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Performance Analysis of Multirate Multiservice
Optical CDMA Networks Adopting

Overlapping PPM Signaling
Ahmed E. Farghal, Hossam M. H. Shalaby, Senior Member, IEEE, and Zen Kawasaki, Senior Member, IEEE

Abstract—In this paper, an optical code-division multiple-access
(OCDMA) system employing overlapping pulse-position modu-
lation (OPPM) is proposed to support multimedia services with
different bit-rate and quality-of-service (QoS) requirements in
OCDMA networks. Both wrapped OPPM (WOPPM) and un-
wrapped OPPM (UOPPM) are considered. The proposed system
achieves multirate and multi-QoS transmission by using multi-
length variable-weight optical orthogonal codes (MLVW-OOCs)
as signature sequences and using different values of OPPM modu-
lation parameters. Furthermore, numerical analysis is performed
for two different receiver structures, namely, correlation receivers
with and without hard-limiters. In our analysis, the multiple-access
interference (MAI) is considered as the main performance limit-
ing factor. In addition, the performance of the proposed system is
evaluated and compared to that of traditional OOK-OCDMA sys-
tem. Our results reveal that under both pulsewidth and through-
put constraints, the performances of the proposed WOPPM- and
UOPPM-OCDMA systems are significantly superior to that of
OOK-OCDMA system.

Index Terms—Bit-error-rate (BER), code division multiple ac-
cess (CDMA), multiple-access interference (MAI), ON-OFF keying
(OOK), overlapping pulse-position modulation (OPPM), quality of
service (QoS).

I. INTRODUCTION

O PTICAL code-division multiple-access (OCDMA) has
gained much attention as one of the promising multiple-

access technique for future optical-access networks [1]–[4]. This
is mainly due to the attractive OCDMA features, such as full
asynchronous entire optical channel sharing among multiple
users without any waiting time, which results in low latency
access and less transmission delay. In addition to simplified
and distributed network control, secure data transmission, soft
capacity on demand, bursty traffic, and the ability to support
multimedia services differentiation at the physical layer [5], [6].

Both on-off keying (OOK) and pulse-position modulation
(PPM) have been commonly used as modulation techniques in
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OCDMA systems [7]–[9]. If the average power rather than op-
tical pulsewidth is the constraining factor, PPM-OCDMA tech-
nique performs better than OOK-OCDMA technique. Under
fixed throughput and pulsewidth constraints, replacing OOK by
PPM produces no advantage in OCDMA systems. On the other
hand, OPPM (with its two variants, wrapped OPPM (WOPPM)
and unwrapped OPPM (UOPPM)), maintains the advantages of
PPM schemes over OOK schemes in terms of power efficiency
and implementation simplicity [10], [11]. When compared to the
PPM-OCDMA systems, OPPM-OCDMA techniques achieve
higher tolerance to MAI, which results in improvement of both
BER and optical channel capacity, without the need to decrease
the light pulsewidth.

Future optical communications networks are expected to pro-
vide broadband access to a high number of users for various mul-
timedia services (e.g., data, image, voice, and video), where sup-
porting various kinds of data (with very different transmission
rates and QoS traffic requirements) is becoming very essential.
The conventional OCDMA systems cannot support such kinds
of data, because a code with the same parameters (code length
and weight) is assigned to each user and thus all users have equal
data rate and equal error performance. Various techniques have
been proposed for the support of multirate services provision
in OOK-OCDMA networks. Multicode and multi-length codes
are two popular techniques employed to provide multi-rate ser-
vice in OOK-OCDMA networks [3], [12]–[14]. On the other
hand, variable-weight optical codes (with identical-chip-power)
and multilevel (different-chip-power) signaling have been intro-
duced to provide QoS differentiation in OCDMA networks by
controlling the BER at the receiver [15]–[22]. In [23], multirate
transmission is achieved using adaptive OPPM in OCDMA net-
works by accommodating users with different number of sym-
bols M . In addition, optical power controller is employed to pro-
vide variable QoS levels for different traffic types. In [24], differ-
entiated QoS for different service-classes is provided by using
multilevel OCDMA signaling technique based on WOPPM.

In this paper we propose an OPPM scheme to support mul-
timedia services with different transmission rates and QoS re-
quirements in OCDMA networks. The idea is based on varying
the OPPM modulation parameters and utilizing multi-length
variable-weight optical orthogonal codes (MLVW-OOCs) as
the signature sequences. The length and weight of OOCs and
OPPM parameters are designed based on the characteristics
of the supported service classes under constraints on both the
optical pulsewidth and throughput among different classes. Fur-
thermore, the case of frame length constraint is also considered.
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Fig. 1. Model of a multirate multi-QoS OPPM-OCDMA system.

Furthermore, we analyze the performance of the proposed sys-
tem and derive upper bounds on the probabilities of error for
correlation receivers with and without hard-limiters, taking into
account the effect of MAI. Our analyses are performed for both
WOPPM and UOPPM modulation techniques. Next, we numer-
ically compare the performance of the proposed systems with
that of MLVW-OOC OOK systems. Our results reveal that un-
der pulsewidth and throughput constraints, the performance of
the proposed W/UOPPM-OCDMA system is better than that
adopting OOK-OCDMA scheme.

The rest of the paper is organized as follows. Our pro-
posed multirate multi-QoS model of OCDMA systems adopting
OPPM signaling is presented in Section II. Section III is devoted
to the performance analysis of the proposed systems. Numer-
ical results are presented in Section IV. Finally, the paper is
concluded in Section V.

II. MULTIRATE MULTI-QOS OPPM-OCDMA SYSTEM MODEL

We denote the number of classes by Q ≥ 1 and denote

the set of classes by Ω def= {1, 2, . . . , Q}. Thus, each service
class k ∈ Ω can be characterized by (Lk ,wk ,Mk , γk ), where
Lk , wk , Mk , and γk denote the code length, code weight, num-
ber of symbols, and overlapping index in class k, respectively.
The general model for a multirate multi-QoS OPPM-OCDMA
system is shown in Fig. 1. In this figure, we assume that there
are Nk simultaneous users in class k ∈ Ω. The total number of

simultaneous users in the network N is thus:

N = N1 + N2 + · · · + NQ. (1)

Moreover, the numbers of available codewords in the specified
classes are subject to the following constraint [16]:

∑Q
k=1 Nk × wk × (wk − 1)

Lmax − 1
≤ 1 (2)

where Lmax is the maximum code length of the Q classes.

A. Transmitter Side

The transmitter of the ith user in service class k ∈ Ω trans-
mits Mk -ary data symbols bki ∈ Mk continuously and asyn-

chronously, where the discrete set Mk
def= {0, 1, . . . ,Mk − 1}.

The input symbol stream of the ith user in class k is passed to the
corresponding optical OPPM modulator, where a narrow optical
pulse with duration Tc , called chip time, is generated and time
delayed depending on the incoming data symbol. This optical
pulse occupy the first chip time of one of the Mk spreading in-
tervals (called slots) of duration τk . Next, the OCDMA encoder
corresponding to the ith user in class k ∈ Ω maps its data into
the ith code, ck

i , from Ck = {ck
1 , ck

2 , . . . , ck
Nk

} code set available
in class k with weight wk , length Lk , and duration τk = LkTc ,
located in one of the Mk time slots within a frame Tk . Here,
we employ OOCs, with out-of-phase autocorrelation and maxi-
mum cross-correlation bounded by one, as our set of signature
code sequences [25]. Finally, all spreading signals from all users
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Fig. 2. UOPPM modulator for Mk = 4, and γk = 2.

Fig. 3. Interference contribution: (a) Desired low-rate user interfered with two
frames of an undesired high-rate chip-synchronous user. (b) Desired high-rate
user interfered with two frames of an undesired low-rate chip-synchronous user.

in all classes are combined together to form one optical signal
which is transmitted across the passive N ×N star coupler to
all receivers.

B. Receiver Side

At the receiver side, for each service-class k, the OCDMA
decoders of the designed Nk codewords on that class are im-
plemented and the data is detected by correlating the received
optical signal from all N users with the signature sequence that
characterizes the desired user and then converted (using a pho-
todetector) into an electrical signal which is passed to the OPPM
demodulator to decide on the data [11].

C. OPPM Technique

In OPPM technique, a slot of duration τk = LkTc is divided
into γk ∈ {1, 2, . . . ,Mk − 1} subslots of width τk/γk each.
Each slot is forced to overlap with its adjacent slots so that
there is a τk/γk delay between any two adjacent slots. In this
work, we consider two modulation formats for OPPM-OCDMA
systems, namely, wrapped and unwrapped. In WOPPM if there
is no enough space to accommodate a complete spreading inter-
val a cyclic shift is allowed to occur and the remaining part of

the spreading interval is wrapped to the beginning of the frame.
On the other hand, there are no such cyclic shifts in UOPPM.
The relation between Tk , Mk , γk , and τk for both WOPPM and
UOPPM are given by

Tk =
Mk

γk
LkTc

Tk =
Mk − 1 + γk

γk
LkTc (3)

respectively [10], [11]. In order to provide multirate and multi-
QoS, the code length Lk and weight wk of OOCs as well as
OPPM modulation parameters (Mk and γk ) are designed based
on the characteristics of the supported service classes.

UOPPM-OCDMA transmitter implementation is rather sim-
ple as it only involves time delaying of the optical pulses. The
OCDMA encoder can be realized using an optical tapped de-
lay line (TDL) structure which is composed of a splitter, delay
elements, and a combiner as in Fig. 1. The UOPPM Mk -ary
modulator for class k is shown in Fig. 2. A laser pulse of width
Tc and repetition rate of γk/(Mk − 1 + γk )τk is time delayed
depending on the incoming data. The serial input data is par-
allelized using an electronic logic unit and used to control the
switches. The relative optical delays between the switches are
either 0 or 2i−1Dk depending on the value of input data bit ai ,
where Dk = τk/γk and i ∈ {1, 2, . . . , log2Mk}. For Mk sym-
bols, the number of required switches is log2Mk .

At the receiver side, the OCDMA correlation decoder is com-
posed of TDLs matched to the designed codeword. Another type
of OCDMA decoder is the correlation receiver with double opti-
cal hard-limiters, Fig. 1[11]. The OPPM demodulator is merely
a comparator that determines which slot in the Mk time slots
has the greatest photon count to be declared as the transmitted
symbol. The all-optical PPM-demodulator proposed in [26] can
be used for UOPPM systems by modifying the delays of the
control signals used by an ultrafast sampling gates such that
each gate samples the UOPPM frame in one of the Mk possible
OPPM slots. Shalaby in [27] has proposed an all-optical chip-
level detector for OPPM-OCDMA systems. The OPPM receiver
does not require knowledge of the signal or noise power. The
complexity of UOPPM-OCDMA implementation arises only
for large values of Mk [27]. A WOPPM is more complex to
implement than UOPPM and OOK, both at the transmitter and
receiver side. From [10], WOPPM-OCDMA signals need spe-
cial techniques to be formed. For WOPPM system with Mk and
γk , each user require γk encoder-decoder pairs, one for the first
Mk symbols and one for each γk − 1 last symbols. Hence the
system complexity grows with the increase of Mk and γk .

III. THEORETICAL ANALYSIS

In the following sections, we will first derive expressions for
the external, self, and inter interference probabilities for both
multirate multi-QoS WOPPM- and UOPPM-OCDMA systems.
Then, we analyze the performance of the proposed systems
based on their error probabilities as functions of the number of
different classes users.
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A. Interference Probability

In this section, the probabilities of external, self, and in-
ter interferences are derived for both WOPPM- and UOPPM-
OCDMA systems. In our analysis, we assume that the transmis-
sions among users are chip-synchronous which gives an upper
bound on the system error probability [8].

1) Interference Probability of WOPPM-OCDMA: The prob-
abilities of external interference from a user in class k (pXk

) and
self interference (due to slots overlap) pIk

for multirate multi-
QoS WOPPM-OCDMA system for class k can be obtained by
modifying the probabilities of external and self interferences
given in [24] as follows:

pXk
=

w2
k

MkLk
γk

pIk
=

w2
k

MkLk
(γk − 1). (4)

It is worth noting that for OOK-OCDMA, Mk = 2 and γk = 1.
To calculate the probability of inter interference from class k

into a class q user, pXq k
, q �= k, we refer to Fig. 3. The amount

of inter interference from a high-rate service class k user into
a low-rate service class q user is different from that of inter
interference from a low-rate service class q user into a high-rate
service class k user, i.e., pXq k

�= pXk q
. Let jTc be the delay

of the interfering user with respect to the desired user. Since
we are considering chip-synchronous case, j can take values
in the discrete set {0, 1, . . . ,MkLk/γk − 1} with probability
γk/MkLk . According to Fig. 3(a), for m ∈ {0, 1, . . . , Lq} there
are m chips in common with the previous frame and Lq − m
chips in common with the current frame. The overlap between
the previous interference frame and the desired user frame in
terms of Tc is given by:

{
m; if 0 ≤ m ≤ Lk − 1

Lk ; if Lk ≤ m ≤ Lq

(5)

while the overlap due to current interference frame is given by
{

Lk , if 0 ≤ m ≤ Lq − Lk − 1

−m + Lq , if Lq − Lk ≤ m ≤ Lq .
(6)

Hence, the average value of pXq k
is obtained as

pXq k
=

γk

MkLk

wkwq

Lk

1
Lq + 1

{ Lk −1∑

m=0

m +
Lq∑

m=Lk

Lk

+
Lq −Lk −1∑

m=0

Lk +
Lq∑

m=Lq −Lk

(−m + Lq )
}

=
γk

MkLk

wkwq

Lk

(Lk + 2LqLk − L2
k )

Lq + 1
. (7)

For pXk q
, m can take values in the set {0, 1, . . . , Lk}.

From Fig. 3(b), the overlap between the previous interfer-
ence frame and the desired user frame in terms of Tc is
m, m ∈ {0, 1, . . . , Lk}, while the overlap between the current
interference frame and the desired user frame is−m + Lk , m ∈

{0, 1, . . . , Lk}. Hence, the average value of pXk q
is obtained as

pXk q
=

γq

MqLq

wqwk

Lq

1
Lk + 1

Lk∑

m=0

Lk

=
γq

MqLq

wqwk

Lq
Lk . (8)

2) Interference Probability of UOPPM-OCDMA: In
UOPPM-OCDMA system, slot 0 has self interference just
on its next slots, and slot Mk − 1 has self interference just
on its previous slots. However, slot �(Mk + 1)/2� and other
slots overlap with their previous and next slots. Therefore,
self interference is more probable to happen when symbol
�(Mk + 1)/2� is transmitted. In our analysis, we focus on
the worst case. For the case Mk − 1 + γk < 2γk + 1, the
active slot �(Mk + 1)/2� of the desired user overlaps by(
1 − j

γk

)
τk , j ∈ {1, 2, . . . , γk − 1}, and

(
1 − 1

γk

)
τk , with

previous and next undesired slots, respectively. Hence, pIk
can

be calculated as

pIk
=

γk −1∑

i = −1
i �= 0

w2
k

MkLk

(

1 − |i|
γk

)

=
w2

k

MkLk

(γ2
k + γk − 2)

2γk
. (9)

On the other hand, for the case Mk − 1 + γk ≥ 2γk + 1, the
active slot �(Mk + 1)/2� of the desired user overlaps by
(1 − |j |

γk
)τk , |j| ∈ {1, 2, . . . , γk − 1}, with neighbor previous

and next slots, respectively. Hence, pIk
can be calculated as

pIk
=

γk −1∑

i = −γ k −1
i �= 0

w2
k

MkLk

(

1 − |i|
γk

)

=
w2

k

MkLk
(γk − 1). (10)

The probability of an external interference in an UOPPM tech-
nique is given by [11]

pXk
=

w2
k

(Mk − 1 + γk )Lk
γk . (11)

Using a similar procedure to that used in WOPPM-OCDMA
with the difference that j can take values in the dis-
crete set {0, 1, . . . , (Mk − 1 + γk )Lk/γk − 1} with probabil-
ity γk/(Mk − 1 + γk )Lk , we can find that pXq k

and pXk q
are

given by

pXq k
=

γk

(Mk − 1 + γk )Lk

wkwq

Lk

(Lk + 2LqLk − L2
k )

Lq + 1

pXk q
=

γq

(Mq − 1 + γq )Lq

wqwk

Lq
Lk (12)

respectively.

B. Bit Error Probabilities

1) BER of a Correlation Receiver: In a correlation receiver
of a class k user, an error occurs when the number of received
pulses Zj , j ∈ Mk from all weighted chips of at least one un-
desired slot exceeds a threshold Th = wk . The probability of
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symbol error of class k user PS (k) is then

PS (k) =
Mk −1∑

j=0

P [E|j] Pr{D = j} (13)

where D is a random variable that denotes the transmitted data
symbol of class k. Under the assumption that the transmitted
data is equally likely, i.e., Pr{D = j} = 1/Mk , then P [E|j] is
independent of j. Without loss of generality, suppose that the
symbol 0 is transmitted, i.e., D = 0. Employing a union bound,
the symbol error probability can be given as

PS (k) = P [E|0]

= Pr{Zj ≥ wk , some j �= 0|D = 0}

≤
Mk −1∑

j=1

Pr{Zj ≥ wk |D = 0}

= (Mk − 1)Pr{Z1 ≥ wk |D = 0}. (14)

The last probability can be obtained as

Pr{Z1 ≥ wk |D = 0}

=
N1∑

�1 =0

. . .

Nk −1∑

�k =0

. . .

NQ∑

�Q =0

(
Nk − 1

�k

)

p�k

Xk
(1 − pXk

)Nk −1−�k

×
Q∏

q = 1
q �= k

(
Nq

�q

)

p
�q

Xk q
(1 − pXk q

)Nq −�q

[

Ω

(
Q∑

i=1

�i − wk

)

+ pIk

{

Ω

(
Q∑

i=1

�i − (wk − 1)

)

− Ω

(
Q∑

i=1

�i − wk

)}]

(15)

where the indicator function

Ω(x) def=
{

1, if x ≥ 0
0, otherwise.

(16)

2) BER of a Correlation Receiver With a Hard-Limiter:
For the correlation receiver with hard-limiter of a class k
user, an error occurs only when the number of interfering
pulses in every weighted mark position of at least one unde-
sired slot is nonzero. Given that there are � interfering users,
each interferes at exactly one mark position, there is a set
of possible interference patterns. To describe these patterns,
we define a Q × wk interference matrix L whose element
�k
ij , i ∈ χk = {1, 2, . . . , wk}, j ∈ Mk , k ∈ Ω, represents the

number of users (out of available �k
j class k users) that interfere

with chip number i of the mark positions of slot j,

L
def=

⎛

⎜
⎜
⎝

�1
1j �1

2j . . . �1
wk j

�2
1j �2

2j . . . �2
wk j

. . . . . .

�Q
1j �Q

2j . . . �Q
wk j

⎞

⎟
⎟
⎠. (17)

Notice that the sum over the rows of L gives the vector �,
defined as

� = {�1
j , �

2
j , . . . , �

Q
j }

def=

{
wk∑

i=1

�1
ij ,

wk∑

i=1

�2
ij , . . . ,

wk∑

i=1

�Q
ij

}

.

(18)
On the other hand, the sum over the columns of L gives the
vector α, defined as

α = {α1j , α2j , . . . , αwk j}

def=

{
Q∑

k=1

�k
1j ,

Q∑

k=1

�k
2j , . . . ,

Q∑

k=1

�k
wk j

}

. (19)

Here αij , i ∈ χk , j ∈ Mk , represents the number of interfer-
ing users that overlap with class k chip number i of the mark
positions of slot j. The symbol error probability PS (k) of class
k user with wk code weight given N users can be evaluated as

PS (k) =
N1∑

�1
j =0

. . .

Nk −1∑

�k
j =0

. . .

NQ∑

�Q
j =0

Pr{� interferers|N users}

× Pr(k){error|� interferers}. (20)

The first conditional probability in the right-hand side of (20)
can be evaluated as follows:

Pr{� interferers|N users}

=
(

Nk − 1
�k
j

)

p
�k

j

Xk
(1 − pXk

)Nk −1−�k
j

×
Q∏

q = 1
q �= k

(
Nq

�q
j

)

p
�q

j

Xk q
(1 − pXk q

)Nq −�q
j . (21)

Considering that symbol 0 is transmitted and using the union
bound, Pr(k){error|� interferers} can be calculated as

Pr(k){error|� interferers}

=
Mk −1∑

j=0

Pr(k){error|� interferers,D = j}Pr{D = j}

= Pr(k){error, some j �= 0|� interferers,D = 0}

≤
Mk −1∑

j=1

Pr(k){error|� interferers,D = 0}

= (Mk − 1)Pr(k){error|� interferers,D = 0}. (22)

Let the random variable T(k) denote the number of interfered
mark positions of an undesired slot belonging to the desired
class k user. The last probability can be evaluated as [28]

Pr(k){error|� interferers,D = 0}
= Pr{T(k) = wk |� interferers}

+ Pr{T(k) = wk − 1, νIk
= 1|� interferers} (23)



2654 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 32, NO. 15, AUGUST 1, 2014

where νIk
∈ {0, 1} is the number of pulses that cause self inter-

ference from slot 0 onto other undesired slots. The average prob-
ability of self interference on a specific mark of an undesired
slot in class k is 1

wk
pIk

. Since {T(k) = wk − 1|� interferers}
and {νIk

= 1|� interferers} are independent, we can write [28]

Pr{T(k) = wk − 1, νIk
= 1|� interferers}

= Pr{νIk
= 1|� interferers}

× Pr{T(k) = wk − 1|� interferers}

=
1

wk
pIk

× Pr{T(k) = wk − 1|� interferers} (24)

Employing a similar technique to that used in [29], we get

Pr{T(k) = wk |� interferers}
= Pr{α1j ≥ 1, α2j ≥ 1, . . . , αwk j ≥ 1|� interferers}

=
1

w�
k

S(wk , �) (25)

where S(wk , �) represents the number of patterns in which all
wk marked chips of one of the undesired slots of class k user
(i.e., j �= 0) are hit at least by one interfering pulse and can be
computed as shown below

S(wk , �) = w
�1

j + ···+�Q
j

k −
(

wk

1

)

(wk − 1)�1
j + ···+�Q

j

+
(

wk

2

)

(wk − 2)�1
j + ···+�Q

j + · · · + (−1)wk −1

×
(

wk

wk − 1

)

(wk − (wk − 1))�1
j + ···+�Q

j

=
wk −1∑

t=0

(−1)t

(
wk

t

)

(wk − t)� . (26)

The last probability in (24) can be evaluated as follows [28]:

Pr{T(k) = wk − 1|� interferers} = wk

× Pr{α1j ≥ 1, . . . , αwk −1j ≥ 1, αwk j = 0|� interferers}
= wk × (Pr{α1j ≥ 1, . . . , αwk −1j ≥ 1|� interferers}
− Pr{α1j ≥ 1, . . . , αwk −1j ≥ 1, αwk j ≥ 1|� interferers})

(27)

where Pr{α1j ≥ 1, . . . , αwk −1j ≥ 1|� interferers} is given by

Pr{α1j ≥ 1, . . . , αwk −1j ≥ 1|� interferers}

=
1

(wk − 1)�
S(wk − 1, �)

=
1

(wk − 1)�

wk −2∑

t=0

(−1)t

(
wk − 1

t

)

(wk − 1 − t)� . (28)

Substituting in (20), we obtain an upper bound on the probability
of symbol error of a class k user PS (k) for a correlation receiver

with a hard-limiter as

PS (k) ≤ (Mk − 1)
N1∑

�1
j =0

. . .

Nk −1∑

�k
j =0

. . .

NQ∑

�Q
j =0

×
(

Nk − 1
�k
j

)

p
�k

j

Xk
(1 − pXk

)Nk −1−�k
j

×
Q∏

q = 1
q �= k

(
Nq

�q
j

)

p
�q

j

Xk q
(1 − pXk q

)Nq −�q
j

×
{

1
w�

k

wk −1∑

t=0

(−1)t

(
wk

t

)

(wk − t)� + pIk

×
[

1
(wk − 1)�

wk −2∑

t=0

(−1)t

(
wk − 1

t

)

(wk − 1 − t)�

− 1
w�

k

wk −1∑

t=0

(−1)t

(
wk

t

)

(wk − t)�

]}

. (29)

Notice that the above equation is also valid for OOK-OCDMA
by replacing (Mk − 1) with 1/2. Finally, the BER Pb(k) can be
obtained using the probability of symbol error from the famous
relation [30]

Pb(k) =
Mk

2(Mk − 1)
PS (k). (30)

IV. NUMERICAL RESULTS

In our numerical results, we consider a three-class OCDMA
network defined as follows:

1) Class 1: low rate and low QoS, (R01 = 5.78 × 10−4

nats/chip, BER ≤ 10−4).
2) Class 2: medium rate and medium QoS, (R02 = 1.16 ×

10−3 nats/chip, BER ≤ 10−6).
3) Class 3: high rate and high QoS, (R03 = 1.73 × 10−3

nats/chip, BER ≤ 10−9).
For OOK-OCDMA, the code length Lk of class k

is determined using R0k = log 2/LOOK
k . Hence, LOOK

1 =
1200, LOOK

2 = 600, and LOOK
3 = 400. The code-set parame-

ters, Nk,Lk , and wk are related with the Johnson bound as
[25]

Nk ≤ Lk − 1
wk (wk − 1)

. (31)

The number of available codewords in class 1, class 2, and class
3 is set to 28, 15 and 7, respectively. The code weight of class
2 and class 3 is selected as the maximum value that satisfies
the Johnson bound. Hence, w2 = 6 and w3 = 8. While the code
weight of class 1 (low QoS) is chosen so as to satisfy both
the condition in (2) and Johnson bound, i.e., w1 = 4. To carry
out a fair comparison between different modulation schemes
(OOK, WOPPM, and UOPPM), the values of chip duration Tc ,
the throughput R0k of each class k user, and the number of
available codwords are kept constant among all service classes.
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Fig. 4. Bit-error probability for WOPPM-OCDMA systems for (a) class 2 users versus M2 and γ2 , and (b) class 3 users versus M3 and γ3 .

A. Unconstrained Frame Length

In this case, there is no constraint on the frame length. Proper
choice of parameters can improve network performance, i.e.,
minimize the BER and maximize the capacity. So it is impor-
tant to find an optimum value for each parameter to get the best
performance from the network. According to the network usage,
some parameters such as the number of users Nk and throughput
R0k of class k ∈ Ω are known. Other parameters, such as Mk

and γk , should be found properly. To simplify the parameters se-
lection process, we assume that low-rate service-class (i.e., class
1) users send their data using OOK-OCDMA scheme, while
other classes users send their data using W/UOPPM-OCDMA
scheme. The code lengths for classes adopting WOPPM- and
UOPPM-OCDMA signaling are given by

LWOPPM
k =

γk log2MkLOOK
k

Mk
, k �= 1

LUOPPM
k =

γk log2MkLOOK
k

Mk − 1 + γk
, k �= 1 (32)

respectively, and the code weights are selected as the max-
imum values that satisfy both the Johnson bound and the
condition in (2). Proper choice of both Mk and γk values
to minimize BER is not straightforward. In order to have
some insight on the system design, 3-D graphs showing the
variations of upper bound probabilities of bit error of both
WOPPM- and UOPPM-OCDMA systems (in the presence of
hard-limiters) versus Mk and γk are plotted in Figs. 4 and 5,
respectively, with N1 = 28, N2 = 15, N3 = 7, R01 = 5.78 ×
10−4 , R02 = 1.16 × 10−3 , and R03 = 1.73 × 10−3 . It is worth
noting that γk can takes values only in the range {1, 2, . . . ,Mk −
1}. At small values of γk , from (32) L

W/UOPPM
k is smaller than

LOOK
k for the same throughput. Hence, to support the same

number of codewords available in OOK system, according to
Johnson bound we should use lower code weights which re-
sults in higher BER. As γk increases, we can use codewords

with larger weights, and hence the BER decreases. However at
higher γk , the probability of bit error starts to increase due to
the increase in probabilities of external and self interferences.
In Fig. 4(a), it is assumed that M3 = 22 and γ3 = 5, while in
Fig. 4(b), M2 = 14 and γ2 = 3. According to Fig. 4, the mini-
mum probabilities of bit errors for WOPPM-OCDMA systems
are approximately 2.23 × 10−6 and 6.21 × 10−9 for classes 2
and 3, respectively, and are achieved when (M2 , γ2) = (14, 3)
and (M3 , γ3) = (22, 5), respectively. From Fig. 5, the mini-
mum probabilities of bit errors for UOPPM-OCDMA systems
are approximately 2.46 × 10−6 and 5.49 × 10−9 for classes 2
and 3, respectively, and are achieved when (M2 , γ2) = (11, 3)
and (M3 , γ3) = (21, 6), respectively.

Considering the values of M2 , γ2 ,M3 , and γ3 obtained from
Figs. 4 and 5 for WOPPM- and UOPPM-OCDMA system, re-
spectively, the BER performance of the three service-classes
is plotted in Fig. 6 using correlation receiver with and with-
out hard-limiter as a function of the number of users in class 2.
For correlation receiver with hard-limiter, the number of users in
class 1 and class 3 are fixed to 14 and 5, respectively. For correla-
tion receiver without hard-limiters, however, the number of users
in class 1 and class 3 are fixed to 10 and 3, respectively. Then, the
total number of supported users in the network using correlation
receiver with hard-limiter under the prescribed BER for the three
classes are 29, 34, and 32 for OOK-, WOPPM-, and UOPPM-
OCDMA systems, respectively. From Fig. 6(a), in order to meet
the BER requirements of the three service-classes, N2 cannot
exceed eight for OOK, but it can be as large as 15 and 13 for
WOPPM and UOPPM, respectively. On the other hand, from
Fig. 6(b) for correlation receiver without hard-limiters, OOK can
support up to 4 class 2 users to meet BER requirements, while
WOPPM and UOPPM can support up to 8 and 7 users, respec-
tively. Therefore, using correlation receiver, the network can
support 17, 21, and 20 total users under the prescribed BER for
OOK-, WOPPM-, and UOPPM-OCDMA systems, respectively.
From these results, only WOPPM- and UOPPM-OCDMA
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Fig. 5. Bit-error probability for UOPPM-OCDMA systems for (a) class 2 users versus M2 and γ2 , and (b) class 3 users versus M3 and γ3 .

Fig. 6. BER for three-class OOK-, WOPPM-, and UOPPM-OCDMA systems versus number of active users in class 2. (a) Correlation receiver with hard-limiter.
(b) Correlation receiver without hard-limiters.

systems using correlation receivers with hard-limiters are suited
to a typical fiber-to-the-premise (FTTP) network, which typ-
ically has 32 users. The proposed WOPPM- and UOPPM-
OCDMA systems can provide data rates above 2.25 Gb/s (Tc =
0.02 ns) shared among 32 users with different data rate and QoS
requirements.

B. Constrained Frame Length

In this section, in order to simplify the parameters selection
process for a W/UOPPM-OCDMA system, we keep the frame
length Tk fixed for all classes. For three-class system, it is as-

sumed that the parameters Nk,R0k ,M1 and γ1 (and hence L1)
are chosen by the network designer and the values of (M2 , γ2)
and (M3 , γ3) are to be found such that the network supports a
number of users ΓT h

k having a service with a specific maximum
acceptable BER, BERmax

k in class k. The procedure of selecting
the parameter values is summarized as

1) Calculate Mk, k ∈ {2, 3} using

Mk =
{
�eM 1 L1 R0 k /γ1 	; for WOPPM-OCDMA
�e(M 1 −1+γ1 )L1 R0 k /γ1 	; for UOPPM-OCDMA.

(33)
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Fig. 7. (a) BER for Class 1 receivers versus γ2 and γ3 . (b) BER for Class 2 receivers versus γ2 and γ3 . (c) BER for Class 3 receivers versus γ2 and γ3 . (d) BER
for three-class OOK-, WOPPM- and UOPPM-OCDMA systems versus N2 .

2) Calculate Lk , k ∈ {2, 3} for all possible values of γk ∈
{1, 2, . . . ,Mk − 1} using

Lk =

⎧
⎨

⎩

γk logMk

Mk R0 k
; for WOPPM-OCDMA

γk logMk

(Mk −1+γk )R0 k
; for UOPPM-OCDMA.

(34)
3) Plot BER versus γ2 and γ3 as 3-D graph for different

service classes at ΓT h
k .

4) In each plot there exist some points (γ2 , γ3) in which BER
≤ BERmax

k of class k.
5) The intersection of these points that achieves BER re-

quirements for all classes represents the proper values for
γ2 and γ3 .

We have done this for our network as an example. It is re-
quired to support ΓT h

1 = 20 at BERmax
1 = 10−4 , ΓT h

2 = 10 at
BERmax

2 = 10−6 , and ΓT h
3 = 5 at BERmax

3 = 10−9 (35 users
available in the network). Both Nk and R0k are as described
above. M1 = 4 and γ1 = 2 for WOPPM and M1 = 4 and

γ1 = 3 for UOPPM (to get the same code length as LOOK
1 ).

For every value of Mk and γk , the code length is calculated
from (34) for W/UOPPM-OCDMA and the maximum possible
value for the code weight are obtained using (2) and (31). The
resulting BERs for class 1, class 2, and class 3 are plotted as a
3-D graph in Fig. 7(a)– (c) for WOPPM-OCDMA system using
correlation receiver with hard-limiter. The intersection points
(γ2 , γ3) for WOPPM-OCDMA system are: (6,6), (6,7), (6,12),
(6,13), (6,14), (6,15), (6,16), (6,17), (7,15), (7,16), (7,17), (7,18),
and (7,19). The corresponding points for UOPPM-OCDMA sys-
tem (not shown in Figure) are: (8,22), (9,20), (9,21), (9,22), and
(9,23). The bit error probabilities for different signaling schemes
(OOK, WOPPM, and UOPPM) using correlation receiver with
hard-limiter are shown in Fig. 7(d) for ΓT h

1 = 20,ΓT h
3 = 5 ver-

sus the number of users in class 2. According to the figure, OOK
system cannot support (only support 6 users from class 2) the
required users with required BERs, while N2 = ΓT h

2 = 10 are
supported using either WOPPM- or UOPPM-OCDMA.
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V. CONCLUSION

In this paper, a multirate multi-QoS transmission system us-
ing OPPM techniques, coupled with MLVW-OCDMA as a sig-
nature code, has been proposed and its performance has been
analyzed. Two modulation techniques have been considered,
namely, WOPPM and UOPPM. Upper bounds on the probabili-
ties of error for the proposed system have been obtained for both
correlation receivers with and without hard-limiters. Numerical
results have been evaluated for OOK, WOPPM, and UOPPM
signaling schemes. All systems are assumed to work under same
laser pulse width, number of available codewords, and through-
put in each service class. Our results show that by properly
choosing both Mk and γk for service class k, W/UOPPM-
OCDMA systems outperform OOK-OCDMA systems in terms
of BER and the maximum number of users that can be accom-
modated at a specific maximum acceptable BER. Moreover, we
have suggested two simple system design procedures that can
be used to choose the proper values of modulation parameters
(Mk, γk ) for class k, specifically constrained and unconstrained
frame length.

Future work will focus on obtaining some empirical solutions
that can be easily used to estimate the optimum values of each
parameter in W/UOPPM-OCDMA systems. It would also be
interesting in the near future to validate our theoretical results
using numerical simulations (e.g., RSoft optSIM).
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