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 15 

Abstract—In this paper, a performance analysis is reported for optical code division multiplexing 16 

(OCDM) system for long-reach passive optical network (LR-PON) systems by taking into account multiple 17 

access interference (MAI), single-mode fiber (SMF) channel effects and receiver noise. The 18 

mathematical model representing the 2-D optical code parameters for different receiver structures used 19 

in optical code division multiplexing access (OCDMA) are developed, optimized and implemented using 20 

Matlab simulations, where channel imperfections, such as attenuation losses and chromatic dispersion 21 

have been considered. In the proposed system configuration, we have investigated the probability of 22 

error for Back-to-Back (B2B) with conventional correlation receiver (CCR), SMF with CCR receiver and 23 

SMF channel with successive interference cancelation (SIC) receiver. Additionally, SMF channel with 24 

SIC receiver system performance has been addressed by taking into account two key metrics, such as BER 25 

and Q-factor as function of simultaneous users, and fiber length, respectively. We have managed to 26 

substantially improve simultaneous multiuser data transmission over significant fiber lengths without 27 

use of amplification, where Q-factor of 6 at fiber length of 190 and 120 km, while a SIC receiver 28 

using 5 stages cancelation is employed for 2D prime hop system (2D-PHS) and for 2D hybrid codes (2D-29 

HC), respectively. 30 

 31 

Index Terms—LR-PON; Optical Transmitters; Optical receivers; Code division multiplexing. 32 

 33 

I. INTRODUCTION 34 

 35 

Multiplexing techniques play an important role in channel optimization and multimedia carrying data. 36 

There are several multiplexing techniques in the literature, such as time division multiplexing (TDM), 37 

wavelength division multiplexing (WDM), code division multiplexing (CDM) [1] and orthogonal 38 

frequency division multiplexing (OFDM) [2]. In optical context, the primary multiplexing techniques 39 

deployed are WDM and Optical CDM (OCDM). WDM techniques have their advantages due to its 40 

network security and good scalability. However, they suffer from power consumption and floor space 41 

availability in central office (CO). On the other hand, OCDM techniques have their benefits due to the fact 42 
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that no synchronization is required in the network and they can offer a high data security in order to satisfy 43 

customer data integrity [3,4]. Equally, optical code division multiplexing access (OCDMA) techniques are 44 

attractive solutions that offer simple network management and a great capacity to support multi-rate bursty 45 

traffic, low latency access and multi-class of quality of service (QoS) with variation in transmitted level 46 

power [5-7]. 47 

In our previous work Ref. [8], we have reported optimization of two-dimensional (2-D) optical code 48 

parameters for different receiver structures used in OCDMA system. We have shown that the studied code 49 

is determined by the prime number (P) and in the case when the prime number increases, the probability of 50 

error decreases. In order to increase the number of simultaneous users in OCDMA network, we have 51 

investigated the system performance using an OCDMA successive interference cancelation (SIC) receiver 52 

with multistage interference cancellations in comparison to the conventional correlation receiver (CCR). 53 

We have demonstrated that the number of stages and as well the value of threshold on each stage of the 54 

OCDMA SIC receiver used in a system are the key system parameters which have a significant impact on 55 

the OCDMA system performance. In addition, it is shown that we can reach a higher system performance 56 

by employing an OCDMA SIC receiver instead of an OCDMA CCR receiver, in which the probability of 57 

error is decreased and the network subscriber is increased. By using advanced 2-D OCDMA codes, system 58 

performance can have more flexibility by means of a full asynchronous communication, a higher user 59 

capacity (i.e., cardinality), good correlation properties and enhanced spectral efficiency[6,9]. Additionally, 60 

it should be noted that when the bit rate is increased above 40 Gb/s, the interplay between nonlinearity and 61 

chromatic dispersion causes interference among users in OCDMA system (i.e., namely multiple access 62 

interference (MAI)) resulting in significant system degradation. So, in order to reduce the system 63 

degradation due to the channel nonlinearity, we limit the system performance bit rate at 40 Gb/s [10, 16]. 64 

Furthermore, for 40 Gb/s we consider that linear effects (i.e., chromatic dispersion) is more relevant when 65 

compared to fiber nonlinearity that should be considered for higher data bit rate (>40 Gb/s) and in long-66 

haul communications system (i.e., more than several thousands of kilometer). In the latter case, various 67 

nonlinear physical impairments over OCDMA system should be considered, involving Kerr effect (i.e., 68 

self-phase modulation (SPM), four waving mixing (FWM) and cross-phase modulation (CPM)), the 69 

stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS). 70 

In this work, we are focused on the investigations of the most important impact, such as MAI, optical 71 

channel effects and photo-detector noise on the OCDMA system performance in PON context. Single mode 72 

fibers (SMF)s, due to their small core size (less than 10 µm) allow only one mode to be transmitted with 73 

low fiber attenuation, are used to develop communication networks, such as 2D-OCDMA-WDM passive 74 

optical network (PON) [9], ultra-dense WDM PON (UDWDM-PON) network [11], cable access network 75 

using hybrid fiber-coaxial (HFC) networks [12] and cable access network using hybrid fiber-coaxial (HFC) 76 

networks [13]. Furthermore, SMF can support metropolitan, long haul access, premises applications in 77 

telecommunications, Cable TV (CATV), RoF Mach-Zehnder (MZ) based link [14], inter-data center 78 

application [15] and long-reach PON (LR-PON) [16]. Likewise, LR-PON is a very interesting case of PON 79 

that provides low cost and energy consumption by reducing the number of active nodes and by adding a 80 

redundant link to ensure a higher availability connection between the different Metro and core nodes [17]. 81 

The proposed OCDMA technique would be practical in LR-PON context applications while the 82 

transmission distance can reach more than 100 km. Additionally, 16 simultaneous users at 40 Gb/s data 83 

transmission is realized which is leading to a BER value less than 10-9 after 100 km SMF transmission 84 

system. On the other hand, by employing advanced 2D-OCDMA codes, such as 2D prime hop system (2D-85 

PHS) and 2D hybrid codes (2D-HC) the system performance can be increased in terms of security and 86 

spectral efficiency. Various optical OCDMA receivers are employed in our proposed configurations, such 87 

as SIC receiver with multistage interference cancellations and CCR. It is shown, that by using a SIC 88 

receiver, simultaneous users can be enhanced significantly in the network and fiber length can be extensible 89 
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to 120 km and 190 km, leading to Q-factor of 6 for 2D-HC and 2D-PHS codes, respectively. Finally, 90 

complexity study is performed in terms of CPU time for different OCDMA receivers, such as CCR, SIC 91 

and parallel interference cancellation (PIC) for various 2D-OCDMA codes as function of simultaneous 92 

users. 93 

This paper is organized as follows; Section 2 presents the proposed OCDMA system architecture. Section 3 94 

deals with the system model including encoder model, channel model and decoder model. Section 4 95 

discusses the system performance in terms of probability of error in the case B2B with CCR, SMF with 96 

CCR receiver and SMF with SIC receiver, respectively. Simulation results as function of BER and Q-97 

Factor are discussed against simultaneous users and SMF fiber length, respectively. Section 6 presents the 98 

complexity study of MATALB programs in terms of processing power for CCR, SIC and PIC OCDMA 99 

receivers. Finally, conclusions are drawing in the last section. 100 

II. SYSTEM ARCHITECTURE 101 

 102 
Fig. 1. Proposed system architecture 103 

 104 

In this study, we consider a direct sequence-optical code division multiplexing access (DS-OCDMA) 105 

system where primary limitation is the MAI. Other impairments caused by the optical fiber and receiver 106 

noise are also considered. In the proposed DS-OCDMA system, illustrated in Fig. 1, the information bits 107 

that have been transmitted have been spread using the code signature generated by the encoder and then 108 

modulated by an optical modulator. For the optical modulation, we propose an OFDM modulation 109 

technique based on quadrature amplitude modulation (QAM) harnessing higher-order modulation formats 110 

and using cost-effective intensity-modulation and direct-detection (IM/DD). 111 

The contribution of each user is then summed using an optical coupler (i.e., splitter) and then the optical 112 

signal is propagating along the SMF optical fiber link, reaching the reception part (receiver section).In this 113 

end, a photo-detector can convert the optical signal to the electrical one. Then, with the help of the 114 

OCDMA decoder, the estimated bit is being sent to the end user. 115 

III. SYSTEM MODEL 116 

The proposed optical system configuration model involves the following device models; encoder model, 117 

the channel model and the decoder model. The model for each device has been designed individually by 118 

taking into account key model parameters and their effects into the overall system’s performance.  119 

A. Encoder model 120 

At the output coupler, the transmitted signal is defined by s(t) which is the sum of all coded signals which 121 

are transmitted through the SMF and can be expressed as: 122 

 123 

)t(cbP)t(s k

N

1k

)k(
iT ∑=

=
      (1) 124 
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where
)k(

ib represents the ith information bit of the user k and ck(t) represents the optical code assigned to 125 

the user k.   In the case, when a basic OCDMA CCR receiver is deployed, the optical demodulator provides 126 

a signal, which is proportional to the received optical power. This signal is recovered by multiplying it with 127 

the desired user’s code ( )t(ck ), integrated over a delay of one bit with a duration T. Then, we obtain a 128 

variable decision )k(

iZ which is compared with the decision threshold value (Th) in order to determine the 129 

estimated bit sent by the user k ( )k(

ib̂ ) [18].We should mention also that PT represents the chip power of the 130 

transmitted signal (i.e., the amplitude of code weight equal to 1). Subsequently, we investigate the 131 

generation of selected codes in this study, such as one-dimensional prime code (1D-PC), 2D-PHS and 2D-132 

HC. The 1D-PC is generated by using Galois-field GF(P) for a given prime number P (i.e., time spreading 133 

for each chip is used). In addition, 2D-PHS is generated with P time spreading and (P-1) wavelength 134 

hopping. The 2D-HC is built as follows: maximum-length (ML) sequence is employed for the wavelength 135 

hopping and the prime number is used for temporal spreading (i.e., an example of seven 2D-HC codes are 136 

described in table 1, where {1, 2, 3, 4, 5, 6, 7} symbolizing the wavelength { 1λ , 2λ , 3λ , 4λ , 5λ , 6λ , 7λ }[8]). 137 

Table 1.Seven 2D-HC sequences with P=7. 138 

S0H1 30000000 20000000 70000000 00000000 00000000 10000000 00000000 

S2H1 50000000 40000000 20000000 00000000 00000000 30000000 00000000 
S4H1 20000000 10000000 60000000 00000000 00000000 70000000 00000000 
S1H2 10000000 70000000 50000000 00000000 00000000 60000000 00000000 
S3H2 40000000 30000000 10000000 00000000 00000000 20000000 00000000 
S0H3 60000000 50000000 30000000 00000000 00000000 40000000 00000000 
S2H3 70000000 60000000 40000000 00000000 00000000 50000000 00000000 

 139 

B. Channel Model 140 

Next, the impulse response of the SMF used in the third optical transmission windows (i.e., 1550nm), is 141 

given by [19]: 142 

 143 

( )













−−=

LD

ct
jexp

LD2

c
j1)t(h

c
2

2

c
2f

λ
π

λ
        (2) 144 

where c is the light velocity in vacuum, Dc is the chromatic fiber dispersion coefficient, L is the fiber 145 

length and λ is the operating wavelength. The developed model has been implemented using MATLAB 146 

simulations where in Fig. 2 we present the variation of the SMF transfer function as function of frequency 147 

in the range of [0,10] GHz. It is a highly important to represent the SMF transfer function as function of the 148 

frequency due to simplifying the numerical simulation when fiber impairments are taken into 149 

considerations in the OCDMA system performance. Additionally, the transfer function versus time need 150 

convolution operator compared to a simple multiplication operator when dealing with transfer function in 151 

terms of frequency. 152 

The normalized SMF transfer function in dB is given by [20]: 153 

 154 

)
H

H
(log10Hf

in

out
10dB =            (3) 155 

where 
outH  and 

inH  are the Fourier transforms of the impulse response and back-to-back (B2B) system 156 

response, respectively. 157 
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 158 

Fig. 2. SMF normalized transfer function as a function of frequency. 159 
 160 

As can be seen from Fig.2, the 100 km SMF normalized transfer function is inversely proportional to the 161 

frequency, which shows that the SMF normalized transfer function decreases when the frequency increases. 162 

Additionally, the normalized transfer function value is in the range of [0,-6] dB. In addition, we observe a 163 

normalized SMF transfer function below -3 dB in the range of [0,2] GHz which can be potentially useful in 164 

the system physical implementation, in which the signal can be easily detected in the receiver side (i.e., 165 

corresponding to the half of the transmitted signal). 166 

C. Decoder Model 167 

At the photo-detector output, the decision variable can be described mathematically with the following 168 

expression [21]: 169 

 170 

∫ ∑ ∑ φ+−=
=

−

=

bT

0

K

1k

1N

0l
fckk

R
i dt)t(h)lTt(C)t(B

2

RP
)t(Z    (4) 171 

where R , 
RP , 

bT  and ∅ is the receiver responsivity, the optical received power, the bit period and the 172 

noise caused by the photo-detector, respectively. 173 

The decision variable )t(Zi  is suitable in OCDMA receiver system, since it represents the electrical 174 

OCDMA received signal that is compared to the receiver threshold which can be used to make a decision 175 

on the received user bit. In fact, if the value presented by the decision variable is less than the threshold the 176 

received bit is estimated as zero otherwise, the received bit is estimated as one. 177 

The optical received power is related with the optical transmitted power (
TP ) by [22]: 178 

LPP TR α−=        (5) 179 

whereα and Lare the attenuation coefficient and the length of the optical fiber, respectively. 180 

The time bit is related to the time chip (
cT ) with 

cb FTT = , where F is the number of chips in the user 181 

signature. The decoder model architecture is illustrated in Fig.3.  182 

 183 
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 185 
 186 

Fig. 3. Decoder model architecture. 187 
 188 

In the proposed decoder model, the following two structures of receiver are employed. Initially, a SIC 189 

receiver is employed to eliminate the contribution of the undesired users. Then, an arrayed waveguide 190 

grating (AWG) decoder is used to detect the desired user bit. At the input of the decoder model, the 191 

received signal taking into account the impulse response of the SMF, can be expressed as follows [23]: 192 

 193 

)t(h)t(s)t(r f∗=        (6) 194 

where * denote the convolution operator. The photo-detector receiver converts the optical signal to 195 

electrical signal and generates the following signal [23]: 196 

 197 

)t(n)t(cb)t(h
2

RP
)t(r kk

N

1k
f

R +−∑=
=

ϕ     (7) 198 

where )t(n  is the photo-detector noise and ϕ  is used to symbolize the delay over time of the received 199 

code. 200 

Knowing the desired code user ck(t) the CCR or SIC receiver give the estimated bit user )t(b̂k  . 201 

In order to reduce the effect of MAI, several multi-user detectors have been introduced in the literature. 202 

Among these detectors, the hard limiter (HL) [23], the parallel interference cancellation (PIC) [24] and 203 

Successive Interference Cancelation (SIC) receivers have shown to be promising [8]. 204 

IV. OCDMA SYSTEM PERFORMANCE 205 

The probability of error can be expressed as follows [25]: 206 

 207 

( ) ( )[ ]1/0P1/0P
2

1
Pe +=       (8) 208 

where ( )1/0P and ( )1/0P are the probability of transmitting 0 and 1while receiving 1 and 0, respectively. 209 

In this study, the probability of error investigation in the case of an ideal channel, SMF with CCR 210 

receiver and SMF with SIC receiver, respectively. Next, after we have developed the model for each 211 

component used in the OCDMA system including their associated losses and degrading factors, we will 212 

investigate the overall OCDMA system performance consisted of the above stated components. However, 213 

initially we will consider the system’s performance without the presence of the above components in order 214 

to compare the performance when realistic case is considered.  215 

A. Case of B2B 216 

We consider the number of interfering users as a binomial distribution with parameter N-1 and PrI the 217 

average probability of hits. Consequently, the probability of error can be expressed as [8]: 218 
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i1N
I

i
I

1N

Thi

)rP1()rP(
i

1N

2

1
Pe

−−−

=
−∑ 







 −
≤     (9) 219 

 220 

where Th is the receiver threshold value. In fact, the number of active users in OCDMA system depends on 221 

OCDMA code parameters known as the prime number P. At a given prime number P, the OCDMA system 222 

can support P, P(P-1) and P(P+1) users for the 1D-PC, 2D-PHS and 2D-HC, respectively. In the case when 223 

the prime number is equal to 31, the maximum theoretical number of users considering only MAI is equal 224 

to 31, 31×30 and 31×32 for 1D-PC, 2D-PHS and 2D-HC, respectively. As a result, the number of active 225 

users corresponding to the theoretical study is equal to 31, 930 and 992 users for 1D-PC, 2D-PHS and 2D-226 

HC, respectively. 227 

 228 

 229 
 230 

Fig. 4. Probability of error as function of simultaneous users for CCR receiver. 231 
 232 

On the other hand, as it is demonstrated in Fig.4 in order to reach a BER value between 10-9 and 10-10 when 233 

a CCR is used with P equal to 31, the maximum number of network subscribers (i.e. users) for both 2D-234 

PHS and 2D-HC codes is equal to 520 users. 235 

 236 

In order to further investigate the OCDMA system performance, we have employed the SIC receiver with 237 

5 stages cancellation leading to Fig.5.Our OCDMA simulation results of the probability of error as a 238 

function of simultaneous users when the SIC receiver is deployed are illustrated in Fig. 5[8]. It can be 239 

shown from Fig.5 that OCDMA system can reach more than P2 users at a BER value less than 10-10 when 240 

the 2D-HC is used to encode data and P=31(i.e., OCDMA system can reach the theoretical number of 241 

users). As a result, the OCDMA system performance is enhanced by means of SIC receiver with 5 stages 242 

cancellation. Additionally, the SIC receiver can compensate the MAI to reach the theoretical user number 243 

in the network as function of the code features while B2B system is considered. 244 

 245 
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 246 
Fig. 5. Probability of error (Pe) versus simultaneous users for SIC receiver. 247 

 248 

The low probability of error is generated by a simulation program based on a probability approach using a 249 

combination of interference (i.e., symbolized with i in the equation (9), causing the MAI) among the 250 

maximum number of simultaneous users (N). So, if N increases the combination will decrease and leading 251 

to a low probability of error (in the order of 10-20 for N around 500 users). As a conclusion, in our previous 252 

work [8] for a high number of simultaneous users corresponding to the theoretical numbers our target is to 253 

reach a very good BER value less than 10-9 leading to a high bit rate proportional to ∼Gb/s. Likewise, for P 254 

equal to 31, our study shows that the OCDMA system can reach P(P-1) and P(P+1) equal to 930 and 992 255 

simultaneous users with a low BER less than 10-9 when a harnessed SIC receiver with optimized 256 

parameters is fitted for 2D-PHS and 2D-HC, respectively. 257 

B. Case of SMF channel and CCR receiver 258 

When considering a realistic channel model such as the SMF, both MAI and chromatic dispersion need to 259 

be taken into consideration and scrutinize their impact on the system performance. Here, we examine the 260 

impact of chromatic dispersion on the system performance affected by the propagation of the optical signal 261 

at different wavelengths end at different speeds over the SMF core. The probability of error of the OCDMA 262 

system considering the SMF channel can be expressed as [27]: 263 

 264 

dHH)rP1()rP(
i

1N

2

1
P f

i1N
I

i
I

i

H

1N
Thie

−−−
= −∫∑ 







 −
=    (10) 265 

 266 

where fH is the Fourier Transform of ( )thf . In this paper, we use the same approach in 267 

Ref. [27] to incorporate the fading phenomena in wireless OCDMA network. Additionally, 268 

we use the analogy between fading and dispersion in wireless and optical communication 269 

to introduce the chromatic dispersion in OCDMA system performance study. 270 

C. Case of SMF channel with SIC receiver 271 

In the next section, we explore system performance of OCDMA SIC receiver using two-dimensional 272 

(2D) optical code. The CCR N (characterized by threshold ThN) estimated the bit sent by the user N ( )N(
ib̂273 

) is multiplied by the undesired code user ( )t(c N
) then subtracted from the entry signal ( )t(r ).  274 

The schematics of the SIC receiver architecture is illustrated in Fig. 6. 275 
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 276 

 277 
 Fig. 6. OCDMA SIC model architecture. 278 

 279 

The input signal of the desired user in the receiver (user 1 characterized by 280 

threshold Th1) can be expressed as: 281 

)N(
iN1 b̂)t(c)t(r)t(r ⊗−=      (11) 282 

The variable decision obtained at the OCDMA CCR 1 (desired user) can be expressed as  283 

11
)1(

i
R)1(

i AIWb
2

RP
Z ′++=      (12) 284 

where ∑
−

=

=
1N

2k

k1 II represents the interference caused by the (N-2) other undesired users. The cancellation 285 

term of first stage of the OCDMA SIC receiver taking into account chromatic dispersion due to the SMF 286 

channel can be expressed by 287 

( )dtth)t(c)t(c)b̂b(A f

T

o
1N

)N(
i

)N(
i1 ⊗∫ ⊗−=′    (13) 288 

We assume that the channel transfer function is independent of code signature and can 289 

be expressed as function of frequency using Fourier Transform Function (i.e., 290 

Hf=Fourier Transform ( ( )th f ), then the cancellation term of the first stage of the 291 

OCDMA SIC can be expressed: 292 

 293 

dt)t(c)t(c)b̂b(HA
T

o
1N

)N(
i

)N(
if1 ∫ ⊗−=′      (14) 294 

 295 

We employ 1A′ instead of 1A used in the case of the ideal channel calculation [8]. 296 

Next, the probability of error at the OCDMA CCR1 (desired user) can be expressed with two terms [8]: 297 

 298 

)1Pr(b).1b / ThZPr()0b Pr().0b / Th ZPr(  P
(1)
i

(1)
i1

)1(
i

(1)
i

(1)
i1

)1(
ie1 ==<+==≥=   299 

 (15) 300 
 301 

We know, the fact that (1)
ib has the same probability value to be equal to zero or one:  302 

 303 

2

1
)1Pr(b)0b Pr(

(1)
i

(1)
i ====      (16) 304 

When we substitute the value of variable decision )1(
iZ and replace (1)

ib  with corresponding value, we get 305 

for the first term: 306 

)0b Pr().0b / Th AIPr(  P
(1)
i

(1)
i111e10 ==≥′+= )0b / Th AI.Pr(

2

1 (1)
i111 =≥′+=    (17) 307 
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 308 

We replace the value of interference caused by the (N-2) other undesired users (I1) and the cancellation 309 

term of first stage of the OCDMA SIC receiver ( 1A′ ), we get the following expression: 310 

 311 
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 313 

Now, the second term of equation (8) can be deduced by: 314 

 315 

)1Pr(b).1b / ThAIPr(  P
(1)
i

(1)
i111e11 ==<′+= )1b / Th AI.Pr(

2

1 (1)
i111 =<′+=    (19) 316 

 317 

We replace the value (I1) and the value ( 1A′ ) in equation (19), we get the following expression: 318 
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 321 

where W is the weight of the 2D-OCDMA codes corresponding to the number of chips equal to 1. 322 

V. OCDMA SYSTEM SIMULATION RESULTS 323 

 324 

We have used MATLAB to calculate the main system performance parameters. Table 2 presents the 325 

simulation parameters used for the numerical results of BER and Q-factor calculation, in particular for 326 

Laser DFB transmitter (wavelength, emitted power and spectral width) [28], SMF specification G.652 327 

(length, attenuation loss and chromatic dispersion coefficient) [29], APD specification and code properties, 328 

respectively. 329 

 330 

Table 2.Numerical simulations parameters. 331 
 332 

SYMBOL DESCRIPTION VALUE 
λ wavelength 1550 nm 
PT Emitted power 10 dBm 
∆λ DFB spectral width 0.01nm 
L SMF length 100 km 
α SMF attenuation loss 0.2 dB/km 
Dc SMF Chromatic dispersion 

coefficient 
17ps/(nm.km) 

R APD Responsivity 0.9A/W 
P Prime number 7 

Th Threshold for CCR receiver W 
Th1 Threshold for SIC receiver W-2 

k Simultaneous users 16 
D Bit rate 40Gb/s 

 333 

In this work, the system performance is firstly investigated as function of BER. The BER as a function of 334 

the minimum probability of error is given by [26]: 335 
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 336 

min10db Pelog10BER =      (21) 337 

 338 

where Pemin is the minimum probability of error. 339 

Additionally, the OCDMA system performance is given as function of Q-factor to simplify the 340 

calculation when performing the comparison of system performance for different codes. The Q-factor in dB 341 

is deduced from BER expression (21), as follows [11]: 342 

 343 

))BER2(erfc2(log20Q
1

10dB
−=      (22) 344 

In Fig.7, we illustrate the OCDMA BER system performance against simultaneous users for the case of 345 

B2B and 100 km SMF channel with CCR receiver. In addition, we present the system performance for 2D-346 

PHS and 2D-HC, respectively. 347 

 348 
 349 

Fig. 7. BER as a function of simultaneous users when CCR receiver is used. 350 

 351 

As depicted from Fig.7, for CCR receiver and 25 simultaneous user the BER value is equal to 1.02×10-3 352 

and 1.35×10-3 for PHS and HC, respectively. Likewise, while considering 100 km SMF channel the system 353 

performance is equal to 8.79×10-2 and 2.56×10-2 for 2D-PHS and 2D-HC, respectively. 354 

From our systems modeling of the 2D-OCDMA when considering main factors that cause the 355 

degradation of the system, we have found that the 2D-OCDMA system degradation due to chromatic 356 

dispersion and fiber attenuation is about 9.1×10-4 and 2.42×10-2 for 2D-PHS and 2D-HC, respectively. 357 
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 358 
Fig. 8. Variation of BER as a function of the simultaneous users for PHS codes with SIC. 359 

 360 

In Fig.8 and 9, we illustrate the 2D-OCDMA system BER for 100 km and SIC based receiver as a 361 

function of the simultaneous users for 2D-PHS and 2D-HC, respectively. 362 

As depicted from Fig.8, BER of 2D-OCDMA system is presented as function of simultaneous users for 363 

B2B with 3 stages SIC receiver, SMF channel with 3 stages SIC receiver, B2B with 5 stages SIC receiver 364 

and SMF channel with 5 stages SIC receiver, respectively. 365 

As shown from Fig.8, SIC receiver can enhance the 2D-OCDMA system performance using 2D-PHS 366 

codes with 3 and 5 stages leading to a BER value less than 10-9 for 18 and 27 simultaneous, respectively. 367 

While 100 km SMF is considered, 2D-OCDMA system performance is degraded from 1.18×10-8 to 368 

6.26×10-8 for 25 simultaneous users using PHS codes with 3 stages SIC receiver compared to B2B system. 369 

Also, for 25 simultaneous users 2D-OCDMA system performance is degraded from 2×10-9 to 1.79×10-9 370 

using PHS codes with 5 stages SIC receiver compared to B2B system. We conclude that, 2D-PHS 371 

OCDMA system degradation is about 0.58×10-1 and 0.21×10-1 for the SMF with 3 stages SIC and SMF 372 

with 5 stages SIC, respectively. 373 

 374 
Fig. 9. BER as a function of the simultaneous users for HC codes with SIC. 375 

 376 

As depicted from Fig.9, 2D-HC codes upgrade 2D-OCDMA system performance for both B2B with 3 377 

stages and 5 stages SIC receiver leading to a BER value less than 10-9 for 16 and 45 simultaneous, 378 

respectively. Likewise, for 40 simultaneous users and when considering 100 km SMF channel the system 379 
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performance is decreased from 8.79×10-9 to 2.07×10-8 corresponding to B2B and SMF with 3 stages SIC, 380 

respectively. In addition, the system performance is decreased from 8.21×10-10 to 1.89×10-9 corresponding 381 

to B2B and SMF with 5 stages SIC, respectively. We conclude that, 2D-HC OCDMA system degradation 382 

is about 6.72×10-1 and 6.32×10-1 for the SMF with 3stages SIC and SMF with 5 stages SIC, respectively. 383 

 384 

Table3. Number of simultaneous users leading to BER equal to 10-9. 385 
 386 

 2D-PHS 2D-HC 
B2B + 3 stages SIC 17 14 
SMF + 3 stages SIC 14 10 
B2B + 5 stages SIC 27 45 
SMF + 5 stages SIC 18 30 

 387 

In Table 3, we present the number of active user at BER equal to10-9 for the case of B2B with 3 stages 388 

SIC receiver, SMF channel with 3 stages SIC receiver, B2B with 5 stages SIC receiver and SMF channel 389 

with 5 stages based SIC receiver, respectively. It is shown that 2D-HC provide more simultaneous users 390 

when a SIC with 5 stages cancellation is used due to its good autocorrelation properties related to ML 391 

sequence construction. So, 2D-HC codes become more robust against MAI. 392 

Fig. 10 and 11 present 16 simultaneous users OCDMA Q-Factor representation versus fiber length for 393 

2D-PHS and 2D-HC, respectively. 394 

 395 
Fig. 10.Q-Factor versus the fiber length for 2D-PHS codes. 396 

 397 

According to Fig.10, the OCDMA system performance provides a Q-Factor in the range of 0 and 13 dB 398 

for 16 simultaneous users and P equal to 7 while using 2D-PHS codes. For 16 simultaneous users and 100 399 

km SMF, 2D-OCDMA system performance with 3 stages SIC receiver is degraded by about (7.23-400 

5.86=1.37 dB) compared to B2B system with 3 stages SIC receiver. Also, for the same system setting 2D-401 

OCDMA system performance with 5 stages SIC receiver is degraded by about (10.52-9.87=0.65 dB) 402 

compared to B2B system with 5 stages SIC receiver. 403 

 404 
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 405 
Fig. 11.Q-Factor as versus the fiber length for 2D-HC codes. 406 

 407 

According to Fig.11, the OCDMA system performance provides a Q-Factor in the range of 0 and 11 dB 408 

for 16 simultaneous users and P equal to 7 while using 2D-HC codes. For 16 simultaneous users and 50 km 409 

SMF, OCDMA system performance with 3 stages SIC receiver is degraded by about (6.56-4.96=1.6dB) 410 

compared to B2B system with 3 stages SIC receiver. Likewise, for the same system setting 2D-OCDMA 411 

system performance with 5 stages SIC receiver is degraded by about (9.67-8.8=0.87dB) compared to B2B 412 

system with 5 stages SIC receiver. 413 

In Table 4, we present the fiber length (i.e., in km) leading to Q-Factor equal to 6 (corresponding to a 414 

BER of 10-9) for the case of B2B with 3 stages SIC receiver, SMF channel with 3 stages SIC receiver, B2B 415 

with 5 stages SIC receiver and SMF channel with 5 stages SIC receiver, respectively. 416 

 417 

 418 

Table4. Fiber length (km) leading to Q-Factor equal to 6. 419 
 420 

 2D-PHS 2D-HC 
B2B + 3 stages SIC 100 40 
SMF + 3 stages SIC 120 60 
B2B + 5 stages SIC 170 100 
SMF + 5 stages SIC 190 120 

 421 

From the data obtained in Table 3 and Table 4, we confirm that 2D-OCDMA PHS codes exhibit better 422 

system performance compared to 2D-OCDMA HC codes in terms of simultaneous users when 3 stages SIC 423 

receiver is employed for P equal to 7. However, 2D-OCDMA HC codes accommodate more number of 424 

simultaneous users at BER equal to 10-9 compared to 2D-OCDMA PHS codes while using SIC receiver 425 

based on 5 stages cancellation. 426 

Our research work reveals that MAI and chromatic dispersion are the main causes leading to 2D-427 

OCDMA system performance degradation in terms of BER and Q-factor while 100 km of fiber length with 428 

16 simultaneous network subscribers are investigated using a probability model (Figs. 7,8 and 9). On the 429 

other hand,  SMF length can be extended to 190 km and 120 km for 2D-PHS and 2D-HC leading to a Q-430 

factor equal to 6 while a SIC receiver based on 5 stages cancellation with appropriate threshold is employed 431 

in OCDMA receiver side (Figs. 10 and 11). 432 

In order to highlight the different 2D-OCDMA system features and to make a comparison between our 433 

proposed system and the other previous work in PON context in the recent years, we summarize the 434 
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different 2D-OCDMA system features as function of coding schema, reachability, number of users and 435 

performance in Table 5. 436 

Table 5. 2D OCDMA system features in PON context. 437 

System Coding  
Schema 

Reachability 
 (km) 

Number of users Performance 

2D-Optical 
Coding monitoring 

MW-OOC 
20 64 

SNIR≥10dB 

Hybrid 
WDM/OOC based 
OCDMA 

WDM-OOC  
20 72 

BER ≤10-9 

Multiclass 
OCDMA 

ML-Generalized 
OOC 

20 60 
BER ≤10-7 

2D-OCDMA-
WDM 

HC 
41 524 

BER ≤10-10 

AO-OFDM-
CDMA 

HC 
108 45 

BER ≤FEC limit 

2D-OCDMA for 
LR-PON 

HC,PHS 
120, 190 16 

Q-factor=6 

 438 

As shown in Table. 5, various 2D-OCDMA signatures are proposed in PON context, such as multi-439 

wavelengths optical orthogonal codes (MW-OOC) [30], WDM-OOC codes [31], multi-length generalized 440 

OOC (ML G-OOC) codes [32] and HC codes [11,33]. In addition, the most important feature of PON 441 

reachability is extended to 41 km and 108 km to become a LR-PON for 2D-OCDMA-WDM and AO-442 

OFDM-CDMA system, respectively. To the best of our knowledge, it is shown that our 2D-OCDMA for 443 

LR-PON system can reach a long distance equal to 120 km and 190 km for 2D-HC and 2D-PHS which has 444 

not been reported in similar system literature. 445 

VI. COMPLEXITY STUDY 446 

In order to explain the tradeoffs between the increasing costs in terms of processing power, when the 447 

number of stage are increased, we have addressed the total CPU Time (in seconds) performed by the 448 

different OCDMA receiver program as function of the number of cancellation stage and the simultaneous 449 

user via the “cputime” Matlab function. As shown in Fig.12, the CPU time performed for the different 450 

OCDMA receiver (i.e., CCR, PIC with one stage cancellation, SIC with 3 cancellation stages and SIC with 451 

5 cancellation stages) is reported as function of increasing the number of simultaneous users in the range of 452 

[16-100] and a prime number equal to 7. 453 
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 454 

Fig. 12 Complexity of OCDMA receiver using 2D-PHS. 455 

As shown from Fig.12, the complexity of the OCDMA receiver is increased while increasing the number of 456 

stage cancellation as well as the number of simultaneous user in the network. 457 

In order to make a comparison of the complexity for different studied codes, in occurrence 2D-PHS and 458 

2D-HC as function of the different OCDMA receiver structures in Fig.13, the CPU time performed for PIC 459 

with one stage cancellation and SIC with 5 cancellation stages is reported versus the increasing number of 460 

simultaneous users in the range of [16-100] and a prime number equal to 7. 461 

 462 

 463 

Fig. 13 Comparison of Complexity between 2D-PHS and 2D-HC. 464 

As shown from Fig.13, the 2D-PHS outperforms 2D-HC in terms of complexity for a simultaneous user 465 

number less than 50 while a PIC or SIC receiver is employed. On the other hand, when the simultaneous 466 

user is greater than 55, the 2D-HC outperforms the 2D-PHS in terms of complexity for either OCDMA PIC 467 

or SIC receiver. 468 

VII. CONCLUSION 469 

In this paper, we have developed 2D-OCDMA mathematical model, implemented and 470 

investigated system performance using MATLAB simulations. Investigation of advanced 471 

2D-OCDMA system performance model is developed and implemented for B2B with CCR 472 
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receiver, SMF with CCR receiver and SMF channel with SIC receiver. In order to determine 473 

the BER and Q-factor, we have proposed and demonstrated a 2D-OCDMA system based on a probability 474 

approach by incorporating the main key system limitations, such as MAI, attenuation loss and chromatic 475 

dispersion. Our study shows that there is a tradeoff which is related to the number of 476 

simultaneous users leading to BER equal to 10-9 for 2D-PHS codes and 2D-HC codes for 3 477 

stages SIC receiver and 5 stages SIC receiver, respectively. Additionally, we have 478 

demonstrated that 2D-PHS OCDMA system degradation in terms of Q-factor is increased by 479 

means of 1.37 dB and 0.65 dB while chromatic dispersion and MAI are considered for 100 480 

km SMF and 16 simultaneous users. Nonetheless, 2D-HC OCDMA system degradation due to 481 

SMF is increased by about of 1.6 dB and 0.87 dB compared to B2B system with 3 stages 482 

SIC receiver and B2B system with 5 stages SIC receiver, respectively. Finally, it was 483 

shown that our 2D-OCDMA LR-PON system can extend the reachability of the PON by means of 120 km 484 

and 190 km for 2D-HC and 2D-PHS codes, which to the best of our knowledge it has not been reported in 485 

literature in similar systems. Similarly, for a simultaneous user greater than 55, the 2D-HC outperforms the 486 

2D-PHS in terms of complexity for either PIC or SIC OCDMA receiver. 487 
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