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Abstract—In this paper, a QoS differentiation framework
is proposed for an optical burst switching (OBS) multiservice
network. Furthermore, hybrid wavelength division multiplexing
and optical code division multiplexing (WDM/OCDM) scheme
is used to mitigate the blocking probability of OBS networks.
In our study, the measurement criteria of QoS are the blocking
probability, OBS network delay, transmission rate, and OCDM
probability of error. In order to increase the bandwidth efficiency
and control the multiplexing interference effect of OCDM, an
advanced optical resource allocation strategy is introduced. The
proposed strategy is also compared with a conventional strategy
based on random allocation. The comparison shows the superiority of our technique. The blocking probability of the proposed
WDM/OCDM-based OBS scheme is evaluated by utilizing both
the generalized Engset model and 2-D Markov model. The effect
of multiplexing interference is also investigated in computing the
probabilities of error and outage. Additionally, an upper bound
on the OBS network delay is derived by computing the expected
values of burst assembly and burst transmission queuing delay.
To proceed further, a four-class OBS network is numerically designed to explain the details of QoS differentiation framework and
to highlight the advantages of the proposed scheme. Numerical
results reveal that by using hybrid WDM/OCDM technique, the
blocking probability of OBS networks is significantly reduced.
Moreover, the probabilities of error and outage are reduced
employing intelligent resource allocation.
Index Terms—Efficient resource allocation, optical burst
switching (OBS), optical code division multiplexing (OCDM),
quality of service (QoS), wavelength division multiplexing
(WDM).

I. INTRODUCTION

A

LL-OPTICAL networking is envisioned as the superior
solution to meet the insatiable bandwidth demand raised
as a consequence of the emergence of multimedia applications
and fiber-to-the-home technologies. In order to fully utilize
capacity of all-optical networks, a switching technology with
fine bandwidth granularity that enables efficient bandwidth
allocation is an essential requirement. Optical circuit switching
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(OCS) networks as the first all-optical networking technique
lack flexibility to convey bursty traffic and has poor bandwidth
utilization. Although optical packet switching (OPS) scheme is
conceptually ideal and considered as the desired solution, it is
restricted by the technological complexities. However, optical
burst switching (OBS) is a practical switching technology to
accommodate bursty data traffic and efficiently utilize the very
large bandwidth of wavelength division multiplexing (WDM)
[1]–[3]. Basically, OBS is a compromise between OCS and
OPS and combines the merits of both, as it is more flexible and
efficient than OCS, as well as technologically more feasible
than OPS.
In OBS networks, the basic switching unit is a burst. Burst
is a set of packets with the same destination and QoS requirements which are aggregated at the ingress of OBS network.
Burst header (BH) and data burst (DB) are sent along separate
channels with an offset time. Ingress OBS node sends BH to
reserve the required optical resources along the DB path and
after the expiration of the offset time sends the DB. Intermediate OBS nodes process BH electrically and reserve required
optical resources for the corresponding DB. Optical DB crosses
OBS network without any electrical processing and buffering.
OBS networks utilize one-way reservation signaling and
ingress OBS node does not wait for the acknowledgment of the
reservation [1]. In such a signaling scheme, at an intermediate
node, two or more bursts may content for the same output
channel. Much research has focused on resolving the burst
contention problem in OBS networks [4]–[11]. Wavelength
conversion, DB buffering by fiber delay line, and deflection
routing are amongst the many proposed solutions to mitigate
burst contention [4]–[6]. In this paper, optical code division
multiplexing (OCDM) is employed to mitigate the contention
problem of OBS networks. OCDM is an attractive multiplexing technique used mainly in access networks to share
optical bandwidth among many asynchronous users without
any controlling mechanism [12]–[14]. Statistical multiplexing
and physical layer QoS differentiation are the other merits of
OCDM. In addition to access networks, OCDM was considered
as a promising technique in optical core networks to increase
bandwidth utilization by providing subwavelength granularity
and to resolve contention problem in OCS, OPS, and OBS networks [15]–[20]. Using hybrid WDM/OCDM physical layer,
the number of available channels is increased and as a result,
burst loss and blocking probability (BP) are reduced.
QoS differentiation is another unresolved problem in OBS
networks [7]–[11]. The popularity of Internet protocol (IP) and
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the emergence of various IP-based multimedia applications are
diversifying the content of data traffic. Consequently, multiservice transmission and QoS differentiation are the essential
requirements of the next-generation networks. In this study, a
framework is designed to support multiservice transmission and
QoS differentiation in WDM/OCDM-based OBS networks.
In the proposed QoS differentiation framework, burst assembler, OCDM code parameters, and the number of WDM windows of each class of service are designed based on the service
levels criteria. The measurement criteria of QoS are the BP, OBS
network delay, transmission rate, and probability of error (PE).
It is notable that an efficient resource allocation strategy can
enhance the overall network efficiency and utilization. Especially, the physical layer impairments can be mitigated by a
proper resource allocation technique. In the proposed WDM/
OCDM-based OBS network, each pair of wavelength and code,
, denotes an optical channel assigned to the incoming
bursts. Resource allocation strategy should find a free pair of
wavelength and code such that minimizing a determined cost
function. In this paper, the cost function is defined to improve
the degrading effect of multiplexing interference (MI) in WDM/
OCDM scheme. The proposed resource allocation technique is
compared with a conventional approach which selects randomly
a wavelength and assigns one of its free codes. In order to assess these strategies, the corresponding probabilities of error and
outage are evaluated, where the probability of outage
denotes the probability that the number of active OCDM codes in
a chosen wavelength exceeds a predetermined threshold.
The BP and the probabilities of error and outage are derived
employing both the generalized Engset model and 2-D Markov
model introduced in [21] and [22], respectively. Moreover, an
upper bound on OBS network delay is obtained computing
the expected values of burst assembly and burst transmission
queuing delay.
The rest of this paper is organized as follows. Section II describes the architecture of the proposed WDM/OCDM-based
OBS network and the details of QoS differentiation framework
and resource allocation strategy. Section III is devoted to compute the BP of a stand-alone WDM/OCDM-based OBS node. In
Section IV, the average PE of the presented resource allocation
strategies is evaluated. The probability of outage is examined
in Section V. In Section VI, the upper bound of OBS network
delay is derived. Section VII presents the details of designing
an instant four-class OBS network and the numerical results.
Finally, the paper is concluded in Section VIII.
II. WDM/OCDM-BASED OBS NETWORKS
A. System Architecture
WDM
In WDM/OCDM, fiber bandwidth is divided into
windows and the bandwidth of each window is shared among
optical codes, as depicted in Fig. 1. Each wavelength and
code pair
represents an optical channel which is the
smallest bandwidth granularity. It is worthy to mention that
in this paper the smallest bandwidth granularity is denoted
by either “channel” or “code” that are used interchangeably.
In WDM/OCDM system, the number of available channels
in each fiber is
. Therefore, employing hybrid

Fig. 1. WDM/OCDM bandwidth granularity.

WDM/OCDM rather than conventional WDM increases the
number of available channels by a factor
and decreases
the bandwidth granularity by a factor
. Accordingly, the
greater the number of available channels, the lower the BP
[29]. In addition, the finer the bandwidth granularity, the better
the bandwidth utilization.
Generally, OCDM is categorized into two types, namely, coherent and incoherent. In coherent OCDM, the phase of coherent optical ultrashort pulse is encoded by bipolar codes such
as Hadamard and m-sequence [24], while in incoherent OCDM,
the intensity of optical pulse is encoded by unipolar codes such
as optical orthogonal codes (OOC) [12], [13]. In this paper, the
architecture of WDM/OCDM-based OBS network is designed
so that it is independent of the type of OCDM scheme.
In the proposed architecture, BH notifies the arrival time, duration, and the conveying wavelength and code of DB. Intermediate nodes extract this information, and by considering their
available resources assign an appropriate channel within the requested time duration. Just enough time with void filing scheduling is assumed to be used as resource reservation technique
[1]. In this reservation method, channels are occupied only in
BH duration, and void intervals between BHs and DBs can be
allocated to the arrived requests.
In Fig. 2, the architecture of the proposed OBS edge node
is shown. At the ingress of WDM/OCDM-based OBS network,
incoming packets are classified considering QoS requirements
and the destination address. Classified packets, which henceforth are referred to as forward equivalence class (FEC), are
fed into the burst assembly queue. We assume that burst assembler utilizes time-based burst assembly algorithm [3]. In this
algorithm, a time interval, hereafter is referred to as burst assembly timer threshold
, is considered for each FEC. When
the first packet of
arrives at th burst assembly queue,
the timer of th burst assembler starts, and as soon as
expires, all arrived packets are aggregated into a burst and sent
to the burst transmission queue. The burst transmission queue
sends the incoming burst after
, where
is the
offset time of
set by the controlling module. The controlling module determines
and the outgoing wavelength and
code,
, based on the QoS requirements of FEC, the
number of hops in the optical path, and available resources. The
output of burst transmission queue is fed into the corresponding
encoder of
.
Fig. 3 illustrates the proposed intermediate OBS node. As
it can be seen in Fig. 3, at the input of the intermediate node,
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Fig. 2. WDM/OCDM-based OBS ingress node.

demultiplexer separates different wavelengths of incoming
signal. The signals of data and control channels are fed to
the decoder bank and the controlling module, respectively.
The controlling module processes BHs electronically and
configures optical cross connect (OXC) according to the BH
information. After configuration, OXC can switch outputs of
the decoder bank into the input of the corresponding encoder
bank of
. Furthermore, the controlling module
regenerates BH and forwards it to the output port. The encoded
signals of various wavelengths are aggregated by multiplexer
and forwarded to the output port.
B. QoS Differentiation Framework
QoS differentiation framework enables OBS networks to provide multiple service levels. Efficient and fair resource categorization among classes of service improves the overall network efficiency and utilization. In this study, the control and
data planes of the proposed WDM/OCDM-based OBS scheme
are designed considering QoS requirements. The measurement
criteria of QoS are BP, OBS network delay , transmission rate
, and PE.
In general, arbitrary levels can be defined for each QoS
metric. However, without loss of generality, two levels are
considered for each metric, namely, high priority (HP) and
low priority (LP) levels. Considering HP and LP levels for the
defined four parameters, there are
possible FECs. However,
all possible combinations of LP and HP levels are not practical.

In this paper, the following FECs are defined considering the
practical properties of data traffic.
1) FEC1:
2) FEC2:
3) FEC3:
4) FEC4:
where FEC1 is suitable for file transfer service which is sensitive
to burst loss and error. FEC2 represents real time services such
as voice which is only sensitive to delay. FEC3 is appropriate for
real time services such as video conferencing and video on demand which is sensitive to burst loss, delay, and error, and FEC4
corresponds to the best effort service such as web browsing.
In an OBS network, the control plane consists of burst
assembly mechanism, priority discipline, routing algorithm,
and bandwidth allocation strategy applied at both edge and
intermediate nodes. To support QoS differentiation, the control
plane should be modified so that it monitors and controls the
defined QoS parameters. On the other hand, at the physical
layer, OCDM system should be designed considering the
requirements of service levels.
We assume that bandwidth is divided into waveband which
is a number of WDM windows, and each waveband is assigned
to an FEC. For example, in a four-class OBS network, bandwidth is divided into four wavebands and each waveband is
assigned to an FEC. Let
, and
denote the number of WDM windows in the waveband assigned to
FEC1, FEC2, FEC3, and FEC4, respectively. Note that
s
satisfy relation
.
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Fig. 3. WDM/OCDM-based OBS intermediate node.

It is worthy to note that in OCDM system, the PE is proportional to the number of active users and the code parameters (code length, code weight, and maximum cross correlation). On the other hand, the code parameters influence transmission rate and the number of available codes. As an example
in OOC-based OCDM system, the number of available code is
limited by the following inequality, referred to as Johnson bound
[12]

(1)
where
, and denote the number of available codes,
code length, code weight, and maximum cross correlation, respectively. Equation (1) reveals that the number of available
channels
and as a result the blocking probability
depend on the OCDM code parameters. It is noteworthy that
OCDM parameters have anomalous effects on the QoS metrics.
For example, in the cases that has higher values, the PE reduces [12], whereas due to the decrease of , the BP increases.
In addition to the OCDM parameters, burst assembler timer
threshold, burst offset time, and the number of WDM windows
of each FEC affect QoS constraints. Therefore, to satisfy all QoS
requirements, a tradeoff among the metrics of service levels
should be made. This may be obtained by changing OCDM
parameters, burst assembly timer threshold, and the number of

WDM windows of each class. The following steps can be pursued to design a multiclass of service OBS network.
In the first step, the code length is computed considering the
available WDM bandwidth BW, transmission rate constraint ,
and relation
.
In the next step, the number of allowable active users
can
be determined. In coherent OCDM system, after determining
the code length,
is easily obtained considering the corresponding PE relation [24] and constraint PE. However, in incoherent OCDM system, in addition to the code length, the
code weight and maximum cross correlation are required to determine
. It was shown that the design of OOC-based incoherent OCDM system is an optimization problem [25]. For
specified values of and PE, optimization problem is to find
optimum values of and
to maximize
. The optimum
values of and can be computed using the approximate relations presented in [25] (see [25, eq. (47) and (49)]). Therefore,
the transmission rate and the PE constraints can be satisfied selecting code parameters based on the mentioned procedures.
In the next step, in order to meet the BP constraint, first, the
minimum required channels
of each FEC can be obtained
from the curve of BP versus the offered load. Then, WDM windows are divided among FECs so that
,
where
, and
denote the number of assigned
WDM windows, maximum allowable active users, and minimum required channels of
, respectively. It is worth mentioning that if the PE constraint is ignored, then
can be
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chosen so that
where
is the
number of available codes in OCDM system of FEC . Furthermore, optical bandwidth can be clustered among FECs either
statically or dynamically. In static bandwidth clustering, the
number of WDM windows of each FEC is chosen statically considering the average offered load and the corresponding
.
While, in dynamic clustering, instantaneous offered load is considered. If classes of service have different priority, more WDM
windows can be assigned to the higher priority class of service.
In this paper, for the sake of simplicity and without loss of generality, the static bandwidth clustering is investigated.
Finally, the burst assembler parameters
and
should
be designed based on the delay constraint . In Section VI,
an upper bound on will be derived which can be utilized to
determine the burst assembler parameters.
C. Resource Allocation Strategy
As described, in the proposed OBS networks to support
class of services, fiber bandwidth is divided into
clusters.
There are
WDM windows in the th cluster and
OCDM codes in each WDM window. When an OBS node receives a BH of
, its controlling module investigates th
cluster to find a free channel within the requested interval. If it
finds a free channel, it accepts the incoming request and allocates one of its free channels to the corresponding DB. Otherwise, it rejects the request and drops the corresponding DB.
In general, the physical layer impairments such as crosstalk,
four-wave mixing, MI effect, etc., can be mitigated by the resource allocation strategy. In this paper, the mitigation of MI
effect is investigated, and the improvement of the other physical layer impairments can be studied in future works.
In the proposed resource allocation strategy, free channels are
allocated such that minimizing a cost function. The cost function should be defined to express the effects of the physical
layers impairments. In the case that MI impairment is only investigated, the cost function will be the average PE in OCDM
scheme. Beneficially, due to the fact that in OCDM the PE is
directly proportional to the number of active users, the required
cost function can be simplified. In this case, the number of occupied channels in each WDM window can be considered as
the cost function. Subsequently, the proposed resource allocation technique selects free channels so that the cost function of
the corresponding WDM window is minimized. In other words,
it chooses a WDM window with the minimum number of active users, and assigns one of its free codes. The proposed resource allocation strategy is hereafter referred to as minimum
fit (MinF).
To highlight the superiority of MinF strategy, a conventional
technique based on random allocation is also investigated which
is referred to as random fit (RanF). In RanF strategy, a WDM
window is randomly chosen and one of its free codes is allocated
to the received request, whereas MinF strategy chooses a WDM
window with the minimum number of active users. In fact, MinF
strategy tries to uniformly distribute active users among WDM
windows; as a result, the average PE is reduced. In Section IV,
the average probabilities of error in MinF and RanF strategies
are evaluated and compared.

Fig. 4. State diagram of OBS node.

III. BP EVALUATION
The BP of the proposed OBS network is assessed considering
the same approach used in [21] and [22]. The BP parameter is
computed for a stand alone OBS node with
input and
output channels
. Each channel is modeled by an
ON/OFF source where ON and OFF times are exponentially
distributed with mean
and
, respectively. Contrary to
the Engset loss model, in OBS node, a blocked input channel
remains busy within the duration of blocked burst [21], [22].
To model OBS node, a 2-D Markov chain with state
have
been used where and denote the number of busy and blocked
channels at the output and input of OBS node, respectively [21],
where
and
. In Fig. 4, the
transition rates of the 2-D Markov model are depicted. Considering the transition rates of state
, the local balance equation for case
is written as [21]

(2)
where
denotes the steady-state probability. The local balance equation for case
is given by [21]

(3)
The steady-state probabilities can be computed using the aforementioned equations and the normalized condition
. In this model, when an OBS node is in states with
,
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incoming bursts are accepted. Hence, the BP can be defined as
the ratio of carried load and total offered load as follows [21]:

(4)

In WDM/OCDM-based OBS network, the number of input
and output channels, i.e.,
and , of FEC are calculated as

It is noteworthy that Vu et al. proved that the aforementioned
algorithm converges to the unique fixed point of [22, eq. (8)].
In addition, Zhang et al. demonstrated that the BP of the generalized Engset model is not very sensitive to the distributions of
ON and OFF times [28].
IV. AVERAGE PROBABILITY OF ERROR
As mentioned, the MI degrades the performance of OCDM
system. Let
denote the PE of OCDM system which has
active users (or equivalently occupied codes); then, the average PE in WDM/OCDM-based OBS network is expressed as
(9)

where
and
denote the number of input and output
fibers, respectively. As discussed in [22] and [26]–[28], the
aforementioned model is not scalable and its computational
complexity increases for practical values of
and . In [22],
the generalized Engset model was used to obtain BP of OBS
node. The BP in Engset loss model is given by [23]

denotes the probability density function (pdf) of
where
the number of active users in each WDM window. It is worthy
to note that
depends on the offered load and the kind of
resource allocation strategy. Moreover,
of each OCDM
method is a function of the code parameters and the number of
active users. For example,
of incoherent OCDM is given
by [25]

(5)
(10)
In the generalized Engset model, the OFF period is lengthened to take into account the blocking of input channels. Wong
et al. investigated different approaches of lengthening OFF period and found that a state-dependent approach utilizing mean
effective OFF period is more accurate [26]. However, the statedependent approximation adds computational complexity of binary search and it cannot use Engset recursion to compute BP
[27]. As mentioned in [27], the lengthened off-time approximation (LOA) improves the accuracy of the generalized Engset model in the case that the BP is to be examined versus a
system-independent parameter, such as the normalized traffic
load. In this study, the BP will be analyzed as a function of the
normalized offered load (NOL). Therefore, we employ the introduced LOA in [22]. In this approximation, OFF period and
corresponding BP are given by [22]

where is the maximum cross correlation between codewords,
is code weight, and
is the probability that hits are occurred between two codes. The parameter
obeys the following equation [25]:
(11)
is the code length. To compute PE,
of each
where
resource allocation strategy should be derived. In what follows,
of MinF strategy
and RanF strategy
are evaluated using both the generalized Engset
model and 2-D Markov model introduced in the previous
section.
A. Average Probability of Error in MinF Strategy

(6)
(7)
where
is the lengthened OFF period. The functional relation of BP and
results in a fixed-point equation. The consistent values of BP and
can be obtained computing the following iterative algorithm [22].
1) Let
and while
compute
as follows ( is a positive and small value) [22]:
(8)

is computed utilizing the genIn this section, first,
eralized Engset model approximation. Then, without loss of
generality, the results are extended to evaluate
by
using the exact model based on the 2-D Markov chain.
Suppose an OBS node is modeled by an
dimensional
Markov chain, and
denotes its states where
represents the number of occupied codes in th WDM
window. As described, when a BH arrives at the OBS node,
the resource allocation strategy selects a WDM window and
assigns one of its free channels. To take into account the role of
resource allocation strategy, the transition rates between states
must obey the corresponding policy. Fig. 5 shows the state
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Fig. 6. 1-D state diagram of OBS node using MinF strategy for arbitrary
and
.

Fig. 5. State diagram of OBS node using MinF resource allocation strategy.

diagram of an OBS node using MinF strategy for case
and
.
As indicated in Fig. 5(a), MinF strategy chooses a WDM
window with the minimum occupied codes. If both WDM windows have the same number of occupied codes, it will randomly
select one of them. In the figure,
denotes the reciprocal of
lengthened OFF period given in (6), and
is the number of
input channels. Furthermore, the transition rates between states
are determined considering Engset model and MinF strategy. It
is noteworthy that the 2-D diagram can be replaced by the diagram shown in Fig. 5(b) where its states represent the number
of occupied codes in a WDM window.
Generally, the accurate evaluation of MinF strategy for the
case with arbitrary
is complex. By aggregating all states
which have the same value in the first dimension, an approximate 1-D model, with some error, is obtained. Employing such

an approximation, a closed-form relation can be obtained for
pdf of the number of users in a WDM window for easing the
analytical solution and discussion. Note that the error of dimensionality reduction is due to the state dependence among the
dimensions which is approximated by the aggregated transition
rates. This error is shown to be minimal by comparing the actual
exact model with our approximate solution (see Fig. 15).
The transition rates of 1-D diagram can be obtained considering all states
with the same
as 1-D state
. Let
and
denote all states
with
; then, the incoming and outgoing rates of
state in 1-D diagram can be calculated by adding all incoming
and outgoing rates of the cut set , respectively. This approach
can be generalized to model the number of occupied codes in
each WDM window for arbitrary
and
using the 1-D
state diagram shown in Fig. 6.
In order to compute the transition rates of the diagram
shown in Fig. 6, first, two cut sets
and
are considered where
. Then,
and
are
computed adding all outgoing transient rates from
to
, and all incoming transient rates from
to
,
respectively. Consider an arbitrary element of
i.e.,
, if
for all
,
then the transition rate from state
to state
is
. Generally,
if
for all
,
then the transition rate from state
to state
is
. For
this case, the transition rate of all states with
greater than
should be considered (i.e., all states with
for
). This approach can be generalized adding all
possible transition rates from
to
to obtain
as given
in (12) at the bottom of this page.
The first term in the right-hand side of (12) indicates the transition rate of the state in which all
WDM windows have

(12)
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occupied channels. The second term is the transition rates of the
states in which
WDM windows have occupied channels and one of them has greater occupied channels. The third
term shows the transition rates of the states where WDM windows has occupied channels and the other have greater occupied channels, and so on. By some mathematical manipulation
on the summations of (12),
is obtained as

(13)

to

To calculate
, all possible transition rates from
should be added. Consider an arbitrary element of
i.e.,
, its transition rate to state
for all values of
is
. Hence,
is evaluated adding the transition rate of all elements of
to
as follows:
(14)

It is worth mentioning that using (13) and (14), the incoming
and outgoing rates of the exemplified system in Fig. 5(a) (
and
) are easily calculated which interestingly are
the same as the obtained values in Fig. 5(b). The local balance
equation of the 1-D state diagram can be computed using and
as follows:
(15)
Therefore, we can write

Fig. 7. 2-D Markov model of MinF strategy.

At this point, the exact PE of MinF strategy based on the
2-D Markov model
can be obtained modifying the
transition rates derived for the generalized Engset model. In this
scenario, instead of lengthening the OFF period, the effect of
blocked input channels is precisely modeled. Fig. 7 shows the
2-D Markov model of an OBS node using MinF strategy.
In Fig. 7, and denote the number of occupied codes in a
WDM window and the number of blocked input channels, respectively, where
and
. Furthermore,
is the modified
which is obtained by replacing
and
in (13) by
and , respectively, as follows:

(16)
Using the normalized equation
is obtained as
(19)

(17)

Finally, PE of MinF strategy evaluated by the generalized Engset model
is obtained replacing (17) into (9) as follows:

Furthermore, is the same as (14). The local balance equation
of the Markov model for case
is written as

(20)
where
is the steady-state probability of the corresponding
Markov model. Similarly, for case
, the local balance
equation is

(18)
(21)

BEYRANVAND AND SALEHI: EFFICIENT OPTICAL RESOURCE ALLOCATION

2435

Therefore,
can be computed using the aforementioned
equations and the normalized equation
. Finally,
is derived using
as follows:
(22)
Thus,

is evaluated as follows:
(23)

B. Average Probability of Error in RanF Strategy
In order to compute PE of RanF strategy, similar to the previous section, both the generalized Engset model approximation
and the exact model based on 2-D Markov chain are employed.
First, the generalized Engset model is used to drive the pdf of
the number of occupied code in a WDM window; then, results
are extended to analyze OBS node by using the exact model.
Fig. 8 depicts the diagram of the generalized Engset model of
an OBS node utilizing RanF resource allocation strategy (
and
). As shown in Fig. 8(a), if two WDM windows have free codes, the outgoing transition rate is
where
and
denote the number of active codes
in WDM windows. However, if all codes of a WDM window
are occupied, the outgoing transition rate is
.
This approach can be generalized to evaluate
for arbitrary
and
as given by (24), shown at the bottom of this page.
Fig. 8. State diagram of OBS node using RanF resource allocation strategy.

It is noteworthy that
in RanF strategy is similar to MinF
strategy given in (14). Moreover, the pdf of the number of occupied codes in each WDM window, i.e.,
, is derived
applying the same approach used to compute (18). Thus, PE of
RanF strategy using the generalized Engset model
is
computed as follows:

(26)
(24)
In the right-hand side of (24), the first term shows the states
where all WDM windows have free codes, the second term
shows the states in which one WDM is busy, i.e., all its codes are
occupied, the third term shows the states where WDM windows are busy, and so on. One can simplify the summations of
(24) and obtain
as follows:

(25)

where
and
are given in (25) and (14), respectively.
Finally, the exact PE of RanF strategy based on the 2-D
Markov model
can be derived by utilizing the
same approach used in Section IV-A to evaluate
. The
corresponding 2-D state diagram is also the same as the diagram shown in Fig. 7 where the corresponding
is obtained
replacing
and
in (25) by
and , respectively.
In order to compare MinF and RanF strategies, consider an
OBS node which have two WDM windows
and
OCDM code with parameters
.
In Fig. 9,
and
of this
OBS node are plotted using the corresponding equations derived
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Fig. 10. Arrival of packets at the burst assembly queue.

VI. OBS NETWORK DELAY
In OBS networks, the main sources of delay are burst assembly delay
, burst transmission delay
, and propagation delay
. Consequently, OBS network delay is defined as
Fig. 9. Comparison of PE in RanF and MinF resource allocation strategy.

previously. In the figure, PEs are depicted versus the NOL defined as [22]
(27)
The results indicate that MinF strategy decreases the average
PE. Furthermore, the results of the generalized Engset model
and 2-D Markov model are very close and the difference is negligible (in the order of
). Therefore, in the rest of this paper
only the generalized Engset model is considered.

Note that the offset time of burst is considered as a portion of
the service time which is included in
. In this paper, it is
assumed that packets arrive at the ingress OBS nodes following
a Poisson distribution with rate packets per second and the
packet length is exponentially distributed with parameter .
In order to compute , the expected value of
and the
upper bound of
are evaluated, and
is assumed to be
a given constant value. As described, the timer of burst assembler starts with the arrival of the first packet. When the timer
threshold
expires, arrived packets are fed to the burst transmission queue. In this study,
is defined as the ensemble
average of waiting time in the burst assembly queue

V. PROBABILITY OF OUTAGE
In the proposed QoS differentiation framework, if the number
of active users exceeds a specified threshold
, the PE is
increased and PE constraint of the corresponding FEC is violated. The threshold
denotes the maximum allowable active
users determined by PE constraint and OCDM code parameters.
Therefore, the probability of outage
is defined as the probability that the number of active users in each WDM window
exceeds
(28)

(31)
where
is the waiting time of th packet and denotes the
number of arrived packets to the burst assembly queue during
(regardless of the first packet). Considering the Poisson arrival assumption, the pdf of is given by [3]
(32)
As shown in Fig. 10,

is obtained as follows:

As discussed in Section IV, the pdf of depends on the resource
allocation strategy. Hence,
of MinF and RanF strategies are
different and can be computed as follows:

(33)

(29)

is the interarrival time between packets and has the
where
following pdf [3]:

(30)

(34)

and
denote the pdf of in MinF
where
and RanF resource allocation strategy given in (17) and (26),
respectively.

In the Appendix, the expected value of

is derived as
(35)
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As mentioned, the assembled packets are fed to the burst transmission queue. Obviously, the traffic characteristics of the bursts
and input packets are different. In general, modeling the traffic
behavior of the generated bursts is not straightforward. In the
scenario of Poisson arrival and exponentially distributed packet
length, the distribution of burst interarrival time and burst
length at the input of the burst transmission queue can be computed as follows [3]:
(36)
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The moment generation function (MGF) of
, can be
used to compute
and
. Considering the burst assembly mechanism and the properties of the input traffic,
is given by [3]
(45)
is the MGF of packet length, and
is the
where
MGF of the number of packets in a burst. Assuming Poisson
arrival and exponentially distributed packet length,
and
are given by [3]
(46)

(37)

(47)
Equations (36) and (37) indicate that the burst transmission
queue can be modeled as a
system. Assuming this
model, the expected value of
can be obtained computing
the expected value of waiting time in the corresponding
system. In general, evaluation of
waiting time is complicated. However, the upper bound of
waiting time can
be computed using the characteristics of input traffic [30]. In
this paper, the well-known Kingman’s upper bound is utilized
to evaluate the expected value of
[30] as

Substituting (47) and (46) into (45) gives
(48)
Finally,

and

are computed using (48), as follows:
(49)

(38)
is for queue to be stable.
where condition
Equation (38) indicates that to calculate
, the expected
values and the variances of both interarrival time and service
time are required. The expected value and the variance of interarrival time are computed as follows:

(50)
Replacing the variances and the expected values of
is obtained as

and

(39)

(51)

(40)
The service time of each burst
is the summation of the offset
time and the burst transmission time. Thus,
is

Utilizing the expected values of
and
value of OBS network delay is bounded by

, the expected

(41)
Considering the relation
as

, (41) can be rewritten

(42)
(52)
Hence, the expected value and the variance of
as follows:

are obtained

(43)
(44)

Equation (52) shows that delay is a function of the arrival
rate, packet length, burst offset time, OCDM code length, and
burst assembly threshold. As a consequent, burst assembly timer
threshold, burst offset time, and OCDM code length should be
designed to satisfy the delay constraint of QoS.
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Fig. 12. BP versus the number of available channels for different offered load.

Fig. 11. Probability of error of HP and LP FEC.

TABLE I
UPPER BOUND OF OBS NETWORK DELAY FOR DIFFERENT

, AND

VII. NUMERICAL RESULTS
In this section, a four-class OBS network is designed to explain the details of QoS differentiation framework and to highlight the role of OCDM in mitigating the BP. For the sake of
simplicity, we assume that optical links are single fiber and the
total number of WDM windows in a fiber is 50
. The
bandwidth of each WDM window is assumed to be 100 GHz
(
GHz). Moreover, in each WDM window, incoherent OCDM scheme is employed. In this four-class network,
the classes are defined as
1) FEC1:
2) FEC2:
3) FEC3:
4) FEC4:
The following HP and LP levels are considered for the QoS
criteria.
1)
and
2)
ms and
ms.
3)
Gb/s and
Mb/s.
4)
and
The burst assembly timer threshold, burst offset time, OCDM
code parameters, and the number of WDM windows of
each cluster are designed so that the aforementioned QoS
requirements are satisfied. First, OCDM code length is determined considering available BW, levels of , and relation
. Hence,
and
, where
and
denote the code length of OCDM used in WDM
windows of HP and LP class of service, respectively. Next, the
optimum values of
and
can be computed utilizing the
approximate relations introduced in [25]. The optimum
and
for
and
are 10 and 18,
respectively. Consequently, the code parameters of HP and LP
service levels are
and
, respectively.
In Fig. 11, the PE of HP and LP service levels are plotted
versus the number of active users. The corresponding maximum

allowable active users
of each FEC is obtained considering PE constraint. From the figure,
of HP and LP service
levels are 5 and 31, respectively.
Fig. 12 shows the BP of OBS network versus the number
of available channels for different offered loads
. From
the figure, we can observe that BP is reduced when either the
number of available channels increases or the offered load decreases. The minimum number of required channels
to meet
the BP constraint is obtained considering
and
as
follows.
1) For
and
.
2) For
and
.
3) For
and
.
In dynamic multiservice OBS network, optical bandwidth is
dynamically categorized among classes of service by monitoring the network offered load and QoS metrics. However, in
static multiservice OBS network, optical bandwidth is statically
assigned considering the average value of offered load and
QoS constraints. Henceforth, without loss of generality, the
procedure of designing a static multiservice OBS network is
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Fig. 14. Comparison of

Fig. 13. Comparison of BP of conventional OBS and WDM/OCDM-based
OBS.

investigated assuming that the average offered load is 0.75.
The number of WDM windows of each FEC is determined
considering the relevant
and
of HP and LP service
levels as follows.
1) FEC1:
, hence
.
2) FEC2:
, hence
.
3) FEC3:
, hence
.
4) FEC4:
, hence
.
Note that the aforementioned values do not satisfy the condition
; hence, all the desired QoS constraints cannot be met simultaneously. In this scenario, the metrics of service levels must be changed to satisfy this condition.
Assume that
constraint is changed to
; then, from
Fig. 12, it can be observed that
for offered load 0.75
alters to 175. In addition, assume that
is reduced to 512
Mb/s; then, the OCDM code length decreases to 200. The calculated code weight using the same approach introduced in [25]
is 15
. After changing the BP and metrics of HP
service level, the corresponding OCDM parameters are altered

of MinF and RanF resource allocation strategy.

to
. Considering
the new code parameters and PE constraint, the new value of
for HP levels is 10
. In this scenario, the minimum number of required channels of both FEC1 and FEC3 are
changed to 18, i.e.,
and
. Furthermore,
the minimum values of
s satisfy
. Considering the minimum values of
s and
, WDM
windows can be clustered as
.
It is worthy to note that in the aforementioned designing procedure, QoS constraints (rate and BP) are changed to resolve
the optical resource
inadequacy. However, one can increase the optical resources to satisfy the primary QoS requirements. In the aforementioned example, to support the primary
QoS requirements (i.e.,
and
Gb/s),
should be increased to 120.
Burst assembly timer threshold
and offset time
of burst transmission are designed considering the delay constraint, transmission rate, mean packet interarrival time, mean
packet length, and propagation delay. Let
ms,
ms,
byte, and
GHz. Table I presents
the upper bound of the expected value of OBS network delay
computed for different values of
, and . The corresponding
and
of high and low priorities service
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APPENDIX
In this Appendix, the expected value of the burst assembly
queuing delay
is evaluated. Considering (31), the expected
value of
is computed as

(A1)
Fig. 15. Comparison of the exact 2-D Markov and the approximate 1-D model.

From (32),
can be obtained considering the results in Table I. One possible set is
. It is noteworthy that the longer
the burst transmission offset time, the smaller the BP [3]. As a
result, a feasible set which has the longer
is preferred.
Considering the determined parameters, the BP improvement
obtained utilizing hybrid WDM/OCDM technique is shown in
Fig. 13. From the figure, we can observe that using WDM/
OCDM, the BP of both HP and LP service levels are reduced.
In Fig. 14, the probability of outage of the resource allocation
strategies is compared using (29) and (30). The results shows the
superiority of MinF strategy.
Fig. 15 shows the BP of OBS node which is obtained by
solving the exact 2-D Markov and the approximate 1-D model.
The numerical closeness between the results indicates that the
error of our approximation is negligible.

is

. Hence, (A1) is simplified as
(A2)

Using the pdf of

is obtained as

(A3)

VIII. CONCLUSION
In the paper, hybrid WDM/OCDM was utilized to mitigate
the BP of OBS networks. Additionally, a QoS differentiation
framework was proposed to support multiservice transmission. In this framework, the burst assembler, OCDM code
parameters, and the number of WDM windows of each class
of service are designed based on the service levels criteria.
The measurement metrics of QoS are the BP, OBS network
delay, transmission rate, and PE. In order to increase bandwidth
efficiency and to control the MI effect of OCDM, an intelligent
resource allocation strategy (MinF) was proposed. The BP of
an OBS node and the probabilities of error and outage were
evaluated using both the generalized Engset model and the
exact model based on 2-D Markov chain. Furthermore, an
upper bound on the expected value of OBS network delay
was derived computing the expected values of burst assembly
and burst transmission queuing delay. Finally, to explain
the details of QoS differentiation framework, a four-class
WDM/OCDM-based OBS network was numerically designed.
The results reveal that using OCDM, the BP is reduced.
Moreover, the probabilities of outage and error are decreased
employing intelligent resource allocation.

Substituting (A3) into (A2), the expected value of
obtained as

is

(A4)
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