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 In this paper, a new code for Optical Code Division Multiple Access (OCDMA) system 
is developed and presented. This code, namely the Recursive Combinatorial (RC) code 
is designed to overcome the limitations faced by other existing codes of the same class. 
This code is designed in such a way to have a minimum cross correlation of one, with 
the flexibility of choosing the code’s parameters and with minimum code length. The 
code is designed based on the matrix combinatorial method and performances are 
analyzed by deriving the mathematical representation on the signal to noise ratio of the 
code in an OCDMA system using direct detection technique. It is shown in the 
performance analysis that this code contributes to a better OCDMA performance in 
term of capacity improvement with up to 105 simultaneous users at a permissible bit 
error rate of 10-9. The code length of this code is also shorter compared to other codes. 
Hence, this code could be a potential approach for greater improvement in optical 
communication, particularly the OCDMA network. 
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INTRODUCTION 

 
Recent years have seen the rapid growth of bandwidth hungry broadband access network for applications 

such as internet, High Definition TV (HDTV), triple play services, multimedia applications and gaming, which 
keeps the network, and service providers busy finding ways of connecting the network up to the last mile 
solutions. Conventional communication links such in wireless communication and satellite communications are 
already left with the bandwidth constraints to provide high speed data for various new services over the 
communication network. 

Optical communications came along taking the attention more than two decades ago because of the huge 
amount of bandwidth it offers. Optical fiber has then been widely deployed in long haul networks which carry a 
huge amount of information over long distances. However, to provide high speed data to the increasing 
broadband populations, the research and development in the optical communications are focused on the 
techniques for providing bandwidth efficient multiple access formats and protocols (K.Fouli & M. Maier, 2007; 
I. Glesk et al, 2005). In the optical communication, there are three major multiple accesses, which are the 
Optical Code Division Multiple Access (OCDMA), Wavelength Division Multiple Access (WDMA) and Time 
Division Multiple Access (TDMA). The most popular multiple access technique nowadays is the OCDMA 
(M.S. Anuar et al, 2013; T. Eltaif et al, 2009) due to its advantages over WDMA and TDMA. In OCDMA, 
users are distinguished by assigning them a unique optical code. Hence each data bits are signed by this optical 
code to differentiate it from other users. This coding scheme allows users to share the same wavelength with 
asynchronous operation. In addition, it offers resilience against eavesdropping because of the coding (T. 
Spuensens, 2008). In term of scalability, OCDMA can accommodate higher number of subscribers compare to 
TDMA or WDMA. However, one limitations of the OCDMA schemes is their sensitivity to multiple access 
interference (MAI), that results when large number of simultaneous users transmit at the same time and on the 
same common channel ( S.A. Aljunid et al, 2004). In addition, there are other noises arising from the physical 
effect of the system design itself, such as Phase Induced Intensity Noise (PIIN), thermal noise, and shot noise 
(H.A. Fadhil et al, 2009; T.Shin-Pin & W. Jingshown, 2010). Here, the overlapping spectra from diverse users 
create cross correlation function that relates the PIIN with the MAI (S.A. Aljunid et al, 2004; H.A. Fadhil, 
2012). These drawbacks leave a challenge to OCDMA’s researchers to find ways on reducing the MAI and also 
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the PIIN noise (T. Shin-Pin & W. Jingshown, 2010). Hence, an intelligent design of code sequence is necessary 
to eliminate the effect of MAI in OCDMA systems (A. Stok & E.H. Sargent, 2000).  It is desirable to design a 
code that exhibits a low cross correlation characteristic between its code sequences, which in turn minimized the 
overlapping bits between the codes.  

Although some few codes have been developed to restrain the PIIN noise or to remove the MAI for 
OCDMA, these codes still suffers from some limitations. They suffers from high cross correlation values, e.g. 
the Random Diagonal (H.A. Fadhil et al, 2009), they exist for only certain parameters, for example in Modified 
Quadratic Congruence, MQC (W. Zou & H. Ghafouri-Shiraz, 2001) only exist for prime numbers, and prime 
power in Modified Frequency Hopping, (W. Zou & H. Ghafouri –Shiraz, 2002), they only exist for double 
weights in Double Weight (DW) code, an even number or odd number of weights in Modified Double Weight, 
MDW (S.A. Aljunid et al, 2004a; 2004b) and Enhanced Double Weight, EDW code ( M.K. Abdullah et al, 
2008); and also exhibiting long code lengths such as Optical Orthogonal code (J.A. Salehi, 1989), Prime code ( 
G.C Yang & W.C. Kwong, 2002) and Zero Cross Correlation (ZCC) code (M.S. Anuar et al, 2009). Long code 
length requires a very wide bandwidth sources, hence it is considered a disadvantage in the code design 
implementation. Consequently, there are still rooms of improvement in the OCDMA research and development 
to find a better code design that could overcome the limitations of the existing codes. Considering this, a new 
code for the OCDMA is proposed, namely the Recursive Combinatorial (RC) code which has a minimum cross 
correlation of one, flexibility in choosing code parameters and with minimum code lengths. This paper is 
organized as follows; after the introduction in section one, the code’s constructions are presented in section two. 
The performance analysis is further described in section three; section four is focused on results and discussion. 
Finally, the last section is devoted to the conclusions of the whole work. 

 
MATERIALS AND METHODS 

 
RC Code Construction: 

In the design of RC optical code, a set of K (number of users) of binary (0, 1) code sequences can be 
represented as (N, W, 1), where N is the code length’s value, W representing how many chips having the value 
of “one” which indicates the code weight, and 1 is the maximum cross correlation value. The RC code is 
developed based on the matrix combinatorial method. Given any number of weights, W and users, K the design 
algorithm of the RC code can be constructed based on the following rules: 

 Step 1: Define M, which is the mapping sector coefficient given as: 

𝑀𝑀 = �
0         ;𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝐾𝐾 = 1,2
𝑄𝑄         ;  𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝐾𝐾 𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜

𝑄𝑄 − 1      ;  𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝐾𝐾 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒    
�                                                                                                                     (1) 

 Q represents the quotient of K/2. 
 
Step 2: The set of K code sequences with weight, W of RC code can be generate using: 

𝑅𝑅𝑅𝑅𝑖𝑖 ,𝑗𝑗 = �𝐴𝐴 𝐵𝐵
𝑅𝑅 𝐷𝐷�                                                                                                                                                      (2) 

Where [A] = consist of 2 parts, i.e. ⟨𝐴𝐴1|𝐴𝐴2⟩ where [A1] = basic matrix of RC code = �1 1 0
0 1 1� and [A2] = 

(W-2) times of identity matrix  �1 0
0 1�; 

 
[B] = (2 x M (2W-1)) matrix of zeros; where M is the mapping sector; 
 
[C] = [(K-2) x (2W-1) matrix of zeros; and 
 
[D]= diagonal M x M size matrix of [A] as shown in figure below: 

[D]= �

𝐴𝐴1 0 … 0
0 𝐴𝐴2 0 0
⋮ 0 ⋱ 0
0 0 0 𝐴𝐴𝑀𝑀

� 

 
When K is odd, the last row in [D] is excluded, while when K is even, the last row in [D] is included. For 

example, given W= 4, and number of users, K =6. Hence, from equation [1], M is equals to Q-1 for K=6; where 
Q=6/2=3. Hence, M=3-1=2. 

Getting the value of M,  
[A] = �1 1 0

0 1 1     1 0
0 1   1 0

0 1�; 
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[B] =(2 x 2(2(4)-1)) matrix of zeros. Hence [B]= (2 x 14) matrixes of zeros 

[B] = 







00000000000000
00000000000000

; 

[C] =[(6-2) x (2(4)-1)] matrix of zeros. Therefore, [C]= [4 x 7] matrix of zeros. 

[C] = 


















0000000
0000000
0000000
0000000

; 

And finally, [D] can be written as diagonal 2 x 2 matrix of [A]: 

[D] = 


















10101100000000
01010110000000
00000001010110
00000000101011

; 

To get the whole code sequences, we combine the [A], [B], [C] and [D] matrices as in (2). Therefore, the 
code set will be as in Table 1: 
 
Table 1: Code sequences chip positions for users, K=6, W=4. 

C 

Kth 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 

1 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 

 
K is the number of users, and C represents the chip position of the number of one’s “1” in each code 

sequence at the nth chip column. From this matrix representation, the unique code words for different users can 
be represented as: 

 
User 1 = {λ1, λ2, λ4}      
User 2 = {λ2, λ3, λ5} 
User 3 = {λ6, λ7, λ9} 
User 4 = {λ7, λ8, λ10} 
User 5 = {λ11, λ12, λ14} 
User 6 = {λ12, λ13, λ15} 
 
Here, lambda ( λ) denotes the different wavelength positions of each chip. 

 
Performance Analysis: 

In this section, the performance of the RC code in the OCDMA system is derived theoretically taking into 
account the relevant noises taken at the photo detector in the receiver. The system setup of the RC code using 
the direct detection system is shown in Figure 1. Since only the non-overlapping chips spectra are detected using 
the direct detection technique, the effect of Phase induced intensity noise (PIIN) is negligible in the performance 
analysis. In addition, the effect of the receiver's dark current is neglected because its value is small compared 
with the shot and thermal noises (F. N. Hasoon et al, 2007; W. Zou et al, 2001). 
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Fig. 1: OCDMA system architecture setup using direct detection technique based on RC code. 

 
To analyse the performance of this code in OCDMA system for using direct detection, it is firstly essential 

to define the code properties of this code by considering the cross correlation and the auto correlation function 
of the code. Let Cm(i) denote the ith element of the Mth RC code sequence. The code properties based on the 
direct detection technique can therefore be written as: 
 

∑ 𝑅𝑅𝑚𝑚(𝑖𝑖)𝑅𝑅𝑒𝑒(𝑖𝑖) = �𝑊𝑊;  𝑓𝑓𝑜𝑜𝑓𝑓 𝑚𝑚 = 𝑒𝑒
1;   𝑓𝑓𝑜𝑜𝑓𝑓 𝑚𝑚 ≠ 𝑒𝑒

�𝐿𝐿
𝑖𝑖=1                                                                                                                      (3) 

 
where Cm and Cn are the RC code sequences, L is the code length and W is the number of the weight. At the 

receiver, only the non-overlapping chips are decoded and detected by the photo detector. Thus, the total incident 
power during one period at the input of photo detector PIN 1 for the direct detection technique can be 
determined by taking the power spectral density (PSD) at the receiver, where it can be expressed as: 
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)1( −= W
L

Psr                                                                                                                                                       (6) 

The signal from the desired user is presented by the photodiode current, I, given as: 

dvvGII dddd )(
0
∫
∞

ℜ==                                                                                                                                    (7) 

whereℜ  is the responsivity of the photo-detectors given by chveη=ℜ .                                                                                                               
Here, η  is the quantum efficiency, e is the electron charge, h is the Planck’s constant, and vc is the central 
frequency of the original broadband optical pulse. Substituting Eq. (6) in Eq. (7), the equation becomes: 
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)1( −ℜ= W
L

P
I sr

dd                                                                                                                                                   (8) 

In Eq. (8), the term of (W-1) demonstrates that at the received signal power, the PSD of the overlapped 
chips (cross correlation) are subtracted, which means that only the PSD of the non overlapping chips are filtered 
and detected at the photodiode. For the noise variances, 2σ , only shot noise and thermal noise are considered. 
The noise power for shot noise is given as 

 

ddshot eBII 22 =                                                                                                                                                 (9)                                                                                                                                                                       

 
Substituting Equation (8) in Equation (9) and assuming all users transmitting bit “1”: 

L
WP

eBI sr
shot

)1(
22 −ℜ

=                                                                                                                                  (10)                                                                                            

The thermal noise is expressed as: 

L

NB
thermal R

BTKI 42 =  

Thus, the total noise here can be expressed as 
222
thermalshot II +=σ
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                                                                                                     (11)  
 

 
The SNR of the OCDMA using RC code utilizing direct detection technique can therefore be written as  
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The BER of the system can be achieved by 

𝐵𝐵𝐵𝐵𝑅𝑅 = 1
2
𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒 ��𝑆𝑆𝑆𝑆𝑅𝑅

8
�       

                                                                                                                           (13) 
The typical parameters used in the calculation of BER are shown in Table 1. 
 

Table 1: Typical parameters for BER calculation 
Symbol Parameter Value 
η  Photodetector quantum efficiency 0.6 
Δv Linewidth broadband source 3.75 THz 

 Broadband  effective power -10 dBm 

 Electrical bandwidth 311 MHz 

 Operating wavelength 1550 nm 

 Data bit rate 622 Mb/s 

 Receiver noise temperature 300 K 

 Receiver load resistor 1030 Ω 

 Electron charge 1.6×10-19 C 

 Planck’s constant 6.66×10-34 Js 

 Boltzmann’s constant 1.38×10-23 J/K 

 
RESULTS AND DISCUSSIONS 
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In this section, a detailed comparison of the RC code with other codes in the same class is discussed. One 

important parameter in the OCDMA code design is the code length. In OCDMA, a long code length is not 
desirable since wider source bandwidths will be required. Otherwise, a narrow bandwidth filter is required to 
support the chips in the code sequences when the bandwidth of the broadband source is limited. The number of 
filters for the encoder and decoder implementation will also be increased for longer code lengths. Table 2 
summarizes the minimum code lengths, which are occupied by different codes to support 30 users. 

 
Table 2: Code Comparison in term of code length for same number of subscribers (K=30). 

Codes No. of User (K) Weight (W) Code Length (N) 
OOC 30 4 359 
Prime Code 30 6 1296 
Zero Cross  
Correlation (ZCC)code 

30 4 120 

Recursive Combinatorial (RC) 30 4 105 
Multi Diagonal (MD) 30 4 120 

 
Let us suppose the chip width (filter bandwidth) is 0.8nm each. For 30 users, the OOC code will require 

287.2nm of spectral bandwidth, while Prime code, ZCC, and MD will need a spectral bandwidth of 1036.8nm 
and 96nm, respectively. In this comparison, the RC code shows the shortest required code spectral bandwidth of 
84nm. Figure 2 shows the effect of code length on the BER performance of the OCDMA network. It is observed 
that the BER deteriorates as code lengths are increased. Hence, using RC code could improve the system 
performance by having shorter code lengths compared to other codes.  

 

 
Fig. 2: BER performance with respect to code lengths 
 

 
 

Fig. 3: BER performance with respect to number of users for different codes 
 
A comparison of RC code with other OCDMA codes such as MQC, RD and EDW codes in term of 

cardinality is shown in Figure 3. It is observed that the performance of the RC coding system is much better 
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compared to other mentioned codes. The results indicate that 105 simultaneous users can be accommodated in 
the proposed system at BER 10-9, compared to up to only 60 simultaneous users for other codes. This is due to 
the higher signal-to noise ratio (SNR) of the RC code compared to other codes, as shown in Figure 4. It is worth 
mentioning that this is achieved even when the RC code weight is smaller compared to the MQC code and have 
the same weight as RD code. Additionally, in Figure 4, it is observed that the SNR decreases as number of users 
are increased. This is due because when numbers of users are increased, the code length of every code will 
eventually increase. In addition, for RD code, higher number of users will increase the value of cross 
correlations which means that the interference from other users will decrease the signal power. For MQC code, 
although the cross correlation value is fixed to one, this code requires bigger weight and larger prime number to 
accommodate larger number of users. Subsequently the code length gets larger. From the SNR equations, this 
will lowers the signal power compared to the noise level. 
 
Conclusions: 

In this paper, a new code structure for optical code division multiple access system has been designed and 
developed. IT is shown that this new code sequences possesses the ability to perform better compared to other 
codes in its class, especially to accommodate higher number of simultaneous users with better BER 
performances. The code constructions not just exhibit shorter code length compared to others, but are also 
relatively easy and very practical for implementation in optical access network. Hence, it shows great potential 
as an alternative approach for optical communication, especially in future OCDMA technology 

 
 
Fig: 4: Signal-to-noise ratio (SNR) of different codes versus number of users 

. 
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