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When designing Optical Networks-On-Chip, designers have resorted to make dialogue between emitters (lasers) and 

receivers (photo-detectors) through a waveguide which is based mainly on optical routers called λ-router. In this document, 

we propose a new method based on the multiple concepts of Inputs and Output, and we give a model of the channel 

propagation, then we discuss the MIMO CDMA systems to assess its performance. For this we present the family of code 

used and we develop the receiver algorithm of such systems. Finally, we present simulations to validate the presented 

system. 
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1. Introduction 
 

As we progress towards more advanced technologies 

and lower transistor dimensions, power is the main 

constraint which will mandate the architecture of future 

systems. Hence, our optimization problem is how to get the 

most performance within the power envelope determined 

by the application. Ideas like dynamic power management 

of the system [1] or putting more cache [2] have been 

proposed. 

These kinds of solutions come with a performance 

cost which makes them less attractive. Hence, it is obvious 

that more transformational solutions are needed. Hence, 

researchers opt for optics as an alternative; one of the more 

mature technologies for interconnects.  

Electrical interconnects have long been used in on-

chip communication. They are CMOS compatible, have 

high integration density, and when repeated have high 

signal integrity. Moreover, electrical interconnects have 

been known for their high performance and low power. 

However, as we march towards the new fabrication 

technologies, electrical interconnects are not scaling.  

On-chip optical interconnects are viewed as a potential 

replacement for electrical interconnect. Among the 

emerging technologies, it is considered the most mature 

[3]. The optical interconnects hold several advantages over 

traditional copper interconnects as discussed by Beausoleil 

et al. [4, 5, 6].  

The main advantages could be summarized as follow: 

Light speed latency, high bandwidth and low power. 

Photonic Network-on-Chip (NoC) architectures are 

emerging as a new paradigm to interconnect a large 

number of processing cores at chip level, meeting the 

pressing demand for extremely high bandwidth and low 

power consumption. Optical routers, which are typically 

composed of silicon waveguides and optical switches, play 

a key role in an on-chip photonic interconnection network.  

ONoC has been considered to enabling high 

bandwidth and low contention routing of data [7] using 

wavelength division multiplexing (WDM)-enabled optical 

waveguides [8]. In [9] optical switch and waveguides [10] 

are used in ONoC to realize the same function as a 

conventional electrical router but with routing based on 

wavelength and with no need for an arbiter [11]. 

In [12], a micro-network architecture based on 

wavelength routing is suggested for on-chip optical 

networks, this architecture has been generalized in [13] 

and the routing scheme for this architecture is also 

developed. 

Instead of wavelength routing based on optical switch 

which is the main research interest in ONOC system, we 

opt in this paper to a free space channel between source 

nodes and destination nodes, and the routing scheme is 

based on OOC code.  

In this study, we focus on a new architecture on 

ONOC which is based on MIMO CDMA techniques and 

free space channel for the first time. Indeed, there’s no 

previously work in the applications of MIMO techniques 

in ONOC system and routing between source nodes and 

receiver nodes. 



706    Sofien Mhatli, Bechir Nsiri, Malak Channoufi, Mutsam A.Jarajreh, Mohammad Ghanbarisabagh, Laxman Tawade, Rabah Attia 

 

We present here an overview of On-chip optical 

networks based on (λ-router). The figure below shows an 

example of a network-on-chip based on an optical 

waveguide using optical router architecture liabilities (the 

λ-router) [14, 15]. 

 

 

 
 

Fig. 1. On-chip optical networks based on λ-router. 

 

 

The basic element of the network is the λ-router [16] 

which consists of two basic elements: 

* Two parallel waveguides. 

* A ring cavity, square... 

Our idea is to replace the propagation channel based 

on the micro resonator by a free space to ensure a more 

secure and reliable communication in terms of throughput. 

For this, we have implemented channel propagation in free 

space for communication between different chips. 

In this paper, we will study a novel ONOC (Optical 

Network on Chip) system based on MIMO technology; we 

begin in section II by modeling the propagation’s system 

channel which allows us to determine the attenuation 

between transmitter and receiver and then the channel 

coefficients. Then in section III, we present the study of 

ONOC system based on MIMO CDMA technology, and 

finally, in section IV, numerical results are presented. 

 

 

2. Mimo channel modeling  
 

To ensure communication between different 

transmitters and receivers we used the optical diffuser to 

ensure the dissemination of the laser signal to all receivers. 

In this section, we solve Maxwell's equations to 

determine the electromagnetic field equation that describes 

the outgoing laser light [17] and we model the diffuser 

which is a significant component to diffuse light to all 

receivers. 

 

 

 
Fig. 2. On-chip optical networks based on MIMO technology. 

 

 

A. Channel 1 modeling 

 
We assume that electromagnetic wave Propagates in a 

homogeneous medium is subject to Maxwell's equations. 

Thus, the equation of wave propagation in isotropic 

medium is: 
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If we consider the propagation of a monochromatic 

electromagnetic wave frequency, then we have:  

 

02 =z)y,E(x,k+z)y,ΔE(x,             

Where 


2
k  is the wave number, where   is the 

wavelength of the materiel where the beam propagates. 

The solution of this equation is the Amplitude 

distribution of a Gaussian laser beam can be written as in 

[18].  
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 Describes the evolution along 

the propagation direction of the points having a decrease 

of
e
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 and r is a transversal dimension. 

The width, the local divergence, and the radius of 

curvature contain a special dependence with 0w  and 

 .This dependence can be written in the form of length 

that is defined as: 


 2

0w
zR   This parameter is known as 

the Rayleigh range of the Gaussian beam. Its meaning is 
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related to the behavior of the beam along the propagating 

distance. 

0w is the beam waist width when z=0. 

The percentage of energy F received by the receiver is 

defined by: 
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If we replace I(r) by its Gaussian expression, we 

obtain after simplification 
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We can easily calculate this integral (using the 

variable t=r²): 
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Finally we find: 
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B. Channel 2 modeling 

 

As lasers scatter light linearly, the diffuser appears as 

a solution to distribute the quantity of light received at the 

receivers, in this case we say that the diffusion process is 

done in a Lambertian. 

Existing diffusers are either single surface or double 

surfaces [19,20]. 

 

 

Fig. 3. Diagram of a diffuser. 

 

The diffuser is an optical component, composed of 

several different micro-lenses, designed in a manner that 

each micro-lens arranged to avoid repetition pattern, so 

that there's control over the distribution of diffusion and 

intensity profile [20].  

For each diffuser: 
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Fig. 4. Response of a diffuser. 

 

 

In our study we choose 
°=θ 600 (angular spread of 

the diffused signal) and 0.6=p  (shape fitness) which is 

the parameters of a commercial available diffusers. 

It is a simple diffuser with low spectral efficiency 

[19]. In order to increase the spectral efficiency we adopt 

the use of two broadcasters which are placed one in front 

of the other as shown in the following figure. 

 

 

Fig. 5. Diagram of two diffusers. 

 

 

The total scattering given by two broadcasters is given 

by the convolution product: 

 

 dIII )()()( 0

90
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In our study we choose 
°=θ 600 and 0.6=p  

The spectral efficiency is 70% [19] and there is an 

increasing scattering angle going from 120 ° to 180 °. 
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Fig. 6. Response of two diffusers. 

 

 

Then, the channel 2 is represented with: 

 

)cos()(
2 ij
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 ijh  : The coefficient of the ONOC channel. 

 

3. Study of ONOC MIMO CDMA architecture 
 

Instead of wavelength routing based on optical switch, 

we opt in this paper to a free space channel between source 

nodes and destination nodes. So, to ensure the 

communication between the transmitter and the dedicated 

receiver we use the multiple access code division (CDMA) 

technology which is widely used in the radio frequency 

domain where it provides multiple access and share 

resources in a flexible and reconfigurable. The spread 

spectrum allows secure transmission. However, the 

problem encountered when using the CDMA multiple 

access technique as is the choice of the code sequences to 

be used as a signature of different transmitters. 

In the first part, we present the transmission of a 

MIMO CDMA optical system as well as the study of the 

reception part with the introduction of the dedicated 

algorithm for reception. Finally, we evaluate the 

performance of the system with simulated bit error rate as 

a function of signal to noise ratio. 

 

 

C. Transceiver part 

 

In a ONOC MIMO CDMA system user data are 

spread by multiplication with a code sequence. 

The following figure shows a simplified diagram of 

the transmission part of CDMA optical network based on 

electrical encoders. 
 

 

 
Fig. 7. The transceiver part. 

 

 

Optical orthogonal codes (OOC) have been presented 

in 1989 by Al Salehi to solve problems by using, in the 

optical domain, bipolar sequences and coherent system 

[22] detection. Note that in the case of OOC, the 

generation of code words to form a family of sequences 

applicable to optical CDMA is exhaustive.  

The construction of OOC codes "strict" is based on 

the control of the position of each chip in a given code 

sequence [22]. The position of the chip depends on that of 

the other chips in the same sequence of 1, and the positions 

of the chips 1 to code sequences belonging to the same 

family. 

A code is called "strict" OOC if it meets the following 

criteria [24, 25, and 26].  

The total length L of a sequence of OOC "strict" code 

should be equal to 32  DL , knowing that D is the 

maximum distance between the first and last non-zero chip 

code sequences belonging to the same family. 

We present in Table 1 few examples of families OOC 

code "strict". 
 

 

Table 1.  Example of OOC codes. 
 

N L ω Ci={b1
(i) , b2

(i) , b3
(i) } 

3 21 3  C1={1,2,6}; 

 C2= {1,3,9}; 

 C3={1,4,11}; 

2 29 4 
C1={1,2,8,12}; 

C2= {1,3,6,15}; 

4 57 4 C1={1,2,12,25}; 

C2= {1,5,22,25}; 

C3={1,4,20,29}; 

 

 

The code sequence is the signature of each user. It 

should allow to easily distinguishing the desired user from 

other users. 

The autocorrelation value λa and the cross-correlation 

value λc are the key parameters to optimize system 

performance in the presence of multiple users. 

Autocorrelation: describes the degree of similarity 

between the code and its shifted version. The higher the 
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value, the more it will be possible to differentiate the 

desired code in a staggered version of this code. 

Cross-correlation: measure the degree of similarity 

between the code and the other families of codes. The 

higher the value, the more it will be possible to 

differentiate the desired code other family codes. 

We consider two different users codes ck(t) and ci(t): 

The correlation function: 
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The cross-correlation function: 
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The autocorrelation function curve of codeword 

(1,2,6) and the cross-correlation function curve between it 

and codeword (1,3 ,9) in (21,3,1)-OOC are shown in this 

figure. 
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Fig. 8. Auto-correlation function of codeword (1, 2, 6). 

 
 

The result shown in Fig. 8 that autocorrelation is 

respected and λa ≤ 1.  

 

0 2 4 6 8 10 12 14 16 18 20
-1

-0.5

0

0.5

1

1.5

2

2.5

3

Time (chip)

C
ro

s
s
-c

o
rr

e
la

ti
o
n
 f

u
n
c
ti
o
n

 

Fig. 9. Cross correlation between codeword (1, 2, 6) 

 and (1, 3, 9). 

 

The result shown in Fig. 9 that autocorrelation is 

respected and λc ≤ 1.  

The K
th

 user data are multiplied by the code that he 

associates. At the output of the encoder, we obtain the 

following signal [26]: 

 

(t)(t)cb=s kkk                   (13) 

)(tbk Represent the data of the same user.  
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k
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)(k

ib is the i
th

 bit of user data theme, takes the value 0 or 1 

with equal probability. 

)(tTb
P is a rectangular pulse of duration. 

bTD 1 is the bandwidth of the k
th

 user.  

)(tck   is the sequence of the k
th

 user code. 
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TPc cTcj

k

ik jttc 



   

)(tP
cT is the rectangular pulse of duration cT , called "chip 

time". 
)(k

jc is the j
th

 element called "chip" of the k
th

 user code. 

The code sequence
)(k

jc  for j from 0 to L-1 is a periodic 

sequence of period L as 

c

b

T

T
L   

Where 
c

c T
D 1 is the "chip rate" as DLDc . .  

At the transmitter output and the receiver input, the 

signal )(tr  is the superposition of the signals emitted by 

the N users, which are influenced by the MIMO channel: 
 







tNi

i

njiiijlaser itshPtr
1

2)()(    

With: 

   :    Receiver sensitivity. 

2

nji :    The average noise power. 

k  :    Represents the delay of the kth user. 

ijh :    The coefficient of the ONOC channel calculated in 

section II, after the conception of the channel transfer 

function between source nodes and receiver nodes. 

During the simulations, we generated random numbers 

with Gaussian statistics for the modeled noise is added to 

the received signals. 

 

 

 

D. reception part 

 

In the reception part of the MIMO CDMA system, 

user data are detected by photo-detectors and then the 
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operation of dispreading by the same code of each user and 

finally the use of V-BLAST receiver to extract data user. 

The following figure shows a simplified diagram of 

the receiver part of CDMA optical network based on 

electrical encoders. Indeed, to achieve the dialogue 

between source node and receiver nodes we choose 

CDMA techniques to make the routing of electrical signal 

from source to destination, this routing is done in classical 

ONOC with waveguide switching in the channel, our 

method let as make the routing in the electrical part of the 

system with giving each source node one code and the 

receiver node which have this code can receive the decode 

of the desired signal. 

 

 
 

Fig. 10. The receiver part. 

 

 

Principle of receiving algorithm 

 

The V-BLAST algorithm has been discussed in details 

elsewhere [28], [29]. Here, we describe its main points for 

completeness and in order to introduce notations. The code 

VBLAST (Vertical Bell Laboratory Layered Space-Time) 

is based on a set of symbol blocks. We have in this case Nt 

blocks where each block is modulated by amplitude 

modulation, so with Nt symbol blocks, each block is sent to 

one of  Nt lasers. 

VBLAST algorithm can be described as the following: 

Preliminary step: scheduling powers of vector components 

received. 

Assuming that  
tNkkk ,...,, 21  is the optimal 

detection order, then we can write: 

)(...)()(
21 tNkkk sSNRsSNRsSNR 

 

Where )(
tNksSNR  denotes the SNR of the transmitted 

Component ks  of the vector s . 

Step 1: Using the vector kw  annulling the decision is 

formed as ky  

1rwy
T

kk                 (17) 

Where rr 1  is the received vector.  

Step 2: decide for ky to obtain ks  

)( kk yQs                                (18) 

 Where (.)Q  denotes a quantization operation, following 

the constellation used. 

Step 3: Subtract symbols already detected the received 

vector: 

kk Hsrr )(12              (19) 

 Where kH )(  is the column k  of the channel matrix H . 

The process is then repeated until the detection of the 

symbols. 

The calculation of the vector canceling depends on 

detection criterion selected. The most commonly used 

criteria are the following: 

 The standard zero-forcing (zero forcing: ZF). 

 The criterion of minimizing the mean squared 

error (MMSE). 

 

E. Comparative analysis of the performance of 

strict codes 

 

For simulating the performance of MIMO CDMA 

system, we implement the V-BLAST detector and we 

study with computer simulation the performance of 

different configuration. 

 Performances of a 4x4 ONOC MIMO system with 

and without noise 

In this section, we study a 4x4 MIMO system of an ONOC 

architecture presented previously with strict code 

described above: 

 

 

Fig. 11. Comparison of a 4x4 MIMO system with and  

without noise. 

 

 

The previous figure shows the evolution of SER 

(Symbol Error Rate) based on signal to noise ratio of a 4x4 

MIMO system. 

From this figure, we see improving SER after 

removing AWGN. As done for the MIMO system with 

noise, we find that there's a lot of error and that is due to 

the inter-symbol interference between the co-channels. 

For the MIMO system without noise, we see improved 

performance in terms of symbolic error rate. Note that for 

a noise equal to 6 dB signal was zero SER for MIMO 
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system without noise and SER about 0.9 for the system 

with noise. 

 Performances of 3x3 and 4x4 ONOC MIMO 

systems without AWGN  

In this section we are going to compare a 3x3 MIMO 

and 4x4 MIMO systems without AWGN. 
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Fig. 12. Comparison of 3x3 and 4x4 MIMO systems  

without AWGN. 

 

 

From the figure, we note that if the signal to noise 

ratio is increased, there are better SER. In addition, we 

note that the performance in terms of the SER 3x3 MIMO 

system is better than the 4x4 MIMO system and this up to 

interference inter-symbol in ONOC channel. 

 Comparison of 3x3 and 4x4 ONOC MIMO CDMA 

systems without AWGN 

In this section we introduce the CDMA concept, 

Instead of wavelength routing based on optical switch, we 

opt to a free space channel between source nodes and 

destination nodes, and the routing scheme is based on 

OOC code.  

The comparison is made of two 3x3 and 4x4 MIMO 

systems. 
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Fig. 13. Comparison of 3x3 and 4x4 ONOC MIMO CDMA 

systems without AWGN. 

 

 

From the figure, we note that if the signal to noise 

ratio is increased, There are better SER, in addition we 

note that the performance in terms of SER 3x3 MIMO 

CDMA system is better than the 4x4 MIMO CDMA and 

this amounts to inter-symbol interference in MIMO 

channel: the more to reduce the number of transceivers, the 

interference becomes less important which lead to a better 

bit error rate at the reception. 

This figure show in one hand that if we increase the 

number of source nodes there’s a degradation of the 

performances of the ONOC system, in the other hand, the 

figure show there’s need to study the maximum number of 

source nodes in a miniature area. 

 Comparison of two 4x4 ONOC MIMO CDMA 

systems with and without and with AWGN. 

In this section, two 4x4 ONOC MIMO system is 

simulated with and without CDMA and AWGN. 
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Fig. 14. Comparison of two 4x4 ONOC MIMO CDMA  

systems with and without and with AWGN. 
 

 

We note from the figure above that ONOC MIMO 

CDMA systems are resistant to noise, which supports the 

usefulness of the concept in CDMA data security. 

According to both the figure, and condition of use of 

AWGN, the performance in terms of error rates symbolic 

MIMO CDMA system is better compared to the 

performance of MIMO system without CDMA. 

This plot shows that CDMA technique has a good 

performance in the achievement of the dialogue between 

source nodes and destination nodes  

 

 

4. Conclusion 
 

In this paper, we present a new concept of on-chip 

optical networks based on MIMO (multiple input multiple 

output) systems. We model the channel of the optical 

system on chips and we have determined the transfer 

function of the channel with the help of two diffusers. 

Finally, based on assessment system as a communication 

system, we realize the simulation of bit error rate as a 

function of signal to noise ratio and we concluded that 

CDMA technique is a good method to achieve routing 

scheme between source nodes and destination nodes.  
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