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Abstract—In order to meet the demand of high data rate
transmission with good quality maintained, the multi-carrier
code division multiple access (MC-CDMA) technology is con-
sidered for the next generation wireless communication sys-
tems. However, their high crest factor (CF) is one of the ma-
jor drawbacks of multi-carrier transmission systems. Thus,
CF reduction is one of the most important research areas in
MC-CDMA systems. In addition, asynchronous MC-CDMA
suffers from the effect of multiple access interference (MAI),
caused by all users active in the system. Degradation of the
system’s bit error rate (BER) caused by MAI must be taken
into consideration as well. The aim of this paper is to pro-
vide a comparative study on the enhancement of performance
of an MC-CDMA system. The spreading sequences used in
CDMA play an important role in CF and interference reduc-
tion. Hence, spreading sequences should be selected to simul-
taneously ensure low CF and low BER values. Therefore, the
effect that correlation properties of sequences exert on CF
values is investigated in this study. Furthermore, a numeri-
cal BER evaluation, as a function of the signal-to-noise ratio
(SNR) and the number of users, is provided. The results ob-
tained indicate that a trade-off between the two criteria is
necessary to ensure good performance. It was concluded that
zero correlation zone (ZCZ) sequences are the most suitable
spreading sequences as far as the satisfaction of the above
criteria is concerned.

Keywords—BER, crest factor, multiple access interference, MC-
CDMA, peak-to-average power ratio, zero-correlation zone.

1. Introduction

Multi-carrier (MC) is the predominant transmission tech-
nique in today’s communication systems. In particular, the
multi-carrier code division multiple access (MC-CDMA)
transmission scheme combines orthogonal frequency di-
vision multiplexing (OFDM) and code division multiple
access (CDMA). The main advantages of the combined
system are: variable data rate, high spectral efficiency
and robustness against frequency selective fading [1]-[7].
However, one major drawback of this technology is the
large peak-to-average power ratio (PAPR). High PAPR re-
duces power efficiency and causes implementation-related
issues [3]. Therefore, achieving very low PAPR values
is of major importance. The unique structure of CDMA
can be utilized by considering the signal design aspect.
PAPR can be minimized through finding a suitable fam-
ily of sequences [3], [4]. MC-CDMA encounters another
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problem, i.e. the multiple access interference (MAI). This
type of interference occurs when system users are trans-
mitting asynchronously, i.e. there is a timing misalign-
ment among users, such as the uplink channel of cellu-
lar mobile systems. To mitigate MAI, several techniques
were proposed recently [1], [5], [6]. However, these tech-
niques only add to the complexity of MC-CDMA sys-
tems. In contrast, MAI interference could be eliminated
through the design of a set of sequences with impulsive
auto-correlation function (ACF) and zero cross-correlation
functions (CCF) [6], [8]. Unfortunately, such ideal se-
quences are impossible to construct [8]. Instead, various
sequences could be used: Walsh-Hadamard (WH), orthog-
onal Gold, orthogonal Golay complementary (OGC), and
zero-correlation zone (ZCZ). Each sequence set has spe-
cific ACF and CCF properties. ZCZ sequences have been
proposed and studied in [9]-[13].

The objective of this paper is to investigate the performance
of ZCZ sequences based on two criteria: PAPR and bit er-
ror rate (BER) in an MC-CDMA system. In this study,
we consider two MAI effects, i.e. inter-symbol interference
(ISI) and inter-channel interference (ICI). Furthermore, we
evaluate the performance of ZCZ sequences against conven-
tional sequences. The sequence set with both a low crest
factor and low BER performance is defined as optimal.
The remaining content of the paper is organized as follows.
In Section 2 we give preliminaries to correlation functions,
sequences generation, and the concept of an MC-CDMA
system. In Section 3, the performance of ZCZ sequences
in terms of both PAPR and BER is evaluated. Finally, con-
cluding remarks on the optimal sequences are given in
Section 4.

2. Preliminaries

First, the correction function are defined. A sequence of
length N is denoted by ay = [ag,dy,...,dn,...,ay—1]. A set
of M sequences {a',a’ ...,aM} is denoted by {a”}¥_,.
The discrete periodic Ryray (T) and aperiodic Byvay (T) cross-
correlation functions of a pair of sequences a* and a” are
defined as [14]:

N—-1
Raxay(T) = aft [a)(]rH»r) modN:| ’ (D
n=0
N-1-7
Barar (1) = Y al[a),]", @)
n=0
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where 7 is the sequence shift variable and [a,]* denotes the
complex conjugate of sequence element a,. The notation
(.) modN denotes a modulo N operation. When x =y,
CCF becomes ACF and will be denoted simply by Rax(7)
and O, (7).

Next, the ZCZ sequences are defined using binary construc-
tion methods. A set of binary sequences {a™}}_, that sat-
isfy the following conditions is a ZCZ sequence set denoted
by ZCZ(N,M,Zy), where Zj is the zeros zone length [8].

N t=0,x=y
Ry (1) =40 1=0,x#y, 3)
0 0<|T|§ZO

where 7 =0 means that CCF is computed at the in-phase.
Among the flexible construction methods considered in this
study are those proposed in [11]-[13].

WH sequence set is obtained directly from the Hadamard
matrix. Any pair of sequences verifies the following prop-

erty [15]:
N 7=0x=
Ravar (7) = Y &)
0 7=0,x#y

The orthogonal Gold sequences are generated from their
corresponding Gold sequences [14] by appending +1 at
the subset end [16].
OGC can be generated using the following recursive
method [15]:

any = [ v ] ®)

ay —ay
where ay is a square matrix of order N with complemen-
tary rows. Two binary sequences (a*,a”) of length N are
complementary if the sum of their aperiodic ACFs satis-
fies [14]:
2N 7=0

0y () + O (7) = {0 t 20" (6)

The ay means that the right half columns of ay are re-
versed.

In the MC-CDMA scheme of K users, the same informa-
tion symbol by(m) is spread over N carriers, each mul-
tiplied by a different element of the spreading sequence
¢, = {cx, n} _, assigned to user k. After spreading, the user
bit is modulated onto successive subcarriers such that one
information symbol is spread over several subcarriers. Bi-
nary phase-shift keying (BPSK) modulation is used. The
MC-CDMA transmitter for user k is shown in Fig. 1.

The transmitted signal for user & is [16], [17]:

Zbk

mffoo

m)ur, (t—mTp) ch el +8) (7)

where P is the power of data bits, u7, (¢) is the rectangular
pulse defined in [0,7;] with T, denoting the bit duration,
Wy = 2% is the n-th subcarrier angular frequency, and the

random phase 6 is uniformly distributed over [0,27]. The
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Fig. 1. MC-CDMA Transmitter for the k-th user.

neighboring subcarriers are orthogonal and separated by
Aw = ZT—Z.

An asynchronous MC-CDMA system in the additive white
Gaussian noise (AWGN) channel is considered. We restrict
our analysis to line of sight conditions where the multi-
path replicas have insignificant power compared to the line
of sight signal [18]. The received signal can be written

as [16], [17]:

Z Z bk MT;, t—me Tk)
k 1 m=—oo
X Z Ck Wn[“r(Pkn +7’l( )’ (8)

where 7; is the random time delay of user k uniformly
distributed over bit duration [0,7}], ¢k, = 6 — w, T, and
n(t) is is a zero-mean bandpass white noise with equivalent
low pass signal that has a power spectral density Ny. The
MC-CDMA receiver for the i-th user is shown in Fig. 2.

SN
é é —
e»szz [ Ci,2] *

1) —»é)—»é—v 1 (7, 170)
= STy [Decision}

ot el

Fig. 2. MC-CDMA receiver for the i-th user.

We consider a coherent correlation receiver synchronized
to the desired user i (7; =0). Time delays are quantized to
integer multiple of the code element (chip) duration 7, = %
The decision variable of the Oth data bit of user i is given
by [16]-[17]:

Ty

1
Zio=Re —/ Y
Tb- =1

0

7jwn/[dt

r(t)[ciw]"e

=Dj+n;+MAL, (9)

where D;,n;, MAI; are the desired signal, the AWGN, and
the multiple access interference terms, respectively. With-
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out any loss of generality, we divide both sides of Eq. (9)

by \/%.
The desired symbol b; is influenced by the correspond-
ing byo and previous symbols by _; of each interferer k,
thus the interference between users at the access point or

multiple access interference MAI; term is given by [17]:

1 N K N
MAI,' =Re T Z [Cz n’]* Z Ck,n |:bk’1
b =1 k=1n=1
ki
T 1,

X/ej([wnfwnl]t+(pk‘n)dt + by O/Aej([wnwn/]t‘*’(pk‘n)dt:| } . (10

0 Tk

Or, in a compact form:

K K
MAL =Y MALy =Y ISI;;+ICl;y. (11)
= o

We can distinguish two cases: n=n' and n # . In the
first case, interference from the same subcarriers of user &
is called inter-symbol interference (ISI). If n # n’, interfer-
ence from other subcarriers of user & is called inter-channel
interference (ICI).

N

1 *
ISI,'J( = Re{ T Z [Ci,n] Ck,n [bk,flfk
b p=1

+bio(Ty — Tk)]ej(p"‘"} , (12)

2 ZN ZN b b
* k,—1 — Yk0
ICI,'J( = Re{ _T [Ci,n'] Ck,ni
b Wy — Wy

n#£n’
. [wnfwi/]r, _ ,
% {el(—'“z —]‘+(Pk,n) Sinw] } (13)

It is worth noting that for a synchronous transmission (7, =
0,Vk), ICI does not exist and the ISI reduces to:

N
[Sli,k = Re{bk’oejek Z [Ci,n]*ck,n} . (14)
n=1

Thus, we can conclude that the offset (time delays) be-
tween users generates ICI and degrades BER performance,
as shown in [17]. In a synchronous case, ISI can be elim-
inated using a set of orthogonal sequences.

Since we considered an AWGN channel, the decision vari-
able can be regarded as a Gaussian random variable [17].
The BER of user i, conditioned on {7}, {6k}, {br—1}, and
{bro}, is [17]:

1 E, /. MAI
Peifu.0cbi 1 biolheti) = erfe FO(H- N ) , (15)

where f,—z is defined as SNR. To obtain the unconditional

BER for user i, we average P, /7, 6,5, b o(kei) OVer all
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variables via Monte Carlo integration. A more appropri-
ate performance measure is the averaged BER over all
users [17]:

3
Pp==YP; (16)
Ki:l

Note that the results obtained for an asynchronous trans-
mission using the Gaussian model do agree with system
simulations for a relatively large number of users [19].
Another important criterion for the selection of spreading
sequences for MC-CDMA is PAPR. The PAPR parameter
of a signal is defined as the ratio of peak to average sig-
nal power. In this study, we consider crest factor (CF) as
a measure of signal envelope compactness, its relation to
PAPR is [16]:

CF = VPAPR. a7

The CF of an MC-CDMA signal must satisfy the following
inequality [16]:
S
cF < MXISU| (18)
E

2

where S(f) is the Fourier transform of the spreading se-
quences and E is the energy of the same sequence. The
Fourier transform of the spreading sequence can be calcu-
lated by applying the well-known auto-correlation theorem,
given by [16]:

N—1
ISHP =Y Oax(r)e 277, (19)

T=—(N—-1)

3. Numerical Analysis

In this section, the conventional sequences in CDMA sys-
tems and ZCZ sequences are analyzed in terms of CF and
BER. First, we evaluate the CF values of various sequences
and then simulate their performance in an asynchronous
MC-CDMA environment.

3.1. CF Analysis

The evaluation procedure of CF values is performed as fol-
lows. First, sequence sets each of lengths N =8, 16, 32,
64, and 128, were generated. Second, the CF is computed
for each sequence in the set and all values are averaged.
Figure 3 illustrates CF performance of various sequences.
Note that as the sequence’s length increases, CF increases
as well, except for OGC for N > 32 and ZCZ in [12] for
N > 64 where it remains constant. In addition to their low
CF levels, OGC and ZCZ in [12] also have a steady CF,
which constitutes a major advantage in MC-CDMA sys-
tems. Note also that only OGC and ZCZ sequences remain
under CF value of 3 for all lengths. The second-best se-
quences are those in [11] and the well known orthogonal
Gold. The CF level for these codes is relatively low and
slowly increases with the increase of sequence’s length N.
WH sequences have, by far, the highest values of CF.

11
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Fig. 3. Average CF of sequences for various lengths.

3.2. BER Analysis

This section focuses on interference related issues in asyn-
chronous MC CDMA systems. The performance of an MC-
CDMA system using various spreading codes in the pres-
ence of MAI in an AWGN channel is simulated using Mat-
lab. We have considered an asynchronous MC-CDMA sys-
tem, where a number of mobile users transmit their signal to
a common receiver such as the uplink cellular system. First,
the effect of the sequence length on BER performance of
4 users was analyzed and plotted in Fig. 4. For simulation,
orthogonal Gold sequences were used with lengths 7, 31,
and 63. As it can be seen in Fig. 4, the BER performance
improves with the increase of the sequence length. To
obtain a BER of 1074, MC-CDMA using sequences of
length N = 63 requires 2 dB less SNR than sequence of
length N =31.

BER

0 5 10 15
SNR [dB]

—s— N=7 —— N=31 —— N=63

Fig. 4. BER versus SNR at different lengths of orthogonal Gold
spreading sequence.

The effect of the number of active users on BER perfor-
mance is analyzed next. Figure 5 shows BER performance
of MC-CDMA versus the number of users at different val-
ues of SNR= 5,10, and 15. For simulation, orthogonal
Gold sequences were used (N = 31). As anticipated, a high
number of active users causes degradation in BER perfor-
mance. This is because admitting more users to the system
results in higher level of interference (MAI).

We conclude this section with a comparative study of var-
ious spreading sequences. In this simulation, the number
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Fig. 5. BER versus number of active users for orthogonal Gold
sequence at different SNR values.

of users is K = 8§, the sequence length is N = 32 for WH,
ZCZ and OGC sequences and N = 31 for orthogonal Gold
sequences, and the bit rate is taken as 100 Mbps. For
SNR > 20 dB, BER remains constant and is equal to 5- 1073
for WH and OGC sequences, 2- 1073 for ZCZ sequences
and 7.5-10~* for orthogonal Gold sequences. From the re-
sults obtained, it is observable that Gold outperforms WH
and OGC sequences by a factor of 6.6 and ZCZ by a factor
of 2.6.

3.3. Discussion

According to the BER criterion, the best results are
obtained when orthogonal Gold sequences are used for
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Fig. 6. BER versus SNR curves of various spreading sequences.

spreading (Fig. 6). In addition, BER performance of the
system also improves with the increase of the spreading
sequence length (Fig. 4). However, MC-CDMA systems
using orthogonal Gold sequences suffer from considerably

Table 1
System parameters
Sequences CF BER
7CZ Low Low
WH Highest Highest
Orthogonal .
Gold High Lowest
OGC Lowest High
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high values of CF, which leads to signal distortion (Fig. 3).
Moreover, increasing the sequence length would lead to
even higher values of CF in the case of orthogonal Gold
sequences (Fig. 3). Thus, a trade-off must be established
between low BER and low CF. From the simulation re-
sults, it can be observed that ZCZ sequences have both low
BER and low CF (see Table 1). Therefore, we conclude that
ZCZ sequences are the suitable candidate for asynchronous
MC-CDMA systems.

4. Conclusion

This work was carried out to enhance the performance of
an MC-CDMA system through the proper choice of the
spreading sequences. The performance of CDMA-based
wireless systems is mainly governed by the characteristics
of the spreading sequences i.e. their length and correla-
tion properties. In this paper, CF performance of ZCZ,
WH, orthogonal Gold, and OGC sequences was analyzed
and compared. In addition, BER performance of an asyn-
chronous MC-CDMA system in the AWGN channel was
evaluated as well. With the use of an efficient spreading se-
quence, the system enjoys low CF and BER levels. Based
on the results obtained for different sequences, it is ob-
served that BER performance of the system degrades with
an increase of the number of users and improves with an
increase the spreading sequence length. The system with
ZCZ sequences shows good performance in terms of both
CF and BER. We conclude that ZCZ sequences have the
best trade-off possible and therefore are the suitable candi-
date for asynchronous MC-CDMA systems.
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