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Abstract—In this paper, we present a novel multirate, dif-
ferentiated quality of service (QoS) optical CDMA (OCDMA)
system using multilevel signaling technique. The emphasis is
on OCDMA systems employing multi-length variable-weight
optical orthogonal codes (MLVW-OOC) as signature sequence.
We begin by presenting a two-class variable-weight OCDMA
system in which all users have the same energy level in one bit
duration. As a consequence, high weight users transmit their cor-
responding optical pulses at a lower power while low weight users
transmit their corresponding optical pulses at a higher power
level. We show that using this multilevel signaling technique,
while employing the well known optical AND logic gate receiver
structure, we achieve a considerable improvement in the perfor-
mance of low-weight (high-power) users while the performance
of high-weight (low-power) users not altered in comparison to
one-level system. In the next step, we indicate that by using the
recently introduced multistage receiver structure, which employs
advanced optical logic gate elements, interferences at different
power levels are distinguishable so that the performance of both
high-weight and low-weight users are improved. Furthermore, we
employ multilevel signaling technique in OCDMA system based
on MLVW-OOC (multirate, differentiated QoS system). We show
that using multilevel signaling technique in such a system results
to the performance improvement. To analyze the performance of
the system we obtain a closed-form relation expressing an upper
bound on the probability of error of the system. Finally, to validate
the upper bound, the analytical results are compared to the results
of system simulation. The numerical closeness between the ana-
lytical and system simulation reveals the tightness of the obtained
upper bound, hence making them quite useful in evaluating the
above system’s performance.

Index Terms—Multilevel, multirate, multiservice, multistage
receiver, optical code division multiple access (OCDMA), optical
logic gate, quality of service (QoS).

I. INTRODUCTION

V ARIOUS optical CDMA (OCDMA) techniques are
receiving increasing attention and becoming among

the most viable multiple-access techniques for use in future
optical access networks. This is, mainly, due to the capability of
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OCDMA in allocating the fiber bandwidth among many asyn-
chronous users without any central controller and providing
differentiated-quality of service (QoS) at the physical layer.
Moreover, with maturing optical key enabling technologies and
by employing advanced optical devices in OCDMA systems
the advantages of such all-optical systems are much more
highlighted. Optical logic gates as the fundamental elements in
designing such advanced OCDMA systems, enable designers
to implement novel signalings and receiver structures to obtain
far reaching applications that can prove to be of immense use
for all-optical multiservice networks [1].

In a conventional incoherent OCDMA system using op-
tical orthogonal codes (OOCs), the codewords have the same
parameters (length and weight), so all users have the same
transmission rate and QoS [2]–[5]. However, as a result of
the popularity and growth of Internet and worldwide web
(www) new applications of multimedia such as high-definition
television (HDTV), video conferencing, e-learning, interactive
gaming, etc., are emerging and resulting into diversified data
traffic. As a consequence, supporting multirate and differ-
entiated-QoS transmission in a network is becoming one of
the essential challenges for future optical networks. In order
to support multirate and differentiated-QoS transmission in
OOC-based OCDMA system, multi-length OOC (ML-OOC)
and variable-weight OOC (VW-OOC) have been introduced,
respectively [6]–[9]. Furthermore, multi-length variable-weight
OOC (MLVW-OOC) has been introduced to provide mul-
tirate and differentiated-QoS transmission simultaneously
in a network [10], [11]. Elsewhere, carrier hopping prime
codes (CHPM) and multiwavelength OOC designed for 2-D
OCDMA, [12], [13], have been modified to support multiser-
vice transmission in 2-D OCDMA systems [14].

In an ordinary OOC-based OCDMA system, all users
transmit at the same power level and at the receiver front end
AND logic gate (ALG) receiver structure is employed [5].
Recently a novel technique, referred as multilevel signaling
technique, has been introduced in which users are allowed to
transmit at different power levels [1]. In such a system using
new receiver structure based on advanced optical logic gate
elements (AND, OR, XNOR), signals with different power
levels are distinguishable so that interferences from users with
different power levels can be removed. Evidently, the elimina-
tion of the interferences with different power levels results into
the performance improvement.

In this paper, we employ multilevel signaling technique
in a two-class variable-weight OCDMA system in which all
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users have the same energy level in one bit duration. As a
consequence, high weight users transmit their corresponding
optical pulses at a lower power while low weight users transmit
their corresponding optical pulses at a higher power level.
We show that using the above multilevel signaling in con-
junction with optical AND logic gate as the receiver structure
we achieve a considerable improvement in the performance
of low-weight (high-power) users while the performance of
high-weight (low-power) users not altered in comparison to a
typical one-level OCDMA system. In the next step we indi-
cate that by using the recently introduced multistage receiver
structure, constructed by advanced optical logic gate elements,
interferences at different power levels are distinguishable so
that the performance of both high-weight and low-weight users
are improved. After that we employ multilevel signaling tech-
nique in OCDMA system based on MLVW-OOC (multirate,
differentiated QoS system). We show that using multilevel
signaling technique in such a system results to the performance
improvement. In order to analyze the performance of the
proposed multilevel-multiservice OCDMA system, we derive
an upper bound on the probability of error of the system.
Although the emphasis of the study is on the system using
MLVW-OOC, the performance of the system is evaluated
generally so that the obtained relation expresses not only the

of system based on MLVW-OOC but also the of systems
based on OOC, ML-OOC, and VW-OOC. Finally, in order to
investigate the obtained upper bound, the analytical results are
compared with the results of system simulation. The numerical
closeness between the analytical and system simulation reveals
the tightness of the obtained upper bound, hence making them
quite useful in evaluating the above system’s performance.

The rest of the paper is organized as follows. In Section II
a typical multirate, differentiated-QoS OCDMA system based
on MLVW-OOC is described. In Section III to highlight the
efficiency of multilevel signaling technique a variable-weight
equal-energy OCDMA system is introduced using ordinary re-
ceiver structure. Variable-weight equal-energy OCDMA system
using advanced logic gate elements is presented in Section IV.
In Section V, the multiservice OCDMA system employing two-
level signaling technique is investigated and the performance of
the system is analyzed. Generalizing this system, multiservice
OCDMA system using M-level signaling technique is presented
in Section VI. Section VII is devoted to compare the analytical
results with the system simulation. The brief summary of the
results is presented in Section VIII.

II. MULTIRATE, DIFFERENTIATED-QOS (MULTISERVICE)
OCDMA SYSTEMS

In conventional OOC-based OCDMA systems, the intensity
of optical signal is encoded using OOCs. An OOC is a family
of (0, 1) sequence with good auto- and cross-correlation proper-
ties [4]. In the literature an OOC is characterized by ,
where is the code length, is the code weight which de-
termines the total number of ones in each codeword, and is
the maximum value of shifted autocorrelation and cross-corre-
lation. It has been shown that in such a system the performance
of users relates to the code’s parameters and the number of inter-
fering users so that increasing the number of interfering users,

the performance is degraded and by increasing the code weight,
the performance is improved. Although the increase of code
weight results to the performance improvement, the excess of
code weight decrease the number of available codewords, .
This is due to the fact that for OOCs, is limited by the well
known Johnson bound as follows:

(1)

Evidently, for specific and , increasing the code weight, the
number of available codewords is reduced. On the other hand,
the transmission rate has an opposite relation with code length
so that decreasing the code length, the transmission rate in-
creases. Clearly, for a specific QoS, the increase of transmission
rate leads to the decrease of . As shown in [5], the design of
OOC-based system is an optimization problem among code’s
parameters and the desired conditions (minimum , maximum

, and higher transmission rate).
Since in conventional OOC-based system all users are as-

signed with codewords having the same parameters, they have
the same transmission rate and QoS. In order to support multi-
rate transmission ML-OOC has been introduced [6], [7]. In this
OOC family, codewords have the same code weight but different
code length. VW-OOC is another OOC family which has been
introduced to support differentiated-QoS [8], [9]. VW-OOCs
have the same code length but different code weight. On the
other hand, to support multirate and differentiated-QoS trans-
mission simultaneously in a network, MLVW-OOC has been
introduced [10], [11]. In this variant of OOC, codewords can
have different code length and code weight. In a network using
MLVW-OOC to provide the requested service the length and the
weight of code are designed based on the service requirements
(rate and QoS) so that high weight and short length codewords
are assigned to high QoS and high rate users, respectively, and
vise versa.

In this study, we assume that MLVW-OOCs are characterized
by

, where and denote
the code length, the code weight, and the number of available
codes in class , respectively. In addition, is the number
of specified classes in the network, and indicates the cross
correlation matrix which is defined as

...
... (2)

If denotes th codeword of class then is defined
as

(3)

where is an integer and are
module- and module- addition, respectively. If ,
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Fig. 1. AND Logic Gate (ALG) structure receiver and optical AND model.

then is referred as intra-cross-correlation which indi-
cates the maximum cross-correlation between the same class
codewords, while if then is referred as inter-
cross-correlation which shows the maximum cross-correlation
between two codes from different classes.

It is noteworthy that the code construction algorithm pre-
sented in [10] can construct strict MLVW-OOC

and in this algorithm the number of
available codewords should obey the following inequality:

(4)

where . In order to increase
the number of available codewords, in Appendix A we present a
new approach to construct MLVW-OOC with . In our
proposed code construction algorithm, the number of available
codewords is limited by the following inequality:

(5)

where
and for . Clearly, in-

creasing , the number of available codewords increases.
In multiservice OOC-based OCDMA system the well-known

optical AND Logic Gate (OALG) structure is employed at the
receiver front end [1], [5]. OALG structure is realized by an op-
tical hard-limiter followed by a tapped delay lines decoder and
an AND logic gate element (see Fig. 1). As it can be observed
from Fig. 1, optical AND logic gate can be modeled by a com-
biner followed by a hard-limiter. Note that the threshold of the
hard-limiter at the input of OALG is chosen equal to the em-
ployed power level while the threshold of the hard-limiter of
AND logic gate is , where is the number of delay lines
and is the power level of signal at each delay line. Conse-
quently, if all inputs of AND logic gate have a pulse with power

, output is on or pulsed signal, otherwise output is off. The
delay lines of OALG are designed according to the assigned
codeword.

Assuming on-off keying (OOK) modulation, for data bit “1,”
each user transmits the assigned codeword and for data bit “0”
transmits nothing. If we ignore Poisson shot noise effect, at the
corresponding receiver front end, bit “1” is always decoded cor-
rectly because of the additive and positive properties of optical
channel. In such a receiver, an error may occur if transmitter

sends bit “0” and all the marked chips of the desired codeword
are filled by interfering users. In Appendix B, the probability of
error of OCDMA system using MLVW-OOC is derived
by considering multiple-access interference (MAI) as the main
degrading factor while ignoring the fiber impairments. It is note-
worthy that by taking into account other sources of noise such
as thermal and shot noise as well as considering the fiber im-
pairments the accuracy of performance analysis increases. How-
ever, since the emphasis of the study is to highlight the multi-
service properties of the system and the efficiency of multilevel
signaling technique, of the system is evaluated ignoring the
fiber impairments and other sources of noise. In Appendix B,
the of class user , is obtained as

(6)

where is the number of class interfering users, is the
probability that a class user make interferences on a class

user.
Note that (6) expresses not only the of a MLVW-OOC

system but also the of OOC, ML-OOC, and VW-OOC
systems. To obtain the of these systems from (6), the
corresponding code parameters should be employed. For ex-
ample, to obtain of a OOC-based system, we should modify
the characterizing parameters of the corresponding codes as

. Using this set of param-
eters, (6) is simplified as

(7)

Interestingly, (7) is identical to the evaluated for
OOC-based OCDMA system in [1] and [5]. Similarly, mod-
ifying the characterizing parameters, of those systems
employing VW-OOC and ML-OOC can be obtained from (6).

Considering a system using MLVW-OOCs character-
ized by

, the
of users in different classes is plotted in Fig. 2 versus the

number of interfering users in different classes, denoted as
in the figure and . As it can be seen the
users with higher code weight have a better performance and
by increasing the number of interfering users the performance
of system is degraded.

III. VARIABLE-WEIGHT EQUAL-ENERGY OCDMA SYSTEM

In a variable-weight OCDMA system, it is clear that users
with lower weight have higher in comparison with the higher
weight users. In this section, we propose a multilevel method for
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Fig. 2. Probability of error of one-level OCDMA system using MLVW-OOC
versus the number of interfering users where is denoted by variable m.

use in multiclass variable-weight OCDMA systems in order to
improve the performance of low weight users without affecting
the performance of high-weight users. In this method there is no
need to change the structure of the OALG receiver which has
been introduced in Section II. The power levels at which users
transmit data are chosen such that all users consume the same
energy per bit. Note that in variable-weight OCDMA system
code length of all classes are the same, so all users have the
same transmission rate.

Consider a two-class OCDMA system in which class 1 users’
codes have a weight equal to and class 2 users’ code weight
is equal to and we have . We propose that all users
transmit the on chips at such power levels that users belonging to
different classes consume the same energy in a bit duration. To
do this, if we assume that chip duration of all users is the same,
then class 1 and class 2 users send the optical signal at power
levels and , respectively, where . Evidently,
we have hence the low-weight users transmit at higher
power level while high-weight users transmit at lower power
level. For the sake of simplicity at this point let us ignore the loss
effect of the elements of the passive optical network. With this
assumption the signals of class 1 and class 2 users are received
with power levels and , respectively. The threshold value
of the receiver for the class 1 users is set at while that of class
2 users is set at . In this case, from the lower power user’s
receiver point of view, the interference caused by the higher
power users on the marked pulsed chips of the desired lower
power user is similar to the interference from other lower power
users. Therefore, the performance of low-power users, i.e., class
1 users, due to the presence of a high-power user is not altered.
On the other hand, the interfering pulsed chips with lower power
level are eliminated at the output of the thresholder of the high-
power user’s receiver, i.e., class 2 users. If we have

, only, when at least two class 1 users hit on a marked chip of
class 2 user, this chip is interfered. In a more generalized form
if we have , with as a positive integer,

a marked chip of the class 2 user is interfered if at least
class 1 users hit on a marked chip of class 2 user. We assume
that the resolving power of the optical thresholder is within or
better than in order to eliminate optical pulses with
power levels [15], [16].

Following the above discussion the of class 1 users
is obtained from (6) evaluated for regular one-level

system by considering code’s parameter

. However when we consider the desired user to be a
member of class 2, i.e., high-power and low-weight users, we
should evaluate considering the multilevel property of the
system. As we described, for the receiver structure shown in
Fig. 1, an error occurs when all marked chips of the desired
OOC are interfered. A marked chip of a desired class 2 user is
interfered by the class 2 interfering users if at least one class
2 interfering user hits the marked chip of the desired user.
Furthermore the same marked chip of the desired class 2 user
is interfered by the class 1 users if it is hit by at least class
1 users. In general we can categorize the interference patterns
causing error into several disjoint groups. Consider group ,
for example includes such patterns in which class 2 interfering
users hit exactly marked chips and class 1 interfering
users hit the remaining marked chips. For being in the range
of 0 to we obtain disjoin probabilities. The for
class 2 users is the summation of the probabilities of the above
disjoint events. If we denote the number of interferences on the
th marked chip of a class 2 user by and considering the

statistical independence among the users we can write

(8)

For the sake of simplicity, we define the following two functions
and as follows:

(9)

(10)

The function can be extended as

and

or or or

(11)

Furthermore, considering the property of the probability of
union events, we can write
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(12)

Considering the independency of class 2 users, for right-hand
side of (12) we have

(13)

where is the probability of interference caused by one
class 2 user. Using the same procedure applied to evaluate (B.6),
(13) is obtained as

(14)

Using (12)–(14), we have

(15)

In order to evaluate , we use the upper bound of
presented in [1]. Note that for this event

there should be at least interfering chips containing
columns and each column contains at least interfering

chips. Clearly, the probability that the interfering chips are ar-
ranged on columns with at least one interfering chip
is an upper bound on this event. Therefore, we can write

(16)

The upper bound can be obtained as follows:

or

or or

(17)

Similarly, considering the statistical independence among
class 1 users, we have

(18)

Using the procedure employed for evaluating (B.6), (18) is ob-
tained as

(19)

where has the same definition as but it should
obey the following expression [1]:

(20)

Considering (16)–(19), we have

(21)

To evaluate the effect of the proposed technique on the perfor-
mance of low-weight high-power users, in the first step we con-
sider the weight of class 1 users, i.e., , as a constant param-
eter. Then we obtain the due to class 2 users as a function
of which we choose it as a variable less than . We have
shown the result in Fig. 3 where we have chosen
in the range of 3 to 14 and . Furthermore, we
have assumed that the total number of users for both classes, de-
noted as , is 24 and . One can observe that
by increasing , the performance of class 2 users is improved
while that of class 1 users is degraded. However, we note that
even when reaches its maximum value the performance of
class 2 users is still worse than that of class 1 users. This ef-
fect was expected since in a one-level variable-weight OCDMA
system the performance of high-weight users always outper-
forms the performance of low-weight users when the users are
divided equally between the two classes. On the other hand for
two-level system one can observe from the figure that by in-
creasing the performance of class 2 users outperforms the
performance of class 1 users. This is a consequence of the sup-
pression of MAI caused by the low-power class 1 users on the
high-power class 2 users. The depth of interference suppression
is a function of . When
changes from 7 to 8, jumps from 2 to 1. The break point that
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Fig. 3. Probability of error of variable-weight equal-energy OCDMA system
versus the code weight of low-weight users � .

is observed in the figure is as a result of this event. We have
also sketched the performance of an ordinary one-level con-
stant-weight OOC system in the figure. The number of users in
the ordinary OOC system is considered equal to the total number
of users of variable-weight system. Also the code weight of the
ordinary OOC system is equal to . One can observe from the
figure that the high-weight users in the variable-weight system
always outperform the ordinary OOC system. On the other hand
for one-level variable-weight system, low-weight users always
perform worse in comparison with ordinary system, while in
the proposed two-level scenario they may outperform ordinary
OOC system when the weight, i.e., increases.

To evaluate the system performance as a function of number
of users in different classes the of both classes as a function
of and is shown in Fig. 4, where we have chosen
and . We observe a considerable improvement for the
low-weight users going from one-level to two-level signaling
while the performance of high-weight users is not altered going
from one-level to two-level signaling. We observe further that
high-weight users in the variable-weight system always outper-
form ordinary system and also low-weight users in the two-level
system outperform ordinary OOC system for a wide range of

.

IV. ADVANCED OPTICAL LOGIC GATE ELEMENTS FOR

VARIABLE-WEIGHT EQUAL-ENERGY OCDMA SYSTEM

The above investigated scenario is referred as non-symmetric
scheme in which ordinary OALG structure is used and the
performance of high-power users is improved while that of
low-power users is not altered in comparison with one-level
system. It is interesting to note that in [1] a novel receiver
structure consisting of advanced optical logic gates has been
proposed to enhance the performance of both classes in the
multilevel signaling. Instead of employing a simple hard-limiter
device as shown in the structure of Fig. 1, we use a combination
of optical AND and XNOR gates. The input-output diagram

Fig. 4. Probability of error of variable-weight equal-energy OCDMA system
versus the number of interfering users of class 2 users � considering a fixed
total number of users.

Fig. 5. Optical AND and XNOR structure.

Fig. 6. Two-stage structure used in two-level symmetric multistage structure
receiver.

for AND and XNOR gates is shown in Fig. 5. Optical pulses
with power level is eliminated by XNOR if the value of
XNOR gate is equal to . The structure proposed in [1] is
shown in Fig. 6 which is called symmetric two-level K-stage
receiver. block rejects optical pulses with power levels

and block rejects optical pulses with
power levels . Therefore, in K-stage struc-
ture of class 1 user a marked chip is interfered by the class 1
interfering users if it is hit by at least one user at power level

and it is interfered by the class 2 interfering users if it is hit
by at least users at power level . The same scenario
occurs in the corresponding K-stage receiver structure of class
2 users so that a marked chip is interfered by the class 2 users if
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Fig. 7. Probability of error of two-level variable-weight OCDMA system using
symmetric multistage structure receiver versus the number of class 2 interfering
users.

it is hit by at least one user at power level and it is interfered
by class 1 users if it is hit by at least users at power
level . It is interesting that the approach to obtain the in
symmetric scheme is similar to the approach used in the above
to derive the of high-power users in non-symmetric scheme.
So we have

(22)

(23)

Fig. 7 depicts the due to both classes for the conventional
one-level and also for two-level K-stage receiver. Performance
of both classes are improved in comparison with the one-level
method, on the other hand by increasing the number of stages
the probability of error is decreased.

V. MULTISERVICE OCDMA SYSTEM USING UNEQUAL-ENERGY

AND TWO-LEVEL SIGNALING TECHNIQUE

In the preceding section, we have indicated that the perfor-
mance of equal-energy variable-weight OCDMA system using
multilevel signaling technique can be improved. In this section,
we generalize the scheme by ignoring the constraint of equal-en-
ergy and assuming that users with the same code parameters can
transmit at different power levels.

Consider a typical -class OCDMA system where the users
of each class have the same code parameters . To em-
ploy two-level signaling technique in such a system, the users
of each class are categorized into two groups and users of each
group transmit at a specific power level. Let and denote
the power levels at which the users of group 1 and group 2
transmit, respectively. Also assume that

. Note that in such a system each user has three parame-
ters, namely, code length, code weight, and transmission power.
Users with code length and code weight are in class ,
and users at power level are in group . So “class” denotes
the code parameters and “group” represents the trans-
mission power.

In non-symmetric scenario users employ OALG receiver and
the threshold value of hard-limiter for group 1 and group 2 is
set at and , respectively. As we described in this scheme
by increasing the performance of group 2 users, i.e., users
transmitting at power level , is improved while that of group
1 users, i.e., users transmitting at power level , is not altered
in comparison with ordinary one-level system. As a matter of
fact the outputs of the corresponding hard-limiters of group 1
users with input power levels or result to the same input
to the corresponding OALG of group 1 user.

In non-symmetric scenario the performance improvement of
high-power users is achieved at the expense of increasing power
consumption (increasing ). Furthermore, the performance of
low-power users is unchanged. On the other hand, in the sym-
metric scheme by considering minimum power consumption,
i.e., and , the performance of users at
both power levels is improved using the corresponding multi-
stage structure described in the above.

The evaluation of this system is similar to the procedure
used in Section III, except here the users of the same class can
transmit at different power levels. In the K-stage receiver struc-
ture of class -group 2 users, an error may occur if the desired
user sends bit ‘0’ and all of its marked chips are interfered. A
marked chip of the desired user is interfered by group 2 user if
it is hit by at least one pulse with power level and it is inter-
fered by group 1 users if it is hit by at least pulses with
power level . Depending on the number of marked chips in-
terfered by group 1 and group 2 users, the interference pattern
for marked chips of the desired user contains disjoint
events, so to obtain the of the desired user, the probability of
these events are added. So of a class -group 2 user, ,
using a K-stage structure receiver is evaluated as

(24)

where
and is the number of

class -group interfering users, i.e., class user transmitting
at power . For the sake of simplicity we define the following
two functions and as follows:

(25)

(26)
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Considering the procedure used to evaluate , we have

(27)

Due to the statistical independence of group 2 users we have

(28)

Furthermore, applying statistical independence of class users,
we can write

(29)

Using the approach employed to evaluate (B.6), (28) is obtained
as

(30)

Having (27)–(30), we get

(31)

Similarly, employing the procedure used for evaluating , we
have

(32)

The upper bound on can obtained as follows:

or or

or

(33)

Considering the statistical independence of group 1 users, we
have

(34)

Furthermore, employing the statistical independence of class
users, we can write

(35)

Using the procedure used to evaluate (B.6), and using (32)–(35),
the upper bound on is obtained as

(36)

Note that in the symmetric scheme a similar procedure is applied
to evaluate the of group 1 users. So considering the above
procedure, the of class -group 1 users is obtained as

(37)

We consider a two-level multiservice OCDMA system using
MLVW-OOC characterized by

. The of users in different classes at power level
and are plotted in Fig. 8 versus the number of interfering

users, at power level , denoted by . Note that
for and for and
is the number of class -group interfering users. We assume
that the number of transmitting users in each class is fixed and
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Fig. 8. Probability of error of a three-class OCDMA system using two-level
symmetric signaling technique versus the number of interfering users at power
level � , and � � ��.

is equal to , so we have . From the
Fig. 8 one can observe that by increasing the number of stages
at the receiver the performance of the users at different classes is
improved. Furthermore, for , all users transmit at power
level and of group 2 users and ordinary one-level system
is the same, as well as for , all users transmit at power

level and of group 1 users and one-level system is the
same. Moreover, for , user of each class with power
levels and have the same .

VI. MULTISERVICE OCDMA SYSTEM USING M-LEVEL

SIGNALING TECHNIQUE

In general, by increasing the number of power levels, the per-
formance of the system can be improved. In an M-level system,
users from each class are categorized into groups and users
of each group transmit at a specific power level. Let

denote the power levels used in the system so that
is the power level of group users. In such a system the

one-stage receiver of group users removes interferences with
power level . Although by in-
creasing the number of stages of the receiver helps to improve
the system performance, constructing K-stage receiver
in M-level system is not straightforward since such a receiver
needs to remove any combination of signals at the other power
levels. For example K-stage receiver of group users should re-
move signals with power

, where ’s are non-negative inte-
gers such that 1 or 2 or or . Nevertheless,
in what follow up we derive the of such a system in order to
understand its characteristics and operational behavior.

The procedure to evaluate for M-level system is similar to
two-level system since in M-level system the K-stage receiver
of the desired user eliminates levels of interferences from
the other groups. For example in the K-stage receiver of group
j users, a marked chip is interfered by at least one user at power

or by at least users at other power levels of the system.
Note that in K-stage receiver of group the differences between
other power levels are not important. Hence, to evaluate the
of group users, system can be considered as two-level system
since from group users point of view users at other power
levels have the same effect. So similar to the procedure used
for two-level system, the of class -group users, , is
obtained as follows:

(38)

where
, and is the total number of class users.

VII. SIMULATION

In order to validate the accuracy of the derived bound on
the , we have simulated a two-level two-class OCDMA
system. The corresponding codes are characterized by

. To construct multilength vari-
able-weight codes, primarily 32 OOCs with parameter (100, 6,
2) are constructed, then they are divided into two groups each
of which consists of 16 codes. The first group is assigned to
class 1 users while the second group’s codewords should be
modified in order to be assigned to class 2 users. We employ the
algorithm presented in Appendix A to modify the codewords.
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Fig. 9. Comparison of the analytical results and the results of system simulation
versus the number of interfering users at power level � (� is the class of users).

With respect to this algorithm, to increase the length of code
from 100 to 200, two copies of the same code are concatenated.
Hence, the weight of the concatenated code is 12. To decrease
the number of marked chips to 6 the procedure described in
Appendix A is employed. For example to increase the length
of a code with marked chip positions (22, 25, 27, 66, 76, 83),
by duplicating this code, a code with a length equal to 200 and
weight equal to 12 with marked chip positions as (22, 25, 27,
66, 76, 83, 122, 125, 127, 166, 176, 183), is constructed. Now
to decrease the number of marked chips to 6 only one chip out
of the two first marked chips of the two copies of the code, i.e.,
positions 22 and 122, is remained in a random selection, one
marked chip out of the second marked chips of the two copies
of the code, i.e., positions 25 and 125, is remained and so on.
Continuing this procedure the number of remaining marked
chips will be 6. As an example the marked chip positions of the
codeword with code length 200 can be (22, 66, 83, 125, 127,
176).

Fig. 9 shows the from users of different classes versus
the number of interfering users, at power level , denoted by

assuming that total number of users in each class is kept
constant . Note that
for for and curves are plotted
assuming . From the figure, numerical closeness
between simulation and analytical results reveals the tightness
of the bound.

VIII. CONCLUSION

In this paper, we have presented a multiservice OCDMA
system using multilevel signaling technique. First, by con-
sidering two scenarios: non-symmetric and symmetric, we
indicated that the performance of variable-weight equal energy
OCDMA system using two-level signaling technique is im-
proved. In non-symmetric scenario, ordinary optical AND logic
gate structure is used while in symmetric scenario multistage
receiver structure is employed. We have shown that in such a
system, in non-symmetric approach the performance of users at

high-power level is improved while that of users at low-power
level in comparison with the one-level system is not altered. On
the other hand, in symmetric scenario using multistage receiver
structure the performance of users at both power levels can
be improved. Generalizing this approach we have presented
multiservice OCDMA system employing multilevel signaling
technique in which users of each class, i.e., users having the
same code parameters, are categorized into a specific number
of groups and users of each group transmit at the same power
level. Using this technique the performance of users at different
classes is improved. Especially, increasing of the number of
receiver stages results into a better QoS. To examine the perfor-
mance of the system, we have derived an upper bound on the

of the system using MLVW-OOC. Furthermore, we have
validated the accuracy of the derived bound by comparing the
analytical results with that of the results of a system simulation.
It is noteworthy that although the emphasis of the study is to
highlight the system based on MLVW-OOC, the derived rela-
tions have been evaluated in a general form and by modifying
the characterizing code parameters the corresponding relations
of systems based on OOC, ML-OOC, and VW-OOC can be
obtained.

APPENDIX A

In this Appendix, we present a new approach to con-
struct MLVW-OOC with adequate number of avail-
able codewords and arbitrary value for cross correla-
tion. The idea is based on constructing conventional
OOC by employing the code construction algorithms
presented in [4] then modifying these codes to achieve
MLVW-OOC. To construct a MLVW-OOC characterized
by

,
first OOCs with parameter is constructed where

and
. Then, the OOCs are categorized into classes and

OOCs of each class are modified to achieve the corresponding
desired code parameter of the class. To increase the length of
OOCs, the introduced algorithm in [7] is employed. In this al-
gorithm, codeword with length is constructed
by concatenating copies of a codeword with length .
Clearly, the concatenated code has marked chips
and to decrease the weight of code to , the extra marked
chips should be eliminated. To keep the correlation property of
codes, only one marked chip among the first marked chips of
the copies is chosen in a random fashion, one marked chip
among the second marked chips of the copies is chosen in
a random fashion and so on. Continuing this procedure
marked chips are remained. As indicated in [7], using this
procedure, the correlation property of codes is not altered and
the maximum cross correlation between codewords with length

and is , where is the maximum cross correlation of
the used OOC set. Note that using this approach the code length
increases but the length of longer codewords is multiplicand of

.
To achieve the desired code weight, we propose to eliminate

randomly some of the mark chips of codewords with weight
. Generally we can begin by using VW-OOC constructed
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by the algorithms presented in [9], and modifying code length
using the aforementioned algorithm. It is noteworthy that for
VW-OOC introduced in [9] we have and

, where is a prime power, is any positive integer,
and is a positive integer that divides . So using this codes one
can not obtain codewords with arbitrary and . In this
study, we prefer to begin by using OOCs then obtain the desired
MLVW-OOCs by applying the aforementioned approach.

In our constructing MLVW-OOC algorithm, codeword with
arbitrary cross-correlation can be constructed and the number of
available codewords obeys the well known Johnson bound

(A.1)

Obviously, increasing , the number of available codes in-
creases at the cost of excess in probability of interference
between two codes.

APPENDIX B

Considering MAI as the only degrading factor, we evaluate
of a multiservice OCDMA system using ordinary ALG re-

ceiver. Clearly ignoring fiber impairments and power losses, an
error occurs if the desired user send bit “0” and all marked chips
of the desired user are interfered by interfering users. Notice-
ably, bit “1” is decoded correctly because the optical channel is
considered as an additive channel without losses. Consequently,

of class user is evaluated as

(B.1)

(B.2)

where denotes the number of interferences in the th marked
chip of the desired user and is the code weight of the desired
user. Equation (B.2) can be extended as

or or

(B.3)

Since the users of various classes are independent, the total
probability of interference is obtained by using the probability
of interference of each class. So we have

(B.4)

where denotes the probability of interference of users
in the class . Considering the independency of users in each
class, we can rewrite (B.4) as

(B.5)

where is the number of class interfering users. It is note-
worthy that if the desired user is in class then

for and where is the number
of available class codes and . We can
rewrite of one user as follows:

or or

or (B.6)

Since the maximum interferences made by a class user is
, we have

or or

(B.7)

Note that the total probability of interference made by a class
user on a class user is . Since, in the codeword

of class marked chips out of chips have pulsed signal
and can make interference on the marked chips of the class

users. Furthermore, the term 1/2 is due to that the system em-
ploys OOK modulation and users are on or off with probability
1/2. If we define as the probability that the codeword of
class makes interferences on the codeword of class , we
can write

(B.8)

By using the above definition, we have

(B.9)

Having (B.1)–(B.9), we get

(B.10)
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