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Abstract—In this paper, we present and analyze a novel alloptical multilevel multiclass optical code division multiple access
(OCDMA) system, using optical analog-to-digital converter (ADC)
and advanced optical logic gate elements. In such OCDMA network, users are distributed in M different classes. Furthermore,
power level with which users in class j, j = 2, . . . , M , transmit
optical pulses, is twice the power level at which users of class j − 1
transmit their optical pulses. We achieve optical transmitter structure that satisfies these conditions using power control schemes.
Also, we suggest two receiver structures for the aforementioned
multiclass multilevel system. The first and simple receiver structure
is based on optical AND logic gate elements. The second structure
uses an optical ADC as well as optical AND logic gates. We obtain
the performance for the aforementioned two types of receivers and
compare their results with the traditional one-level OCDMA system. We show that using the proposed multilevel multiclass scheme
improves system performance considerably by means of decreasing
error probability as well as increasing the network capacity.
Index Terms—Multiclass, mutilevel signaling, optical analogto-digital converter (ADC), optical code division multiple access
(OCDMA), optical logic gates.

I. INTRODUCTION
ITH advances in optical communication devices and
subsystems, as well as the need to make all-optical
communication networks, attempts have been made to produce
digital optical systems in order to perform advanced network
functionalities in routing, switching, and access systems. In
the optical access systems, the optical designer must provide
the best-suited multiple access scheme in order to meet the
application-specific requirements. Among many multiple access
techniques, optical code division multiple access (OCDMA)
has been receiving a great deal of attention due to its robust
and flexible functionality, soft capacity handling, and security
potentials [1]–[9]. Furthermore, taking the advantages of advanced optical devices, such as optical analog-to-digital converter (ADC) and optical logic gate elements, one can design
and devise multilevel multiclass OCDMA systems.
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Recently, several multilevel signalings for use in OCDMA
networks to improve the performance and spectral efficiency
have been proposed [3]–[5]. In this paper, a new multiclass
OCDMA fiber-optic access network based on optical orthogonal
codes (OOC) and multilevel signaling is introduced. Employing
advanced optical devices, such as optical logic gate elements and
optical ADC technology facilitates, using multilevel signalings
in OCDMA systems [10]–[13]. This not only allows a further
increase in capacity compared to the traditional OCDMA systems, but also provides multiple class of users with different
QoS.
A multilevel signaling in which a predefined power level
assigned to each class of users is proposed in [3]. In this paper, the performance and also the all-optical receiver structure,
which is based on optical logic gate elements were proposed
and studied. It was indicated that if the power levels in use for
M classes are a1 P, a2 P, . . . , aM P , where a1 , a2 , . . . , aM are
integer numbers, the performance of the system is maximized if
the greatest common divisor of a1 , a2 , . . . , aM is one. The main
focus was on two-level systems, i.e., M = 2 in [3]. However,
even though the performance for the multilevel systems was
obtained, but it was indicated that the implementation of such
systems with more than two levels of power, using the proposed
receiver structure designed based on XNOR and AND logic gate
elements is quite complex.
Using power rejection property of the optical XNOR in [3],
a multistage receiver structure that rejects the received optical
chips of the opposite classes was highlighted. In this paper, however, we propose using optical ADC as the core of all-optical
receiver structure. We categorize all users to M classes. Users
belonging to class j transmit at power 2j −1 P for j = 1, . . . , M .
We propose the structure of the corresponding transmitter and
receiver, as well as study their performance. We show that the
proposed technique improves the system performance by increasing the capacity as well as decreasing the error probability.
Using this technique, users of different classes obtain different
QoS.
The rest of the paper is organized as follows. In Section II,
we present the basic concepts of the new multilevel OCDMA
system. In Section III, we describe the system model and introduce a new structure for transmitter, and a new structure for
the receiver based on optical ADC. In Section IV, we study
the model of mutual interference between different classes. In
Section V, we obtain the performance of the system considering
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the generalized form of OOCs. In Section VI, we present the
results and some discussions. Section VII concludes the paper.
II. BASIC CONCEPTS
In a typical OCDMA system, investigating the effect of its
multiple access interference, is directly related to the entanglement of some binary “0” and “1” pulses on each other. For the
best receiver structures, in OCDMA systems, i.e., AND logic
gate and chip-level detector structures, one hit or more from undesired users chips can flip a “0” chip to a “1” chip, erroneously.
As a consequence in these receiver structures with OOK signaling only, a flip from chip “0” to chip “1” can occur. We propose
and study a novel multilevel technique for OCDMA systems
in [3], where we categorize all users into different classes. Users
belonging to each class transmit at a specified power level. In
this paper, however, we introduce a new set of power-level assignment scheme that helps to simplify the detection of the
desired signal in an OCDMA system. We study and investigate
the effect of such a multilevel signaling from OCDMA point
of view. We note that by assigning different power levels to
various classes of users, then the effect of multiaccess interference (MAI), substantially differs from the traditional one-level
OCDMA multiple access systems. In particular in [3], it is shown
that with a multilevel signaling and proper receiver structures,
receivers belonging to one class of level (power) can eliminate
the MAI of other classes, considerably. Hence, with this perspective, interclass interference and intraclass interference have
two different effects. As we discuss in [3], in the ideal case, ignoring the complexity of the receiver structure, one can ideally
eliminate interclass interference to almost zero. This implicates
that various classes have no interference on each other. Hence,
in this case, for a system with M classes, the capacity can be
M times higher than the capacity of a one-level single-class
OCDMA system. The main receiver structure proposed in [3] is
based on optical logic gate elements, such as XNOR and AND
gates. Furthermore, we show that the proposed structure is simple and operates well for a two-level system, while for M -level
M > 2 systems, the receiver structure can prove to become extremely complex and complicated from implementation point of
view. In this paper, we propose an alternative receiver structure
based on optical ADC for two purposes. First, ADC operates
extremely well for a multilevel system with M > 2, and second ADC rejects the interclass interference as we elaborate and
reason in the following.
Assume that we have two classes of users. Users of class 1
transmit at power level P and users of class 2 transmit at power
level 2P . We consider a chip-synchronous case and an additive
optical channel. In the following, we show that using an ADC
in the receiver structure, no class 2 user may make interference
on a class 1 user. One can consider that if we have one class
1 user transmitting bit d0 and I2 class 2 users simultaneously
hitting on one marked chip of the desired class 1 user, then the
received power level due to the interfered chip is as follows:
Pr = d0 P + 2

I2

j =1

bj P

(1)

Fig. 1.

Output–input relation of ADC.

where bj denotes the data bit of the jth interfering user from
class 2. The linear gain at the receiver is set such that the received
signals with power level P is mapped on the LSB of ADC. In
this case, the relation between the input power level and output
bits generated by ADC can be depicted as in Fig. 1. Hence,
when the optical pulse with power level as defined in (1) is
applied to ADC, the LSB is equivalent to d0 , since the second
term of (1) is always an even multiple of P . This implies that
bj , j = 1, . . . , I2 , due to MAI of class 2 users do not affect on
the output LSB of ADC. In other words, the hits form undesired
users from class 2 cannot make any interference on the desired
class 1 marked chip. In this case, we do not have interclass
interference from the higher class users on the lower class users.
On the other hand, we need to study the intraclass interference effect for class 1 users. Again, if we let d0 denote the bit
information of the desired user and dj , j = 1, . . . , I1 , the bit information due to class 1 interference users that hit on the desired
marked chip, the received power of the desired marked chip is
as follows:
Pr = d0 P +

I1


dj P = d0 P + DI 1 P.

(2)

j =1

One can check that if DI 1 is an even number, it does not affect
the LSB, but if it is an odd number, then it causes interference
on the desired chip, since it may convert the LSB from “0” to
“1” or from “1” to “0” depending on the bit information d0 . In
this case, if d0 = 0, then receiver detects the marked chip as “1”
erroneously and vice versa. But if DI 1 is an even number 2K,
it does not change d0 . We can explain this effect as follows:
when two ON or pulsed chips from two class 1 interfering users
simultaneously hit on a desired marked chip, then they form
a single ON chip that can be considered as an interfering chip
belonging to class 2. Hence, it does not affect class 1 desired
chip as we described earlier. In the generalized case, when we
have 2K ON class 1 interfering chips each with power level P ,
then they are equivalent to K ON chips each with power level
2P , hence there would be no interference on the hit marked chip
of class 1 desired user. On the other hand, for odd values of DI 1 ,
if we have 2K + 1 ON class 1 interfering chips, it is then like K
class 2 users and one class 1 interfering user that can cause chip
pulse conversion at the output of ADC.
In the following, we consider that the desired user is a class 2
user with power level 2P . The intraclass interference in this case
is same as we explained for class 1 users. However, the effect
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users’ combined optical signal is present at the output fiber
within which the power level of optical pulses due to class j is
half of the optical pulses due to class j + 1. We propose and
study two types of receiver structures, obtain their performance,
and compare their behavior by evaluating their error probability.
B. AND Logic Gate Receiver Structure

Fig. 2.

ADC operation for a two-class two-level OCDMA system.

of interclass interference form class 1 on class 2 differs from
the effect of class 2 on class 1 users. One can check that two
simultaneous hit from the lower class users with power level P
is equivalent to one hit with power level 2P , and hence, it can
be considered as an interference from class 2. In this case, one
can observe that in the special cases, lower class users can make
interference on the higher class desired user mark chips.
Fig. 2 shows a simple example of the operation of ADC in a
two-class two-level OCDMA system. A class 1 user with power
level P and a class 2 user with power level 2P are present. The
summation of both users’ corresponding codes enters to the
ADC. Such pulses with power level P are mapped on the first
bit of ADC. In this case, ADC separates chip stream belonging
to class 1 and class 2 users on its first and second output bits,
respectively.
In Section IV, we present a mathematical analysis that provides the probability of interclass and intraclass interference for
the general multilevel systems. In this general form, we have M
classes and users belonging to class j, j = 1, . . . , M , transmit
at power level 2j −1 P .
III. OCDMA MULTILEVEL MULTICLASS SYSTEM
DESCRIPTION
For our system description, we have N + 1 users, where each
user communicates using an associated OOC. In this case, an
OOC set with N + 1 codes is needed. We assume the length,
the weight, and the crosscorrelation of codes are L, w, and λ,
respectively. We begin by categorizing the users into M different
classes and let Nj denote the number of users belonging to class

j, such that M
j =1 Nj = N + 1 for 1 ≤ j ≤ M .
A. Transmitter: All-optical Multilevel Multiclass Encoder
The optical transmitter we propose is based on a passive star
architecture with two level of hierarchies as shown in Fig. 3. A
passive optical combiner is assigned to each class in order to
combine the signal of each users belonging to the corresponding
class. The combined signal is forwarded into a fiber medium
through the optical combiner. We need to have the power level of
each user’s optical pulses belonging to class j be equal to 2j −1 P
for j = 1, . . . , M , where P is the average output power of class
1 users. We assume that a control signal from the downstream
performs the power control of the upstream power flow. Several
methods have been proposed for power control in passive optical
network (PON) upstream [14], [15]. As shown in Fig. 3, all

Fig. 4 shows a typical receiver structure based on optical AND
logic gate element. In this type of receiver, an optical hardlimiter
is placed following the amplifier. The optical data stream at the
amplifier output is sent to M branches using an optical splitter.
We assume that the optical amplifier gain compensates for all
losses due to path between transmitter and receiver, and also
the loss due to postoptical splitters. In this case, the optical
amplifier’s gain is set such that the received power of class j
users’ chips at the output of the first stage optical splitter is
equal to the power of the transmitted chips of the same class,
i.e., 2j −1 P .
Each branch with its own unique optical hardlimiter is affiliated to a class. We choose the threshold value of optical
hardlimiter for class j users to be equal to the power level
of its corresponding class, i.e., 2j −1 P . Therefore, the optical
hardlimiter of class j eliminates optical pulses with power level
less than 2j −1 P , and also the same hardlimiter clips the optical
pulses with power level equal or more than 2j −1 P . Following the hardlimiter, we use a second stage optical splitter for
each class in order to split the signal of users belonging to the
corresponding class. The related OOC decoder for each user
consisting of fiber-tapped delay lines is placed at the output of
the splitter. The optical AND logic gate element decides on the
transmitted bit, i.e., bit “1” is detected if all marked chips are
ON, otherwise “0” is detected.
C. Optical ADC Receiver Structure With AND Logic Gate
Fig. 5 shows a typical optical ADC receiver structure with
AND logic gate. The received optical stream is forwarded to
the optical ADC through an optical amplifier with adjustable
gain. The gain of this optical amplifier is adjusted in such a way
that the power level due to class 1 users, i.e., P is mapped on
the LSB of ADC. As a consequence and for an ideal case, the
output bits of ADC follows the values shown in Fig. 1 versus the
input received power. The LSB of ADC is connected to the star
coupler of class 1. The next output branch of ADC is assigned to
class 2, etc., as shown in Fig. 5. The output of the OOC decoder,
which counts the number of ON marked chips is compared to a
threshold TH.
In this receiver structure, we use the optical ADC to distinguish the optical signal of each class. Users of class 1 take the
optical chip stream on the LSB of ADC. Likewise, class j users
take the data stream on the jth branch of the ADC output port.
Due to intrinsic property of ADC, two kinds of error may occur
on the marked chips. Just like the conventional OCDMA systems, an interference may convert an OFF chip to an ON chip.
Assume a marked chip of a class 1 user to be OFF. If another
class 1 user make a hit on this marked chip, a conversion from
chip “0” to chip “1” occurs. On the other hand, assume that a
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All-optical transmitter structure for the proposed multilevel multiclass OCDMA system.

Fig. 4. Optical AND logic gate receiver structure for a typical multilevel
OCDMA system.

Fig. 5. Optical ADC receiver structure with optical AND logic gate for a
typical multilevel OCDMA system. R 1 to R N + 1 come from the structure of
previous figure.

marked chip of the class 1 user is ON, i.e., its power level is P .
If another class 1 user make a hit on this marked chip, i.e., an
optical pulse with power level P , the power level of interfered
chip becomes 2P , and according to Fig. 1, the LSB of ADC
generates “0” for this chip. In this case, a conversion from chip
“1” to chip “0” occurs.
The motivation behind using ADC in the aforementioned receiver structure is in its high ability to reject the power levels
belonging to opposite classes. First of all, we note that the jth
output port of ADC does not contain any information on the

higher classes, i.e., classes j + 1, . . . , M . Therefore, at the output of ADC, there are no interference from the higher classes
on lower class users. On the other hand, one can check that
no single hit from lower classes can make interference on the
higher class users. For instance, at least two simultaneous hit
from class j − 1 users on a single marked chip of class j user
can cause interference on this marked chip. To improve the error
probability, we can use the structure of Fig. 4 in parallel with the
ADC structure. We know that in the AND logic gate structure
transmitted bit, “1” is detected correctly and only transmitted
bit “0” can be affected by MAI. Therefore, in the AND logic
gate structure only error conversion from bit “0” to “1” may
occur, and consequently, R1 to RN +1 are never detected “0”
erroneously. Regarding this fact, if we perform AND logic between the outcome of the structure of Fig. 4, i.e., R1 to RN +1 ,
and the corresponding outcome of ADC receiver structure, as
shown in Fig. 5, the probability of error will not be worsen than
the case when a single ADC is in use. However, we can show
that it can improve the performance for some especial cases.
For example, assume that the transmitted bit of the desired user
is “0” and wI chips out of w marked chips of desired user are
hit by interfering users and TH < wI < w (we will show that
the optimum threshold is around w/2). In this case, the ADC
receiver decides on “1” erroneously (since wI > TH), but AND
logic gate receiver decides on “0” (since wI < w). The outcome
of the last AND gate is “0” and that is a correct decision.
IV. MULTILEVEL, MULTICLASS OCDMA INTERFERENCE
ANALYSIS
To obtain the performance of the aforementioned proposed
receivers, it is first necessary to study and investigate the interfering signal.
A. AND Logic Gate Receiver Structure
In this receiver structure, for each class, we are facing two
types of interferences. Assume the desired user is in class j,
then the two types of interferences include interferences from
lower classes, i.e., classes 1, . . . , j − 1, and the interferences
from the same class and higher classes, i.e., classes j, . . . , M .
Note that on one hand in the case, where an interfering user
from the same class or higher classes hits on the marked chip of
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class on w


Neﬀ j =

Fig. 6.

Jumping model of interference chips from a lower class to higher class.

w .n j −1 (n j −1 −1)
,
4L

0,

j≥2
.
j=1

(3)

As a matter of fact Neﬀ j users obtained from (3) do not
satisfy the OOC codes conditions. However, we will show by
simulation results that this approximation does not affect the
accuracy of analysis. nj in (3) is the accumulate number of
interfering users in each class, i.e., the addition of interfering
users of class j itself and the interfering users from the lower
classes. In this case, we have

Nj + Neﬀ j , j ≥ 2
nj =
(4)
j=1
N1 ,
(3) and (4) give us the effective number of lower classes’ interference users for each class.

Fig. 7.

Effect of interfering users from class j − 1 on class j receiver.

the desired user, it causes an interference on this marked chip.
On the other, at least 2m chips from the users of class j − m
need to hit simultaneously on the marked chip of a class j user
to cause an interference on this marked chip. As a matter of
fact, a combination of hits due to all lower class users can make
interference on the higher class user. To simplify the problem,
we show the effect of lower classes’ interference on the higher
classes in Fig. 6, where two hits of class j − 1 users result into
a hit in class j, and similarly, two hits of class j users can be
considered as a hit in class j + 1.
To obtain an estimation for lower classes’ interference, we
have shown the transmission of interference between different
classes in Fig. 6. To obtain the exact probability of interference
in this case could prove to be mathematically tedious and complex. To simplify and overcome mathematical complexity, we
present an approximation as follows. A single chip of a class
j − 1 user with power level 2j −2 P is less than the threshold
value of class j receiver, i.e., 2j −1 P , as shown in Fig. 7. As a
consequence, it gets eliminated as an interference. Therefore,
from a class j user point of view, if for example, two class j − 1
users, simultaneously hit a chip position, this chip position can
make interference on the class j users. Therefore mathematically, assuming two users from class j − 1, the mean number
of interfered chips is equal to w2 /2L. If we intend to consider
the worst case scenario, i.e., we assume that each pair of class
j − 1 users hit on distinct chips, we can write the mean number of chips that mutually hit upon each other in class j − 1
as ( n j2−1 )w2 /2L. Without any loss of generality if we assume
that users of class j − 1 are synchronous, we can say that in
the worst case if we observe the accumulated optical stream
deduced from class j − 1 users in a window with length equal
to L chips, then ( n j2−1 )w2 /2L chips are interfered. Thus, on
average a higher class user sees ( n j2−1 )w2 /2L chips in a bit duration from the lower class users. To simplify the analysis, we
model the contributed hits from the lower classes by an extra
number of users in the same class, i.e., Neﬀ j . We define Neﬀ j
as the effective number of interfering users from class j − 1
on class j. Since, the code weight is w, we can approximate
Neﬀ j by dividing the number of contributed hits from the lower

B. ADC Structure With AND Logic Gate Using Binary PulsePosition Modulation
With respect to ADC in Section II, we discussed two types
of conversion, namely, ON chip to OFF chip and OFF chip to
ON chip, due to intrinsic property of ADC. In analyzing ADC,
we may assume bit “1” and bit “0” as the vectors of marked
chips. For instance, in OOK signaling bit “0” and “1” can be
. . . 0) and v1 = (11
. . . 1), respectively.
represented as v0 = (00
 
 
w

w

In this case, the hamming distance between v0 and v1 is equal to
w. Therefore, w/2 conversion of ON and OFF chips is sufficient
to cause an error. In this case, TH in Fig. 5 is set to w/2. To
simplify and also improve the performance, we choose binary
pulse-position modulation (BPPM) signaling in which bit “0”
. . . 1 00
. . . 0) and
and bit “1” can be represented as v0 = (11
 
 
w

w

v1 = (00
. . . 0 11
. . . 1), respectively. The hamming distance of
 
 
w

w

v0 and v1 in this case is equal to 2w. We set TH in Fig. 5 equal to
w. Therefore, if there is a type of interference that converts OFF
chip to ON chip and vice versa, w interferences are sufficient
to make an error on the transmitted bit. We call this kind of
interference type I interference. Another kind of interference
that only make a conversion from chip “0” to chip “1” is called
type II interference. This type of interference is similar to the
interference in the conventional one-level OCDMA systems.
We will show that the higher class’s users can only make type
II interference on lower class’s users.
For our analysis, we consider BPPM signaling. For the receiver structure shown in Fig. 5 and assuming that the transmitted bit is “1”, an error occurs on a class j desired user if:
1) all first w marked chips of the desired user are hit by chip
pulses with power level equal or more than 2j −1 P ; and 2) at
least w out of 2w marked chips of the desired user are hit by
type I interference. Let us begin by a class 1 user as the desired
user. One can check that users from all other classes, namely
classes 2, 3, . . ., M , do not cause type I interference on the class
1 desired user. To check this, assume that Ki , i = 2, 3, . . . , M ,
users from class i hit on a marked 
chip of the desired user.
i−1
P , which is
The interference power level then is M
i=2 Ki 2
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always an even multiple of P . Therefore, it could not affect the
LSB port of ADC. Now we assume a class j user. If we denote by Ki , i = j + 1, . . . , M , the number of interfering users
from
then the
contributed interference power level
 higher classes
−1
i−1
i−j
P = 2j M
P that does not affect
is M
i=j +1 Ki 2
i=j Ki 2
jth port of ADC. As a consequence, the users of higher classes
cannot make type I interference on class j users, i.e., the users
of classes j + 1, . . . , M , cannot cause type I interference on the
users of class j.
However, the users of the same class may cause type I interference upon each other. Furthermore, the users of lower classes
too, may cause type I interference on a higher class user if their
interference takes place in class j according to the model shown
in Figs. 6 and 7. Therefore, by using (3) we can express the
number of type I interfering users of class j as follows:
nj = Neﬀ j + Nj =

wnj −1 (nj −1 − 1)
+ Nj
4L

(5)

with Neﬀ 1 = 0 and n1 = N1 . However, all other users belonging to higher classes are potentially type II interfering users.
Therefore, the number of type II interfering users is as follows:
nj =

M


Ni .

(6)

i=j +1

We consider BPPM signaling for data transmission. In this
case, the data stream sent by user k in class j can be written as
follows:
(j )

+∞


2j −1 P Ck (t − bi Tb − 2iTb )



k =1

× 1 +

λ 
λ


w
k
N
w−l
i−l

k
l

(−1)l

l=1 i=l

pi  . (8)

Now we assume that the desired user is a class 2 user. The
threshold value is set at 2P . Therefore, there are two kinds of
interference: 1) the interference caused by the lower class users,
i.e., class 1; 2) other users belonging to class 2, 3, . . . , M . Since
the threshold value is set at 2P , at least two class 1 users with
power level P need to hit on a marked chip simultaneously in order to make an interference on this chip. However, other classes’
users interfere normally on the class 2 users.
This scenario is the
same as the model studied in [3]. There are M
i=2 Ni = N − N1
users in the same interfering class and N1 users in other interfering classes with a two stages interference
cancellation. In

N
users
in the same
general, for users in class j, we have M
i
i=j
interfering class and Nj −1 + Neﬀ j −1 in other classes, where
Neﬀ j −1 is obtained from (3). For such a case, we obtain the

BER due to class j users as h( M
i=j Ni , Nj −1 + Neﬀ j −1 ) in
Appendix B.
B. ADC Structure With AND Logic Gate

V. PERFORMANCE ANALYSIS WITH BPPM

sk (t) =

written as follows:
w

(−1)k
Pe1 = 1 +

1481

(7)

i=−∞

where Ck (t) is the OOC code assigned to user k with duration
Tb , bi ∈ {0, 1} is the ith information bit. Therefore, each bit
duration in BPPM is equal to 2Tb if bi = 0, the OOC code is
sent in the first Tb duration and if bi = 1, the OOC code is sent
in the second Tb duration. In order to analyze the performance in
this case, we only consider multiple access interference, which is
the dominant noise in OCDMA systems. This gives us the floor
on the error probability or equivalently the maximum achievable
performance of the system when OSNR is sufficiently high.

We assume that the transmitted bit is “1” and the contributed
interference on the kth marked chip of the desired user is αk .
An error occurs if all the first w marked chips are interfered
and at least w out of 2w marked chips is interfered by type I
interference. Now we can write the error probability as follows:


Pe j = Pr α1 > 0, . . . , αw > 0|nj + nj interfering users
and (at least w type I hit by nj interfering users)]
(9)
nj

where nj and
are obtained by (5) and (6), respectively. The
error probability can be written as follows:
Pe j = Pr (α1 > 0, . . . , αw > 0|nj ) + w [Pr(α1 > 0, . . .,


αw −1 > 0, αw = 0|nj ) and αw > 0|nj
w
Pr[(α1 > 0, . . . , αw −2 > 0, αw −1 = 0, αw = 0|nj )
2


and αw −1 > 0, αw > 0|nj and ( at least 2 chips

+

A. AND Logic Gate Receiver Structure
For the performance analysis, we begin by a desired user in
class 1. For the bit error rate (BER) evaluation in BPPM signaling, we assume that bit “1” is sent, so an error occurs if all the
first w marked chips are hit by interfering users. The thresholder
value is set at P , therefore, the power level of optical signals due
to all classes are equal or greater than the threshold value, hence
all users belonging to all M classes may cause interference on
the desired user in class 1. This gives us the probability of error
in a conventional one-level OCDMA system with N interfering
users. In Appendix A, we obtain the BER of a conventional
OCDMA system with generalized OOC. Therefore, the BER of
a class 1 user with an AND logic gate structure can easily be

of(αw +1 , . . . , α2w ) > 0|nj )] + · · ·

(10)

We can rewrite the aforementioned equation as follows:
Pe j =

w

i=0

w
i

Ui

(11)

where
Ui = Pr [(α1 > 0, . . . , αw −i > 0, αw −i+1 = 0, . . . , αw = 0|nj )


and αw −i+1 > 0, . . . , αw > 0|nj and
(at least i chips of (αw +1 , . . . , α2w ) > 0|nj )] .

(12)
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Ui can be considered as the multiplication of two independent
probabilities
Ui = Qi × Qi

(13)

where
Qi = Pr[(α1 > 0, . . . , αw −i > 0, αw −i+1 = 0, . . . , αw = 0|nj )
and (at least i chips of (αw +1 , . . . , α2w ) > 0|nj )]
and

∆

Qi = Pr αw −i+1 > 0, . . . , αw > 0|nj = fn j (i).

(14)

(15)

In Appendix C, we obtain fn j (i) as a function of nj and i.
We can write (14) as follows:
Qi =

w −i

l=0

w
i+l

H(l)

(16)
Fig. 8. Performance of one-level and four-level system with optical AND
logic gate structure without ADC.

where we define H(l) as follows:
H(l)
= Pr [(α1 > 0, . . . , αw −i > 0, αw −i+1 = 0, . . . , αw = 0,
αw +1 > 0, . . . , αw +i+l > 0, αw +i+l+1 = 0, . . . , α2w = 0| nj )]
=

w −l


(−1)k

w−l
k

Pr (α1 > 0, . . . , αw +l+k > 0|nj )

(−1)k

w−l
k

fn j (w + l + k).

k =0

=

w −l

k =0

(17)

Using (11)–(17) we obtain
Pe j =

w

i=0

×

w −l

k =0

w
i

fn j (i)

(−1)k

w −i

l=0

w−l
k

w
i+l
fn j (w + l + k).

(18)
Fig. 9. Performance of one-level and four-level system with optical ADC
structure with AND logic gate.

VI. SIMULATION, ANALYTICAL RESULTS, AND DISCUSSIONS
In this section, we obtain the performance of the system for
the two aforementioned receiver structures and compare their
performance with that of the traditional one-level system. For
the numerical results, we consider a multilevel system with four
classes, i.e., four power levels or M = 4. We assume OOC
codes with length L = 100, λ = 2, and w = 8. Except the desired user, we consider equal number of
users for all the classes,
i.e., N1 = N2 = · · · = NM and N = M
i=1 Ni . For the receiver
structure without ADC, we use (B1) to obtain the error probability versus the number of users. We have shown the results in
Fig. 8 along with the one-level system result. One can observe
that in this case, the error probability due to class 1 users is same
as that of one-level system. The reason is that the threshold value
for class 1 does not reject the power level of other classes, and
consequently, all users from all other classes can be considered
as the interfering users such as the one-level systems. On the
other hand, the performance of class 2 and class 3 are improved

in relation with one-level system, while the improvement observed in the performance of class 4 users is considerable.
Fig. 9 shows the error probability, analytical, and simulation
results, based on the receiver structure with ADC. We observe
a considerable improvement in the performance as compared to
one-level systems and also the receiver structure without ADC.
The performance of class 1 and class 2 users do not differ so
much, however the improvement of class 4 users is considerable.
One can see from the figure that when the number of interfering
users is less than 16 the MAI is canceled. When we have an OOC
code with weight w, crosscorrelation coefficient λ and number
of users N + 1, if N × λ < w, then we have no MAI, since
each interfering user may cause interference on λ marked chips
of the desired user in the worst case. In the proposed multiclass
system for class 1 if we have N1 < 4, then with the selected
code parameters, i.e., w = 8 and λ = 2, the aforementioned
condition is satisfied for the users in class 1. Since other users
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Fig. 10. Maximum allowable number of users for one-level and multilevel
systems.
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receiver end, we study the well-known AND logic gate structure
and we obtain its performance for the proposed system. Also
we introduce a new receiver structure based on optical ADC
and AND logic gate structure. We show that this receiver structure improves the system performance considerably, using the
properties of optical ADC to reject the power level of opposite
classes, and hence, mitigating the MAI. We obtain the system
performance in two cases, 1) users are distributed uniformly in
M classes, but the error probability is not symmetric; and 2)
users are distributed not uniformly in M classes, but the error
probability of different classes are the same. For the first case,
the results BER versus number of users, show a great improvement in the system performance especially in the region that
MAI is perfectly canceled. However, results of the second case
indicates that the capacity of the network increases proportionally to the number of power levels or number of classes when the
error probability due to each user does not exceed a predefined
BER target.
APPENDIX A

from the higher classes cannot make interference on the class
1 users with ADC structure, then the MAI is fully canceled.
This condition can be checked for other classes considering the
interference probability from higher and lower classes.
Different classes are granted different QoS by the means of
error probability when the users are distributed uniformly in all
classes as we observed in the results. There is another method in
investigating the performance of the proposed multilevel system.
We may consider that all users are distributed in M classes in
such a way that the error probability belonging to all classes does
not exceed a target BER. Evidently in this case, the distribution
of users in different classes is not uniform and one can easily
check that the number of users belonging to higher classes is
more than the number of users in the lower classes. For this
method, we only consider the structure with ADC, we obtain the
results for the cases M = 2, M = 3, and M = 4, and compare
their performance to the one-level system. In Fig. 10, we have
obtained the maximum allowable number of users for different
values of M versus the target BER. Some parameters are the
same as previous figures, e.g., code parameters are L = 100
and λ = 2. However, we obtain the optimum value of the code
weight w = wopt , according to the number of users and the
Johnson bound [6]. The allowable number of users increases
proportionally to the increase of number of classes as observed
from Fig. 10.
VII. CONCLUSION
A novel multilevel multiclass OCDMA system based on alloptical processing is proposed in this paper. We suggest to distribute the users of an OCDMA network in M classes. An
OOC code set with general crosscorrelation coefficient (λ ≥ 1)
is used as the signature sequence. We introduced a new transmitter structure in which if the power level of optical pulses due
to class 1 users is equal to P , then the power level of optical
pulses according to class j be equal to 2j −1 P . We proposed
the proper structure to construct the desired transmitter. At the

In this appendix, we obtain the error probability due to the
conventional one-level BPPM OCDMA system with generalized OOC. We denote by L, λ, w, and N , the code length, code
weight, cross-correlation coefficient, and the number of interfering users, respectively. The probability of error caused by
MAI is obtained as follows:
Pe =

1
1
Pr (error|1) + Pr (error|0).
2
2

For a BPPM system, the two probabilities on the right hand
side of the aforementioned equation are the same. Therefore,
considering only the MAI effect and if we show the number of
interference on the ith marked chip of the desired OOC by αi
the probability of error is obtained as follows [9]:
Pe = Pr (error|1) = Pr (α1 > 0, α2 > 0, . . . , αw > 0)
=1+

w


(−1)k

k =1

w
k

Pr (α1 = α2 = · · · = αk = 0) . (A1)

We denote by p1 , p2 , . . . , and pλ , λ probabilities with definition as pi is the probability that one interfering user hits on
exactly i specified chip pulse positions of the desired user’s
OOC. In an OOK and BPPM OCDMA system, the following
relation is valid for the interference probabilities [9]:
λ

k =1

k

w
k

pk =

w2
.
2L

(A2)

With the aforementioned definition, the λ events that are related to p1 , p2 , . . . , and pλ are disjoint. Furthermore, all N
interfering users are independent, and hence, we can write as
follows:
N

λ

k
(−1)l
ρl 
Pr (α1 = α2 = · · · = αk = 0) = 1 +
l
l=1

(A3)
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if n × λ < i, then fn (i) = 0. On the other hand, if n × λ ≥ i
we have

where we have defined
ρl = Pr (α1 = · · · = αl = 1| one interfering user)
= pl +

w−l
1

λ

w−l
w−l
pλ =
pi .
λ−l
i−l

pl+1 +· · ·+

i=l

(A4)
Substituting (A4) in (A3) and using (A2), we can rewrite (A1)
as follows:
w

w
Pe = 1 +
(−1)k
k


k =1

× 1 +

λ 
λ


l

(−1)

pi  . (A5)

×


m =0

i=0

w
i


(−1)m

w−i
m



2i


× 1+
(−1)k


k =1

1 +

λ


(−1)l

l=1


2i
k

1 +

λ


(−1)l

l=1

i+m
l

k
l

N s 



ρl



N o 


ρl (i)


(B1)

where ρl is obtained from (A.4) and ρl (i) is as follows:
ρl (i) =

λ

j =l

w−l
j−l

pj (w, w )

(B2)

where pj (w, w ) is the probability that a code with weight w hit
j specified chips of a code with weight w in the case that the
maximum cross-correlation value is λ, so we have
λ

k =1

k

w
k

i
k

i
×Pr (α1 = 0, α2 = 0) − · · ·
2
Pr (α1 = 0, . . . , αk = 0)
(C1)

using (A3) we obtain
i

fn (i) = 1+ (−1)k


λ
i  
1+ (−1)l
k
l=1

pk (w, w ) =

w w
.
2L

(B3)

For a two-stage receiver structure w = 2i.
APPENDIX C
∆

In this appendix, we derive fn (i) = Pr(α1 > 0,
. . . , αi > 0|n interfering users). Each interfering user may
cause interference at λ marked chips; therefore, it is evident that

n
k
ρl  n × λ ≥ i
l
n × λ < i.

fn (i) = 0

In this appendix, we obtain the error probability expressions
due to the multilevel OCDMA system with AND logic gate receiver structure. The model we consider in this paper follows
the multilevel signaling with two stage of interference canceling noted in [3]. We consider there are Ns users in the same
interfering class and No users in the different interfering class.
In this case, the probability of error is as follows:



w −i


(−1)k

k =1

k =1

APPENDIX B

w


=1+

i


N
w−l
i−l

k
l

l=1 i=l

h(Ns , No ) =

fn (i) = 1−i×Pr (α1 = 0)+

(C2)
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