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Abstract—The technical superiority of spectral-
amplitude coding optical code-division multiple-access
(SAC-OCDMA) systems over traditional wavelength divi-
sion multiplexing (WDM) systems in optical burst switched
(OBS) networks is mainly attributed to the former’s better
medium access control (MAC) layer performance. Never-
theless, in order to conduct an accurate comparison, a
thorough study of the physical layer performance should
be involved, especially because in many cases the physical
layer noise would affect the maximum achievable number
of simultaneously active users. Hence, in this work, we de-
velop a novel assessment approach that combines both
MAC and physical layer capabilities by introducing a
new burst error loss rate parameter. In particular, the
approach targets cases with limitations on the number of
simultaneous active users. Next, as an example of a noisy
physical layer, the effect of phase-induced intensity noise
on the number of active users in OBS/SAC-OCDMA systems
is analyzed. Our analysis shows that this effect introduces a
burst error rate (BurstER) in the multiple-access interfer-
ence cancellation operation (not investigated before). This
BurstER is an increasing function of the number of active
users and hence would suppress the system MAC layer per-
formance. Finally, assuming an ideal WDM physical layer,
we employ the developed approach to present an illustra-
tive performance comparison between OBS/SAC-OCDMA
and OBS/WDM systems. The results show that OBS/SAC-
OCDMA performance outperforms that of OBS/WDM when
the number of tolerated bits in error per burst exceeds a
certain value.

Index Terms—Optical burst switched (OBS) networks;
Phase-induced intensity noise (PIIN); Queuing theory;
Spectral-amplitude coding optical code-division multiple-
access (SAC-OCDMA); Wavelength division multiplexing
(WDM).

Manuscript received August 27, 2013; revised February 17, 2014; ac-
cepted February 17, 2014; published March 31, 2014 (Doc. ID 196098).

A. I. A. El-Rahman (e-mail: ahmed.abdelrahman@queensu.ca) is with
the Electrical and Computer Engineering Department, Faculty of Engineer-
ing and Applied Science, Queen’s University, Kingston, Ontario K7L 3N6,
Canada.

S. I. Rabia is with the Department of Engineering Mathematics and
Physics, Faculty of Engineering, Alexandria University, Alexandria
21544, Egypt.

H. M. H. Shalaby is with the Department of Electronics and Communi-
cation Engineering, Egypt-Japan University of Science and Technology
(E-JUST), New Borg El-Arab City, Alexandria 21934, Egypt, and is on leave
from the Electrical Engineering Department, Alexandria University,
Alexandria 21544, Egypt.

http://dx.doi.org/10.1364/JOCN.6.000408

1943-0620/14/040408-13$15.00/0

I. INTRODUCTION

he ever-growing amount of communicated informa-

tion has converted the realization of optical Internet
to an evident requirement. Among many proposals, optical
burst switching (OBS) emerges as a new promising technol-
ogy on the way to constructing an eminently rapid all-
optical network (AON). OBS was first suggested by Qiao
and Yoo in [1] as a new solution that effectively uses the vast
bandwidth of the optical fiber and makes a huge step for-
ward toward the optical Internet. The key idea behind
OBS is to allow the optical data to bypass the optical-to-
electronic-to-optical (OEQ) conversion. To reach this goal,
an OBS network, consisting of three main components—
ingress node, core node, and egress node [2]—is built,
and a per burst switching process is proposed. At the ingress
node, a data burst (DB) is formed by aggregating packets
heading to the same destination [3,4]. Next, the burst
header, referred to as the control packet (CP), is first trans-
mitted on a separate out-of-band control channel to reserve
appropriate resources for its ensuing burst on each core
node using a proper reservation protocol [1,5,6]. The pay-
load waits at the ingress node for an offset time that corre-
sponds to the time required for the header processing
operations along the core nodes. Finally, the payload is
optically transmitted through the whole way to the egress
node, where it is disassembled back to packets.

Researchers have addressed various aspects of OBS net-
works on many occasions. In particular, factors influencing
the contention problem are of major interest. Recently, we
have proposed a new CP-buffering-based contention reso-
lution technique [7]. In this technique, an electronic buffer
is implemented at each core node. This buffer is employed
to save a blocked CP for a predetermined time instead of
immediately discarding it. Since the sought resource might
be released while its seeking CP is buffered, the blocking
probability according to this proposal can be effectively
reduced.

A major building block, which strongly contributes to the
contention resolution in OBS networks, is the technique by
which a user would access the medium, i.e., the resource
that the CP seeks to reserve on each core node. Although
the traditional wavelength domain has seemed to be the
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first candidate for OBS networks, especially because of the
ubiquity of the wavelength routers, Kamakura et al. have
suggested to use optical code-division multiple-access
(OCDMA) in order to take advantage of the higher system
capacity that the code domain can support [8]. In [9],
Sowailem et al. have adopted the spectral-amplitude coding
CDMA (SAC-OCDMA) technique to present a detailed OBS/
SAC-OCDMA system architecture. Since a simple SAC-
OCDMA encoding/decoding system can be implemented
using fiber Bragg gratings (FBGs), they have designed a
core node capable of conducting a code-based routing
process and have proposed a system that theoretically out-
performs traditional wavelength division multiplexing
(WDM) systems. For simplicity, only a medium access con-
trol (MAC) layer comparison between both systems has
been considered. However, in practical cases, physical layer
noise represents a principle factor in the comparison. More-
over, in many cases, the dominating noise would affect the
MAC layer by restricting the maximum number of simulta-
neous users. Consequently, there is no guaranteed privilege
of a certain medium access technique over the other. Thus, a
generalized evaluation strategy that truly expresses the
system capabilities in both MAC and physical layers is
required. This design tool can be employed to determine,
relative to the conditions of each OBS network [e.g., the
available number of resources, the maximum sustainable
bit-error rate (BER), and the maximum achievable number
of simultaneous users], the suitable medium access tech-
nique that efficiently fits in this network.

More specifically, in [9], the effect of the interference
between incoherent sources, which causes intensity noise,
labeled by phase-induced intensity noise (PIIN) [10,11],
has not been taken into consideration. The importance of
studying such noise is that it exists inherently in OCDMA
systems, affects the DB extraction process, and hence puts
an upper bound on the allowable number of active users.

Previous research works have analyzed the PIIN in
order to find the noise power spectra, noise variance,
and covariance under different conditions [10,12]. On the
other hand, in [13] Smith et al. suggested to use pulse-
position modulation (PPM) to reduce the PIIN effect.
Another solution was suggested by Wei et al. in [14,15],
where they proposed a new code family, namely modified
congruence code (MQC) (p2 + p, p, 1). Owing to its lower
cross correlation, MQC is more robust against the PIIN
than the Hadamard signature code. Moreover, increasing
the prime number “p” would improve the system perfor-
mance even further.

The aim of this paper is to present an exact performance
evaluation approach for an OBS system with a limited
number of active users. In that regard, a new measuring
parameter, namely the burst error loss rate (BELR), is in-
troduced. This parameter refers to the probability that
burst is lost (due to contention) or discarded as the number
of erroneous bits exceeds a certain threshold. The term
BELR has been chosen to be close to the definition and
to give a hint about the mathematical model that will be
developed. The presented assessment approach, as stated
earlier, represents a major step in the network design.
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Indeed, burst loss (BL) reflects the MAC layer performance
while BER determines the physical layer performance.
However, each of these tools gives information about the
corresponding layer independently. Therefore, it would
be more adequate to express the network performance in
terms of a third measure that assesses the overall network
performance. In that regard, BELR is a metric for the over-
all behavior of the system. It could be used to judge pro-
posed system improvement. However, from an analytical
point of view, we cannot compute this metric directly. We
need to derive both the burst error rate (BurstER) and
the overall BL rate to find an expression for BELR. Based
on simulation, this metric could be estimated directly, and
hence analytical results may be compared to simulation re-
sults to test the validity of the analytical model and assist
approximations usually assumed during mathematical
modeling. Moreover, we investigate the OBS/SAC-OCDMA
system physical layer performance when the effect of PIIN
is considered, as this type of noise is related to the number
of simultaneous users. Finally, we use the developed ap-
proach to present a comparison between a noisy physical
layer OBS/SAC-OCDMA system with an ideal physical
layer OBS/SAC-OCDMA system. Briefly, the novelty of this
paper comprises the following: We derive a mathematical
model for an OBS network that has a predetermined num-
ber of resources, but a restricted number of simultaneous
users; i.e., only a fraction of the available resources is
allowed to be busy simultaneously. Next, we employ the
results obtained in [10,11,13,14] to evaluate the PIIN effect
on the OBS/SAC-OCDMA optical layer BER. Furthermore,
we point out that the adoption of ideal in-phase cross-
correlation codes is more convenient for OBS/SAC-OCDMA
systems than the Hadamard code suggested in [9]. Thus,
we adopt the MQC family instead of the Hadamard code
in order to effectively suppress the PIIN effect and main-
tain the higher capacity of OBS/SAC-OCDMA systems over
OBS/WDM systems. Indeed, the intention behind adopting
such a code family is simply to employ it in OBS/SAC-
OCDMA systems rather than prove their robustness
against PIIN, as this has been proved previously in the lit-
erature. Finally, we compare between OBS/SAC-OCDMA
and OBS/WDM systems using the BELR measure. For sim-
plicity, we assume an ideal WDM physical layer, which
gives an extra advantage to WDM over the OCDMA tech-
nique. However, the developed comparison approach can be
involved in general cases to reach an accurate network
design.

The rest of the paper is organized as follows: The math-
ematical model of the assessment approach is presented
in Section II. In Section III, an evaluation of the effect of
PIIN on the multiple interference cancellation process in
OBS/SAC-OCDMA systems is given. Next, using the per-
formance measures derived in previous sections some
numerical results are presented in Section IV. Finally,
our conclusions are given in Section V.

II. PROPOSED ASSESSMENT APPROACH

In OBS networks, each link is assigned a fixed number of
resources, i.e., wavelengths or codes. Ideal MAC layer
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evaluation processes always assume that the number of
available resources on each link can be exhaustively used
without any restrictions. Nevertheless, the presence of
active user-dependent noise would require a more appro-
priate treatment of the problem. In such cases, the result-
ing BER is directly proportional to the number of
simultaneous users. Consequently, the allowable number
of simultaneous users must be adapted according to the
maximum sustainable BER, as otherwise, the system
performance would be drastically affected. That is, only
a portion of the available resources can be reserved simul-
taneously. Accordingly, accurate calculation of the per node
blocking probability should be performed in a different
manner than that in ideal cases. Moreover, the system
evaluation process must take the physical layer resulting
BER into consideration. The following model proposes a
mathematical expression of an overall burst loss or error
probability, provided that only a limited number of the
available resources can be used simultaneously.

A. MAC Layer Burst Loss Probability

For simplicity, we study an output link of an isolated core
node. First, we start by treating the case in which the
evaluated core node does not employ resource converters,
i.e., neither code nor wavelength converters are deployed.
(Resource converters will be considered later on.) Conse-
quently, an arriving burst seeks to be routed on a specific
resource that cannot be changed. Furthermore, exponen-
tially distributed burst interarrival and service times are
assumed with average rates 1 and p, respectively. Though
high-resolution traffic measurement proves that Internet
traffic streams follow the self-similarity (long-range
dependency, LRD) property, the assumption of Poisson
arrivals seems suitable to many cases, where the adopted
assembly algorithm smooths the traffic [3,16].

Finally, we assume that the offered load is uniformly dis-
tributed among the available resources. In other words, the
probability that an arriving burst targets a specific re-
source is the same for all resources. For an ideal physical
layer, each resource is treated as an independent server
and the M/M/1/1 queuing model can be safely used.
According to the Erlang-B formula the per node BL prob-
ability Pyoge-Loss (for an ideal physical layer) can be written
as [17]

/N

m, (1)

P Node-Loss —

where p is the offered load, defined as p = 1/u, and N is the
number of available resources.

Obviously, the last equation describes the loss event that
occurs when a burst finds its required resource busy upon
arrival. Now, let us assume that only K out of N are allowed
to be busy simultaneously. That is, observing any output
link of the core node, one may find at most K busy resources
[Fig. 1(a)]. Consequently, Eq. (1), due to this restriction, is
no longer valid.
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Fig. 1. (a) Ilustration of an output link with limited number of
active users. (b) System state diagram.

In order to model such a case, we proceed as follows:
First, note that the probability that an arrival seeks a spe-
cific resource equals 1/N. Next, assuming that a CP finds i
busy resources upon arrival, the probability that it finds its
sought resource free equals (N —i)/N. Furthermore, let
X(t) denote the number of busy channels at an arbitrary
time ¢. Based on the stated description, X(¢) is a contin-
uous time Markov chain (CTMC) with state space
S = {i:0 <i < K}. In particular, X(¢) is a birth—death proc-
ess with the following types of transitions:

1) The process makes a forward transition, i.e., from (i) to
i+1), for 0<i<K-1 with a new arrival requiring
any free resource. Accordingly, the transition rate is
given by A(IN —i)/N.

2) The process makes a backward transition, i.e., from (i)
to i - 1), for 1 <i <K with a new departure, and the
transition rate is iu.

Following these conditions, the state transition diagram
is illustrated in Fig. 1(b), and the stationary distribution of
X(t) can be easily derived to get

E AN -i+1)/N 2 \*
=a [P ().

where

-1

[0

The next step is to find the BL probability. Intuitively, a BL
will result if the CP arrives when the system is in state K or
if it finds the desired channel busy provided that the num-
ber of busy channels has not reached K yet. Thus, the BL
probability can be obtained as
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K-1 .
l
PNode-Loss = 7K + Zﬂ'i X N 3)
i=1

Note that Eq. (1) can be obtained from Eq. (3) by remov-
ing the restriction of K simultaneous users.

Let us extend the model to comprise cases in which re-
source converters are implemented to combat the probable
contention. Simply, the role of a resource converter is to
switch the burst bearing channel, which is currently busy,
to an idle one. Either full or partial conversion (FC or PC)
can be adopted. In the case of FC, a burst arriving at a
certain channel can be converted to any free channel.
However, recall that only K channels out of N can be used
simultaneously and hence a maximum number of K con-
verters can be deployed per output port. Accordingly, the
output port can be modeled as an M /M /K /K loss system,
and the loss probability can be obtained as

r¥/K!

——T1 - .. 4
SE /i @

Pyoge-Loss =

Since the FC strategy is costly, PC (converter sharing) is
more common. There exist several architectures for con-
verter sharing. In this work, we follow the share-per-line
(SPL) architecture adopted in [18]. In such architecture,
a number of resource converters C (where 0 < C < K) is
implemented on each output port to be shared among
the DBs arriving to this port. As described in [18], this
case is analyzed wusing a two-dimensional CTMC
X(t) = {i(¢),j@®)}, where i(¢) and j(t) refer to the number
of busy channels and the number of busy converters
at an arbitrary time ¢, respectively. Unlike [9] and
[18], the system state space can be written as
S ={(,k):0<i<K,0<j<min(i,(C)}, and hence the tran-
sition rate matrix @ is truncated to cover the states
{(0,0),....,(K.C)} only. Furthermore, assuming that the
system currently lies in state (i,j), we briefly state the
events that lead to a state transition:

e Forward transitions:

— The system jumps to state ( +1,j), for 0 <i<K-1
and 0 <j < min(Z, C), when an arriving DB targets a
free resource with rate A(IN —i)/N.

— The system jumps to state ( + 1,j+ 1), for 0 <i <K -
1 and 0 <j <min(;,C - 1), when an arriving DB tar-
gets a busy but convertible resource (as there still exist
free converters) with rate iA/N.

® Backward transitions:

— The system jumps to (i—1,j), for 1<i<K and
0 <j <min(;,C), with a departing DB that was not
using a converter with rate u(i —j).

— The system jumps to ({—-1,j-1), for 1 <i <K and
1 <j < min(, C), with a departing DB that was using
a converter with rate ju.

Using these rates, the long run state probabilities can be
deduced by decomposing the state space into levels based
on the number of busy resources i(¢) and applying the block
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tridiagonal LU factorization algorithm described in [18].
Finally, the blocking probability can be written as

C K-1 .
l

Prode-Loss = } g+ E e X5 5)
Jj=0 i=C N

B. Burst Error Loss Rate

The approach we use to evaluate the performance of the
system is to find its BL or error probability. The BL is given
by Eq. (1) (ideal case) and Egs. (3), (4), and (5) (practical
case). Thus, it is now required to calculate the burst error
probability. Let /, be the maximum tolerated number of bits
in error out of /g, where lp is the burst length. That is, a
burst is considered erroneous when it contains a number
of bits in error >[,. Moreover, let BER denote the bit-error
rate. Thus, assuming that we have H hops, i.e., H core
nodes along the way from ingress node to egress node,
the overall BERy can be found as

BERy = 1-(1-BER)?, (6)

and the burst error probability can be written using the bi-
nomial distribution as follows:

g
BurstER(lp) = Z (llB )(BERH)i(l —-BERp)=. (7
i=l,+1

Note that the smallest burst bears one packet and the mini-
mum packet size is several tens of bytes (e.g., 48, 64 bytes).
That is, the burst length [/ is at least several hundreds of
bits. Hence, assuming that the minimum burst length Iz =
100 bits and given that the value of the BER is normally
small, we can employ the Poisson approximation of the
binomial distribution [19]:

(g - BERp)'
! ’

ls
BurstER(lg) = e ¢s'BEERn) Z (8)

i=l,+1

Needless to say, the burst length is also an exponentially
distributed random variable (Lg) as it is related to service
time by 1/R,;, where R, is the nominal bit rate. Never-
theless, as assumed earlier, Ly is defined in the interval
100 < Ip < . Hence, a truncated exponential distribution
must be involved. However, the remarkable memory-less
property of the exponential distribution states that the
new density function is an exact replica of the original func-
tion, except for a right shift [20]. That is, Ly has the follow-
ing probability density function (PDF):

Pr,(ly) = e W07 ©)

Consequently, the overall BurstER can be found by employ-
ing the total probability theorem as follows:
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l .
BurstER = | e-(sBERy) XB: (ZBL]'ERHV

15=100 i=l,+1 v

—H (-
L e 510,
b

X

(10)

In fact, finding a closed-form solution to the last equation is
nontrivial. Hence, we may substitute the parameters u,
BER, and R, by explicit values and perform the calcula-
tions numerically using MATLAB. The last step is to com-
bine the BurstER and the overall BL rate BLy to find the
BELR as follows: A successful burst transmission in burst
switching strategy implies the success of the CP in each
core node along the burst path (MAC layer success), then
a correct transmission of burst bits. Thus, assuming that
the burst path contains H hops, the BELR is given by

BELR = 1- (1 - BLy)(1 - BurstER), (11)

where the BLy is given by

BLH =1- (1 - PNode-Loss)H'

III. ANALYSIS OF A PRACTICAL
OBS/SAC-OCDMA SYSTEM

Next, we exemplify a system that suffers from active
user-dependent noise by analyzing the effect of PIIN on
the OBS/SAC-OCDMA proposed in [9].

A. Preliminaries

1) Multiple-Access Interference Cancellation Process:
Since the forwarding process in each core node is code-
based, an all-optical multiple-access interference (MAI)
canceler, shown in Fig. 2, was suggested to extract the
DB on a distinct code from its interferers [9]. Furthermore,
recall that the system employs on—off keying (OOK) in-
stead of the complementary coding to reduce the system
complexity; i.e., the encoder emits a signal power when
data bit “1” is sent, while it produces no power when data
bit “0” is sent. Therefore, in this MAI canceler the OOK en-
coded bits of the burst pass, bit by bit, through FBG1,
which is tuned to the desired code to separate the desired
spectral slices.

The FBG is a piece of fiber that is fabricated such that a
periodic change in the refraction index is introduced along
the fiber axis. This design allows the grating to act as a
wavelength selective filter; i.e., it rejects only wavelengths
that satisfy the Bragg condition. In tunable FBGs, these
wavelengths can be controlled by controlling either Bragg
temperature or strain.

Based on the correlation property of the Hadamard
codes, which implies that an interfering code overlaps with
the desired code and its complement in exactly L/4 mark
positions, where L is the code length, the output power

Pypper of FBG1 represents the contribution of the desired
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Fig. 2. All-optical multiple-access interference canceler.

DB slices as well as the overlapping slices belonging to
interferers. On the other hand, the reflected power is the
contribution of the interferers in the complement parts
of the spectrum. That is why this upper branch output is
next applied to an optical variable threshold hard limiter,
while the lower branch output is used to control the hard
limiter threshold power Py, Recall that, although there is
an analogy between the functions performed by both devi-
ces, a balanced detector cannot replace the variable thresh-
old optical hard limiter in the core nodes. This can be
justified as follows: The key idea in OBS networks is to sep-
arate the CP from the DB, so that the DB can be optically
routed through the whole network. Thus, any required
processing for the DB along its path through the core nodes
must be performed in the optical domain. Consequently,
the authors of [9] suggested using an MAI canceler with
a variable threshold optical hard limiter in order to extract
the desired DB from the interferers in the optical domain.
Briefly, a simple balanced detector, which eventually con-
verts the signal from the optical domain to the electronic
domain, can be used at the egress node but not in the core
nodes.

In this paper we propose to replace the Hadamard code
by the (p?+p.p +1,1) modified quadratic congruence
code series, developed by Wei et al. [14,15]. The MQC is
characterized by a fixed in-phase cross correlation that
is always equal to 1. This property is the key behind the
MQC code ability to suppress the PIIN. Furthermore,
the authors designed an encoder/decoder composed of
FBGs. Thus, the MQC can be employed in OBS/SAC-
OCDMA systems instead of the Hadamard code with the
same core node structure suggested in [9]. Only a slight
modification must be performed to the MAI canceler by
adding a 1/p divider. In addition, a different threshold de-
cision level must be introduced to accommodate the system
for the MQC properties, as we will show in the analysis.
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2) Phase-Induced Intensity Noise: For simplicity, we
assume that P, represents the average power received from
each source after the splitter. Hence any excess noise is as-
sumed to be incorporated in P,. In addition, we assume
that the MAI canceler is ideal. Thus, a decision about
the sent bit is made as follows:

P, =P, for P,

for Pupper 2 Py, Poyy = 0, < Py,

upper

In fact, a thorough observation about Pyype, and Pioyer Te-
veals that they consist of a mix of incoherent light fields.
This mixing operation gives rise to fluctuations in the sig-
nal intensity, and consequently in the signal power, caused
by the phase noise of the fields and called PIIN [21]. How-
ever, both branches contain the contributions of nonover-
lapping regions of the spectrum. That is, the intensity
noise embedded in each branch will be independent of that
in the other branch. The effect of this noise is a main factor
that must be taken into consideration when analyzing
SAC-OCDMA systems, simply because it affects the num-
ber of active users and determines the system capacity.

A brief explanation of the PIIN effect is given in the fol-
lowing example: Assume we have two light sources that
generate two signals S; and Sy of the same frequency
but of statistically independent random phases. Next, S;
and S, pass through fiber delay lines “FDL;” and
“FDLy,” respectively. Finally, S; and S, are mixed after
experiencing different delays. The consequence of this mix-
ing operation is that the intensity of the resultant signal is
not deterministic anymore but contains an induced inten-
sity noise caused by the random phase of each signal as
stated earlier. This is interpreted by the fact that the inten-
sity represents the square of the added fields. In other
words, the nonlinear effect of the squaring operation of
two fields of the same frequency, statistically independent
random phase, and different delays, yields terms of coher-
ent addition of the fields E? + E2 and “cross terms” that re-
present the intensity noise [11]. Thus, the PIIN affects any
decisioning operation that depends on the signal intensity
regardless of the device that performs this operation.

Now we apply this argument to our case in which an op-
tical hard limiter is employed as a decision device. The
main idea of the optical hard limiter is that it limits the
signal intensity to zero or to a certain level based on
the threshold value. Theoretically, it senses the signal
intensity and senses the threshold intensity and then com-
pares them and finally reaches the decision. Taking into
consideration the effect of the PIIN, an error might occur
in the sensing phase leading to a wrong decision.

In [10] a closed form for this PIIN power spectral density
(PSD) was derived for both coherent and incoherent re-
gimes. In the case studied here, we are concerned only with
the incoherent regime, where the optical band of operation
is much larger than the information bandwidth. That is,
the bit duration 7 > source coherence time 7,.. It should
be noted that since the signal noise is in principle related
to the source temporal coherence and since the desired sig-
nal is applied to the surface of the hard limiter for a time 7,
the amount of noise power, i.e., noise variance, that affects
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the system is a function of the carried information band-
width B and the source coherence time z,. Hence, for two
uncorrelated, unpolarized sources, the intensity noise vari-
ance can be approximated as follows [10,13]:

= %P%CB, 12)
and the signal mean is given by
mean & P, (13)

where P is the source average power, i.e., the power result-
ing from the fields’ intensity coherent sum. As discussed in
[13], let us assume that the number of users is large enough
to allow the PIIN to dominate over noise originating from
individual sources. Inspired by this assumption, we can
proceed to find an expression for the noise variance, assum-
ing that the output signals of the upper and lower branches
act as if they were originated from a single source with a
PSD that equals the sum of PSDs of each user [13,22]. This
will become clear when calculating 7, below.

B. MAI Canceler Performance Analysis

1) Noise Variance Calculations: First consider the fol-
lowing list of variables with their definitions:

e ¢, (i), c; (i) represent the ith element of the mth signa-
ture code sequence and the ith element of its comple-
ment, respectively. On the other hand, c,, and c;, refer
to the mth code sequence and its complement, respec-
tively. That is, ¢,, = {¢,,(1),¢,,(2), ....c,,(L)}, where L is
the code length.

e P, is the received power from a single source. Assuming
that each unpolarized source emits a flat PSD over a
band Af, the magnitude of the source PSD will be
P,./Af. It should be noted that Af = Alc/A2, where Ak
is the spectral width in nanometers, /, is the operating
wavelength, and c is the speed of light.

® Supperjs (f) Tepresents the PSD of the upper branch given
that the desired user is sending “b,” where b € {0,1}. In
the following analysis we assume, without loss of gener-
ality, that FBG1 is tuned to retrieve c;. That is, Sypper ()
will be the spectrum slices corresponding to the mark
positions in c¢;.

® Siower(f) denotes the PSD of the lower branch. On the
contrary to Syppers (), Siower(f) represents the spectrum
slices corresponding to cj.

e ke€{0,1,2,...,K} denotes the number of interfering
users sending “1” out of K interfering users. In other
words, we have K interfering users with the following
distribution: K — % users are sending “0,” and k users
are sending “1.” In addition, we have one desired user
sending “1” or “0.” Hence, the total number of active users
is K + 1.

As stated earlier, in the MQC case, the overlap of an in-
terferer with the desired code will be in only one position.
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Consequently, the code  properties, for any
m,n € {1,2,...,p%}, can be written as follows:
L p+1l, m=n
;Cm(”cn(l) = { 1, m#n’ (14a)
L 0, m=n
> entien(i = {o mam. (14b)

Recall that the code length L is given by
L=p*+p.

and the maximum number of available codes N = p2.

Thus, using Eqs. (14a) and (14b), Pypper and Py, can be
written as follows:

P
Pupper\l = fr(p +k+1), (15a)
P,k
PupperIO = Pioyer = T (15b)
Now, let us start by calculating z,:
‘o0 Q2
& SAHdf (16)

T e SPAPE

where S(f) is the signal PSD, which is the sum of the PSDs
of the desired user and contributions of the interfering
users, i.e., users having slices of their spectrum overlap-
ping with the desired spectrum slices. Thus, the upper
and lower PSDs can be mathematically expressed as
follows:

k+1 L

Z Z ¢ (e (@)rect(i),

mlz

S(f)upper\l (17)

and

k+1 L

Z Z ¢ (D)ey(D)rect(?),

m21

S(f)upper\o (18)

while

k+1

Z Z ¢ (i)cy (i)rect (i),

le

S(f)lower = (19)

where rect(i) can be expressed in terms of the unit step
function u(f) as follows [13]:

rect(i) = u(f—fo —Aif(—L + 20— 2))
—u(f—fo—%(—L+2i)), (20)

and f, is the laser center frequency.
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It should be noted that the signal average power can be
written as

P= [) © S(F)df.

Next, plugging the explicit values of P and 7, into Eq. (12)
yields

o3 = %B [)‘” S2(F)df. (21)

Hence, it is required to calculate the nominator of Eq. (16)
only. Employing Eq. (17) we get [13]

k+1 k+1
[ 15 ppern 2 = LAchl(z) 2] [ S|
(22)

Moreover, using the MQC correlation properties, Eq. (22)
may be accurately expanded to get [23]

2
LAf

/ [S(f)upper\l] df - k(kp_ 1)

[p+3k+1+ ] (23)

Next, we use Egs. (18) and (19) in a similar manner to get

P2 k(k -
/ [S(f)upper\o] df = LAf|: + (p 1)i|, (24)

2

2Af

[) ” IS ower]2df = [kp + k(k - 1)(1 _E)]' (25)

Finally, we may calculate 7, ypperjp and 7 jower Using Eq. (16),
and then substitute into Eq. (12) to reach the desired
variances:

BP? k(k-1)
G?.upperll = m |:p +3k+1+ 7 ], (26)
BP?k k-1
gz,upper\o = 2LAf |: + P ]7 (27)
BP?p 1
2 = r -D(1-=-)|. 2
S A SR

It should be pointed out the previous analysis is overlap-
ping with the work presented in [14,15] to some extent.
However, this is unavoidable to prevent possible ambiguity.

2) BER Calculations: In [24], a brief description of the
incoherent case, in which the integration time is much
longer than the coherence time, is presented. It has been
stated that the relatively long bit duration causes many
statistically independent fluctuations of the instantaneous
intensity to occur within the interval T'. Thus, using the
central limit theorem, the noise PDF may be assumed to
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be asymptotically normal. In fact, a truncated Gaussian
must be involved in the analysis to avoid the tails of the
Gaussian distribution. However, for the sake of the math-
ematical simplification, we can neglect the negative part of
the PDF. This assumption seems to be decent, especially for
large mean values, which is the case when the number of
active users increases. It is also noteworthy that the area
between (mean + 3¢) represents =~98% of the PDF total
area. Hence, applying this argument to our case, we find
that the neglected part will not exceed 2% of the total area.
Gaussian approximation has been also assumed in [14].

Finally, we can start the calculation procedure of the
BER that results from the PIIN. As mentioned earlier, this
effect appears not only in the decision variable P p.,, but
also in the variable threshold power level Py, as it is a func-
tion of Pyyy.,- Hence, in order to more precisely evaluate the
optical layer performance, we calculate a new probability of
error in each core node referred to as the MAI canceler
probability of error and labeled the per node BERya;.

First, we obtain the PDF of Px (x) of the decision variable
X, which is in this case the output power Py, of FBG1.
Then, we get the PDF Py (y) of the random variable Y rep-
resenting the threshold power level Py;:

—(x=x, b )2

Pxp(x) = ,

(29)

where b € {0, 1},

Xojo = %k, for b=0,

%(p—}—k—i—l), for b=1,

Xo|1 =

and aflb is given by Egs. (26) and (27). On the other hand

~6-30)%
202

It is not the optimum value, but for simplicity we use a mid-
way threshold. As seen in Fig. 2, Py;,, is generated in the
device to adjust the threshold power in the midway [9]. In
our analysis, for simplicity, we assume that Py;,, is deter-
ministic and its value is uniform over Av:

Py(y) = (30)

P,
yo=i(p+2k+1),

and o2 is given by Eq. (28).

Now, we evaluate the BERya1:

1 1
=_P ~P,.
e|0+2 el1

BERuar = 5

(31)

Taking into account that Pypper, Py, and & are random var-
iables, we deduce that
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1 K 0o 0o
BERws =33 [ [ Prot) - Prv) - Pty
k=0~ JY

1& [
+§Z/ /y Py (%) - Py(y) - Pg(k)dxdy,
k=0 /o0 /oo
(32)

where Px (k) is the binomial distribution of the random var-
iable k&, representing the probability that the number of
interferers sending “1” is k2 out of K active users, and

Ke{0,1,2,...p%-1}
N1 E g
Bt = ;) E(k)
X - ———dxdy
oo y 6x|0’\/271' oyN 21
1\ K+1 K
() ()
2
m 2%‘ e 2,,2
X ————dxdy |, (33)
|: —0co oodxu\/zﬂ' \/27[ y:|
nNk+2 E (K
et = (5) 2()
2) 2,
~r=50)?
© e 20 y —xg‘o)
X -erfc d
/:oo oyN2n (%o‘/ﬁ Y

6 2()

-4-70)
x/oo e ' e fc( olt — y)dy
o Uy«/2ﬂ Uxu«/_

It can be shown that

® 2 5 - pr
e~ @+h) erfe(yx + 6)dx = [ﬁerfc(ai)}.
/_ . (rx + 0) p e

Neglecting the negative part of the PDF as stated earlier,
the two integrals in the first and second terms of Eq. (34)
can be put in the precedent form with different values of
a,p,y, and 8. Thus, after some simple manipulations,
Eq. (34) reduces to

N2 E Kk %00 + o
BERy = (_) ( )rf _ ol t%
2 ; k 20020+ 02)
Xol1 + Yo

1)K+2 K (K)
+1= cerfe| ————|. (35)
(2 l; k 1/2(633‘1 + 03)

(34)
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Now, we substitute back for x,9, 640, %,/1, 61, Yo, and o, to
get the BERya1 as a function of &:

w055

k=0
x [erfc (%)% + erfe (W%‘W) §:|.
(36)
where
M= 4Bk|:p +k+ (kp'zl) ®- 1)],
and

2 -
Q:4BL[p+3k+1+%+kU;3 D

(p-l)]~

Finally, it should be noted that the treatment presented in
the previous analysis is similar to that of a balanced detec-
tor because, as stated earlier, functions of both devices are
analogous. Nevertheless, this treatment is not exactly the
same as a balanced detector because there exist two main
differences between the two devices. First, the threshold of
the optical hard limiter is controllable. In other words, the
device is tuned to the desired threshold using the power
level reflected from FBG1 (which is related to the power
level of the interfering signals). This has been formulated
in the mathematical model by introducing the random var-
iable Y and applying the total probability theorem as can
be seen in Egs. (30) and (32), respectively. Next, the bal-
anced detector converts the signal from the optical domain
to the electronic domain, which implies taking the shot
noise as well as other factors into account.

IV. NuMERICAL RESULTS

Our results are obtained under the following assump-
tions: a bit rate R, = 40 Gb/s, A1 = 40 nm, and the aver-
age burst length = 1 Mbit. First, employing Egs. (1), (3),
and (5), the BL rate is portrayed in Figs. 3 and 4 versus
the offered load p for different values of K. The curves re-
veal that the effect of the MAC layer restriction is obvious
for small values of K. However, this effect disappears rap-
idly as K increases. The reason for this behavior is that we
assumed that the offered load is uniformly distributed over
the available number of resources N. This reduces the ef-
fect of increasing the offered load on each resource. Hence,
only strong restriction on the allowable number of users
(when K is small) affects the system performance.

Next, assuming an ideal OBS/WDM physical layer we
perform a comparison between OBS/WDM and OBS/
SAC-OCMDA using the BELR in Fig. 5. First, we use
Eq. (36) in Eq. (10) to get the SAC-OCDMA BurstER; then
we employ Eqgs. (3), (10), and (11) to plot the BELR versus
the offered load for both systems in Fig. 5. In this evalu-
ation, it has been assumed that [, = 20, and the number
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—e—K=3
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L =1 Mbits

0 0.1 02 03 04 05 06 07 08 09 1
Offered Load (p)

Per Node Burst Loss Rate (PN0 de—Loss)
>

Fig. 3. BL rate versus the offered load p for SAC-OCDMA ideal
and practical cases. The overall MAI canceler BER can be found as
in Eq. (6).

of hops H = 1. Moreover, for simplicity, we have assumed
the same arrival rate for both OBS/WDM and OBS/SAC-
OCMDA. The SAC-OCDMA curves represent the cases
of p =13 and 17 corresponding to 61 = 0.2366 nm and
0.01307 nm, respectively, where 64 is the grating tunable
linewidth. Observing the curves, we find that the WDM
system performance, as measured by the BELR parameter,
is better for low traffic load because, in this case, the physi-
cal layer effect is much stronger. In other words, the MAI
canceler BER damps the SAC-OCDMA system perfor-
mance. As the load increases, the burst blocking becomes
more likely, and the need for higher system capacity be-
comes more evident. That is, the MAC layer performance
of OBS/SAC-OCDMA is better than that of OBS/WDM, as
has been proved in [9]. Hence, as can be seen in Fig. 5, the
SAC-OCDMA MAC layer capabilities appear strongly
when the offered load increases.

In Fig. 6, Eq. (5) is used to consider the case of PC assum-
ing that [, = 30. Clearly, the intervention of resource con-
verters strongly boosts the performance of both systems.
Furthermore, the first curve (C =1) shows that the

——K=3

—o—K=11,74,169|

N =169

Cc=1

RD:AU Gls

L =1 Mbits
I

Per Node Burst Loss Rate (PNo de_LOSS)
>

0 01 02 03 04 05 06 07 08 09 1
Offered Load (p)

Fig. 4. BL rate versus the offered load p for SAC-OCDMA ideal
and practical cases in the presence of code converters, C.
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Fig. 5. BELR versus the offered load p for WDM and
SAC-OCDMA under different values of K.

MAC layer performance is always dominant, even for low
traffic. However, observing the second curve (C = 2), we de-
duce that the physical layer effect in the OBS/SAC-
OCDMA case reappears for low traffic. In other words,
in such a case the effect of the OBS/SAC-OCDMA physical
layer is stronger than the enhancement in the MAC layer
performance.

In fact, as can be deduced from Figs. 7 and 8, the system
behavior portrayed in Figs. 5 and 6 depends on /,. Hence,
we illustrate in Fig. 7 the relationship between the BELR
and the number of tolerated bits in error per burst [, as-
suming that the offered load p = 0.5. The figure reveals
that the OBS/SAC-OCDMA performance is better when
[, exceeds a fixed value for each p. We also note that when
[, exceeds this value the BELR remains constant because /,
increases. That is, the BELR consists of two parts: BL prob-
ability, which does not depend on /,, and BurstER, which
depends on [,. When this dependency is negligible, the
overall behavior remains constant although the BurstER
may be the dominant part. In other words, the MAC layer
capabilities represent a prevailing factor in the comparison

10
—4
10
o
|
&8
-5
= 10
o)
2
©
o
n -6
a L
8 10
3
=
o
=7
w10 f
-
7]
S
o 8 —}— WDM, N, =74,C =1
10 " —e— SAC-OCDMA, K = 74, G =1
—3 WDM,N_=74,C=2
—e=— SAC-OCDMA, K =74,C =2
-9
10

0 0.1 0.2 0.3 0.4 0.5 0.6 07 08 0.9 1
Offered Load (p)

Fig. 6. BELR versus the offered load p for WDM and
SAC-OCDMA under different values of K and C.
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Fig. 7. BELR versus the ratio of the number of tolerated bits in
error per burst to the burst length, /. /L.

as [, increases. On the other hand, Fig. 8 shows that in the
case of code converters, the OBS/SAC-OCDMA system
BELR outperforms that of OBS/SAC-OCDMA at a higher
value of ,. That is, as stated earlier, the presence of code
converters enhances the MAC layer performance of both
systems. However, due to the noisy physical layer in
OBS/SAC-OCDMA, this enhancement in such a case is
not strong enough. Hence, a higher value of /, is required.

Note that the BELR is flat against the /, for OBS/WDM
because an ideal OBS/WDM physical layer is assumed,
which is not the case in a practical network. In fact, in prac-
tice both SAC-OCDMA and WDM physical layers can suf-
fer from many types of linear and nonlinear impairments.
However, all these effects manifest themselves in terms of
the BER. Thus, the presented model, in which the BER is
embedded into the BurstER, can be effectively used in
developing the network optimum design.

Moreover, it should be pointed out from Fig. 5 that the
decrease in ) increases p and consequently the number of
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Fig. 8. BELR versus the ratio of the number of tolerated bits in
error per burst to the burst length, [, /L, for different values of C.
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Fig. 9. Probability of bit error versus the number of hops H for
different values of K.

available codes significantly for the same bandwidth and
the same bit rate [14]. Hence, the improvement in the sys-
tem performance is remarkable, which is not the case for
the WDM, where the number of available channels is
limited by the bit rate. Nevertheless, we notice that the
decrease in 6/ is restricted by the FBG technology.

Finally, the relation between the BER and the number of
hops is portrayed in Fig. 9. Observing the figure, we deduce
that the BER increases with the number of hops. The rea-
son behind this behavior is that the MAI canceler, which is
the source of bit error, is required in every core node to per-
form a code-based switching operation. Furthermore, it
should also be noted that the system behavior deteriorates
when the number of interfering users K increases. This
illustrates the PIIN effect in the MAI canceler, which gen-
erates a BER that depends on the number of interfer-
ing users.

V. CoNCLUSION

In this paper, a detailed evaluation approach of OBS sys-
tems has been proposed. This approach is based on intro-
ducing a new measure that combines both MAC and optical
layer characteristics. Next, the effect of the PIIN on the
OBS/SAC-OCDMA system capacity is presented. The
aim of this analysis is to find a closed form of the MAI can-
celer BER in terms of the number of simultaneous active
users, which represents a main factor in the comparison
between OBS/SAC-OCDMA and OBS/WDM systems.

Using the presented approach and the found BER
formula, we have conducted a performance comparison
between OBS/SAC-OCDMA and OBS/WDM systems. It
has been shown that the OBS/SAC-OCDMA system outper-
forms the OBS/WDM system when the number of tolerated
bits in error per burst exceeds a fixed value for each p,
assuming the same spectral width.

Briefly, the main purpose of the paper is to present an
assessment model that would be useful in evaluating the
performance of both systems, OBS/SAC-OCDMA and
OBS/WDM. Next, in order to illustrate the developed
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model in a clear manner, we employed a simplified example
that assumed an ideal WDM physical layer, which is not
entirely accurate. In this example we aimed at two main
issues:

e To focus on and support the paper’s main ideas without
confusing the reader. Therefore, we assumed an ideal
WDM physical layer and assumed that the SAC-OCDMA
suffers from PIIN only.

e To give an illustrative example that employs the pro-
posed evaluation approach rather than to favor one sys-
tem over the other. For these reasons, some factors have
not been taken into account for the sake of simplicity.

Moreover, in the previous results a data rate of 40 Gb/s
was used. In fact, it remains a questionable issue whether a
SAC/OCDMA system that employs an ASE source can
reach such a high data rate or not. However, as described
in [9], the system employs external modulation. Hence, the
maximum achievable data rate depends on the used switch
and not on the ASE source.

Other important factors that impact the system data
rate and latency include the following: the tunability speed
of the FBGs, which depends on its sensitivity to variation in
temperature and strain and is hence governed by the
fabrication technology. In addition, the availability of a
high-speed variable threshold optical hard limiter.

VI. Furure WORK

Indeed, in order to reach an accurate network design,
ignored effects such as linear and nonlinear impairments
that could affect the physical layers of both systems must
be taken into consideration. Such effects are substantially
subject to network conditions. Thus, an extensive case
study should be conducted in order to reach an optimum
network design.

For example, beat noise exists in spectrum-sliced (SS)
WDM, which is proposed to replace costly and complex sta-
ble laser sources [25]. Moreover, the number of tolerated
bits in error [, represents an essential parameter in the
model. Therefore, in this case study, the employed burst
aggregation protocols, the error detection and correction
techniques, the adopted WDM source, and the destination
receiver noise must be taken into consideration. This would
allow the designer to figure out the exact value of [, and
hence to determine using our model whether to use
WDM or SAC-OCDMA techniques. Finally, the realistic
network topology (with practical distances between hops)
would be involved, and the accompanying offered load val-
ues as well as the resulting delay could be considered. In
this sense, the control logic in the case of code conversion
would also be specified.
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