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ABSTRACT

A new exact expression of BER (bit error rate) and user capacity performance for MC-CDMA
(multi-carrier coded-division multiple-access) communication systems is proposed in this study.
Different antenna configurations, including triangular and linear configuration antenna arrays, are
applied. In addition, the branch is assumed to be operating in correlated Nakagami-m fading
environments. The CF (characteristic function) is adopted to solve the PDF (probability density
function) of the SNR (signal-to-noise ratio) at the MRC (maximal ratio combining) output instead of
other complicated analytical methods. Finaly, the numerical results obviously show that the
performance degradation of the MC-CDMA system is sensitive to the correlation of fading channels,
which isvalidated by comparing the results shown in certain published research [8].
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I.INTRODUCTION

The advantages of spectrum efficient, interference
immune, high data transmission rate, and insensitivity to
frequency selective channel become some of the reasons for
high-speed development of spread spectrum technical. It is
also known that the multiple access system bases on direct
sequence CDMA (code-division multiple-access) have drawn
recent interest in the application of wireless radio system [8].
Especialy, multi-carrier CDMA (MC-CDMA) appears to be a
considerable candidate for mobile radio communication system
in the future.

The BER (bit error rate) analysis of MC-CDMA based on
considering different kinds of assumptions, so far, have been
dedicated in numerous previously researches [2, 8, 11]. The
performance evaluation of MC-CDMA over multipath fading
channels was studied in [11]. The results presented in [2] are
for uplink channel using MRC (maximal ratio combining) with
the assumed frequency offsets condition in correlated fading.
The performance of MC-CDMA in non-independent Rayleigh
fading was studied in [4]. In [3], which by use of the method
of CF (characteristic function) and residue calculation for
downlink MC-CDMA. Both of the envelopes and phases
correlation are considered in [5] to evaluate the performance of
a MC-CDMA system operates in Rayleigh fading channel.
The literature in [9] illustrated the error probability for
MC-CDMA systems assumed that the transmission channel is
in Nakagami-m fading, and the postdetection of EGC (equal
gain combining) is considered.

Thought the ideal of correlation between any pair of
branch is going to impact the performance of the wireless
communication system, there is a new generic expression of
BER performance for MC-CDMA system is evaluated in this
correlated
Nakagami-m fading distribution are considered as a reasonable

paper. The transmission channels with
assumption while the separation of transmitter and receiver is
less than 51, where 1 is wavelength [10]. We adopted CF
(characteristic function) to solve the pdf (probability density
function) of the SNR (signal-to-noise ratio) at the MRC
(maximal ratio combining) output instead of the other
complicate analysis methods. The numerical results do show
that the channel correlation coefficient affect the performance
of MC-CDMA systems.

The rest of this paper is organized as follows.  Section |l
gives a description of the MC-CDMA system model includes
the transmitter, the receiver and the correlated Nakagami-m
channe moddl. The performance anaysis for the MC-CDMA
system is carried out in section IIl. There are numericaly

results shown in section V.  Finally, section VI draws a briefly

conclusion.

I[I.SYSTEM MODEL OF MC-CDMA SYSTEM

1. Transmitter M odel

The MC-CDMA system model is described in this section.
It is assumed that there exist K simultaneoudly users with N
Any effect of corrdation
among users is going to be ignored by assuming the number of

subcarrier within a signa cell.

usersis uniformed of distribution. Asshown in Fig.1, asigna
data symbol isreplicated into N parallel copies. The signature
sequence chip with a spreading code of length L is used to
BPSK (binary phase shift keying) modulated each of the N
subscrier of the k-th user.  Where the subcarrier has frequency
F/T, Hz, and where F is an integer number [8, 11]. The
technical described above is same as to the performance of
OFDM (orthogona frequency division multiplexing) on a
direct sequence spread-spectrum signal when set F=1. The
larger values of F, the more transmit bandwidth increase.  The
transmitted signal the resulting transmitted baseband signal
SM(t) corresponding to the M data bit size can be expressed as

st () = % SN ey R, ()

m=0n=0

jonty | @ e{-13
X Re[el t] , {b(k)[m] (11 Q)

where P is the power of data bit, M denotes the number of data
bit, N denotes the number of subcarriers, the sequencer
a¥0],..., a¥[N-1] and b¥[Q],..., bY[M-1] represent the
signature sequence and the data bit of the performance of

MC-CDMA systems for the k-th user, respectively. The
Pr, (t) isdefined as an unit amplitude pulse that is non-zero in

theinterval of [0, Ty, and Rel-] denotes the real part of a

a®[N-1] cos(2z ft+2rF(N-1t/T,)

Fig. 1 Thetransmitter model of the M C-CDM A system
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complex number, w,=2x(f-+nF/Ty) is the angular frequency of
the n-th subcarrier.

A frequency-selective channel with 1/T, <BW<<F/T, is
addressed in this paper, where BW, is the coherence bandwidth.
This channel model means that each modulated subcarrier does
not experience significant dispersion and with transmission
bandwidth of 1/Ty, i.e. T,>Tg, where /T, is the Doppler shift
typicdly in the range of 0.3~6.1 Hz in the indoor environment
[8], and the amplitude and phase remain constant even the
symbol duration T,.  In addition to, the channel of interest has
the transfer function of the continuous-time fading channel
assumed for the k-th user can be represented as

HOf, i1 = pMoeio” @
Tp

where ﬂi(k) and Gi(k) are the random amplitude and phase of

the channd of the k-th user at frequency f.+i(F/Ty). In order

to follow the real world care, the random amplitude, ﬂi(k) are

assumed to be a set of N correlated not necessarily identically
distributed.

2. Channel Mode

In this paper, a dowly varying fading channe is
considered, that is, the channel parameters are unchanged over
one bit duration T,. The equal fading severities are considered
for al of the channds, namely m=m, i=1,....,N. The pdf of
the fading amplitude for the k-th user with i-th channdl, B,

are assumed as r. v. (random variable) with the Nakagami-m
distribution, and given as[6]

2m-1 2
D (Omep-™0, g0 @

P(p) = rm o 0

where T() is the function defined by

r()=[gt*%e'd, Q=E[B* denoting expectation, the

gamma

parameter m of the amplitude distribution characterizes the
severity of the fading, and it is defined as

02
E[(B° -]

It is well known that m=0.5 (one-sided Gaussian fading)
corresponds to worst case fading condition, m=1 and m=oo
correspond to Rayleigh fading (purely diffusive scattering) and
the non-fading condition, respectively.
N-correlated gamma variable will present at the output of the

The sum of

receiver, that is, Let [x], i=1,...,N be a set of N correlated
identically distributed, and all the figure parameters and the
average power are assumed equivalent, that is, m=m=m, and
Q=0=Q, where i # j, for i, j=1,...,N. The power at the
output of the MRC is a function of the sum of the squares of
signal strengths, and is given as

R=Y7 (5)

characteristic  function of the

instantaneous SNR can be obtained as [7]

Then, the joint

. N . . -m
o [i(u-uy)]= E{exp(z1 mut)} = det[l - jTA] (6)
t=

where | is the unit matrix, the fading parameter is assumed to
be identical for al branch, A denotes the positive definite
matrix determined by the branch covariance matrix C,. Let
s=ju, and the last equation can be expressed as begin with the
partial expression of CF and iswritten as

(9) = det]l - sA] ™ = []—
r(S) = - i ¥ -
Y Haym

)
where A; represents the eigenvalues of the matrix A. All the
eigenvalues are assumed distinct. The equation (7) can be
expressed as a partial sum

deffl ~sA M= Te(1-s4) ®

=1r=1

=

where the coefficients ¢, can be determined in two cases,

that isgiven as

L 1

-1 —— ©)
t=1t=| (1_%)m s:(/1|)’1

Elm

For r=m, and

1 amr L1 |

_ (10)
(m=r)i(=24)™" ds™" t=£t1¢| @- Sﬂt)m|s=(i|)’1

Er

When consider that each term in (8) corresponds to a
Gamma distribution, the pdf of the sum as shown in (5), R, can
be determined as the linear combination of the distribution of
mN independent gamma random variable. Thus the pdf in
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terms of the CFof (1-s4)™" can be expressed as

r-tia) 1
Pr(t) = (}4) e Ar(r) (11)

and, the distribution for variable R can be calculated as

frt) = Z Z«Sn Pr(t) (12)

1=1r=1

3. Receiver M odel
For K active transmitters, the received signal r(t) can be
written as

2P KM IN-L

rO=yN = = 2 Pmn

k=0m=0n=0

alnip®[n

x R (t=mTy — ™) cos(@pt + O ) + (1) (13)

where n(t) isthe AWGN (additive white Gaussian noise) with a
double-sided power spectral density of Ng/2. We can

evaluate the local-mean power, Pn(k) , which isgiven as
R = Elplof)- 2 (a4)

The total-mean power of the k-th user is defined to be
R =N- P,ﬁk) , if the local-mean power of the subcarriers is
Assuming that acquisition has been
In addition,
the system operates synchronoudy with each user having the
same clock is assumed, and the MRC diversity reception
technique is considered in this paper. For the reason of using

assumed equal.
accomplished for the user of interesting (k=0).

MRC, it is assumed that perfect phase correction can be

obtained, i.e. éO,i =0y . Demodulating each subcarrier
includes applying a phase correction, éO,i , and a gan
correction factor dg, = Bo - agln] is multiplied by the n-th

subcarrier signal.

With all the assumptions for MRC diversity, the decision
variable Dy of the mth data bit of the reference user, can be
written as

N-1
I(m+l) r(t)- Zao[”] . dO,i -cos(ont + Qoyo)dt
n=0

=Us+Ima +10 (15)

where r(t) is the received signal as shown in (13), dy; is the
gain factor for MRC diversity, and the three termsin the second
equivalent of the equation (15) are going to be described as

follows. The first term represents the desired signal, can be

expressed as

U m 16
==\ nZOﬁo. aglm] (16)

and the second term, Iy, is the MAI (multiple access
interference) contributed from other users, which can be

determined as
I'mal =\/7 El g ak[m] by [m] - ag[m]
Xﬂk,m‘ﬂo,m‘COS(9|'<,n) (17)

where 6 n=6pn—6cn, and 6, ae i.id (identicaly

independent distributed) r.v’s, uniformly distributed over
[0,27). The variance of MAI condition on B, , need to be

determined and can be obtained as

2 P(K D

Ivar —

E[ﬂk m] Z ﬂO n (18)

The third term, 7, is corresponds to the AWGN term and
with the variance given as

N N
of =23 Bin (19)

1. PERFORMANCE ANALYSIS
For BPSK (binary phase shift keying) modulation the
average BER can be obtained by averaging the conditional
BER over the joint pdf of the instantaneous SNR value
corresponding to the N subcarrier.  Furthermore, let’s define
the total normalized power of the reference user is

1N 02
== 20
o § (Bn”) (20)
Hence the received SNR at the output of the receiver of the
reference user, snr,ﬁo) , may be computed and expressed as the

impact form [1]
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SZ
-R- 1)
7 o7 e

sr{0 =

Oy

where the subscript O represents the reference user, and the
average received SN\R per bit can be obtained as

1
> O:m (22)
3

where ')’Z:J//(fil\tl)’ and Q:(ﬂ,ﬁk))2 denotes the average
0

power of n-th carrier of k-th user. Hence the average BER is
caculated as

Pe = [ 0.51R(1) - erfcfsnr{?]dt (23)

where fr(X) expresses the conditional pdf of Ris shown is (12),
and erfc(-) is the complementary error function. By use of
changing variables, let P;->o/2=u, hence the equation (23) can

be obtained by applying the results of [6] and becomes as

where 14 = (2/2+ - ¢)*° which is defined asin [6]. In

this paper, only the integer m values are considered.

IV.NUMERICAL RESULTS

The performance results derived in last section will be
numerically evaluated. Moreover, there are two kinds of
antenna configuration scenarios include triangular and linear
array will be considered in this numerical results. It is well
known that both of the array configurations and the incident
angle of the incoming signal will decide the correlation matrix
of an antennaarray. The influence of the fading parameter on
the error performance using linear and triangular arrays will be
assumed. The separation between the antennas will be set as
d=81=9.26ft, such that the correlation matrix of an antenna
array with linear and triangular configuration can be obtained
as, respectively [10]

1 0727 0913

C =|0727 1 0913 (25)
0913 0913 1

for the linear array, and

1 0795 0605
C, =[0795 1 0795 (26)
0605 0795 1

for the triangular array. Where note that only the correlation
matrix of the linear array has a Toeplitz structure.

In the numerical analysis, the plots of SNR versus BER
performance for the linear array and the triangular
configuration are shown in Fig. 2 and Fig. 3, respectively, in
which the different user number, k=4, 12, 32, 64, the fading
parameter, m=3, and the number of subcarrier, N=3, are
assumed. It isreasonableto explain that the BER will become
much degrade while the user number is increase gradually.
We study the difference of the SNR versus BER performance
between the linear array and triangular array configuration with
different user number in Fig. 4. The matrix defines the
covariance matrix for linear and triangular array are shown in
(25) and (26), respectively. Fig. 5 illustrates the results from
the effect of different of fading parameters, m=2,3,4,5,
subcarrier is set as N=3, and the results shows that the better
the system performance the more the fading parameters is

increase.

V. CONCLUSIONS
The effects of correlated fading channdl with Nakagami
distribution are investigated in this paper. There are some
closed-forms for BER performance derived with the
consideration of different antenna array configuration, that is,
linear array and triangular array configuration. The results
show that the correlation between fading channels are not

negligible.
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Fig. 2. SNR vs. BER plotsfor linear array configuration
with m=3, and N=3
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