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Abstract On the basis of CFO (carrier frequency offset) point of view, the system
performance results from the analysis by adopting the channel scenarios characterized as
Weibull fading for an MC-DS-CDMA (multi-carrier direct-sequence coded-division multiple-
access) system is proposed in this article. Moreover, an approximate simple expression with
the criterion of BER (bit error rate) versus SNR (signal-to-noise ratio) method is derived
for an MC-DS-CDMA system combining with RAKE receiver, which is a special case of
MRC (maximal ratio combining) diversity, based on the MGF (moment generating function)
formula of Weibull statistics, and it associates with an alternative expression of Gaussian
Q-function. In addition, the other point of view on the BER performance evaluation of an
MC-DS-CDMA system is not only the assumption of both single-user and multi-user cases
applied, but the phenomena of PBI (partial band interference) is also included. Furthermore,
with several of the system parameters, such as CFO values, ε, Weibull fading parameter, β,
user number, K , spreading chip number, N , branch number, L , and the PBI values, JSR, etc.,
are compared with each other in the numerical results in order to validate the accuracy in the
derived formulas. To the best of author’s knowledge, it is a brain fresh idea proposed in this
paper to evaluate the system performance for an MC-DS-CDMA system on the point of the
CFO view over Weibull fading.
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1 Introduction

In the future, the most important issue for investigating broadband wireless communication
system will be addressed in supporting a wide range of services and high data bit rates by
employing a variety of techniques. Both in 2G (second generation) and 3G (third generation)
wireless mobile systems, CDMA (coded-division multiple-access) system have been consid-
ered as significantly attractive multiple access techniques. This is for the main reason that
the CDMA system is an effective approach to combat channel fading and various kinds of
narrowband interference in multiple-access environments. However, the capabilities of 3G
systems will sooner or later be insufficient to cope with the increasing demands for broad-
band fixed network services. Based on the motivation, the 4G (fourth generation) system,
MC-CDMA (multi-carrier CDMA), which based on the OFDM (orthogonal frequency divi-
sion multiplexing) signaling, are now engaged in exploring [1]. One of the most important
types of multi-carrier CDMA system is called MC-DS-CDMA (multi-carrier direct-sequence
CDMA) system, which has the data sequence multiplied by a spreading sequence modulates
disjoint multiple carriers. The receiver provides correlator for each carrier and at the output of
the correlator is combined with RAKE receiver, which is a special case of MRC (maximal ratio
combining) diversity. Generally speaking, multi-carrier DS systems can be categorized into
two types: (1) a combination of OFDM and CDMA system, and (2) a parallel transmission-
scheme of narrowband DS waveform in the frequency domain [2–4]. Both aforementioned
modulation methods have been dedicated to analysis by combining them with many varieties
of considerable scenarios. It is known that the effects of ISI (inter-symbol interference) and
fading occurs in the transmission channel are two major interference sources of interference
for wireless communication systems.

During the past about 15 years, there are a lot of signaling schemes with multi-carrier
technique have been proposed and analyzed over different assumptions of fading channels.
In [4], the researchers evaluated the system performance of an MC-DS-CDMA system with
MRC diversity over Rayleigh fading channel. In [5], the researchers, in order to obtain the
average BER (bit error rate) performance for an MC-DS-CDMA system, employed three
methods to calculate the approximate pdf (probability density function) of the sum of i.i.d.
(independent identically distribution) Rayleigh random variables. The results presented by
Ziemer and Nadgauda in [6] are to analyze the affect of correlation among the subcarriers for
an MC-DS-CDMA system, in which only the AWGN channel is assumed with single user.
The performance of an MC-CDMA system with correlated envelopes was not only analyzed
by Shi, and Latva-aho, but the researchers who also presented the effect of correlated phases
in [7]. Performance analysis of MC-CDMA system and the MC-DS-CDMA systems oper-
ate in correlated-Rayleigh fading channels were calculated by Kim et al. [8], and Xu and
Milstein [9], respectively. Recently, the reference [10] in which Yang and Hanzo evaluated the
performance for generalized MC-DS-CDMA system over Nakagami-m channel. The authors
Kang and Yao in [11] analyzed the performance of MC-CDMA system with independent
and correlated subcarriers over Nakagami-m fading channels. The authors, Shi and Latva-aho
adopted the MGF methods to calculate the BER of MC-CDMA system over Nakagami-m
fading [12]. In the publication [13], Chen evaluated the performance of an MC-CDMA sys-
tem with MRC diversity works in a correlated Nakagami-m fading environments. Most of the
mentioned publications are to provide with the system performance of multicarrier scheme
in Nakagami-m fading.

Now, it is worthy noting that the Weibull fading is an alternatively versatile consider-
ation for evaluation the performance of wireless radio systems. In [14] W. Weibull proposed
the Weibull distribution first for estimating machinery lifetime and become popularly used

123



On the Impact of CFO for an MC-DS-CDMA System 787

in several fields of science. Such as weather forecasting and radar systems to model the
dispersion of the received signals level caused by some kinds of obstacles. The reasons for
assuming that the fading channel characterized by the Weibull distributed in this paper are
not only it can be regarded as an approximation to the generalized Nakagami-m distrib-
uted with the same order as the Nakagami-m distribution, but it can be concerned to exhibit
good fit to experimental fading channel of both in indoor and outdoor environments. Fur-
thermore, according to the results of experimental measurements, it has demonstrated that
the characteristic of Nakagami-m distribution is versatile than Rayleigh and Rice distribu-
tion in the urban area and including the of one-sided Gaussian and Rayleigh distribution
[15]. Anyway, the issues of wireless communications over Weibull fading environments
have begun to attract much interesting for the researchers. For example, the results pre-
sented in [16] evaluated the performance of linear diversity of GSC (generalized-selection
combining) over independent Weibull fading channels. The authors Sagias et al. dealt with
the performance of switched and SC (selection combining) diversity by using of evalua-
tion the average SNR (signal-to-noise ratio) with the parameters of AoF (amount of fad-
ing) and switching rate in [17] and [18], respectively. In [19] the present author, Chen,
derived a closed form with the LCR (level crossing rate) and AFD (average fade dura-
tion) for dual-branch SC diversity in correlated-Weibull fading. The authors Karagiannidis
et al. have completed the performance analysis of linear combining, EGC (equal gain com-
bining) and MRC, over Weibull fading [20]. The results of performance evaluation of
MC-CDMA system over a multipath fading channel using the CHF (characteristic func-
tion) method has been arrived at in [21] by the researches Smida et al. Besides, in [22]
the authors claimed that the results should not accuracy if the assumption of interdepen-
dence among the input diversity channel without sufficient separation between antennas. It
means that multivariate Weibull distribution could be involved in the analysis for reception
with multiple access techniques. Accordingly, in this paper the means apply multivariate
MGF of Weibull distribution is adopted to evaluate the performance of an MC-DS-CDMA
system.

Moreover, the CFO (carrier frequency offset) phenomenon, which is caused by the mis-
match in frequency generated from the oscillator between the transmitter and the receiver, i.e.
the estimation of the receiver goes wrong, induces the ICI (inter-carrier interference) which
will abolish the orthogonality of the transmitted data over an MC-CDMA systems [23].
Recently, Liu and Hanzo proposed the exact closed-form for the average BER calculation of
OFDM system in the presence of both CFO and phase estimation error in frequency-selective
fading channels [24]. In additions, the authors Zhou et al. illustrated the impact results of CFO
for uplink OFDM/SDMA systems in [25]. In short, the CFO effect has become gradually one
serious issue which will explicitly degrade the system performance of an MC-DS-CDMA
system.

Reviewing the previous researches, the very important contribution and novelty of this
paper are clearly aiming to extend the ideal of adopting the Weibull distributed as the fading
model for deriving some results of BER performance of an MC-DS-CDMA system. Both the
single and multi-user cases are analyzed for comparison purpose, moreover, the PBI (partial
band interference) condition is also taken into account. To the best of author’s knowledge,
the adopted scenarios of fading environment with Weibull distributed for the performance
evaluation of MC-DS-CDMA system were not ever proposed and analyzed, that is, it is the
new ideal presented in this paper.

The analysis of system BER (bit error rate) for an MC-DS-CDMA system in indepen-
dent or correlated fading channels have ever been addressed and investigated by a number
of papers [1,2]. However, the more versatile Weibull fading channels were relatively sparse

123



788 J. I.-Z. Chen, W. C. Kuo

considered and often assumed to be independent [3,4]. In [3–5], some closed-form calcu-
lations of BER and outage probability on Weibull fading channels were given for many of the
general digital linear modulation schemes with traditional combining schemes,
however, most of the analysis mentioned above weren’t include an MC-DS-CDMA systems
with multiple-access technique.

A closed-form expression of system BER for an MC-DS-CDMA system with MRC diver-
sity operating under the assumptions of correlated-Weibull fading channels is presented in
this letter. Not only the joint MGF (moment generating function) of the Weibull RVs (random
variable) adopted, but an alternative expression of the Gaussian Q-function was applied in
this investigation. Finally, the numerical evaluation held for validating the correctness of the
derived equations. In addition, in order to involve the effect of the rate of average power decay
in the scenario with MC-CDMA system, the exponential MIP (multipath intensity profile)
was assumed.

In this letter, we present a simple closed-form average BER expression for the MC-DS-
CDMA systems with MRC in correlated-Weibull fading channels. The much simpler approx-
imation formulas of average BER directly extensions of the MGF method were derived. The
paper is organized as follows, in Sect. 2 the system models are described, and the system
BER Performance is analyzed in Sect. 3; the numerical results and a brief discussion are
shown in Sect. 4; finally, a simple conclusion is drawn in Sect. 5.

2 System Models

2.1 Transmitter Model

The transmitter block diagram proposed in [4] was shown in Fig. 1 again for adopting as
the transmitter model in this research. In the block diagram of the transmitter, an MC-DS-
CDMA system in which a unique spreading sequence is assumed to serve for each user,
and the active users employs M subcarrier, which is supposed equal to the number of the
branch number of propagation channel, and BPSK (binary phase shift keying) modulation
scheme is used. The overall bandwidth of an MC-DS-CDMA system with all the subcarrier
is given by BWM = (1 + μ) /MTc, where 0 < μ ≤ 1 is roll-off factor, M is number of
sub-carrier, and Tc is the chip duration. From the points described above, the total bandwidth
of the MC-DS-CDMA system of the k-th user can be computed as BWT = (1 + μ) /Tc.
The transmitted signal of an MC-DS-CDMA system of the k-th user shown in Fig. 1, can be
written as [7]

s(k)(t) = √2Ec

∞∑

n=−∞
c(k)n d(k)h h

(
t − nMTc − τ (k)

) M∑

i=1

Re

[
e

j
(

2π fi t+θ(k)i

)]
(1)

where Ec is the chip energy, c(k)n is the pseudo-random spreading sequence, d(k)�n/N� ∈
{+1,−1} denotes the data bit of the k-th user, where N indicates the length of PN-sequence,
h(t) is the impulse response of the chip wave shaping filter, τ (k) is an arbitrary time
delay uniformly distributed over [0, N MTc] , Re [·] denotes the real part, θ(k)i and fi

′s, i =
1, 2, . . . ,M are a random carrier phase uniformly distributed over (0, 2π] and the carrier
frequency, respectively.
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Fig. 1 The transmitter block diagram of an MC-DS-CDMA system of the k-th referenced user
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Fig. 2 The receiver block diagram of an MC-DS-CDMA system of a referenced user

2.2 Receiver Model

The receiver block diagram of an MC-DS-CDMA system with BPF (band-pass filter) and
LPF (low pass filter) filter is illustrated In Fig. 2. The complex lowpass equivalent impulse
response of the i-th channel is {ci = ξi · δ (t) , i = 1 . . .M} , and ξ

(k)
i = α

(k)
i exp

(
jβk

i

)
,

where α(k)i and βk
i correspond to represent attuation factor and phase-shift for i-th channel

of the k-th user. The complex equivalent impulse response of the channel is expressed as
c(t) =∑L−1

l=0 αlδ (t − lTc). The received signal at the receiver is given as [4]

r(t) =
K∑

k=1

{
√

2Ec

∞∑

n=−∞
d(k)h c(k)n h

(
t − nMTc − τ (k)

)

×
M∑

i=1

α
(k)
i cos

(
2π fi t + ψ

(k)
i

)
}

+ Nw(t)+ NJ (t) (2)

where K denotes the user number, ψ(k)i = θ
(k)
i + β(k)i , Nw(t) is AWGN with a double-sided

PSD (power spectral density)of η0/2, NJ (t) is partial band of Gaussian interference with a
PSD of Sn J ( f ), which is written as

Sn J ( f ) =
{
ηJ
2 , f J − WJ

2 ≤ | f | ≤ f J + WJ
2

0 , otherwise
(3)
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where f J and WJ represent the bandwidth of the interference and the center frequency,
respectively. Then the interference (Jamming)-to-signal ratio, JSR, is defined as the ratio of
the interference power value to signal power, and can be written as

JSR = ηJ WJ

Eb/T
= (1 + μ)

ηJ

Eb

N

M
(4)

where Eb is defined as the bit energy. The output from the chip-matched filter in the branch
ζi is give by [4]

ζi = Dζi + M AIζi + JSRζi + Nζi (5)

where the first term of the previous equation denotes the desired signal of the reference case
can be written as

Dζi (t) = √Ecα
(1)
i

∞∑

n=−∞
d(1)h c(1)n x (t − nMTc) (6)

then the second term in (5) is the interference comes from the other users, callas the MAI
(multiple access interference), when the user number K approximates as Gaussian random
variable, and can be determined as

MAIζi (t) =
K∑

k=2

{
√

Ecξ
(k)
i

∞∑

n=−∞
d(k)h c(k)n · x

(
t − nMTc − τ (k)

)
}

(7)

where ξ (k)i ≡ α
(k)
i cosφ(k)i and is i.i.d. (identical independent distribution) Gaussian, φ(k)i =

ψ
(k)
i − ψ

(k)
1 . The third term in (5) is the JSR defined in (3), can be represented as

JSRζi (t) = LPF
[√

2n′
i, j (t) cos

(
2π fi t + ψ1,i

)]
(8)

where LPF[·] is applied to express the function of LPF, and the last term of (5) indicates the
output signal caused by the fact that the AWGN passes to LPF, and which can be expressed
as

Nζi (t) = LPF
[√

2n′
w,i (t) cos

(
2π fi t + ψ

(1)
i

)]
(9)

where the terms n′
i, j (t) in (8) and n′

w,i (t) in (9) results from passing n J (t) and nw(t) in
(2), respectively, through the i-th bandpass filter. It is necessary to evaluate the SNR (sig-
nal-to-noise ratio) at the output of the receiver for the reference user such that the system
performance can be determined. Thus all of the statistics results of the signal at the output of
the i-th correlator are to be determined and expressed as

χi = Dχi + MAIχi + JSRχi + Nχi (10)

where each terms shown in last equation is adopted as that of the same results studied and
published in [4].

2.3 The Fading Channel with CFO Consideration

A slowly varying Weibull fading channel is assumed for each transmitting path. All sub-
carriers are considered to experience flat but correlated fading which may happen at the
chance when if no frequency domain interleaver is employed. For adopting a complex enve-
lope say ai , i = 0, 1, . . . , N − 1, which can given as a function of elements with Gaussian
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in-phase Xi and quadrature Yi of a path with components ai = (Xi + jYi )
2/βi , where βi

is the well known fading parameter of the Weibull fading model. The parameter βi can take
values 0 < βi < ∞. In the special case when βi = 1, the Weibull distribution becomes
an exponential distribution; when βi = 2, the Weibull distribution specializes to a Rayleigh
distribution. It is well known that the channel state of radio system will be characterized by
the value of fading parameter of the Weibull statics. On the other hand, as β increases, the
fading severity decreases. The three values of fading parameter, β = 3, 4, 5 will be adopted
as for discussion in the numerical analysis. Let αi be the magnitude of ai , that is, αi = |ai |.
Hence for the Weibull fading model, αi can be expressed as a power transformation of

a Rayleigh distributed RV (random variable) Ri = |Xi + jYi | as αi = βi

√
R2

i , which has
the pdf expressed as

fαi (ν) = βi

�i
νβi −1 exp

(
−ν

βi

�i

)
(11)

where �i denotes the average energy, which is assumed with exponential MIP (multipath
intensity profile), i.e.,�i = �oe−lδ,where�o is the average power of the first channel path,
δ ≥ 0 is the rate of average power decay [14].

The MRC combining receiver block diagram of an MC-DS-CDMA system with BPF
(band-pass filter) and LPF (low pass filter) for the referenced user (the first subscriber) is
illustrated in Fig. 2, and the received equivalent low pass signal [26]. There are At total
antenna number assumed in the combining receiver and the combining subchannel follows
after the LPF. The attenuation factor of the useful data is designed when n = 1. In order to
include the CFO effect in the system performance evaluation of an MC-DS-CDMA system,
the ICI (inter-carrier interference) coefficient caused by the nth subcarrier for n = 2, . . . , N
subchannel is given as [23]

mn = [M]1,n = �(ε) · e jπ N−1
N (n−1) (12)

where�(ε) = sin [π (n − 1 + ε)]/N sin [π (n − 1 + ε)/N ], and ε indicates the CFO mag-
nitude. Hence, the SNIR (signal-to-noise-interference ratio) includes the CFO at the com-
bining receiver output of an MC-DS-CDMA system can be determined by put (12) together
the SNR and becomes as

�0 =
{

�(ε)|n=1 ·
[

2 · (k − 1)

N
+ 1

SN R

]
+

N∑

n=2

∣
∣
∣�(ε)e jπ N−1

N (n−1)
∣
∣
∣
2
}−1

(13)

where SNR is the ratio of bit energy and the noise result in each antenna.

3 BER Performance Analysis

The conditional mean of χi shown in (10), condition upon the channel attenuation factor α(1)i
are given by

123



792 J. I.-Z. Chen, W. C. Kuo

E
[
χi |αi , d(1)h

]
= E

{
χi |α(1)i ,

{
d(1)h

}}

= √
Ecα

(1)
i

N−1∑

n′=0

∞∑

n=−∞
d(1)h c(1)n c(1)n′ · x

[
(n′ − n)MTc

]

= ±N
√

Ecα
(1)
i (14)

It is known that the x
[
(n′ − n)N Tc

] = 0 for n′ �= n. The conditional variance of χi can be
represented as

V ar
{
χi |α(1)i

}
≡ σ 2

i

= V ar
{

MAIχi + JSRχi
+ Nχi |α(1)i

}

= V ar
{
MAIχi

}+ V ar
{

JSRχi

}
+ V ar

{
Nχi

}
(15)

where the results of each terms shown in the previous equation can be calculated as the
procedure given in [4]. All signals at the output of correlators are combined with the RAKE
receiver (MRC reception), and the result can be expressed as

χ =
M∑

i=1

Giχi (16)

where Gi is defined as the channel estimate of the i-th branch. In order to maximize the SNR,
the channel estimate Gi is defined as the ratio of the desired signal amplitude to the variance
of the noise and interference components in the output, and is written as

Gi =
E
{
χi |α(1)i

}

V ar
{
χi |α(1)i

} (17)

By combining (14) with (15), then the SNR, (S/N ) , at the output of RAKE receiver, which
is a special case of MRC diversity, can be obtained as

(
S

N

)
= E2

{
χi |α(1)

}

V ar
{
χi |α(1)

} ≡ N 2 Ecγ (18)

where the reference user (1st user) is considered, and

γ =
M∑

i=1

(
α
(1)
i

)2

σ 2
i

≡
M∑

i=1

qi (19)

where the fading branch {α(1)i , i = 1, . . . ,M} of the reference user are characterized as cor-
related-Weibull statistic. Generally speaking, it is difficulty to obtain the pdf for the random
variable γ in (19) by using of the method of multi-variable transformation. However, the
most common solution of approaching the system BER is the utilization of joint MGF. For
BPSK signals, the BER can be approximately achieved by [27]

Pcase
e =

∞∫

0

Q

(√
N 2 Ecγcase

)
fγ (γcase) dγcase (20)
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where the γcase in (20) is going to be depended on what the scenario adopted is. For purpose
of widely discussing system performance, two cases, single user and multiple user cases
are included. Hence, γcase has to be replaced with the corresponding case names by means
of the exact subscript is necessary, namely, γmu−sc represents the SNR of multi-user case
with single carrier, while γsu−mc indicates the SNR of single-user case with multi-carrier.
Similarly, the method will be employed for the symbols σ cases

0 and Pcases
e of variance and

average BER, respectively. The average BER of those cases will be illustrated in the next
subsection, respectively. The Q (x) in (20) is the Gaussian Q-function and defined as

Q (x) = 1√
2π

∞∫

x

e− x2
2 dt (21)

By changing the variables and using an alternative representation of the Q-function, except
the standard expression, as

Q (x) = 1

π

π/2∫

0

exp

(
−√

0.5
( x

sin θ

)2
)

dθ (22)

with the use of RAKE receiver, let γ =∑N−1
l=0 (αl)

2, then the MGF of γ should be determined
such that it’s pdf can be calculated..

Note that the MGF of a random variable, γ, can be denoted generally as Mr (s) =
E
[
e−sr

] = ∫∞
0 e−sr fr (r) dr . Thus, the average BER for a MC-DS-CDMA system over

correlated-Weibull fading can be derived by substituting the MGF of correlated-Weibull fad-
ing distribution in (11) and the Q-function shown in (22), respectively, into (20), the system
BER can be obtained as

PBER =
∞∫

0

Q
(√
σ0γ

)
f (γ ) γ

= 1

π

∞∫

0

π/2∫

0

exp

(
− σ0γ

sin2 θ

)
f (γ ) dθdγ

= 1

π

π/2∫

0

Mγ (s, β)dθ (23)

where s = σ0/sin2 θ is generated by the definition of MGF.

3.1 System BER with Dual-Branch

The system BER of an MC-DS-CDMA systems over correlated-Weibull fading channel are
going to be inspected by the next subsection with a dual-branch RAKE receiver. The MGF
of correlated-Weibull fading with dual-branch can be obtained by putting L = 2 into the
general form of MGF shown in [22], and it is given as
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Mα1,α2 (α1, α2) = β1β2

∞∑

k=0

ρk

(k!)2 (1 − ρ)2k+1

2∏

i=1

1
(
α
βi
i �i

)k+1

×ϒ
[

1

(1 − ρ) α
βi
i �i

, (k + 1) βi

]

(24)

whereϒ (ξ, u)was defined in [28]. Once the value of βi was assumed that belongs to rational
number, h and λ have to satisfy λ = h ·βi . By using of the formula shown in (23), the system
BER with different conditions for all the cases can be analyzed as follows.

3.2 Multi-user Scenario

3.2.1 Multi-carrier

First, we consider a multi-user case with multi-carrier, and assume that the correlation
between the spread codes is adjustable as RIi (�MTc) = ∑ N−1

n′=�C1,n′C1,n−l = 0, such
that the autocorrelation function, RIi (0), which can be obtained from [4] and represented as

RIi (0) =
∞∫

−∞
SIi ( f )d f

= (K − 1)Ec

2

(
1 − μ

4

)
(25)

Thus, the conditional SNR, γmu−mc, of the multiple user case with multi-carrier at the output
of the receiver can be determined from Eq. (14) and (15), which is written as

γmu−mc = σmu−mc
0

1

M

M∑

i=1

(α1,i )
2 (26)

where σmu−mc
0 is able to be gained by easily put the CFO parameter illustrated in (12) into

(19) and denoted as

σmu−mc
0 =

⎧
⎨

⎩
sin[π(ε)]

N sin
[
π(ε)

N

] ·
[{

K − 1

M N

(
1 − μ

4

)
+ 1

snr

}−1 1

M
+ 1

snr

]

+
N∑

n=2

∣
∣
∣
∣
∣
∣

sin[π(n − 1 + ε)]
N sin

[
π(n−1+ε)

N

] e jπ N−1
N (n−1)

∣
∣
∣
∣
∣
∣

2
⎫
⎪⎬

⎪⎭

−1

(27)

where N represents the chip number per symbol for the multi-carrier case, and η0/2 is a
double-sided PSD of the AWGN, MNEc = N1 Ec1 = Eb, where Eb denotes the bit energy,
and N1 and Ec1 are the length and the energy of the spreading code, respectively. In order
to calculate the system BER formula for the case of multi-user with multicarrier, Pmu−mc

B E R ,

by substituting (26) into (23), and it can be obtained as
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Pmu−mc
B E R =

∞∫

0

Q
(√
σ0γ

)
f
(
α(1)

)
dα(1)0 dα(1)1

= 1

π

∞∫

0

π/2∫

0

exp

(

−σ
mu−mc
0 γmu−mc

sin2 θ

)

f (γmu−mc) dθdγmu−mc

= 1

π

π/2∫

0

Mγ (s, β)dθ (28)

where γmu−mc and σmu−mc
0 are shown in (26) and (27), respectively, and next by substituting

the MGF shown in (24) into (23), the system BER formula becomes as

Pmu−mc
B E R = 1

π

π
2∫

0

β1β2

∞∑

k=0

ρk

(k!)2 (1 − ρ)2k+1

2∏

i=1

1
(

sβi
i �i

)k+1ϒ

×
[

1

(1 − ρ) sβi
i �i

, (k + 1) βi

]

dθ (29)

where si = −σmu−mc
0 /sin2 θ . We define the average bit SNR as snr = MNEc/η0.

3.2.2 Single-carrier

Similarly, the conditional SNR, γmu−sc, of a single-carrier RAKE receiver, can be deter-
mined as

γmu−sc = σmu−sc
0

M∑

i=1

(
α
(1)
i

)2
(30)

where σmu−sc
0 is denoted as

σmu−sc
0 =

⎧
⎨

⎩
sin[π(ε)]

N sin
[
π(ε)

N

] ·
⎡

⎣

{{
K − 1

2N1

(
1 − μ

4

)
+ η0

2N1 Ec1

}−1

+ 1

snr

}−1
1

M
+ 1

snr

⎤

⎦

+
N∑

n=2

∣
∣
∣
∣
∣
∣

sin[π(n − 1 + ε)]
N sin

[
π(n−1+ε)

N

] e jπ N−1
N (n−1)

∣
∣
∣
∣
∣
∣

2
⎫
⎪⎬

⎪⎭

−1

where the symbol of the length and the chip energy of the spreading sequence are replaced
with the symbols N1, and Ec1, respectively. The system BER, Pmu−sc

B E R , of this case can be
obtained by putting (11) and (22) into (20) and exactly calculated as

Pmu−sc
B E R =

∞∫

0

Q
(√
σ0γ

)
f
(
α(1)

)
dα(1)0 dα(11

= 1

π

∞∫

0

π/2∫

0

exp

(

−σ
mu−sc
0 γmu−mc

sin2 θ

)

f (γmu−sc) dθdγmu−sc
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= 1

π

π/2∫

0

Mγ (s, β)dθ (31)

where γmu−sc and σmu−sc
0 are shown in (29), and next with the same way as in the previous

case by substituting the MGF shown in (24) into (23), the system BER formula for this case
becomes as

Pmu−sc
B E R = 1

π

π
2∫

0

β1β2

∞∑

k=0

ρk

(k!)2 (1 − ρ)2k+1

2∏

i=1

1
(

sβi
i �i

)k+1ϒ

×
[

1

(1 − ρ) sβi
i �i

, (k + 1) βi

]

dθ (32)

where si = −σmu−sc
0 /sin2 θ. The average bit SNR is defined as snr = MNEc/η0, thus

the σmu−sc
0 in (31) can be replaced with σmu−sc

0 =
{

K−1
2N1

(
1 − μ

4

)+ η0
2N1 Ec1

}−1
, where

MNEc = N1 Ec1 = Eb, Eb denotes the bit energy, N1 and Ec1 are length and energy of the
spreading code, respectively.

3.2.3 Multi-carrier and PBI

The conditional SNR, γmu−mc−P B I , of a multi-carrier with PBI can be determined from (13)
and expressed as

γmu−mc−P B I = σmu−mc−P B I
0

1

M

M∑

i=1

(
α1,i
)2 (33)

where

σmu−mc−P B I
0 =

⎧
⎨

⎩
sin[π(ε)]

N sin
[
π(ε)

N

] ·
[{

K−1

2M N

(
1−μ

4

)
+ η0

2MNEc
+ ηJ

2MNEc

}−1 1

M
+ 1

snr

]

+
N∑

n=2

∣
∣
∣
∣
∣
∣

sin[π(n − 1 + ε)]
N sin

[
π(n−1+ε)

N

] e jπ N−1
N (n−1)

∣
∣
∣
∣
∣
∣

2
⎫
⎪⎬

⎪⎭

−1

,

where ηJ represents the JSR defined in (4). By using of the same steps as that of the derived
results expressed in (27), and the system BER under this assumption, Pmu−mc−P B I

e , can be
determined as

Pmu−mc−P B I
e =

∞∫

0

Q
(√
σ0γ

)
f
(
α(1)

)
dα(1)0 dα(1)1

= 1

π

∞∫

0

π/2∫

0

exp

(

−σ
mu−mc−P B I
0 γmu−mc−P B I

sin2 θ

)

× f (γmu−mc−P B I ) dθdγmu−mc−P B I
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= 1

π

π/2∫

0

Mγ (s, β)dθ (34)

where γmu−mc−P B I and σmu−mc−P B I
0 are shown in (33), and next by substituting the MGF

shown in (27) into (34), the system BER formula becomes as

Pmu−mc−P B I
B E R = 1

π

π
2∫

0

β1β2

∞∑

k=0

ρk

(k!)2 (1 − ρ)2k+1

×
2∏

i=1

1
(

sβi
i �i

)k+1ϒ

[
1

(1 − ρ) sβi
i �i

, (k + 1) βi

]

dθ (35)

where si = −σmu−mc−P B I
0 /sin2 θ . We define the average bit SNR as snr = MNEc/η0,

thus the σmu−mc−P B I
0 in (32) can be replaced with σmu−sc

0 = { K−1
2M N

(
1 − μ

4

) + η0
2MNEc

+
ηJ

2MNEc

}−1 1
M , where MNEc = N1 Ec1 = Eb, and Eb denotes the bit energy, N1 and Ec1 are

length and energy of the spreading code, respectively.

3.3 Single-user Scenario

3.3.1 Multi-carrier

Next, the conditional SNR of single-user and multiple-carrier case, γsu−mc, at the output of
the receiver can be calculated with the same way as that adopted in the case of multiple user’s,
and the values of the user number will be substituted by K = 1into (23). The conditional
SNR, γsu−mc, becomes as

γsu−mc = σ su−mc
0

M∑

i=1

(α1,i )
2 (36)

where σ su−mc
0 is denoted as

σ su−mc
0 =

⎧
⎪⎨

⎪⎩

sin[π(ε)]
N sin

[
π(ε)

N

] ·
[
η0 · M

2MNEc
+ 1

snr

]
+

N∑

n=2

∣
∣
∣
∣
∣
∣

sin[π(n − 1 + ε)]
N sin

[
π(n−1+ε)

N

] e jπ N−1
N (n−1)

∣
∣
∣
∣
∣
∣

2
⎫
⎪⎬

⎪⎭

−1

By following the same steps as shown in (19), we can obtain the system BER, Psu−mc
e , for

single-user and multi-carrier case as
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Psu−mc
e =

∞∫

0

Q
(√
σ0γ

)
f
(
α(1)

)
dα(1)0 dα(1)1

= 1

π

∞∫

0

π/2∫

0

exp

(

−σ
su−mc
0 γsu−mc

sin2 θ

)

f (γsu−mc) dθdγsu−mc

= 1

π

π/2∫

0

Mγ (s, β)dθ (37)

where γsu−mc and σ su−mc
0 are shown in (36), and next by substituting the MGF shown in

(25) into (37), the system BER formula becomes as

Psu−mc
B E R = 1

π

π
2∫

0

β1β2

∞∑

k=0

ρk

(k!)2 (1 − ρ)2k+1

2∏

i=1

1
(

sβi
i �i

)k+1ϒ

×
[

1

(1 − ρ) sβi
i �i

, (k + 1) βi

]

dθ (38)

where si = −σ su−mc
0 /sin2 θ. We define the average bit SNR as snr = MNEc/η0, thus the

σ su−mc
0 in (36) can be replaced withσmu−sc

0 = 2N Ec/η0, where MNEc = N1 Ec1 = Eb, Eb

denotes the bit energy, N1 and Ec1 are length and energy of the spreading code, respectively.

3.3.2 Single- carrier

Similarly, the conditional SNR of a single-carrier RAKE receiver, γsu−sc, is given as

γsu−sc = σ su−sc
0

L∑

i=i

(α̂1,i )
2 (39)

where σ su−sc
0 is denoted as

σ su−sc
0 =

⎧
⎪⎨

⎪⎩

sin[π(ε)]
N sin

[
π(ε)

N

] ·
[
η0 · M

2MNEc
+ 1

snr

]
+

N∑

n=2

∣
∣
∣
∣
∣
∣

sin[π(n − 1 + ε)]
N sin

[
π(n−1+ε)

N

] e jπ N−1
N (n−1)

∣
∣
∣
∣
∣
∣

2
⎫
⎪⎬

⎪⎭

−1

where L is the number of resolvable paths of the channels. Note that the parameter has
been set as MNEc = N1 Ec1 = Eb in the last equation. Thus the average BER, Psu−sc

e , of
single-user and single-carrier can be determined as

Psu−sc
e =

∞∫

0

Q
(√
σ0γ

)
f
(
α(1)

)
dα(1)0 dα(1)1

= 1

π

∞∫

0

π/2∫

0

exp

(

−σ
su−sc
0 γsu−sc

sin2 θ

)

f (γsu−sc) dθdγsu−sc
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= 1

π

π/2∫

0

Mγ (s, β)dθ (40)

where γsu−sc and σ su−sc
0 are shown in (39), and next by substituting the MGF shown in

(25) into (40), the system BER formula becomes as

Psu−sc
B E R = 1

π

π
2∫

0

β1β2

∞∑

k=0

ρk

(k!)2 (1 − ρ)2k+1

2∏

i=1

1
(

sβi
i �i

)k+1ϒ

×
[

1

(1 − ρ) sβi
i �i

, (k + 1) βi

]

dθ (41)

where si = −σ su−sc
0 /sin2 θ. We define the average bit SNR as snr = MNEc/η0, thus the

σ su−sc
0 in (39) can be replaced with σ su−sc

0 = 2N Ec/η0, where MNEc = N1 Ec1 = Eb, Eb

denotes the bit energy, N1 and Ec1 are length and energy of the spreading code, respectively.

3.3.3 Multi-carrier with PBI

When the effect of PBI is considered, the conditional SNR, γsu−mc−P B I , of multi-carrier
and single- user case can be written as

γsu−mc−P B I = σ su−mc−P B I
0

1

M

M∑

i=1

(
α1,i
)2 (42)

where σ su−mc−P B I
0 denoted as

σ su−mc−P B I
0 =

⎧
⎨

⎩
sin[π(ε)]

N sin
[
π(ε)

N

] ·
[(

2MNEc

η0
+ 2MNEc

ηJ

)−1 1

M
+ 1

snr

]

+
N∑

n=2

∣
∣
∣
∣
∣
∣

sin[π(n − 1 + ε)]
N sin

[
π(n−1+ε)

N

] e jπ N−1
N (n−1)

∣
∣
∣
∣
∣
∣

2
⎫
⎪⎬

⎪⎭

−1

The system BER, Psu−mc−P B I
e , is also can be determined by the same procedures of the last

case, and obtained as

Psu−mc−P B I
e =

∞∫

0

Q
(√
σ0γ

)
f
(
α(1)

)
dα(1)0 dα(1)1

= 1

π

∞∫

0

π/2∫

0

exp

(

−σ
su−mc−P B I
0 γsu−mc−P B I

sin2 θ

)

× f (γsu−mc−P B I ) dθdγsu−mc−P B I

= 1

π

π/2∫

0

Mγ (s, β)dθ (43)
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where γsu−mc−P B I and σ su−mc−P B I
0 are shown in (42), and next by substituting the MGF

shown in (25) into (43), the system BER formula becomes as

Psu−mc−P B I
B E R = 1

π

π
2∫

0

β1β2

∞∑

k=0

ρk

(k!)2 (1 − ρ)2k+1

×
2∏

i=1

1
(

sβi
i �i

)k+1ϒ

[
1

(1 − ρ) sβi
i �i

, (k + 1) βi

]

dθ (44)

where si = −σ su−mc−P B I
0 /sin2 θ . The average bit SNR as snr = MNEc/η0, thus the

σ su−mc−P B I
0 in (42) can be replaced with σ su−mc−P B I

0 = 2N Ec/η0, where MNEc =
N1 Ec1 = Eb, Eb denotes the bit energy, N1 and Ec1 are length and energy of the spreading
code, respectively.

4 Results and Discussion

On the basis of each scenario considered in last section, several of the numerical evaluat-
ing results are discussed in this section. The result shown in this subsection adopts varied
parameters, such as those mentioned in the introduction section. In Fig. 3 shows plots of BER
versus average bit SNR (Eb/N0) with user number, K = 30, receive path number, M = 4,
subcarrier number, N = 64, and without the PBI, different values of fading parameters of
Weibull distribution, β = 3, 4, 5, and different CFO values, ε = 0.5, 0.25, 0. The perfor-
mance is normally degraded by the factor of much less fading parameters, and the less CFO
values the better system performance is. With the fixed subcarrier number N = 64, and the
same parameters were adopted in Fig. 3 except the fading parameter, β = 3 and with the PBI,
J S R = 2d B. Results of bit SNR versus BER curves are shown in Fig. 4 with different user
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Fig. 3 Plots of BER versus SNR with different CFO values without PBI
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Fig. 4 Plots of BER versus SNR with different user numbers and J S R = 2d B
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Fig. 5 Plots of BER versus user number with different CFO values and fading parameters without PBI

numbers and different CFO values. It is reasonable to observe that the much more MAI due
to the much more user number will cause the system performance become decline. The same
things described in Fig. 4 are shown in Fig. 5 in which curves of BER versus user number
are presented. However, some parameters are different adopted in Fig. 5, such as the SNR
fixed with, SNR = 10d B, and without PBI. In other words, the results from the influence of
PBI are illustrated in Figs. 6 and 7. In the former one where curves of BER versus average
bit SNR are variating with different CFO values, ε = 0.5, 0.25, 0, and the situation with PBI
and without PBI. It is worthy understanding that the system performance always superior
when the situation is in PBI nonexistence, i.e., it is significant that when the value of PBI is
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Fig. 6 Plots of BER versus SNR with different CFO values
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Fig. 7 Plots of BER versus SNR with different CFO values and JSR values

smaller, the better performance of the system is. Hence, in order to insist on this phanomena
the different PBI values, J S R = 0, 2, 4, 6 d B, are employed to obtain results of BER versus
average bit SNR and depicted in the latter one. On the other hands, it can easily understand
from both figures that the system performance become inferior, once the PBI factor is taken
into account and increase. Finally, in Fig. 8 the plots of BER versus SNR are presented for
discussing to the subcarrier number. It is valuable to observe that much more increases in
subcarrier number will cause the system performance becomes superior.
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Fig. 8 Plots of BER versus SNR with different subcarrier numbers

5 Conclusions

In this paper the approximate expression of system performance for MC-DS-CDMA sys-
tem with correlation coefficient between fading branch is evaluated. The pdf of SNR at the
output of Rake receiver (MRC diversity scheme) for MC-DS-CDMA system under different
cases, which are combined with multi-user and single-user cases, is determined. Besides, the
influence of JSR is also assumed for one of the system parameter. By comparison the system
BER with the different correlation coefficients, branch number, and number of subcarrier
are considered to analyze for the purpose of validation. The derived results prove that the
correlation coefficients will degrade the performance of MC-DS-CDMA system definitely.
The Weibull distribution has been certified that it can be specialized to Rayleigh distribution
with the method by setting the fading parameter equal to two, i.e., β = 2, and it can be
regarded as to approximate the Rayleigh distribution. However, what are the main factors
that affect the system performance results from our scenario with Weibull fading channel is
in accordance with that all of the known main parameters in the previous works, for example,
the number of spreading chip number, branch number, user’s number, fading parameter, and
JSR etc.
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