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Abstract— A link layer protocol that supports multi-rate on 
OCDMA network is proposed based on multi-coding techniques 
to improve the performance of the network. Our objective is to 
allow users of different data rates to access the network 
simultaneously without affecting or reducing the networks 
performance. Signature sequences are achieved using 
OCFHC/OOC 2D codes. System throughput and average packet 
delay are derived for two receiver models, namely, the 
correlation and chip-level receivers. In our analysis, we only take 
the effect of multiple access interference (MAI) into account and 
neglect the effect of receiver noise, as it is relatively minor. The 
network users are classified into two classes with two different 
transmission rates. Furthermore, the number of classes is 
generalized and we are able to show that the overall performance 
of the network is even better. 
 
Keywords— Multi-coding, multi-rate, one coincidence frequency 
hop code/optical orthogonal code (2D OCFHC/OOC), optical 
code-division multiple-access (OCDMA), packet delay, 
throughput. 

I. INTRODUCTION 
   Optical code division multiple access (OCDMA) has been 
regarded as one of the most promising technologies for the 
next generation of optical access networks [1]. In an 
incoherent OCDMA system, each user is allocated a unique 
signature sequence from a family of 0/1 sequences referred to 
as the optical orthogonal codes (OOCs) that satisfy certain 
correlation properties [2]. 
   Owing to the increasing interest in the multi-media 
applications, networks supporting heterogeneous traffic, e.g., 
high and low-speed data, text, image, audio, and video with 
varieties of quality of service and traffic requirements, have 
become indispensable. Multi-coding techniques have been 
introduced in [3] for optical code-division multiple-access 
(OCDMA) systems. In this technique, traffic streams with 
different transmission rates are integrated into a unified 
architecture. Users of high rate are assigned a number of codes 
based on the relation between the rate they are requesting and 
the basic rate of the system. To overcome the shortcoming of 
one-dimensional optical orthogonal code (1D OOC), we adopt 

two-dimensional optical orthogonal code called (2D 
OCFHC/OOC), which extends the cardinality. 2D 
OCFHC/OOC, unlike other 2D optical codes, supports good 
cardinality and has very good correlation properties [4]. 
   In this paper, we extend the random-access protocol for the 
OCDMA network proposed in [5] for single-rate users to be 
suitable for multi-rate users. 
   The remainder of this paper is organized as follows: Section 
II discusses a basic description of the system architecture. The 
system model and the theoretical analysis are presented in 
section III. The numerical results are presented in Section IV. 
Finally, the conclusion is given in Section V. 

II. SYSTEM ARCHITECTURE 
   The basic architecture of the proposed optical CDMA 
network is composed of a set of ܰ nodes or users, an optical 
star network, and a set of one coincidence frequency hop 
code/Optical orthogonal code (OCFHC/OOC), which is 
represented by a ݌௞  ൈ  ௢ܰ௢௖  matrix consisting of 0s and 1s 
entries. Here, ݌ is a prime number, ݇  is a positive integer, ݌௞is the number of wavelengths of the 2D code, and ܰ ௢௢௖is 
the OOC code length. The cardinality ܥ of an OCFHC/OOC is 
given by [4]      

                                                  
        (1) 

 
where ݓ  is the OOC code weight. A one-coincidence 
frequency hop code (OCFHC)/OOC employs OCFHC and 
OOC as wavelength hopping and time-spreading patterns, 
respectively. OCFHC/OOC has very good correlation 
properties and is independent of the number of wavelength 
and code length in time domain [4]. 
 

III. SYSTEM MODEL AND ANALYSIS 
We consider an optical CDMA network of ܰ users. Each user 
belongs to one of two available classes: class I and class II. A 
class I user sends ݉ א  ሼ1, 2, 3, . . . ሽ  packets/slot, whereas a 
class II user sends 1 packet/slot. That is the transmission rate 
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of a class I user ൌ  ܴ݉଴, where ܴ ଴is the basic rate, which is 
equal to the transmission rate of a class II user. We assume 
that the number of users in class I is ଵܰ and that in class II is ଶܰ , with ଶܰ  ൒  ଵܰ . Indeed, normally the users requesting 
lower rate are greater than those requesting higher rate. Of 
course ଵܰ  ൅  ଶܰ  ൌ  ܰ . Available codes are divided equally 
into two pools of codes. An active user (with activity ܣ) is 
assigned a code from the corresponding pool (if it belongs to 
class II) or assigned ݉ codes from the other pool (if it belongs 
to class I). 

In this paper we consider two different protocols: Pro1 and 
Pro2. In the first protocol (Pro 1), the assigned codes are 
removed from the pool until the transmission is completed 
successfully. However, for the second protocol (Pro 2), the 
codes are never removed from the pool; rather a code is 
randomly cyclic shifted around itself once selected. A positive 
acknowledgment is sent from the receiver when the 
transmission is successful then the codes are released. 
Otherwise, the receiver asks for retransmission and the user 
enters a backlogged state. After a random time delay (with 
average ݀ time slots), backlogged users retransmits the ݉ or 1 
packet(s) according to the class they belong to. 

 
A. System Throughput 

We evaluate the system throughput following similar 
methods as in [5] and [6]. Multiple access interference are 
taken into account in our analysis; whereas, other sources 
of noise are neglected. Since the number of backlogged 
users in each class is random, the discrete Markov chain 
analysis is adopted in order to evaluate the steady state 
throughput. We are able to show that at a given time slot, 
the number of backlogged packets are ݉ ⋅ ݊1 and ݊2 for 
classes I and II, respectively. The overall system throughput 
is ݈݈ܽݎ݁ݒ݋ߚ ൌ ூ ߚ  ൅ ூூߚ  , where  

(2)    
     and ߚூூ ሺ݊ଵ, ݊ଶሻ is calculated in the same manner. 

 
 
 
 
 
 
 
 
 

(3) 

Here, ௧ܲ௛  and ௕ܲ௟  denote the probabilities of backlogged and 
thinking users, respectively as in [5], ௦ܲ is the packet success 
probability for the correlation receiver or chip-level receiver, ܥூ , ܥூூ  , and ܥ are the number of codes available in class I, 
class II, and the whole network, respectively [5], ݉  is the 
number of codes/user in high rate class (class I), ଵܰ, and ଶܰare 
the number of users in class I and class II, respectively. The 
packet success probability given ݎ active users is derived 
as in [5] for the correlation receiver: 

 
 
 
 
 
 

(4) 
and for the chip-level receiver: 

 

(5) 
where ܭ is the number of bits/packet, and ݌ ଵand ݌௪  are the 
probabilities of one and ݓ  chip interference of the 2D 
OCFHC/OOC respectively: 

 
 
 
 

(6) 
 

 
 
 

(7) 
 
 

Here, ܥ  is the cardinality of OCFHC/OOC as given in (1), ݐ ൌ  ௢ܰ௢௖  െ െ ݓሺݓ/1   1ሻ,  and ݈ and ݉  are the number of 
users interfering at one and ݓ chips, respectively. 

Acquiring the multi-coding technique to achieve multi-rate 
depends on offering each user a number of codes depending 
on the rate requested. This requires a large set of codes which 
makes the OOC [7], [8] insufficient in such case; as increasing 
the cardinality means increasing the code length, which is not 
practical for high bit rate applications where the number of 
time slots is limited. That is the reason behind choosing the 
OCFHC/OOC. Furthermore, the OCFHC/OOC correlation 
constraints guarantee that the codes interfere by only one chip 
at most [4]. 
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B. Average Packet Delay 
The average packet delay ܦ, represents the average number 

of time slots a packet will be received successfully after them. ܦ is derived as: 
 

(8) 
 

where ݅ is the class number, ௜ܰ is the number of users in class 
number ݅ א ݅ ,  ሼ1, 2, . . . ሽ and ߎ௡  is the stationary probability 
distribution, ݊ א  ሼ0, 1, . . . , ௜ܰሽ .It can be obtained from the 
following equations: 

 
(9) 

 
where ௡ܲ௠  is the transition probability of backlogged users 
from state ݊ to state ݉ as in [5]. 
 

IV. NUMERICAL RESULTS 
 

A. Two Classes Network (Single Rate, Multi Rate) 
Our analysis is evaluated for a network of 30 users, ଵܰ  ൌ  10 users in class I and ଶܰ  ൌ  20 users in class II. We 

use a 2D OCFHC/OOC code with ݌ ൌ  2, ݇ ൌ  2, ைܰை஼  ൌ  7, 
and ݓ ൌ  3. Substituting in (1), we get a total cardinality of 
12 codes distributed equally between the two classes ܥூ  ൌ ܥ ூூ ൌ  6.  The total throughputs of the network versus the 
activity of users for the two different protocols (Pro1 and 
Pro2) for both the correlation and chip-level receivers are 
plotted in Figs. 1, 2, respectively. It can be seen that as the rate 
of the users in class I increases, the throughput improves. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Overall Network throughput versus user activity for number of 
codes per user in class I equal 2. 

 
For Pro1, the throughput reaches saturation because the codes 
available are less than the total number of users which means 
that a new user is allowed to access the network only when a 
code is released. For that reason the throughput will saturate 
after the available number of codes are assigned. While for 
Pro2 the total throughput increases until it reaches a maximum 
value and then decreases with increasing the users activity due 
to increase the interference probability. It can be seen that 
when using the correlation receivers, the total throughput of 

the two protocols are matched to each other. It appears that 
Pro1 is appropriate for correlation receivers. On the other 
hand, when using chip-level receiver, the total throughput of 
Pro2 is better than Pro1 for almost all activities. Moreover, the 
rate of the decay of the total throughput for Pro2 as the 
activity of the users increase for chip-level receiver is slower 
than its correspondent for correlation receiver due to the 
powerful capability in attacking multiple access interference 
the chiplevel receivers have. 

 
Figure 2. Overall Network throughput versus user activity for number of 

codes per user in class I equal 6. 
 

The packet delay is plotted in Fig. 3. Figure 3a represents 
the maximum delayܦ௠௔௫  ൌ ;ூ ܦሼݔܽ݉  ூܦ ூூሽ, whereܦ  and ܦூூ  
are the average packet delays for classes I and II respectively 
[5]. From the figure we can notice that for different values of ݉ the delay is the same; which declares that the higher delay 
is due to the low rate class. Furthermore, the average delay of 
the network is compared to the single class network in Fig. 3b. 
The results show the significant improvement in the packet 
delay adopting the multi-rate network. Our comparison was 
calculated for Pro 2 and correlation receiver. 

 
B.  General Number of Classes 

To generalize our case study, users of different rates are 
allowed to access the network. They are divided into classes; 
each operating on a different rate (different values for ݉). In 
our calculations we consider a three and four class networks 
and compare the results with the single rate network [5]. We 
choose the values of ݉  of the three class network to be ሼ3, 2, 1ሽ, respectively for each class. They are ሼ4, 3, 2, 1ሽ for 
the four class network. We distribute the users randomly 
among the classes and consider the large number of user in the 
low rate class as the usually demanded. The total throughput is 
plotted in Fig. 4 using chip-level receiver. Figures 4a and 4b 
are for Pro1 and Pro 2, respectively. It is clear that using Pro 2 
makes a noticeable improvement in the network performance. 
An improvement in the throughput is noticed as the number of 
classes increased, allowing more rates to access the network. 
This proves that our proposed network not only supports 
different-rate users but even improves the total throughput. 
Finally, Fig. 5 illustrates the average delay of the network. It 
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can be seen that as the number of classes increase the delay 
decreases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Maximum packet delay 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Average packet delay applying Pro 2 

Figure 3. Packet delay using Correlation receiver 
 

V. CONCLUSION 
Two random-access protocols have been proposed for 

multirate OCDMA networks. Multicoding technique is 
utilized to support different-classes (or different rates) in the 
network. System throughput and average packet delay have 
been derived. Our results reveal that the multi-rate network 
performs better than a single-rate network under the 
developed protocol for two cases as shown in the numerical 
results. Also as number of classes increases, both the system 
throughput and delay would improve. 
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