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 In order to minimize the receiver complexity and improve the performance of the spectral 

amplitude coding - optical code division multiple access system, a novel one-dimensional 

zero cross-correlation code using Pascal’s triangle matrix has been suggested. This research 

article shows that the position of chip “1” in the code sequences is one of the important 

factors affecting system performance. In fact, mathematical results show that, for the all-

wavelength direct detection, it is possible to reduce the number of filters without sacrificing 

system performance. In addition, compared to one-wavelength direct detection, the signal-

to-noise ratio value is increased with an increasing weight by using wide-bandwidth filters 

as decoders. Performance of the proposed system in terms of the minimum bit error rate is 

validated using the OptiSystem software. Compared with the previous systems at 622 Mbps, 

the suggested system gave the best values of bit error rate of around 10−43, 10−35, and 10−26 

for higher, medium, and lower service demand, respectively.  
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1. Introduction  

Nowadays, one of the most attractive multiple access 

techniques deployed in the world of communications is an 

optical code division multiple access (OCDMA). It offers 

a flexible sharing of a common optical spectrum between 

several users, simultaneous and asynchronous access, high-

speed connectivity, network control and management, 

service differentiation, and increased security [1–3]. 

The OCDMA system performance depends to a large 

extent on several parameters such as transmission data rate, 

transmitter power, simultaneous number of users, and the 

chosen code. The capacity of OCDMA systems in terms of 

number of active users can be increased by using codes 

with large cardinality [4, 5]. On the other hand, to enhance 

channel data rate and increase the number of users, 

combining of spectral amplitude coding OCDMA (SAC-

OCDMA) system with other techniques such as subcarrier 

multiplexing (SCM) [6] and orthogonal frequency-division 

multiplexing (OFDM) [7] is required. Also, in the last few 

years, studies have shown that OCDMA network 

infrastructure is vulnerable towards several types of 

security attacks, such as eavesdropping where the safety 

component needs further safety requirements in the face of 

dramatic increases in network capacity [8, 9]. 

Nonetheless, OCDMA system performance is limited 

by a multiple access interference (MAI) impact. Numerous 

one- (1D) [10–14], two- (2D) [15–17], and three- (3D) [18] 

dimensional code schemes have been proposed in the 

literature review to eliminate the MAI where it is necessary 

to choose a good family of optical codes admitting a large 

number of users with a high weight and good auto and 

cross-correlation properties [less periodic cross-correlation 

function (PCCF) and periodic auto correlation function 

(PACF)]. 

Zero cross-correlation (ZCC) code has received great 

attention due to its ability to resolve the problem of 

spectrum overlapping and, consequently, MAI suppression 

[19–21]. Different construction techniques of ZCC codes 

are reported in the literature. Recently, Nisar [22] 

constructed the ZCC code using the Pascal’s triangle 

pattern called Pascal’s triangle matrix (PTM) which allows 

simplicity of construction, more users, and better code 

length than the existing codes. *Corresponding author at: samia7922@yahoo.fr  
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In this research article, we propose a novel one-

dimensional ZCC code using Pascal’s triangle rule (ZCC-

PTM). The SAC-OCDMA system performance is 

enhanced by using the newly constructed ZCC-PTM code 

instead of the existing codes with cost effectiveness. In fact, 

the proposed ZCC-PTM code offers several advantages 

such as simple construction with flexibility in choosing 

weight and users, low complexity receivers, and quality of 

service (QoS) differentiation. 

The rest of this paper is organized as follows: section 2 

explains the Pascal’s triangle rule and describes the 

construction of the proposed ZCC-PTM code; section 3 

presents the most salient features of the proposed code; 

section 4 covers performance analysis, comparison with 

reported codes, and discussions; section 5 presents the 

conclusions. 

2. ZCC-PTM code construction  

The PTM is defined using binary numbers (“0” and “1”) 

and it starts from the second row where all numbers other 

than “1”, are replaced by “0” and the outer branches of the 

matrix are filled with zeros [22–24]. The Pascal’s type 

triangle matrix follows the general form defined as:  

     𝑃𝑇𝑀𝑚; 𝑛 =

[
 
 
 
 
00⋯1⋯ ⋯1⋯ 00
⋮ ⋮ 010⋯ ⋯010 ⋮ ⋮
⋮ 010 ⋯ ⋯ ⋯010 ⋮
010⋯ ⋯ ⋯⋯ 010
10⋯ ⋯ ⋯ ⋯⋯ 01]

 
 
 
 

  () 

For 𝑚 = 4 and 𝑛 = 2 , the 4 × 8 PTM matrix can be 

written as follows: 

 𝑃𝑇𝑀4; 2 = [

00011000
00100100
01000010
10000001

]. () 

Similarly, for 𝑚 = 4 and 𝑛 = 3 , the 4 × 9 PTM matrix 

can be written as follows: 

 𝑃𝑇𝑀4; 3 = [

000111000
001000100
010000010
100000001

]. () 

On the other hand, PTM has been successfully 

exploited for the construction of ZCC codes since there is 

no overlapping occurrence of chips “1” in the matrix, thus, 

zero cross-correlation. This means that all constructions of 

ZCC codes based on the PTM matrix keep the zero cross-

correlation property since both matrices have the same 

ZCC property. 

Construction steps of the proposed one-dimensional 

ZCC-PTM code are as follows. The proposed code is 

characterized by different parameters (𝐾, 𝑤, 𝐿, and 𝜆𝑐) 

where “𝐾” denotes the number of users, “𝑤” is the  

code weight, “𝐿” represents the code length given as  

𝐿 =  𝐾 × 𝑤 and “𝜆𝑐” is the cross correlation of the code. 

Step 1: Let us construct a 4 × 4 identity matrix as: 

 𝐼1 = [

1000
0100
0010
0001

]

4×4

. () 

Step 2: The basic 4 × 8 ZCC-PTM (K = 4, w = 2, L = 8, 
 λc = 0) code matrix is given by the matrix 𝑃𝑇𝑀4; 2 

described in (2). Except for 𝑤 = 3, the ZCC-PTM code 

matrix is given by: 

 ZCC − 𝑃𝑇𝑀𝐾=4; 𝑤=3 = [ 𝐼1 ,  𝑃𝑇𝑀4; 2 ],  () 

where [. , . ] means the concatenation of the two elements. 

Thus, 𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 3 matrix can be written as follows: 

 𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 3 = [

1000
0100
0010
0001

  

00011000
00100100
01000010
10000001

 ] () 

As presented in (7), the first column of the code matrix 

[see (6)] is shifted to the middle of the 𝑃𝑇𝑀4; 2 matrix as: 

𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 3 = [

1000
0100
0010
0001

  

00011000
00100100
01000010
10000001

 ] 

= [

000
100
010
001

  

000111000
001000100
010000010
100000001

 ]. () 

Therefore, the final form of the 𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 3 code 

matrix is given by: 

 𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 3 = [ 𝐼2 ,  𝑃𝑇𝑀4; 3 ] . () 

where [𝐼2] consists of 4 × 3 matrix as following: 

 𝐼2 = [

000
100
010
001

]

4×3

. () 

Step 3: In order to increase the weight 𝑤, a simple ope-

ration is required as shown below: 

𝑍𝐶𝐶 − 𝑃𝑇𝑀𝐾;𝑤 = [ repeat (𝐼2, 𝑤 − 2) ,  𝑃𝑇𝑀𝐾;𝑤  ], () 

where repeat(𝐼2, 𝑤 − 2) denotes the replica of each 

element of 𝐼2 matrix (𝑤 − 2) times.  

Example 1 

According to Step 3 [see (10)], for 𝐾 = 4 and 𝑤 = 4, 

K × (K ∗ w) ZCC-PTM matrix is obtained where, first, 

each element of the 𝐼2 matrix , given by (9), was repeated 

twice. Then, the resulting matrix was concatenated with the 

basic  𝑃𝑇𝑀4; 4 matrix as follows: 

m-rows. 

n-times 
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       𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 4 = [ repeat(𝐼2, 2),  𝑃𝑇𝑀4; 4 ]      

                                     = [

000000
110000
001100
000011

  

0001111000
0010000100
0100000010
1000000001

 ]

4×16

. 

To increase the number of users (codes), the size of the 

basic matrix (𝐼2 and  𝑃𝑇𝑀𝐾; 𝑤) is increased and step 3 is 

repeated as shown in Example 2.  

Example 2 

• For 𝐾 = 5 and 𝑤 = 3, 5 × 15 ZCC-PTM matrix is 

obtained as: 

𝑍𝐶𝐶 − 𝑃𝑇𝑀5; 3 =

[
 
 
 
 
0000
1000
0100
0010
 0001  

 

00001110000
00010001000
00100000100
01000000010
10000000001

 

]
 
 
 
 

5×15

 

• For 𝐾 = 4 and 𝑤 = 5, 4 × 20 ZCC-PTM matrix is 

obtained as: 

𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 5 = [

000000000
𝟏𝟏𝟏000000
000𝟏𝟏𝟏000
000000𝟏𝟏 𝟏

  

000𝟏𝟏𝟏𝟏𝟏000
00100000100
01000000010
𝟏0000000001

 ]

4×20

= [

𝐶1
𝐶2
𝐶3
𝐶4

]. 

Let us denote 𝑤𝑗  which is the number of detected 

adjacent chips “1” in the code matrix where 𝑗 represent QoS 

index as: 𝑗 = 𝐻,𝑀, 𝐿. As shown in 𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 5 code 

matrix, 𝑤𝐻  of 5 (first row),  wM of 4 (fourth row), and 𝑤𝐿  

of 3 (second and third rows) are chosen for representing 

higher, medium, and lower QoS demand, respectively. 

Figure 1 shows some periodic correlation functions 

(PCF) of the 𝑍𝐶𝐶 − 𝑃𝑇𝑀4; 5 code matrix: PACF of Code1 

(C1) and the PCCF of (C1, C2), (C2, C3), and (C3, C4). 

The PACF and PCCF confirm that the set of codes is a ZCC 

set where the correlation functions satisfy: 

 𝜃𝐶𝑖,𝐶𝑗(𝜏) = {
𝑤      𝑖 = 𝑗 ;  𝜏 = 0  
0      𝑖 ≠ 𝑗 ;  𝜏 = 0
< 𝑤           ;  𝜏 ≠ 0 

. () 

3. Salient features of the proposed code 

The comparative performance of the proposed code 

with other existing constructions such as enhanced double 

weight (EDW), modified double weight (MDW), modified 

quadratic congruence (MCQ), and Pascal’s triangle codes, 

at the same code length of 30, is tabulated in Table 1. It is 

noticed that EDW, Pascal’s triangle, and proposed con-

structions generate an equal number of users with minimal 

cross-correlation which allows eliminating MAI. 

The novel ZCC code based on the PTM matrix can be 

adapted to any weight and number of users by using a 

simpler, less complex, and more flexible construction 

procedure than others to provide bandwidth efficiency and 

full MAI elimination (cross-correlation = 0). On the other 

hand, because the chips “1” are adjacent, the ZCC-PTM 

code characteristics outperforms the code proposed in 

Ref. 22 such as: 

• reduced number of filters used and system complexity, 

in the case of all-wavelengths direct detection, making 

the SAC-OCDMA systems more cost effective, 

• compared to direct single wavelength detection, the 

signal-to-noise ratio (SNR) value is enhanced when 

increasing weight by using wide bandwidth filters as 

decoders, 

• because of a variable number of detected adjacent chips 

“1” in the code matrix, the proposed construction is 

suitable for supporting multimedia applications with 

different service quality. In fact, to fulfil QoS 

differentiation property, codes with variable weight and 

longer code length are required [27–30]. This issue is 

resolved using the proposed code with constant weight 

and acceptable code length. 

(a)  

 

(b) 

 

Fig. 1. PCF of codes C1 and C2 (a), PCCF of codes C2, C3, and C4 (b). 

Table 1. 

Comparison of the proposed ZCC-PTM code with  

some known OCDMA codes. 

OCDMA Code Weight Length 
Number  

of users 

Cross  

correlation 

EDW [25] 4 30 10 1 

MDW [25] 16 30 9 1 

MCQ [26] 6 30 25 1 

Pascal triangle [22] 3 30 10 0 

Proposed ZCC-PTM 3 30 10 0 
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4. Performance analysis  

4.1. Theoretical analysis  

In order to evaluate the mathematical model of the bit 

error rate (BER) of OCDMA system based on the proposed 

ZCC-PTM code for the two direct detection (DD) schemes 

with detection of one wavelength (OW) and all 

wavelengths (AW) of the code, the Gaussian approxi-

mation is used. In the following analysis, only the effects 

of both shot and thermal noise are considered (due to the 

ZCC property). Consequently, the BER of the two DD 

schemes can be written as given below [31]: 

in the case of OWDD, 

𝐵𝐸𝑅 =
1

2
erfc√

1

8
∙

(ℜ ∙
𝑃𝑠𝑟

𝐿
)

2

2 ∙ ℮ ∙ 𝐵 ∙ ℜ ∙
𝑃𝑠𝑟

𝐿
+

4 ∙ 𝐾𝑏 ∙ 𝑇 ∙ 𝐵
𝑅𝐿

 , (12) 

in the case of AWDD, 

𝐵𝐸𝑅 =
1

2
erfc√

1

8
∙

(ℜ ∙ 𝑃𝑠𝑟 ∙
𝑤
𝐿
)

2

2 ∙ ℮ ∙ 𝐵 ∙ ℜ ∙ 𝑃𝑠𝑟 ∙
𝑤
𝐿

+
4 ∙ 𝐾𝑏 ∙ 𝑇 ∙ 𝐵

𝑅𝐿

 , (13) 

where ℜ denotes the responsivity of the photodetector, 

𝑃𝑠𝑟  – the received effective power (−10 dBm), ℮ – the 

electron charge (1.6 × 10−19 C), 𝐵 - the electrical bandwidth, 

𝐾𝑏  – the Boltzmann’s constant (1.38 × 10−23 J/K), 𝑇 – the 

receiver noise temperature (300 K), and 𝑅𝐿 – the received 

load resistor (1030 ). 

Figure 2 presents the performance comparison of the 

existing ZCC codes [22, 30–32] with OWDD and the 

proposed code in terms of BER against the number of 

simultaneous users at 𝑃𝑠𝑟  of −10 dBm. Due to the same 

ZCC property, the existing ZCC codes have the same BER 

performance which was enhanced by using the proposed 

code. Furthermore, by increasing the code weight, it can  

be noticed that the BER of the existing ZCC increases  

[see (12)], due to the increased code length. However, as 

the detected weight of the proposed code (𝑤𝐿  , 𝑤𝑀  and 𝑤𝐻: 

number of detected wavelengths with one filter-based 

decoder) is increased, the received power increases without 

changing the code weight (the code length is kept fixed), 

which leads to a higher SNR and, thus, a better BER. 

Moreover, when the detected weight equals the weight of 

the code as in the case of (𝑤 = 4 and 𝑤𝐻 = 4) or (𝑤 = 5 

and 𝑤𝐻 = 5), the same BER performances are obtained. 

In the same manner as the OWDD, Figure 3 presents 

the performance comparison of the existing ZCC codes 

with AWDD and the proposed code in terms of BER 

against the number of active users at Psr of −10 dBm. In this 

case, with the increasing code weight, the BER 

performances of the existing ZCC codes are similar to that 

of the proposed code for high-QoS [see (13) for 𝑤 = 𝑤𝐻)] 

with no BER changes for other detected weights (the same 

results as those in Fig. 2 with OWDD). However, the 

number of filters used in the decoder is reduced (only one 

optical filter) in the proposed scheme, thus, less complex 

architecture is obtained.  
In order to further analyse the performance of the 

proposed ZCC-PTM code, Figure 4 shows the impact of 

the increasing data rate on the BER performance. For three 

different data rates (622 Mbps, 1.244 and 2.488 Gbps),  

it is observed that higher speeds lead to performance 

 

Fig. 3. BER comparison between the proposed code and other ZCC 

codes against number of users for AWDD. 

 

Fig. 4. BER performance of the proposed ZCC-PTM codes vs. 

number of users at different data rates. 
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Fig. 2. BER comparison between the proposed code and other ZCC 

codes against number of users for OWDD. 
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degradation. Effectively, since the bit rate is proportional 

to the electrical noise bandwidth, an increased data bit rate 

causes more noise levels [shot and thermal noise, see (12) 

and (13)] and, thus, an increased BER. 

Comparison of the proposed decoder and the AWDD 

scheme in terms of the number of filters used is given in 

Fig. 5. For the same user’s number and code weight, it is 

observed that the advantage of using the proposed ZCC-

PTM code is obvious (fewer filters are used). This is 

because for AWDD the number of filters used equals the 

code weight while it is equal to 1 for any code weight in the 

proposed scheme.  

The evaluation results shows that the proposed detec-

tion outperforms the AWDD and OWDD. 

4.2. Simulation results  

In this section, the effect of chips “1” position on the 

OCDMA system performance is evaluated by simulation 

using the OptiSystem software. Here, the performance of 

the system with the ZCC-PTM code is characterized in 

terms of the BER taking into consideration the simulation 

parameters shown in Table 2.  

Table 2. 

Simulation parameters of the proposed ZCC-PTM OCDMA system. 

Parameters  Value 

Bit rate 
 

622 Mbits/s 

1.244 Gbits/s  

2.488 Gbits/s 

Spectral spacing  0.8 nm 

Center frequency 192.69 THz 

Number of users  5 

Weight of the code 3 

Fiber length  30 km 

Fiber attenuation  0.2 dB/km 

Fiber dispersion  18 ps/nm/km 

Dark current 5 nA  

Thermal noise  1.8 × 10–23 

 

In the simulation scheme and based on the optical 

carrier (OC) standard, established according to the 

synchronous digital optical network (Synchronous Digital 

Hierarchy/Synchronous Optical NETwork; SDH/SONET) 

model, the source is set to deliver the most popular  

OC services as: OC-12, OC-24 and OC-48 data rates 

(622 Mbits/s, 1.244 and 2.488 Gbits/s) [33, 34] for 5 active 

users. 

The schematic block diagram of the proposed SAC-

OCDMA system design is shown in Fig. 6.  

The transmitter consists of an incoherent light source 

operating at a centre frequency of 192.69 THz (see Table 2) 

and five ZCC encoders to produce five user codes. Using 

𝑍𝐶𝐶 − 𝑃𝑇𝑀5; 3 code matrix defined beneath, each user 

requires three wavelengths with a 0.8 nm spacing to form 

his unique spectral signature (see Table 3). 

𝑍𝐶𝐶 − 𝑃𝑇𝑀5; 3 =

[
 
 
 
 
0000
1000
0100
0010
 0001  

 

00001110000
00010001000
00100000100
01000000010
10000000001

 

]
 
 
 
 

5×15

. 

 

 

Fig. 6. ZCC-PTM OCDMA simulation setup for 5 users using direct detection. 

 

Fig. 5. Comparison o f number of filters used at the decoder between 

AWDD and the proposed detection . 
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Table 3. 

Users’ spectral signatures and their wavelength values. 

 

After modulating different data with different spreading 

sequences, they will be combined and sent to the receiver 

through 30 km of a single mode fibre (SMF). The fibre 

attenuation and dispersion were fixed as mentioned in 

Table 2. 

The received signal is distributed to different decoders 

by a 1 × 5 power splitter. Further, the direct detection 

technique is applied to detect signals. However, due to  

the adjacent wavelengths (for the first and the last users in 

the studied example), multiple band pass filters (MBPFs) 

are used to transmit two or more channels (decode  

the received signal) with a single component. MBPF, 

commonly used in wavelength division multiplexing 

(WDM) channels [35, 36], offers many advantages such as 

cheaper alternative to one-chip optical filters that optimize 

the price-performance balance (simplifying design by 

minimizing component count and reducing component 

footprint). 

For supporting multimedia services, optical Gaussian 

filters [30, 37] are used in the proposed variable-band 

direct detection scheme. The inherent properties of such 

filters (theoretical model as close as possible to the 

theoretical model of an ideal filter) make it a suitable 

candidate for recent SAC-OCDMA detection techniques 

providing better performance [30, 37]. In fact, while users 

2, 3, and 4 detect one wavelength (𝜆1, 𝜆2, and 𝜆3, 

respectively), user 1 detects the entire sent power (three 

adjacent wavelengths: 𝜆9, 𝜆10, and 𝜆11, simultaneously) and 

user 5 detects two adjacent wavelengths (𝜆4 and 𝜆5). 

At last, the obtained decoded signals are detected by a 

photodetector followed by low pass filters (LPFs).  

The performance of the proposed OCDMA system in 

terms of BER are tabulated in Table 4. From the obtained 

results (see Table 4), it can be noticed that BER values of 

different users reach an acceptable BER threshold (less 

than the value of 10−9) for a different data bit rate. In 

addition, for the same simulation parameters such as the 

number of users, code weight, bit rate, and link distance, 

fewer filters are used with the proposed ZCC-PTM code for 

a very low BER compared with the previously described 

codes.  

As an example, the eye diagram of the user 1 is shown 

in Fig. 7 where three adjacent wavelengths are detected 

with one filter providing the best BER performance (see the 

case of 622 Mbits/s data rate in Table 4). 

5. Conclusions 

In this work, a novel ZCC code using the Pascal’s 

triangle matrix suitable for multimedia applications has 

been proposed. The effectiveness of the proposed system is 

verified, analysed, and compared with the previous 

approach, using the OptiSystem software simulation in 

terms of the BER value. For the most used bit rates in 

practical scenarios, the suggested system obtains the best 

value of BER for higher and medium service demand, 

respectively due to the direct detection of more than one 

adjacent chip “1” in the code matrix. Numerical results 

show that the use of the proposed code outperforms the 

existing ZCC code [22] since it requires only multi band 

filters that improve bit error rate and optimize price-

performance balance in optical networks vs. single band 

filters. 
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 Code signature Wavelength values 

user 1 𝜆9𝜆10𝜆11 (1556.4; 1557.2; 1558) nm 

user 2 𝜆1𝜆8𝜆12 (1550; 1555.6; 1558.8) nm 

user 3 𝜆2𝜆7𝜆13 (1550.8; 1554.8; 1559.6) nm 

user 4 𝜆3𝜆6𝜆14 (1551.6; 1554; 1560.4) nm 

user 5 𝜆4𝜆5𝜆15
 (1552.4; 1553.2; 1561.2) nm 

Table 4. 

Performance of the proposed ZCC-PTM OCDMA system. 

Bit rate   User 
Number of detected 

wavelengths 

BER 

622 Mbits/s 1 3 8.02002e-043 

 2 1 1.48084e-026 

 3 1 6.82083e-026 

 4 1 4.81887e-026 

 5 2 4.36389e-035 

1.244 Gbits/s 1 3 1.24001e-024 

 2 1 4.25200e-015 

 3 1 8.74638e-014 

 4 1 9.17856e-015 

 5 2 2.65478e-020 

2.488 Gbits/s 1 3 2.83638e-018 

 2 1 2.81619e-010 

 3 1 2.71201e-010 

 4 1 3.11498e-010 

 5 2 2.32993e-016 

 

 

 

Fig.7. Eye diagram of user 1 at data rate of 622 Mbps.  
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