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Abstract:

Introduction/purpose: In this paper, we propose a novel code construction
method with the zero cross-correlation property, the Flexible Variable
Weight Zero Cross-Correlation (FVYWZCC). This method is simple and
flexible, using different code weights to support different classes of users
according to their transmission distance and the quality of services they
require (data, audio, and video) in OCDMA systems. The use of higher code
weights enables the support of higher-priority application networks, such as
long-haul reach networks. The ZCC code structure does not have
overlapping of bit ‘1’ and can efficiently eliminates the MAI interference
between users and PIIN noise, thus enhancing the system overall
performance.

Methods: The shifting element position and the concatenation matrix
process of the three basic matrices denoted as the Right vector, the basic
matrix, and the Left vector were used for the construction of the proposed
FVWZCC code. The mathematical analysis and simulations with Matlab
and Optisystem software were used to evaluate the performance of the
proposed FVWZCC method in SAC-OCDMA systems using the direct
detection.

Results: The results show a significant improvement in the presented code
compared to other existing codes in terms of simplicity, flexibility, and cost
implementation. The method uses either constant or variable weight with
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the Zero cross-correlation property. For a maximum acceptable BER of
10~° , the simulation results of the SAC-OCDMA system using direct
detection under OptiSystem software show better performance of the
proposed code with four users of weight 6 at 10 Gb/s. Moreover, it can
support up to 60 users simultaneously and reach a fibre distance of about
67 km. Consequently, the proposed FVWZCC code can be applied to
support different Quality of Service (QOS) requirements with low cost and
low complexity with a direct detection receiver.

Conclusion: The findings of this study highlight the need for the FVWZCC
code to support end-user QoS requirements. The new approach to code
construction offers low-cost implementation, simplicity, and flexibility.

Key words: FVYWZCC code, OCDMA, ZCC, Bit Error Rate BER.

Introduction

The unprecedented exponential growth in global mobile traffic and the
huge development of smart devices such as the Internet of Things (IoT)
expected for the future 5G/6G communication networks has increased the
demand for a wide range of applications with substantial improvements to
the data transfer rates, a huge amount of bandwidth and enhanced Quality
of Services (QoS) requirements (Dat et al, 2018; Teli et al, 2018; Hakeem
et al, 2022). Several multiple access techniques have been proposed for
future applications with high bandwidth and high performance such as
wavelength division multiple access (WDMA) (Dixit et al, 2013), time
division multiple access (TDMA) (Osadola et al, 2011), and optical code
division multiple access (OCDMA) (Mostafa et al, 2015). The optical
OCDMA technique can be considered prominent and more suitable
technology in the field of optical communication and computer networks
due its high spectral efficiency, inherent security, low interference
characteristics, scalability, multiplexing capability, and seamless
integration with existing networks (Kaur & Sing, 2018; Lu et al, 2021;
Pendeza Martinez et al, 2021). Furthermore, OCDMA is used in various
optical network applications such as optical fiber sensors (Rahimian et al,
2019), metro networks (Zhang et al, 2019; Troia et al, 2020), passive
optical networks (PONs) (Farghal, 2016; Zhang et al, 2019; Pendeza
Martinez et al, 2021; Ahmed et al, 2022), and radio-of-fiber (RoF) (Ji &
Chang, 2013; Kbashi et al, 2021).

In the spectral amplitude coding SAC-OCDMA system, asynchronous
multiple users access the same channel medium simultaneously with a
high level of security and flexibility. Each user is allocated a unique coding
sequence which distinguishes the desired information from the other
receiving sequences. However, it suffers from multiple access interference




(MAI) and phase-induced intensity noise (PIIN) phenomena at the receiver
which reduces the maximum number of allowed optical codes (Huang et
al, 2008; Kaur & Sing, 2018; Bensaad et al, 2019). A proper choice of
codes with maximum auto-correlation and minimum cross-correlation
known as Zero Cross-Correlation (ZCC) codes or using more
sophisticated detection techniques can eliminate the MAI and the PIIN
effects (Ahmed et al, 2022; El-Mottaleb et al, 2020; Abd et al, 2011).

In the literature, various codes with zero-cross correlation have been
proposed for SAC-OCDMA such as random diagonal code (RD) (Fadhil et
al, 2009a), multi-diagonal code (MD) (Imtiaz et al, 2020), and zero cross-
correlation code (ZCC) (Bensaad et al, 2023; Anuar et al, 2009; Nisar et
al, 2019). Other codes have been proposed that deal with the presence of
PIIN effects at the receiver using suitable detection processes such as
modified double weight code (MDW) (Upadhyay et al, 2020), Flexible
Cross-Correlation code (FCC) (Rashidi et al, 2014), and diagonal Eigen
Unity Code (DEU) (Ahmed & Nisar, 2013).

The above-reported codes were designed with constant code weight
(CW) while variable code weight (VW) is used to support multimedia
services such as voice, video, and image transmission at the physical layer
with different bit rates (Nasaruddin & Tsujioka, 2008; Li et al, 2023).
Physical layer QoS was made possible for the OCDMA system by varying
the weight of the code, the length, or both the weight and the length. Higher
quality services have been assigned more weights or more wavelengths
corresponding to higher transmitted power sent by each code. A higher
code length transports data information at a lower transmission rate (Li et
al, 2020; Kumawatn & Maddila, 2017).

Variable code weights have been proposed by several researchers to
provide different quality of service (QoS) requirements for the SAC-
OCDMA network, among them: variable weight OOC codes for multimedia
SAC-OCDMA systems (Nasaruddin & Tsujioka, 2008), Variable Weight
Zero Cross-Correlation Code (VW-ZCCC) (Kumawat & Maddila, 2017),
service differentiation using Khazani-Syed (KS) code (Anas et al, 2009),
Variable Weight code for Multimedia Service (VW-MS) (Kumawat & Ravi
Kumar, 2018), Variable code weight using Random Diagonal Code (RD)
for Spectral Amplitude Coding OCDMA Systems (Fadhil et al, 2009b),
Zero Cross-Correlation Magic Square Variable Weight Optical Orthogonal
Code (ZMS-VWOOC) (Lu et al, 2021), Variable Weight Quadratic
Congruence Code (VWQCC) (Feng et al, 2015), and variable weight Zero
Cross-Correlation Code (VZCC) (Nisar et al, 2021).

In this paper, we proposed a new code construction design method
for SAC-OCDMA systems which has the following properties:
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- Zero Cross-Correlation ZCC property, which reduces significantly the
MAI and PIIN noise effects, thus improving the performance of the
system,

- The method offers a good flexibility in the choice of any number of users
or code weight,

- It can be used with constant or variable code weight, and

- The mapping procedure of this method is simple and based on shifting

a three elementary matrices which can reduce the cost and the system
complexity.

The remainder of the manuscript is organized as follows: first, we
present the need for the proposed FVWZCC code for multimedia
applications and describe mathematically the code design construction.
Then, the performance analysis of the code using Direct Detection (DD) is
introduced followed by a theoretical analysis and performance comparison
with other codes from the references to prove the efficiency of the
proposed code. Next, the performance of the proposed FVWZCC code is
validated by using simulations under Optisystem software Version 7.0.
Finally, a conclusion is given to summarize the work.

FVWZCC code for multimedia applications

The proposed FVWZCC code can support the diversity of multimedia
services where a higher transmission rate is assigned to video
applications, since a high video transmission rate provides high video
quality, the medium data rate is assigned to audio transmission whereas
data transmission such as image supports low data rate transmission. The
FVWZCC code is characterized by the code weight IW;, the code length L;,
and the number of users K;, where i € {1, 2, 3} denotes one of the three
services: audio, video and data. For different quality of services, W;
represents the low-level weight dictated for data transmission with low
quality of services, W, , represents the medium-level weight dictated for
audio transmission with medium quality of services, and W, ., represents
the high-level weight dictated for video transmission with high quality of
services. Let k%, k?, and kY be constants for the i data, audio, and video
services, respectively. The code length for each service can be expressed
as:

Ly =k W, for data transmission (1)
Lg = ki Wiy for audio transmission (2)
L, = ki Wiy for video transmission (3)




For the code weight W;, i € {1, 2, 3} denotes one of the three
services: audio (W), video (W,), and data (W;). The subscript (i + 1) or
(i + 2) denotes the code weight increment by one for video and data
services, respectively.

Fori=1,W,=W, =W = L =Ly =k&W;, = kW
i=2,W2=Wi+1=Wi+1$L2=Ld=k£1Wi+1=kia(W+1)
i=3,W3=Wi+2=VVi+2 =>L3=Ld=k2]]/|/l+2=k:](W+2)

The resulting matrix of the FVWZCC code can support two classes of
users according to their transmission distance with different quality of
services (data, audio, and video). The first class is the long-haul reach
network of hundreds or thousands of kilometers and the second is the
short-haul reach network with several tens of kilometers. Note that the
weight assigned to each class of users or quality of services obeys some
conditions such as:

Wisz > Wipya > W (4)

Wic, > Witac, ()
where W;. and W;., denotes the code weight of the it" transmission
service (audio, data or video) used for the corresponding long-haul reach
network class of the application zone and the short-haul reach network
class of the application zone in the descending order of distance (C; > C,),
respectively. Figure 1 gives an example for two classes of networks length
with a code weight of W; = 5 and three transmission services.

Wic, =5 Long-haul reach

1st condition
/ network, C;

Wiy > Wip1 > W;>7> 6> 5

data Wi Vidioj_
Wiz data
Wiv1 Short-haul reach
—| audio w I / network, C,
L
Video
_r> VVi+1 I/VH-Z
audio Wic, =4
1st condition
Wiy > Wiy > W= 4> 3> 2 2nd condition

Wic, =5> Wi, =4

Figure 1 — Example of two classes: the long-haul reach network and the short-haul reach
network
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Construction method of the FVWZCC code

The process design construction of the proposed Flexible Variable
Weight Zero Cross-Correlation matrix code FVWZCC is described by the
following steps.

Step 1
Consider a basic matrix denoted by H, of size (K x L) given by:
1o01o0
Hb=1 - [0 10 1](K % L)' (6)

where K = 2 rows represent the number of users, L =4 columns
represent the minimum code length, and the number of one element
values W = 2 represents the code weight. Clearly, the cross-correlation of
the proposed basic matrix is zero.

The basic matrix H, is formed by the concatenation of three
elementary basic compounds as:
the elementary matrix M, of the size (2 x2) denoted by: M, =

[0 1
1 0lzxoy

the right vector V; = [10]7 inserted in the right of the elementary
matrix M,, and

the left vector V, = [0 1]7 inserted in the left of the elementary matrix
Mb.

Step 2

Case 1: Consider a fixed number of users K = 2

To increase the code weight while maintaining the number of users
fixed, the two elementary vectors V/ and V,, are inserted alternatively in the
left and the right of the basic matrix H, leading to a new matrix code
characterized by:

a code weight: Wy=W4+W, =2+W, (7)
a code length: Ly =L+2W, =4+ 2W, (8)

where W, denotes the number of vectors inserted into the left or the
right of the basic matrix H,.




The resulting new matrix code of weight Wy is shown as:
HN = [VR VL VR VL Hb VR VL VR VL] (9)

For instance, the resulting new matrix of the code weight Wy = 3 is
obtained as:

01 OHI

0111
H 4= 10
NWy=4 [1] [0 1 0 M0d(k x @+2wy,))=(2 x 6) (10)

Case 2: Consider a fixed code weight W of the basic matrix H,,

In this phase, the number of users can be further increased using a
particular shifted process for the three elementary compounds of the basic
matrix H,. The right vector V; is shifted to the right by some positions (or

columns) equal to: [O : (%— 1)] where K denotes the number of users.
The elementary matrix M, is shifted to the right by some positions (or
columns) equal to: [(g - 1) : (K — 2)], and the left vector V, is shifted to

the left by some positions equal to: [(K —-2): (g— 1)] The number of

shifted positions to the right side is filled with the same number of zeros.
In the results, the total number of inserted zeros for the three elementary
matrix and vector compounds is given below:

Vo (G-1)]
M, - [(g - 1) : (K - 2)] U {Vg total number of zeros shifted positions}
=My~ |(G-1) -] ufo: (5-1)]
v, > [k —2): (5-1)] U (M, total number of zeros shifted positions)
v [ (E=0)] 0 [E-1) we-2] o o+ (£ 1)

For example, let the number of users K = 4, the weight W = 2, and
the length code L = 4.

Following the above strategy, the resulting matrix code is given by:
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Basic Matrix M,
The Right vector Vy / Left Vector v,

1 \ [1] [0 1 [0] / No shifting position
[0] is the Right Vector V- [g]”[1 0]’ 11 \ @

fo: ()] = o+ §1]=10: 1=

There are two shifting positions One shifting position

possibilities to the right, one of the right Vector V

with zero shifting position, the

second with one shifting One shifting position
position (0,1). of the right Vector V

ol
= [0] [0 The resulting matrix after shifting
[0] [1] positions using the Right Vector V.
0

s - Three zero
One zero shifting position shifting positions

My~ [(E=1): -2)] uo: (E-1)] - \ /

=[:2]uf0: 1]=[1: 3]

RN

One shifting positions Two shifting positions
for the matrix M, for the matrix M,

One shifting position

One zero for the matrix M,

shifting position

] l[}:

Matrlx M, @

There are two shifting
positions  possibilities
for the matrix M,, to

the right, one with one
shifting position, the
second with two shifting
positions (1,2).

- . Two shifting positions
Three zero shifting positions for the matrix M,




i [ (E=)] v [E=1): =] o+ (£ 1)
=[2:1]uU[1:2] Uu[0: 1]=[3: 4]

Two shifting positions

Three zero shifting positions. for the Left vector V.

Left vector 1/,

~ 1 50
NN
JE R 1 i
I O B
Four zero shifting positions. @ .
There are two shifting positions One shifting position
possibilities for the Left vector for the Left vector V.

to the right, one with two shifting
positions, the second wit @
shifting position (2,1).

_ oo O

where the shifted positions of each elementary matrix are: (0,1), (1,2)

and (2,1), respectively.

Case 3: Consider a fixed number of users K > 2.

The code weight of the matrix code is increased using the following

strategy:

Odd Code weight: The code weight of the basic matrix H,, is equal to
(W = 2). The code weight can be increased by using the elementary

(11)
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matrix compound M, alternatively with the basic matrix H, to get an odd
code weight value W,

H, = [Hb][Mb][Hb] [Hb][Hb]' (12)

Even Code weight: For an even code weight value, we choose one of
the three possible configurations:

The basic matrix H, is used in concatenation one with the other,
H, = [Hb][Hb][Hb] [Hb][Hb]- (13)

We use the concatenation of the resulting odd code weight matrix
codes H, obtained from the precedent step.

Ho = [Hol[Mp][Ho][Mp] [Hol. (14)

We can also use the concatenation of elementary matrix compounds
M,.

H, = [Mb][Mb][Mb] [Mb]- (13)
Then, the size of the resulting matrix is (K x L), where L = K W

represents the matrix code length. For two kinds of services with K =
6,W =4 and K = 3,W = 3, the code matrix is given by:

11000100000001000100000007
000100000100000100000100
010000100000010000100000 (0]
000001000010000001000010

H=/1001000001000001000001000
boooooo1ooo1ooooooo1oooﬂ

11001000
[0] [00100104
00010011}

The total length of the matrix code is: L =6 x4+ 3 x 3 = 33.

Performance analysis using Direct Detection (DD)

In direct decoding (DD), a single input only is used at the receiver
compared to other techniques which reduce the number of filters required




for implementation. For a given user at the receiver using direct detection
(DD), the number of FBGs that have bandwidths centered at the used
wavelength is equal to the number of non-overlapping spectra C¢(j)
incident on the photodetector. The code correlation function using the DD
technique of the FVWZCC can be written as:

A OIAOE
W; f =g, same user with similar weight
0 f # g, other users with similar weight (16)

0 f # g, other users with distinct weight

where C¢(j) represent the jt" component of the C*" proposed code
sequence.

The variance of photocurrent due to the detection of an ideally
unpolarized thermal light, which is generated by spontaneous emission,
can be written as the sum of the Phase Induced Intensity Noise (Igiin), the

shot noise (1%,,,), and the thermal noise (I2,,,ma;) (Ahmed et al, 2012; Shi
& Gafouri-Shiraz, 2016; Kumawat & Maddila, 2017):
<i1210ise> = (lgiin) + (Iszhot) + <It2hermal> (17)

The thermal noise (I2,.;mq;) is defined as (Ahmed et al, 2012):

4kpT,B
<It2hermal> = ;L (18)

The shot noise (12,,,) is defined as (Ahmed et al, 2012):
(Inot) = 2eBI (19)
where e represents the electron charge, B the electrical bandwidth, I
the average photocurrent, k; the Constant Boltzmann, T, the receiver
noise temperature, R; the receiver load, and the Phase Induced Intensity
Noise (I,fiin) is given as (Ahmed et al, 2012, 2019):

(Iiin) = BI*7, (20)
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The coherence time 7, of the source can be expressed as (Ahmed &
Nisar, 2013; Wei & Ghafouri-Shiraz, 2002):

® -2
7, fo G*(v)dv (21)

B [f(;XJ G(v)dv]2

where G(v) denotes the single sideband power spectral density (PSD) of
the source incident at the input of the photodiode.

For mathematical simplicity, the Gaussian approximation is used for
all the noise distributions to analyze the system performance.
Furthermore, the assumptions below are adopted for the transmitter and
the receiver as follows:

- The light source is ideally unpolarized and its spectrum is flat for a given
bandwidth [v, — Av/2,v, + Av/2 ], where v, is the central optical
frequency and Av is the optical source bandwidth,

- The spectral width is the same for each frequency component,

- For each user, the bit stream is synchronized, and

- The same power is received by each user.

The power spectral density (PSD) of the received optical signals can
be written as (Osadola et al, 2011; Mostafa et al, 2015):

r(v) = 25 BT dp BT (i), rect (i) (22)

where P, denotes the effective power, d; the fth user data bit, Ky,

is the total number of users and L, is the total code length. The function
rect(.) is expressed as (Ahmed et al, 2012; Kumawat & Maddila, 2017):

rect(i) = u[v -V, —#:Ot (=Lppr + 2i — 2)] —u[v— Vo —

(—Lroe +20)| = u[-2] (23)

Lrot

Av

2LTot
where u(v) is a step unit function defined as:

1, v=0
u(“)—{o v<0

)




The total power at the f*" receiver of the proposed flexible variable
weight

for one period is obtained based on Eq. 22, Eq. 23, and using the
code correlation property of Eq. 16 as:

+oo

f0+°° Gw)dv = P" EKT‘” de ZLT‘” cr(Dcg (@) rect (i) ] dv

:f Gw)dv =
( LTot+2i)

Av
—Vo—37
(B s d, Sirg o e, @ | [ e T rect(@) do

Vo3 ( Lrot+2i-2)

Psy Av

N fO+OOG(U) dv = A_UE KTot df ZLTot Cf(l)Cg(l)

= f+°o Gw)dv =
LP;; [Z??lt dy ZLTM cr(Deg(D) + Z?;Tcit dr ZLT‘" cr(i)cy (D) ]

= [ 6wy dv = P[RS dpwi+ BT dy x 0

Based on ZKT‘” df = 1, the total power at the f*" receiver is given by:

= [ 6w)dv = B (24)

Tot

Then, the resulting photocurrent due to the incident optical power
Ieywzcc is defined as (Kumawat & Maddila, 2017):

Psr Wi

Irywzee = mfom Gw)dv=%R Tros (25)

where R = n'e/h_ Vo is the responsivity of the photodetectors, n denotes

the quantum efficiency, e is the electron charge, and h.v, is the photon
energy.

Substituting Eq. 25 in Eq. 19, the shot noise power is deduced as
(Imtiaz et al, 2016; Kumawat & Maddila, 2017):

(IZyo) = 2¢BR [, Gw) dv| = 2eB% [2-1] (26)

Lrot
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and the PIIN noise power is given by (Ahmed et al, 2012; Kumawat &
Maddila, 2017):

(I2n) = B I? 7. = BR?[[” G2 (v) dv] (27)

When all active users are transmitting bit ‘1’, and using the average
approximation, the code sequence Cy is given by:

Sl Ge() = = i Kw, W, (28)

=1

where Kpo: = ZWT‘” Ky, denotes the total number of active users with
different weights, Ky, is the number of users corresponding to the weight

W;, and Wy, is the total number of weights.
Using Eq. 27, the variance of PIIN noise is determined as follows:

( plm> = Bmz[foo GZ(V) dV]
S (IZ) = BR? [ [B5Tet 4 51190 ¢ (1), (&) rect (D) | dv
S () = B 2] [22] [873d, ST ¢ (g () |

Av
= (I un> = Bmz B [ZKTM df ZLTM Cf(l)cg(l) ]

= (1Zn) = BR 23170 ey O[S dp ¢ D] [E472% d D) 1}
Substituting Eq. 28, one obtains:

(i) = BW 2 (W] [ S0 Koy, W] (29)
As a result, the variance of PIIN noise is given by:

(i) = M [ZWroc g, W (W, (30)




For each user, the probability of transmitting bit ‘1’ and ‘0’ is the same
at any time; then the photocurrent noise can be written as:

. BR? PE o Psy Wi] . 4kpTyB
(i20i5e) = (B0 K, Wi W + eBR [B2] 4 2052 (31)

512 A+,
2L74¢ AV Lrot

Since the probability of transmitting bit ‘1’ at any time for each user is
half, then the average Signal to Noise Ratio SNR for a particular weight W;
used for evaluating the FVWZCC code in the SAC-OCDMA system can be
expressed as (Shi & Ghafouri-Shiraz, 2016):

SNR = M (32)

(lnmse)

Substituting Eq. 25 and Eq 30 in Eq. 31, the average SNR is deduced
as:

( - )
L
SNR = Tot (33)
2 P kpTnB
BRZ P, [ZWTMK l]] /i + eBRESIL er +4 bTn
213, by R

Based on the Gaussian approximation, the Bit Error Rate BER or the
probability of error P, ; of a particular weight W; is calculated from the SNR
as ( Kaur & Singh, 2018; Wei et al, 2001):

BER=r, = et () (34)

Code comparison and discussions

In this section, simulations with the Matlab program were achieved for
analysis and performance comparison between the proposed code and
other reported codes.

The main parameters shown in Table | were fairly selected to provide
a reasonable results comparison.
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Table 1 — Table of parameters

Symbol Parameters Values
R Responsivity of the photodiode 1
B Electrical equivalent noise bandwidth of 311 MHz
the receiver
K, Boltzmann constant 1.38 x 10723 J/K
R, Resistance load 1030 OQ
Ty Temperature of noise at the receiver 300K
B Effective power at the receiver —10 dBm
e Charge of electron 1.6 x 1071°C

The BER curve variation as a function of the number of active users
for each code weight service taking into account the PIIN effects is shown
in Figure 2.

14
w
1]
1E-9 ] (—=— FVWZCC with Piin W, =4 (4, 5,6)
(—#—FVWZCC with Piin Wp,. = 5(4, 5, 6)
1E-10 4
=—de— FVWZCC with Piin Wyi=6(4,5,6)
1E-11 T T T T

20 40 60 80 100 120

Number of active users for each weight

Figure 2 — BER as a function of the number of users for the three code weighs services
(W =4, Wye =5and, Wy; =6)

The number of users is varied for each of the three code weights
Wi =4(4,5,6), Wy, =5 (4,5,6)and, Wy; = 6 (4,5,6) assigned to video,
audio and data services, respectively. The BER curve is plotted by varying
the number of users for one code weight service while the other weights
are kept constant to 40 users. The BER performance of the three code
weights decreases as the total number of simultaneous users increases




which can be referred to as the amount of noise level collected from an
additional number of users leading to the degradation of the system
performance. Moreover, up to the threshold value of 60 users, the total
number of active users has fewer and low effects on the system
performance for all weight codes. The BER performance of the system is
better from high to low weight for some users fewer than 60 users and
moderate up of this number of users which gives a good way for the choice
of the range of the number of users with an appropriate quality of service
in terms of the minimum desired bit error rate BER.

Figure 3 illustrates the BER performance comparison of the proposed
FVWZCC code with and without PIIN consideration for the high-weight
service Wy; = 6 (4,5,6). The number of users of the high weight is set to
Ky; = 15,25,and 30 while it is kept constant to 40 users for low and
medium weights services (K;, = Ky = 40). As it can be concluded, the
BER performance of the system is better with neglecting the term of PIIN
effects and increases as the number of users for the high-weight service
decreases which decreases the code length. Meanwhile, taking as
reference the number of accommodated users with and without the PIIN
term effects at the maximum acceptable BER (107?), the difference is
large enough (13 users) to consider the hypothesis of neglecting the PIIN
term effects may be worst. For example, with Ky; = 15, the number of
accommodated users is 50 users without the PIIN term effects while it is
only 37 with them.

Consequently, the performance comparison of the codes in the case
presented in this work will be done by taking into account the PIIN term
effects. Moreover, the BER performance of the system experiences the
same behavior when the number of users of the low and medium weights
exceeds approximately 80 users with a high BER value.

The performance comparison between the proposed flexible constant
weight FCWZCC code and other reported codes with PIIN consideration
such as MQC, MFH, Hadamard, CWZCCC, and RD versus the number of
active users is plotted in Figure 4. The proposed FCWZCC code gives the
best and the same BER performance as the reported CWZCCC code while
it outperforms all the other reported codes. The BER performance is better
although with a lower code weight value (W = 4) compared to others
codes with code weight values (W = 7,12) taking into account the PIIN
effects. Given two code sequences X = (xy,x3, ...,xy) and Y =
(Y1, V2, -, Yn), the cross-correlation is defined as 1 = ¥V, x;y;. When 1 =
0, the code is said to the have zero cross-correlation property. It is obvious
that since the FCWZCC code has the property of zero cross-correlation
(1 = 0), the MAIl and PIIN interference effects, which are the major sources
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of performance degradation, can be eliminated effectively. For a maximum
acceptable BER of 107°, the number of accommodated users for the
proposed FCWZCC is 71 users which is the same number of users as the
reported CWZCCC code, 53 for the RD code, 40 for the MQC code, 27 for
the MFH code and 19 for the Hadamard code, respectively.
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Figure 3 — BER performance comparison of the proposed FVWZCC code with and
without PIIN consideration as a function of the number of active users of the high-weight
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Figure 4 — BER as a function of the number of users for different codes in the SAC-
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Figure 4 shows the BER performance system comparison of the
proposed FVWZCC code with other published variable weight codes such
as VWQCC, VWZCCC, and VWKS. The BER curve is plotted as a function
of the number of users for medium and high weights (W = 4,6) while
varying the high-weight users from 0 to 100. The number of users for the
medium weight is set to 30 users. The proposed code's BER performance
is better than that of the reported VWZCCC code and outperforms all the
remainder reported codes.

The improvement in the system performed of the proposed code
derives from the good correlation property and a shorter code length which
is the same as the reported VWZCCC code while it is large compared to
other codes. The VWKS code experiences the same system performance
as the code proposed in this work when the total number of users exceeds
60 users corresponding to a bit error rate of approximately ~ 1077,

——QcCCc P=17, W=12
- |—s—vwacc p=17, w=12|.
—a— VWK S W=6 (4,6)

— o~ VWZCC W=6 (4,6)
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Number of active users

Figure 5 — BER as a function of the number of users for different variable weight codes in
the SAC-OCDMA system

System description and the simulation results

The simulation of the proposed FVWZCC code design was carried
out using Optisystem version 7.0. The block diagram with 5 users and the
code weight value W = 6 is shown in Figure 6. In the transmission part, a
series of W number of laser light sources were used each of them with a
power of 0.417 mW. Multiplexers and Demultiplexers for encoding optical
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signals, a pseudo-random bit sequence (PRBS) generator, and a non-
return-zero (NRZ) pulse generator are used to generate the data signal.
Then, the electric data of each user is modulated by the external intensity
modulator Mach—Zehnder. The bit rate of 10 Gbps was adopted for
simulations over a fiber optic distance varying in the range of 20 km to
90 km. The ITU-T G.652 standard single mode optical fiber with all the
non-linearity effects was considered, attenuation of 0.2 dB/km, dispersion
of 16.75ps/nm/km and a spectral width of 0.8 nm for each chip were also
adopted.

At the receiver part, Fiber Bragg grating FBGs corresponding to a
unique wavelength from a specified code sequence followed by photo-
detectors PDs were used to decode the signal. Finally, the detected signal
is passed through a low-pass filter to remove the remaining noise. The
performance of the system was analyzed using the BER and the eye
patterns.

Ideal Demux

Figure 6 — Simulation design of the proposed VFWZCC scheme
for 4 users of code weight 6

Figures 7 a) and 7 b) show the eye diagram and the BER values of
the proposed FVWZCC code in the OCDMA system at 10 GBps data rates
through two different optical fiber distance lengths (30 km,and 67 km),
respectively. As it can be seen, the eye diagram clearly illustrates that the
proposed code gives better performance for fiber distance length shorter
than 67 km corresponding to the basic required bit error rate value for




acceptable system performance (10~). A shorter fiber distance provides
low attenuation and dispersion which decreases the bit error rate and thus
improve the performance of the system. The more the eye closes, the
more difficult it is to distinguish between ones and zeros in the signal which
can be deduced from Figures 6 a) and 6 b). The height of the eye-opening
at the specified sampling time shows the noise margin or immunity to
noise. The BER value of 1.62 x 10~° was obtained for a fiber distance of
67 km while it is about 7 x 10742 for 30 km which is much better and prove
the feasibility of the code for optical applications with a data rate of
10 GBps.

= BER Analyzer R : ] Sl

QFactor (Forin ], Tvedod ], nes ), 80 rate:

Figure 7 — Eye diagram for the proposed FVWZCC code at 10 GBps for two optical fiber
distances a) 30 km, and b) 50 km, respectively

Conclusion

A new FVWZCC code design is proposed for multimedia applications
in SAC-OCDMA systems. The design procedure is flexible and can be
used for any constant or variable code weight number with any number of
users based on an appropriate shifting manner of three elementary
matrices. The cross-correlation property of value zero between any pairs
of users reduces the PIIN interference effects leading to the improvement
of the system performance. The performance comparison shows that the
proposed code with a good correlation property and a shorter code length
which is the same as the reported VWZCCC gives better performance over
other constant or variable reported weight codes. Moreover, the good
simulation results obtained in terms of the BER and eye diagram of the
proposed code design for OCDMA systems at 10 Gb/s with direct
detection clearly depict a strong possibility to be used for multimedia
applications diversity. The proposed code gives better performance until
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the fiber distance length value of 67 km corresponds to the basic required
bit error rate for the acceptable system performance (10~%). On the other
hand, changing code weights (CW or VW) provides better BER from high
to low weight for several users fewer than 60 users and moderate up of
this amount of users which gives a good way for the choice of the range of
number of users with an appropriate quality of service in terms of the
minimum desired bit error rate BER. The low complexity and the low-cost
design of the receiver using direct detection is another important factor for
the implementation of the proposed FVWZCC code.
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Resumen:

Introduccién/objetivo: En este articulo, proponemos un método novedoso
de construccion de codigo con la propiedad de correlacion cruzada cero, la
correlacion cruzada cero de peso variable flexible (FVWZCC). Este método
es simple y flexible, utiliza diferentes pesos de codigo para soportar
diferentes clases de usuarios segun su distancia de transmision y la calidad
de los servicios que requieren (datos, audio y video) en sistemas OCDMA.
El uso de pesos de codigo mas altos permite el soporte de redes de
aplicaciones de mayor prioridad, como redes de largo alcance. La
estructura del cédigo ZCC no tiene superposicion del bit '1'y puede eliminar
eficientemente la interferencia MAI entre usuarios y el ruido PIIN,
mejorando asi el rendimiento general del sistema.

Métodos: Para la construccion del codigo FVWZCC propuesto se utilizé la
posicion cambiante del elemento y el proceso de matriz de concatenacion
de las tres matrices basicas denominadas vector derecho, matriz basica y
vector izquierdo. El anélisis matematico y las simulaciones con los software
Matlab y Optisystem se utilizaron para evaluar el desemperio del método
FVWZCC propuesto en sistemas SAC-OCDMA utilizando la deteccién
directa.

Resultados: Los resultados muestran una mejora significativa en el codigo
presentado en comparacion con otros codigos existentes en términos de
simplicidad, flexibilidad y costo de implementacion. EI método utiliza un
peso constante o variable con la propiedad de correlacion cruzada cero.
Para una BER maxima aceptable de 10™° , los resultados de la simulacion
del sistema SAC-OCDMA que utiliza deteccion directa bajo el software
OptiSystem muestran un mejor rendimiento del codigo propuesto con
cuatro usuarios de peso 6 a 10 Gb/s. Ademas, puede admitir hasta 60
usuarios simultaneamente y alcanzar una distancia de fibra de unos 67 km.
En consecuencia, el codigo FVWZCC propuesto se puede aplicar para
soportar diferentes requisitos de Calidad de Servicio (QOS) con bajo costo
y baja complejidad con un receptor de deteccion directa.




Conclusion: Los hallazgos de este estudio resaltan la necesidad de que el
cédigo FVWZCC admita los requisitos de QoS del usuario final. El nuevo
enfoque para la construccion de codigo ofrece implementacion de bajo
costo, simplicidad y flexibilidad.

Palabras claves: codigo FYWZCC, OCDMA, ZCC, tasa de error de bits
BER.

WccnepgoBaHve HyneBomn B3anMHOWM Koppensauum ¢ rmbkumm
nepemeHHbiMu Becamu (FVWZCC) ans MynbTUMEANNHbIX
NPUAOXEHUN

A6dynnax BeHcaan?, A66ec benyda®, Axmad Mapagu®
@ YuusepcuteT Caungpl Joktop Mynawn Taxap”, akynbTeT aNeKTPOHUKM,
r. Canga, Amxnpckast HapogHasa Jemokpatudeckas Pecny6nuka,
KOppecnoHAeHT
6 YuueepcuteT Myctadbl CTambynu, dakynbTeT Hayku 1 TEXHOMOTWIA,
r. Mackapa, Amxupckas HapoagHas [lemokpaTuyeckasa Pecnybnuka
& Yuuepcutet xunnanu Jlnabec - Cnan-benb-Abbec,
JTabopaTtopus npuknagHbIx MaTepuarnos,
r. Cnan-benb-Ab6ec, Amxupckas HapogHasa [lemokpaTtuyeckan Pecnybnuvka

PYBPUKA TPHTW: 49.40.00 Cuctembl Nnepegayn ABMXKYLLMXCSA N300paxeHun,
49.33.29 CeTu cBSA3N
BWL CTATbW: opurmHanbHasa Hay4yHas ctaTbs

Pesrome:

BesedeHue/uenb: B OaHHOU cmambe npedcmassnieH HOBbIU Memod
paspabomku kola co ceolicmeom Hyneeou 63auMHOU Koppensayuu
(Flexible Variable Weight Zero Cross-Correlation - FVWZCC). 3mo
npocmod u aubkuli Memod, ucnonb3ywul pasfuyHble eeca Koda 0rns
noddepxXKu pasHbIX Kraccoe ronb3oeamerieli 8 3agucumocmu om
paccmosiHusi nepedayu u kadecmsa mpebyemMbix uMm ycrye (nepedadyu
OaHHbIX, ayduo u sudeo) 8 cucmemax OCDMA. Wcnonb3oeaHue 6ornee
8bICOKO20 8eca KoOa obecriequsaem nod0ep Ky cemel NPUIoKeHul ¢
bosiee 8bICOKUM npuUOpPUMEmOM, maKkux Kak cemu OanibHel c8a3u.
Cmpykmypa koda ZCC He nepekpbisaem 6um "1" u moxem
aghgpekmusHo ycmparsame nomexu MAI mexdy nonb3ogsamensmu u
wym PIIN, mem cambiM roebiwas obwyr pou3eooumesibHoCmb
cucmems!.

Memoodbi: [ns pa3pabomku npednazaemozo koda FVWZCC 6biiu
ucronb308aHbl cO8UZ MOMIOXEHUSI d/ieMeHma U MampuyHbIl rpouecc
KOHKameHayuu mpex 6a3o8bix Mampul, 0603HaYeHHbIX KaK npasbitl
eekmop, b6azosas mMampuya u nesbili sekmop. Mamemamuyeckuli
aHanu3 u mMooenuposaHue C MoMOWbIo rpospamMmMHo20 obecreqyeHust
Matlab u  Optisystem  6biiu  ucrionb3o08aHbl  Of1  OUEHKU
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agppekmusHocmu npednoxeHHo2o memoda FVWZCC e cucmemax
SAC-OCDMA, ucnonb3yrowux rnpsimyto demekuyuto.

Pesynbmamebi: Pesynbmambi riokasbigarom 3Ha4yumesibHoe
yryqweHue npedcmasrnieHHo20 kKoda [0 CpasHeHU C Opyaumu
cywecmsyrowumMu Kodamu € MOYKU 3pEHUS npocmomal, subkocmu u
cmoumocmu gHedpeHusi. B memode ucrionb3yemcsi MOCMOsiHHbIE Urnu
rnepemeHHble 8eca CO C80UCMBOM Hyrieeol 83auMHOU Koppesnsayuu.
lpu ydenbHoMm 3HavyeHuu BER, pasHom 10-9, pe3ynbmamsi
modenuposaHusi cucmembl SAC-OCDMA ¢ ucrionb3o8aHueM rnpsiMozo
0bHapyxeHus 8 npoepammHom obecrieyeHuu OptiSystem noka3sbiearom
nyqwyro npousgodumesibHocme npedrnoxeHHo20 Koda ¢ YembipbMs
rnosib3o8amesisiMu eecom 6 co ckopocmeto 10 ['6um/c. MNomumo moeo,
OH Moxem rnoddepxusampb 0o 60 rosib3ogamerneli 00HOBPEMEHHO U
obecreyusamb 80/TOKOHHO-OMMUYECKYIO C8513b Ha paccmosiHuu 0o 67
Kkm.  CnedosamernbHo, npednazaembili ko0 FVWZCC  mMOxHO
npumeHsimb 0nsi No00ePXKKU pasnudyHbix mpebosaHulli K Kayecmey
obcnyxuearusi (QoS) npu HU3KOU cmouMocmu U HU3KOU CIIOXXHOCMU 8
ucrnonb308aHUU emeKMmMoOpPHO20 NMPUEMHUKA.

Bbigod:  Pesynbmambi  0aHHO20  uccriedogaHusi  rmoddYepkuearom
Heobxodumocmb 8 kode FVWZCC dnsi noddepxku mpebosaHull QoS
KOHEYHOo20 nonb3osamens. Hoebili nodxod k paspabomke Koda
obecriequgaem HU3KYH CIMOUMOCMb 8HEOPEHUS, MPocmomy U aubKocmb.

Knroyessle crnosa: FVWZCC-ko0, OCDMA, ZCC, yacmoma owubok 8
6umax BER.

Ncnutusare HynTe yHakpcHe kopenauuje donekcubunHe
npomeHrbuBe TexvHe (FVWZCC) 3a npumeHy y pasnmymtnm
Meanjuma

A6dynax beHcapn?, Abac benyda®, Axmed Japaom®
@ YuusepauteT ,[dp Moynaun Taxap”, Oacek 3a eneKkTpoHUKY,
Cavpga, HapogHa Jemokpatcka Penybnuka Amkup, ayTop 3a npenucky
6 YuneepanteT ,Myctada Ctambonu”, dakynTteT Hayka v TexHomnorumje,
Mackapa, HapogHa OemokpaTtcka Penybnuka Amxup

® YHuBep3auteT , hbunanu Jlnabec”, llabopaTopuja 3a npumer-eHe matepujane,
Cwnamn ben Abec, HapogHa emokpatcka Penybnuka Amxup

OBNACT: TenekomyHukaumje, ONTUYKN NPEeHOCH
KATETOPWUJA (TUIM) YIAHKA: opyriHanHm Hay4YHu pag

Caxxemak:

Yeod/yurb: Y pady ce npednaxe Hog8a memoda 3a KOHCmpyucare Koda ca
ceojcmeom Hyrme yHakpcHe kopenauuje (Flexible Variable Weight Zero
Cross-Correlation — FVYWZCC). Memoda je jeOHocmasHa, chriekcuburiHa u
Kopucmu pasnudume mexuHe kKoda Oa rnodpXu pasnuyume  Kriace




KOPUCHUKa 3a8UCHO 00 Huxose OarbuHe rfpeHoca U Kearumema ycriyaa
Koje cy um nompebHe (nodayu, ayduo unu sudeo) y cucmemuma OCDMA.
Kopuwher-em mexuHa suwee ko0a omozyhasa ce rnoopuwika MpexHUM
annukayujama euwez rpuopumema Kao WMo Cy Mpexe 6eruKkoe
domema. Cmpykmypa kola ZCC ce He ripekrana ca bumom ‘1’ u Moxe
egbukacHo Oa enumuHuwe uHmepgpepeHuujy MAI mefly kopucHuyuma,
kao u PIIN wywm, nosehagajyhu mako yKyrnHe rnepgopmaHce cucmema.

Memode:3a koHcmpykyujy npednoxeHoe koda FVWZCC kopuwheHu cy
rosuyuja erleMeHma roMepar-a U rpoyec KoHKameHauyuje Mampuue mpu
OCHOBHE Mampuue 03Ha4yeH Kao OeCHU 8eKmMop, OCHOBHa Mampuua, Kao u
nesu eekmop. Mamemamuyka aHanusa U cumynayuje romohy
cogpmeepckux rnpoepama Matlab u OptiSystem kopuwheHe cy 3a
eesaryauujy nepghopmarce rpednoxeHe memode FVWZCC y cucmemuma
SAC-OCDMA dupekmHom demeKyujom.

Pesynmamu:  Pe3dynmamu  nokasyjy  3HadYajaH  Harfpedak y
npedcmasrbeHoM Kody y nopehiery ca ocmanum nocmojehum kodosuma,
wmo ce oeneda y jeOHocmasHocmu, chrekcubunHocmu U UeHu
umrnnemMeHmauyuje. Memoda kopucmu  unuU  KOHCMaHmMHy  unu
MPOMEHIbUBY MEXUHY Ca C80JCIMBOM Hynme yHaKpCHe kopenauuje. 3a
MakcumarHo rnpuxeamrbuge BER 00 107°, pesynmamu cumynauuje
cucmema SAC-OCDMA kopuwhersem upekmHe demekuuje y cogpmeepy
OptiSystem nokasyjy 6orbe rnepgopmaHce 00 rnpednoxeHo2 koda ca
yemupu KopucHuka mexuHe 6 npu 10Gb/s. Lmasuwe, moxe Oa
rodpxasa 00 60 KopucHUKa ucmospemMeHo U 0a docmueHe OyXKUHY 8r1aKHa
00 oko 67 km. 3amo npednoxeHu ko0 FVWZCC moxe Oa nodpxaea
3axmese 3a pasnuyum keanumem ycryz2e (QoS), y3 HUCKy UeHy u
JjedHocmaeHy npuMeHy ca fpujeMHUKOM dupekmHe Oemekuuje.
Sakpyvak: Hanasu oee cmyduje Haenawaseajy nompeby 3a KoOom
FVYWZCC padu nodpwke 3axmesuma QOS Kpajrux KOpUcCHUKa. Hosu
npucmyn KoHcmpykuyuju koda obe3beRyje HUCKY UeHy uMmniemeHmauuje,
JjedHocmasHocm u ¢hriekcubuiHocm.

Krbyure peuu: k00 FVWZCC, OCDMA, ZCC, BER (Bit Error Rate).
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