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a b s t r a c t

In this paper, a new two-dimensional spectral/spatial codes family, named two dimensional dynamic cyc-
lic shift codes (2D-DCS) is introduced. The 2D-DCS codes are derived from the dynamic cyclic shift code
for the spectral and spatial coding. The proposed system can fully eliminate the multiple access interfer-
ence (MAI) by using the MAI cancellation property. The effect of shot noise, phase-induced intensity noise
and thermal noise are used to analyze the code performance. In comparison with existing two dimen-
sional (2D) codes, such as 2D perfect difference (2D-PD), 2D Extended Enhanced Double Weight (2D-
Extended-EDW) and 2D hybrid (2D-FCC/MDW) codes, the numerical results show that our proposed
codes have the best performance. By keeping the same code length and increasing the spatial code, the
performance of our 2D-DCS system is enhanced: it provides higher data rates while using lower transmit-
ted power and a smaller spectral width.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

In order to increase the number of simultaneous users sharing
the same bandwidth, with high security level, optical code division
multiple access (OCDMA) becomes a future promising technique
for optical networks. It permits to attribute a specific sequence
code for each user. It has many advantages such as: secure data
transmission, simplicity of adding and deleting users, asyn-
chronous access, ability to support multimedia services and
dynamic bandwidth [1,2].

In the OCDMA system, the coding researches started with one
dimensional (1D) coding. The multiple access interference (MAI)
is considered as the major impairment in OCDMA system. In order

to eliminate the MAI and increase the number of active users, we
have to increase the code length [1,3]. The realization of long 1D
code needs very narrow filter bandwidths and high power con-
sumption, which makes difficult to realize OCDMA system even
employing simple architecture [4].

Thanks to the entirely removing of MAI by using the subtraction
technique, OCDMA systems using the spectral amplitude codes
(SAC) with a fixed in-phase cross correlation equal to 1 becomes
more popular [5].

Many 1D codes have been introduced: diagonal eigenvalue
(DEU) has been proposed with ideal in-phase cross correlation to
mitigate the MAI effect [6]. Abd et al. developed the dynamic cyclic
shift Code (DCS). The results show that the MAI effect is reduced
and the phase-induced intensity noise (PIIN) is eliminated. Its
major conclusion was that DCS code offers a better performance
than the standard SAC-OCDMA systems employing the conven-
tional code and it is closer to any real practical environment [7].

The code length is the main drawback of the 1D code since it’s
tailored by the bandwidth of the broadband source (BBS) which
limits the number of users [5].To increase the active users, to
reduce the phase-induced intensity noise (PIIN) and to eliminate
the MAI, various schemas of the 2D (spectral/spatial, time/spectral)
codes have been introduced. For spectral/spatial encoding (S/S):
Yang et al. developed the 2D-M-matrices codes based on 1D
M-sequence [8]. In [9], Lin et al. proposed the 2D perfect difference
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(2D-PD) codes, the MAI has been eliminated by using the MAI can-
cellation property. In [10], Kadhim et al. proposed the 2D multi-
diagonal (2D-MD) codes with suitable complexity receiver due to
the property of zero cross correlation of 1D-MD code. In [11], Nurol
et al. proposed the 2D Extended Enhanced Double Weight (2D-
Extended-EDW) codes based on 1D-Extended-EDW code. For
time/spectral encoding (T/S): The 2D modified quadratic congru-
ence codes (2D-MQC) can suppress the MAI with the balanced
detector structure at the receivers[12]. In [13], 2D hybrid code
noted by 2D-FCC/MDW is the combination of 1D modified double
weight (1D-MDW) code and 1D flexible cross correlation (1D-FCC)
code. The results show that the system performance is improved
by PIIN mitigation and MAI elimination.

Except systems based on 2D-MD codes with zero cross correla-
tion, each transceiver of the 2D-OCDMA systems has not yet over-
come the PIIN impact. In this paper, we propose the 2D dynamic
cyclic shift codes (2D-DCS). By considering the influence of the
PIIN, shot noise and thermal noise in the photo-detector, the sys-
tem capacity is improved by mitigating PIIN and eliminating
MAI. The analytical results show that the proposed code has a bet-
ter performance than those published in [7,9,11,13].

The rest of this paper is organized as follows: The construction
and properties of the 2D-DCS codes are presented in Section 2. The
2D-DCS OCDMA system description, including transmitter and
receiver structures are shown in Section 3. System performance
analysis is developed in Section 4. The numerical results are dis-
cussed in Section 5. Finally, the conclusion is given in Section 6.

2. 2D Spectral/spatial dynamic cyclic shift codes

2.1. 2D-DCS codes construction

According to [7], the 1D-DCS code is proposed for hybrid SCM-
OCDMA networks. It has a short codelength and low MAI. The con-
struction of the 1D-DCS code is based on the cyclic shift method
and the Galois field. The 1D-DCS is characterized by (M, p, kc),
where M is the code length, p is the code weight, and kc is the cross
correlation value. It is represented by M⁄M matrix which necessar-
ily depends on M and p. The number of users K is equal to:

K ¼ M ¼
Xp�1

i¼1

2i þ D ð1Þ

where D is the dynamic part (D > 7).
The construction process of the proposed code is described by

the following steps according to [7]:

� Step 1: Generation of the Si sequence for the first code Ci.

The sequence Si represents the positions of ones for the first
sequence code C1. It can be expressed as:

Si ¼ ð2iÞðmodMÞ i ¼ 0;1:

ð2i þ Si�1ÞðmodMÞ i ¼ 2;3; . . .p� 1:

(
ð2Þ

where Si, M and p are the elements over the Galois field GF (M).
� Step 2: Generation of the first code sequence C1.
Basing on the generated sequence Si, the first code sequence can
be written by:

C1ðjÞ ¼ 1 j ¼ Si

0 else

(
ð3Þ

where j = 1, 2, . . . ,M.
� Step 3: Generation of the rest code sequence Ck.
The rest of the code sequence Ck is determined by using the
cyclic shift method as:

CkðjÞ ¼
Ck�1ðMÞ j ¼ 1
Ck�1ðj� 1Þ else

�
ð4Þ

where k = 2, 3, . . . , M.
The 2D-DCS code is generated from the 1D-DCS code and can be

formed by using two sequences codes. Let X = [x0, x1,. . ., xM�1] and
Y = [y0, y1,. . ., yN�1] be two codes sequences of 1D-DCS which have

M ¼ Pp1�1
i¼1 2i þ D1 and N ¼ Pp2�1

i¼1 2i þ D2 as code lengths, where p1
and p2 are their code weights, D1 and D2 are their dynamic parts,
respectively.

An example for two different 1D-DCS sets X and Y with p1 = 3,
p2 = 2 and D1 = D2 = 8 is shown in Table 1, where Pos represents
the positions of ones in each code sequence.

Let Xg and Yh are the gth and hth cyclic shifted versions of X and
Y, respectively, where Xg (g = 0, 1, ..,M-1) is the spectral code
sequence and Yh (h = 0, 1, . . ., N � 1) is the spatial code sequence.
The 2D-DCS code can be formed by [9,14]:

Ag;h ¼ YT
hXg ð5Þ

The 2D-DCS codes of the above X and Y sequences are shown in
Table 2.

The code matrix Ag,h is represented by the pair (ai,bj) which
represents the ones position. Where i = 1, 2,. . ., N and j = 1, 2,. . ., M.

2.2. 2D-DCS codes properties

In order to obtain the cross-correlation of the 2D-DCS code, we
define four characteristic matrices A(d) [9,14], where d = 0, 1,. . ., 3.

Table 1
1D-DCS CODE SETS X (M = 14, p1 = 3) AND Y (N = 10, p2 = 2).

M = 14, p1 = 3 N = 14, p2 = 3

Xj Pos of Xj Yi Pos of Yi

X1 = {11000100000000} Pos1 = [1;2;6] Y1 = {1100000000} Pos1 = [1;2]
X2 = {01100010000000} Pos2 = [2;3;7] Y2 = {0110000000} Pos2 = [2;3]
X3 = {00 110001000000} Pos3= [3;4;8] Y3 = {0011000000} Pos3 = [3;4]
X4 = {00011000100000} Pos4 = [4;5;9] Y4 = {0001100000} Pos4 = [4;5]
X5 = {00001100010000} Pos5 = [5;6;10] Y5 = {0000110000} Pos5 = [5;6]
X6 = {00000110 001000} Pos6 = [6;7;11] Y6 = {0000011000} Pos6 = [6;7]
X7 = {00000011000100} Pos7 = [7;8;12] Y7 = {0000001100} Pos7 = [7;8]
X8 = {00000001100010} Pos8 = [8;9;13] Y8 = {0000000110} Pos8 = [8;9]
X9 = {00000000110001} Pos9= [9;10;14] Y9 = {0000000011} Pos9 = [9;10]
X10 = {10000000011000} Pos10 = [1; 10;11] Y10 = {1000000001} Pos10 = [1;10]
X11 = {01000000001100} Pos11= [2;11;12]
X12 = {00100000000110} Pos12= [3; 12;13]
X13 = {00010000000011} Pos13 = [4; 13;14]
X14 = {10001000000001} Pos14 = [1; 5; 14]
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