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Abstract. In this paper we have modelled and simulated a 1.6 Tb/s (100×16 Gb/s) 
optical system based on spectral amplitude coding for the optical code-division mul-
tiple-access (SAC-OCDMA) scheme. In order to reduce the effect of multiple-access 
interference, we have employed a new family of SAC-OCDMA codes called as a 
multi-diagonal (MD) code. The new code family based on the MD code reveals 
properties of zero cross-correlation code, flexibility in selecting the code parameters 
and support of a large number of users, combined with high data rate. Both the nu-
merical and simulation results have demonstrated that our optical system based on 
the MD code can accommodate maximum numbers of simultaneous users with 
higher data rate transmission and lower bit error rates, when compared to the former 
SAC-OCDMA codes. 
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1. Introduction 
Optical code-division multiple-access (OCDMA) schemes have always been of importance be-
cause of their inherent capability of supporting asynchronous access networks, dynamic bandwidth 
assignment, and multimedia services [1, 2]. Furthermore, OCDMA systems have been employed 
for local area networks and, later on, for access network applications [3–6]. The performance of 
the OCDMA systems is governed by numerous quantitative parameters such as the data rate, si-
multaneous number of users, the powers of transmitter and receiver, and the type of codes. Among 
these, the types of codes and the transmitted data rate represent the most important parameters 
since they decide directly numbers of users that can access a network [7]. 

In is known that the OCDMA systems suffer from different noises such as a shot noise, ther-
mal noise, a dark current, and a multiple-access interference (MAI) arising from other users. Of 
these noises, the MAI is generally considered as a dominating source. Reasonable designs of the 
code sequence are therefore important in order to reduce contribution of the MAI to the total 
power received [8]. Spectral amplitude coding for the optical code-division multiple-access (SAC-
OCDMA) system offers a good solution that reduces the MAI effect by utilising codes with a fixed 
in-phase cross-correlation [9]. A lot of codes have been suggested for the SAC-OCDMA networks 
(an optical orthogonal (OOC) code [10], a prime code [11], a Khazani–Syed (KS) code [12], an 
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enhanced double weight (EDW) code [13], a modified frequency-hopping (MFH) code [14], a 
modified quadratic congruence (MQC) code [15], a random diagonal (RD) code [16], a modified 
double weight (MDW) code [17], etc.). These codes suffer from several limitations: the code 
length is often too long (e.g., for the OOC, KS and the EDW codes), the code construction is lim-
ited by the code parameter (e.g., for the MQC and MFH codes), whereas the cross-correlation usu-
ally increases with increasing weight number (e.g., for the prime code and the RD code). In addi-
tion, the codes suggested in the works [10–17] cannot support large enough numbers of simultane-
ous users or high data rates. To overcome these problems, we have suggested a so-called multi-
diagonal (MD) code. The MD code is designed basing on combination of diagonal matrixes. This 
new code has several advantages, including (1) zero cross-correlation that cancels the MAI, 
(2) flexibility in choosing the parameters W and K (see below), if compared with the other codes 
like the MQC one, (3) a simple design, (4) support of a larger number of users with higher data 
rates, and (5) no overlapping occurred for the spectra characteristic for different users. 

The present paper is organised as follows. We describe construction of the MD code in sec-
tion 2 and analyse performance of our system in section 3. Section 4 is devoted to mathematical 
and simulation analyses and, finally, conclusions are drawn in section 5. 

2. Design of the MD code  
The MD code is characterised by the parameters N, W and λc, where N is the code length (i.e., the 
number of total chips), W the code weight (the number of chips having the unit value), and c  the 

in-phase cross-correlation.  
Now let us formulate the cross-correlation theorem. First let us introduce, as usual in the lin-

ear algebra, the identity (or unit) matrix of size N as an N-by-N square matrix with unit compo-
nents on its main diagonal and zero components elsewhere. It is denoted as IN, or simply I, if the 
size is immaterial. Eventually, it can be defined as follows: 

  .

100
000
0010
0001

,,
100
010
001

,
10
01

,1 321

















































 NIIII     (1) 

Using a notation used sometimes to concisely describe diagonal matrices, we can write 
diag(1,1,....,1)NI  . The orthogonal matrix represents a square matrix with real entries whose col-

umns and rows are orthogonal unit vectors. In other words, a matrix A is orthogonal if its transpose 
is equal to its inverse: T TA A AA I  .  

Now, the cross-correlation theorem states that certain sets of complementary sequences have 
cross-correlation functions that sum to zero by using all pairwise permutations. Here, all cross-
correlation function permutations are required in order that their sum be identically equal to zero. 
For example, if the rows and columns of a  NK   matrix are orthogonal and all the columns ex-

cept one sum to zero, then the sum of all cross-correlations among non-identical codewords is 
zero.  

So if xij is an entry from X and yij is an entry from Y, then an entry from the product C = XY is 

given by 
1

N

ij iK Kj
K
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 . For the code sequences  1 2 3, , ,......, NX x x x x  and 

 NyyyyY ,......,,, 321 , the cross-correlation function may be represented by 
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0c , it is considered that the code possesses zero cross-correlation properties. The matrix of the 

MD code represents a K×N matrix depending functionally on the number of users K, and the code 
weight W. For the MD code, the choice of the weight value is free, though it should be larger than 
unity (W > 1). The following steps explain how the MD code is constructed. 

Step 1 

First, let us construct a sequence of diagonal matrices using specific values of the weight W 
and the number of subscribers K. According to these values, we have the set Wji, . Here K and W 

are positive integer numbers, so that ),4,3,2,1( Kii n    are defined by the number of rows in 

each matrix, and  WjW ,,4,3,2,1   represent the number of diagonal matrices. 

Step 2 

The MD sequences are computed for each diagonal matrix basing on the relations 
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It is evident that ,1 ,1i i KxK
T S    ,

 ,2 ,2i i KxK
T S     and , ,i W i W KxK

T S    .Therefore we get  
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 (4) 

Step 3 

The total combination of diagonal matrices given by Eq. (3) represents the MD code as a K×N 
matrix: 

 KxNWiii TTT ,2,1,MD 
,    (5) 
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.   (6)  

In the basic matrix given by Eq. (5), the rows determine the number of users. Notice that the asso-
ciation between the code weight, the code length and the number of subscribers may be expressed 
as 

N = K×W.      (7) 
In order to generate the MD code family according to the previous steps, let us put, as an example, 
K= 4 and W = 3. Then 4,3,2,1i , 1 5ni   , and 1,2,3Wj  . 

The diagonal matrices can be expressed as 
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The MD code sequence for each of the diagonal matrices is defined by 
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, (9) 

and the total MD code sequence would be 

4 12

1 0 0 0 0 0 0 1 1 0 0 0
0 1 0 0 0 0 1 0 0 1 0 0
0 0 1 0 0 1 0 0 0 0 1 0
0 0 0 1 1 0 0 0 0 0 0 1 x

MD

 
 
 
 
 
  

,  (10) 

where K = 4 and N = 12. 
So, the codeword for each user according to the example cited above would be as follows: 

1 8 9

2 7 10

3 6 11

4 5 12

user 1 , ,
user 2 , ,

codeword=
user 3 , ,
user 4 , ,

  
  
  
  


 
 
 

.     

The design of the MD code depicts the fact that changing matrix components in the same diagonal 
part would result in invariable zero cross-correlation. That is why it is constructed with zero cross-
correlation properties, which cancel the MAI. The MD code offers more flexibility in choosing the 
W and K parameters and, together with simple design, this can yield in larger numbers of users, if 
compared with the other codes like the MQC and RD ones. Furthermore, there are no overlapping 
chips for different users. 
 

Table 1. Comparison of different properties of the MD code and the other codes used for 
the SAC-OCDMA systems. 

No Codes Number of 
users K Weight W Code length N Cross-correlation 

λc 
1 OOC 30 4 364 1 
2 Prime code 30 31 961 2 
3 RD 30 4 35 Variable λc in the 

code segment 
4 MQC 30 8 56 1 
5 MDW  30 4 90 1 
6 EDW  30 3 60 1 
7 KS 30 4 144 1 
8 MD 30 2 60 0 

 
Table 1 shows the code length N, the weight W and the cross-correlation value λc required for 

each code type to support only 30 users. Notice that the MQC and RD codes show shorter code 
lengths than that of the MD one, the point that will be discussed in detail further on. It will be 
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shown that the transmission performance of the MD code is significantly better than that of the 
MQC and RD codes, as testified by both numerical and simulation analyses. Furthermore, only the 
MD code can support 30 users with the weight W = 2 and a zero cross-correlation (λc = 0). 

3. System performance analysis 
3.1 Gaussian approximation 
In order to analyse our system, we use the Gaussian approximation for calculating the bit error rate 
(BER) parameter [14]. In particular, we have considered the effect of thermal noise  th  and shot 

noise  sh  in a photodetector. The signal-to-noise ratio (SNR) for the electrical signal is defined 

as a ration of the average signal power (I2) to the noise power 2 2/SNR I     . Due to the zero 

cross-correlation property of the MD code, there is no overlapping in the spectra associated with 
different users. For this reason the effect of incoherent intensity noise has been ignored. 

Any variation of the photodetector signal is a result of detection of an ideally nonpolarised 
thermal light, which is generated due to spontaneous emission. This variation may be expressed 
via the relation 

2
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,    (11) 

 

where e  denotes the electron charge, I  the average photocurrent, B  the electrical bandwidth, 

bK  the Boltzmann constant, nT  the receiver noise temperature, and LR  the receiver load resistor.  

Let )(iCK  denote the ith element of the Kth MD code sequence. According to the properties 

of the MD code, the direct detection technique would result in 
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Here the following assumptions can be made [14, 16]: 
a) each light source is ideally nonpolarised and its spectrum is flat over its entire bandwidth [v0–

v/2; v0+v/2], where v0 is the central optical frequency and v the optical source bandwidth 
expressed in Hertz; 

b) each power spectral component has an identical spectral width; 
c) each user has an equal power at the transmitter; 
d) each bit stream from each user is synchronised. 
The above assumptions are important for mathematical straightforwardness. Devoid of these as-
sumptions (e.g., if the power of each spectral component were not identical and each user had a 
different power at the receiver), it would be difficult to analyse our system. 

The power spectral density of the optical signals received may be written as [18] 
 

1 1
( ) ( ) rect( )

K N
sr

K K
K i

Pr v d c i i
  


   ,    (13) 

 

where Psr means the effective power of the broadband source at the receiver, K the number of ac-
tive users, N the MD-code length, and Kd  the data bit of the Kth user, which is either ‘1’ or ‘0’. 

The function )(rect i  in Eq. (13) is given by  
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where )(vu  is the unit step function, 
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Basing on Eq. (13), we write the integral for the power spectral density at the photodetector 
of the lth receiver over one period: 
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As a result, we get 

0

( ) srP W
G v dV

N



      (17) 

Then the photocurrent I may be found as 

0

( )I G v dv


  ,     (18) 

where   is the responsivity of the photodetector given by ce hv 

 
[12]. Here   is the quan-

tum efficiency, h the Planck constant, and vc  the central frequency of the original broad-band opti-
cal pulse.  

Then Eq. (18) may be written as 

0

( ) srP W
I G v dv

N

 
   .    (19) 

Substituting Eq. (19) into Eq. (11), we obtain 

2 2 4sr b n

L

eB P W K T B
N R




  .   (20) 

Since the probability of sending a bit ‘1’to each user is 2
1  at any time, Eq. (20) becomes 

2 4sr b n

L

eB P W K T B
N R




  .   (21) 

From Eqs. (19) and (21) we can finally calculate the average SNR: 
2

4

sr

sr b n

L

P W
NSNR eB P W K T B

N R

  
    

  
 

.   (22) 

Using the Gaussian approximation, we may express the BER parameter as (see [16]) 

1 erfc
2 8e

SNRBER P
 

    
.   (23) 

3.2. SAC-OCDMA transceiver system based on direct detection technique 
The receiver in the MD-code system employs direct detection technique for two different users, 
which is illustrated in Fig. 1. Only single pair of decoder and detector is then required, in contrast 
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to the other techniques requiring two branches of inputs to the receiver, like those used in com-
plementary subtraction techniques. There is also no subtraction process involved. This is achiev-
able for a simple reason: the information is assumed to be adequately recoverable from any of the 
chips that do not overlap with any other chips from the other code sequences, since the MD code is 
designed with no overlapping chips. Thus, the detector will only need filtering through the clean 
chips (no overlapping chips) and direct detecting with the photodiode of a normal intensity modu-
lation, using a direct detection scheme. The MAI effect has been suppressed completely because 
only the signal spectra required in the optical domain will be filtered.  
 

 

Fig. 1. Illustration of block diagram of the MD-code system that uses a direct detection technique. 

 

4. Numerical and simulation analyses 
4.1 Numerical analysis  
This section presents numerical analysis of the performance of the MD code, using standard 
MATLAB software. The performance of the system is characterised by referring to the BER. 
Eq. (23) has been employed to calculate the BER for the MD code. To ensure fair performance 
comparison for the MD-code system, the present study uses the same parameters as adopted in the 
earlier works [10–17]. Table 2 lists the parameters chosen in the calculations for the MD and the 
other SAC-OCDMA codes. 

Fig. 2 shows how the BER value varies depending on the number of active users for different 
codes employed by the SAC-OCDMA technique. Here the data rate is 622 Mb/s for each user and 
the effective broadband power amounts to –10 dBm. It is seen that the performance of the MD 
code is better when compared to the others, even though the weights of the other codes are larger 
than the MD code weight. The maximum acceptable BER of 10–9 is achieved for the MD code 
with 92 active users (to be compared with 43 active users for the MQC, 59 for the RD, and 27 for 
the MFH code). This is very good, considering a small weight value used. This result is evident to 
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be due to the fact that the MD code has zero cross-correlation properties, with a diagonal matrix 
design, while the other codes have the cross-correlations varying between zero and unity, and also 
very long code lengths. Several code-specific parameters have been chosen basing on the results 
published for these practical codes [14–16]. We have calculated the BERs putting W = 4, 5, 12 and 
14 for the MD, RD, MFH and MQC codes, respectively.  
 

Table 2. Typical parameters used in our numerical analysis. 
Symbol Parameter Value 
  Photodetector quantum efficiency 0.6 

srP  Broadband effective power –10 dBm 

B  Electrical bandwidth 311 MHz 

0  Operating wavelength 1550 nm 

bR  Data bit rate 622 Mb/s 

nT  Receiver noise temperature 300 K 

LR  Receiver load resistor 1030 Ohm 
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Fig. 2. Dependences of BER on the number of active users for different codes employed by the SAC-OCDMA 
technique (Psr = –10 dBm). 
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Fig. 3. Dependences of BER on the number of active users plotted for different Psr values. 
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Fig. 3 shows dependences of the BER upon the number of simultaneous users for different ef-
fective light powers, which take into account the effects of both thermal and shot noises. It is 
clearly recognised from Fig. 3 that the BER of the system increases with increasing number of 
simultaneous users and decreasing effective light power. Here the MD-code system (with W = 4, 
Psr = –10 dBm, and Rb = 622 Mb/s) can operate with 90 simultaneous users. 
 

4.2 Simulation analysis  
The performance for the MD code has also been simulated using the software Optisystem  
(Version 9.0). A simple circuit design includes three users, as illustrated in Fig. 4 with the aid of 
the simulation software.  
 

 

Fig. 4. Schematic block diagram of the MD code for the case of three users. 

The tests have been carried out for the rate 16 Gb/s and a 20 km long standard single-mode 
optical fibre ITU-T G.652. The power of the light source has been fixed at –5 dBm, with the spec-
tral width 0.4 nm for each chip. All of the significant effects have been activated (i.e., the attenua-
tion (0.25 dB/km), the dispersion (18 ps/(nm km)), and the nonlinear effects). The corresponding 
parameters have been specified according to their typical industrial values, in order to simulate the 
environment as close as possible. The performance of the system has been characterised by refer-
ring to the BER and the eye patterns (see [19]). Furthermore, a fibre Bragg grating and an ava-
lanche photodetector have been employed to decode optical signals. The noise generated at the 
receivers has been set to be random and totally uncorrelated. The dark current and the thermal 
noise coefficient have been taken to be respectively 5 nA and 1.8×10–23 W/Hz for each of the 
photodetectors. 

As seen from Fig. 5a and Fig. 5b, the eye patterns clearly reveal that the MD-code system 
(1.6 Tb/s or 16 Gb/s×100 users) achieves its maximum BER value (2.1×10–12) with using no am-
plifier or a side pump. Here Fig. 5a and Fig. 5b represent the eye diagrams respectively for the first 
and 100th channels, when the fibre length is fixed at 20 km and the data rate is equal to 16 Gb/s. 
The height of the eye opening at the specified sampling time shows the noise margin, or the im-
munity to that noise.  
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(a)      (b) 

Fig. 5. Eye diagrams for the first (a) and 100th (b) channels of the MD-code system (100 channels at 16 Gb/s, 
20 km, and 0 dBm). 

The MD-code system has been compared with the SAC-OCDMA systems employing the 
other codes such as the RD, the EDW, the MQC and the MFH ones. The eye pattern diagrams for 
some of them are shown in Fig. 6 to 8. The RD, MQC and MD codes have been tested for the laser 

source power of 0 dBm (the fibre 
lengths of 20 km and 10 km have 
been chosen for the MD and RD 
codes and the MQC code, respec-
tively). The eye diagrams clearly 
testify that the MD-code system 
that uses direct detection provides 
better performance (the corre-
sponding eye diagram is associ-
ated with larger eye opening). The 
simulated BER values are 
BER = 5.1×10–21, 2.4×10–12 and 
4.1×10–9 for the MD-, RD- and 
MQC-code systems, respectively. 
Here the vertical distance between 
the top of the eye opening and the 

maximum signal level gives a degree of distortion.  
Finally, Fig. 9 shows variations of the BER as a function of data rate for the case of five opti-

cal channels and different input powers. One can see that the input power of the light source has a 
significant impact on the system performance, especially when the data rate increases. Fig. 9 indi-
cates that, for a fibre length fixed at 20 km, the system performance deteriorates with decreasing 
input light source power and increasing data rate. The system achieves low BER values when the 
light source power decreases from 0 dBm to –10 dBm. At the same time, the system is character-
ised by the parameter BER = 9.15×10–16 at 10 Gb/s, for low input power (–10 dBm). As a conse-
quence, in order to optimise the system and provide the parameters preferred by a designer, the 
maximum fibre length should be made as short as possible. The latter would ensure high data rates 
and a desired system performance with resorting to no dispersion-compensating devices. 

 

 
Fig. 6. Eye diagram for the MD-code system (the case of five users, 
W = 2, 10 Gb/s, and 20 km). 
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Fig. 7. Eye diagram for the RD-code system (the case of four users, W = 3, 10 Gb/s, and 20 km). 

 
Fig. 8. Eye diagram for the MQC-code system (the case of four users, W = 3, 10 Gb/s, and 10 km). 

 

 
Fig. 9. Dependences of BER on the data rate for different input powers and a 20 km distance. 
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5. Conclusions  
We have been successful in modelling and simulating of a SAC-OCDMA system basing upon the 
MD code and operating at 1.6 Tb/s (16Gb/s×100 users). Because of zero cross-correlation property 
peculiar of the MD code, the design of the encoder/decoder is simple, thus reducing complexity of 
the system. The appropriate decoder is designed basing on a direct detection technique, owing to 
the fact that the code ensures no overlapping occurring for the spectra linked to different users. 
Therefore, the MD-code system achieves the lowest BER (5.1×10–21), when compared to the other 
SAC-OCDMA codes used formerly (e.g., the MQC and RD codes). On the other hand, optimising 
some parameters of the system, obtaining higher data rates and better system performance with a 
maximum number of simultaneous users, as well as relying on no dispersion compensation de-
vices, demand that the maximum fibre lengths should be relatively short. 
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Анотація. У цій роботі змодельовано конструкцію оптичної системи зі швидкодією 
1,6 Тбіт/с (100×16 Гбіт/с) на основі спектрального кодування амплітуди і оптичного мно-
жинного доступу з кодовим розподілом каналів. Для зменшення впливу завад множинного 
доступу використано нову родину кодів, а саме мультидіагональний код. Ця родина кодів 
володіє властивостями нульової крос-кореляції, гнучкості у виборі параметрів коду та 
підтримки значної кількості користувачів за високої швидкості передачі даних. Результа-
ти моделювання та розрахунків засвідчують, що, порівняно з колишніми системами кодів, 
оптична система, заснована на мультидіагональному коді, здатна забезпечити вищу шви-
дкість передачі даних до максимальної кількості одночасних користувачів за умови нижчої 
вірогідності помилок. 
 


