplink in a Rayleigh fading chan-
nel (N = 256, Eb/N0 = 0 dB and 7 dB).

and MRC receivers with 256 subcarriers in a Rayleigh fading
channel (m = 1) is shown in Figure 10. The Eb/N0 is fixed at
0 and 7 dB. The significant impacts of MAI can be observed.
It can also be noted that at Eb/N0 = 7 dB, the fully loaded
system works well if efficient channel coding is employed.

5. CONCLUSIONS

The BER analysis for MC-CDMA receivers with multiple ac-
tive users in frequency-selective Nakagami-m fading chan-
nels was presented in this paper. The analysis was applied to
evaluate the performance of both EGC and MRC receivers
in the uplink and downlink. The AGA approach utilizes an
alternative expression for the Q-function, combining this
with the characteristic function of Nakagami-m r.v.’s, thereby
eliminating the need for deriving the distribution of the sum
of Nakagami-m signals for the EGC receiver and, hence,
avoiding all approximations required therein. The approach
used in this paper has the advantage of simplicity in expres-
sion and computational efficiency. Both theoretical analysis
and computer simulations were used to evaluate the BER
performance of the receivers in Rayleigh fading channels. It
was of importance to observe that the computer simulations
demonstrated the accuracy of the analysis method based on
AGA. Therefore, the method presented here provides us with
a powerful practical tool to evaluate the BER performance of
MC-CDMA systems, especially when the number of subcar-
riers and users is too large to obtain simulation results. In
addition, it was also seen that the influence of MAI on the
system performance is significant and that the BER saturates
at high SNR for both EGC and MRC receivers in the uplink
and downlink when the system is heavily loaded.
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APPENDIX

THE CHARACTERISTIC FUNCTIONOF
A RAYLEIGH RANDOMVARIABLE

To obtain the performance of the receivers using EGC
in a Rayleigh fading, we can let m0,n = 1 in Section 3.
Alternatively, it can be obtained by directly using the char-
acteristic function of Rayleigh r.v.’s.

The characteristic function of Rayleigh random variables
can be expressed by virtue of the sine and cosine transforms,

ψβ0,n( jv) =
∫∞
0

2β0,n
Ω0,n

exp

(−β20,n
Ω0,n

)
cos

(
β0,nv

)
dβ0,n

+ j
∫∞
0

2β0,n
Ω0,n

exp

(−β20,n
Ω0,n

)
sin

(
β0,nv

)
dβ0,n

= 1F1

(
1;
1
2
;−Ω0,nv2

4

)

+ j

√
πΩ0,n

4
v exp

(
− Ω0,nv2

4

)
.

(A.1)

The following formulas from [23] have been used

∫∞
0
xv exp

(− αx2
)
cos(xy)dx

= 1
2
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(
1
2
+
1
2
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2
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1
2
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1
2
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∫∞
0
x exp
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sin(xy)dx

= 1
4
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πa−3/2y exp

(
− 1

4
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)
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(A.2)

The characteristic function of a Rayleigh random vari-
able can also be written as

ψβ0,n( jv) =


1F1

(
− 1

2
;
1
2
;
Ω0,nv2

4

)
+ j

√
πΩ0,n

4
v




× exp

(
− Ω0,nv2

4

)
,

(A.3)

where the property [21]

1F1(a, b, z) = ez × 1F1(b− a, b, z), (A.4)

was used. Then following the same procedure as in Section 3
and making some changes, the performance of EGC in a
Rayleigh fading channel can be obtained.
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