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Abstract—Among all proposed structures for optical networks,
the optical packet switching (OPS) scheme, due to its practical
implementation of IPs in an optical configuration and the consequent advantages, is a prizeworthy candidate for being employed
in metropolitan area network and local area network communication levels. One of the few problems frequently met using the OPS
structure in the fiber-optics realm is the lack of optical buffers,
thus deteriorating the system’s flexibility and quality of service.
For example, optical label switching networks that have been
developed recently based on the generalized multiprotocol label
switching protocol, profoundly suffer from this setback which
is considered as a great hurdle in their evolution. In this paper,
we first introduce the input and output buffer switching models
while deducing their blocking probability formulations. Then,
by utilizing codes in the OPS structure, we closely examine the
potential of code and/or wavelength switching in packet switching
networks and also determine their blocking probability. Due
to close similarities between different scenarios, we present the
prospect of virtual optical buffers using codes, which have close
performance to input and output buffers in sight of block probability. The most significant distinction in using virtual buffers is
the fact that due to their substantial nature, they happen to exhibit
some error probability. However, on account of the advantageous
features of codes, the simulated and formulated error probability
for both coherent and noncoherent optical code division multiple
access (OCDMA), such as Spectrally phase encoded OCDMA
and optical orthogonal codes, using virtual buffers, tends to be
negligible. Two main code and wavelength switching schemes are
also brought to attention in this work, the intelligent and random
methods. These scenarios demonstrate an even greater behavioral
performance to that of the mere code switching scenario, leading
into a more reliable adaptation of virtual buffers. In addition,
simulations results happen to provide clear verifications to our
analytical approach.
Index Terms—Generalized multiprotocol label switching
(GMPLS) protocol, optical buffering, optical orthogonal codes
(OOC), packet switching optical code division multiple access
(OCDMA), virtual optical buffers.
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I. INTRODUCTION

A

LTHOUGH core and access networks have encountered
a great deal of innovation, SONET/SDH1 is still carried
out on metropolitan area networks (MANs) via wavelength-division multiplexing (WDM). Even though this method is defective to some extent [1], but a great capacity of data is transferred
via the scheme. As a result, the researchers’ thrust has shifted
towards designing a new MAN based on IPs with intended capabilities such as: flexibility to perform adequate protocols, moderate expenses, scalability, upgradability, effectiveness in the
sense that the system has high efficiency as well as short-enough
delay, fairness, multiple broadcast services, quality of service
(QoS), bandwidth management, and finally system reliability.
Considering the above facts, optical packet switching (OPS) is
given attention to as an appropriate option for implementing
MAN networks and access layers, e.g., fiber-to-the-home. Besides the fact that the scheme is packet based, i.e., it fits perfectly in packet switching networks (PSNs), it does not involve
serious processing problems such as optical-to-electrical signal
conversions and hence the expenses decline with the simplicity
of network instrumentation [2]. OPS also has other advantages
such as power efficiency as in important factor which are expressed by Yoo et al. [3], [4].
In the meanwhile, one of the most efficient protocols proposed for applying OPS networks is the GMPLS2 protocol,
having taken an impressive strive in the path to all optical
networks and receiving an immense amount of research interest
lately. Bringing into notice concepts such as packet switching,
wavelength (lambda) switching, and code switching, this
protocol has prepared the grounds for the realization of OPS
algorithms in much wider extents.
In these networks, the control header of each packet, similar
to an OLS3 label, is placed at the outset of each data packet.
During the time that switches take to process the packet header,
decisions are made about the routing procedure for the current
packet and as a result the guiding switches are oriented into the
intended formation to lead the packet forward. At the same time,
our data are optically stored in optical delay lines, which play
the role of buffers to some extent. The delay time is prearranged
so as to be long enough for the processing of the header to be
fully accomplished and that all guiding switches are set ready
to route the data out from the relevant port [2], [5], [6].
1Synchronous
2Generalized
3Optical
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Fig. 1. OPS structure.

In Fig. 1, an illustration of the OPS switch structure has been
presented. According to the OPS structure, the packet’s header
is separated from the packet’s payload by splitter and after
being converted from optical to electrical form, the required
processing is carried out on it electrically so that the switches
are set to the correct orientation for packet progress. Following
the processing, a new header is created electrically and converted to optical form in order to reattached to the foregoing
data packet. As optical processors and buffers are at an early
stage of development, there exists no buffer in the current
structure of OPS networks. Although optical delay lines can be
used as replacements for the nonexistent optical buffers, they
are at a very lower level of maturity compared to the random
access memories, being commonly used.
Recently, great advances have been accomplished in designing all-optical encoder/decoders (E/D) that enable the
implementation of optical code division multiple access
(OCDMA) in OLS networks. The fact that optical code
processing can be realized in the optical domain yields the
possibility of overcoming speed limitations imposed on the
network due to optical/electrical conversions required in
header processing. Kitayama and Murata [7], for example,
reports all-optical code (OC)-based photonic multiprotocol
label switching (MPLS), so-called OC-MPLS. In this paper,
OC-label recognition is experimentally implemented via optical
correlators between an incoming OC-label and all other possible
OC-label entries using only passive optical devices. In [8] and
[9], the authors also show the generation/process of optically
phase-shift-keyed orthogonal codes using an arrayed waveguide (AWG) structure. Cincotti [10] proposes that standard
multiplexers as generalized Mach–Zehnder interferometers or
waveguide grating routers can be designed to generate/process
OOCs with very high-correlation performances. Also, Manzacca et al. [11] add that using the 4f-configuration and
pulse-shaping techniques, one could obtain the implementation
of frequency spread-spectrum code switching.
Taking into account these advances in OC-MPLS, having utilized OCDMA codes, especially OOCs4 and SPEs5, we have basically followed the subsequent objectives:
1) evaluating the principal characteristics of presumptive optical buffers in input and output buffer scenarios;
4Optical

orthogonal codes.

5Spectrally

phase encoded.
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2) creating a new foundation for QoS implementation in
OPS networks using OCDMA codes, and deriving their
blocking and error probability relations;
3) presenting a novel class of virtual buffers based on the
analogy of the OCDMA and the optical buffer scenarios
regarding packet block probability.
We first introduce the input buffer model. In this model,
when a packet is sent from a network transmitter, it is queued
at the input of the corresponding router and thus excess packet
loss is prevented. Also, the output buffer model is presented,
in which packets first reach the router and are then sent to the
ensuing port’s output buffer. In both the input and output buffer
scenarios, a packet loss will only occur when the buffers are
filled to capacity. We have demonstrated the derivation of these
block probabilities for both buffer schemes. In the output buffer
scenario, however, we can switch the packets’ wavelength
[12]–[14]; thus, the blocking probability is shown to be less
than what we have for input buffers.
In addition, we have analyzed OCDMA code switching
PSNs, where instead of assuming buffers in the network, we
have in hand a set of partially orthogonal CDMA codes. Our
special analysis led us to proposing the concept of virtual
buffers. Also, we show that the code switching schemes’ block
probabilities are in the same order as the output buffers, with
the difference that errors may occur. We evaluated these error
probabilities for all switching method presented, and have
shown that they are in an acceptable range and negligible when
being used in the network. By comparing the characteristics of
all schemes, we conclude that using codes as virtual buffers can
decrease the block probability with insignificant error. Hence,
codes can play an important role as substitute buffers in packet
switched optical networks [12]–[15].
It is of great importance to clarify here that in this paper, we
have focused on each router regardless of the network structure, thus enabling compatibility and scalability to any desired
network layout. In a specific network structure, the system designer might decide to introduce partial wavelength or code converters at low-traffic routers to reduce the cost of the overall
system while causing insignificant change in QoS. However, our
model is regardless of a router having access to the full set of
orthogonal wavelengths or codes; therefore, a partial converter
could be easily modeled by changing the number of available
lambdas/codes to the accessible subset desired and considering
some limitations by the system designer.
In the next section, we have introduced the input buffer
scenario alongside its block probability relations. In Section III,
we have discussed the optical output buffer and its performance scrutiny via blocking probability. Section IV consists
of the OCDMA scenarios which also utilize code and lambda
switching and introduces the prospect of virtual buffering.
Comparison results are discussed in Section V and the conclusion and future works can be found in Section VI.
II. INPUT BUFFER SCENARIO
One of the methods for using buffers in PSNs, is implementing buffers in the entrance of each router [12]–[16], [17].
In the input buffer scenario as seen in Fig. 2, each router has
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Fig. 2. Input buffer model with

receivers and

transmitters.

some ports for transmitting and receiving data from different independent physical layers, and a buffer is placed at the entrance
of each receiver. The use of these buffers gives a boost to router
performance alongside decreasing the packet loss. As these
buffers are located prior to the router, wavelength (lambda)
switching is not possible, i.e., if a certain lambda’s buffer is
occupied, then any other packet with the same lambda will be
dropped and will not be converted to another free lambda. In
this section, we attempt to obtain a relation between packet loss
and buffer lengths for arbitrary input and output traffic.
In order to model this scenario, assume the arrival traffic at the
entrance of the buffer as a poisson process with rate . To maintain the poisson distribution at the outlet of the input buffers,
we defined the service time distribution of each buffer to be an
exponential process with rate . The service rate value must be
chosen precisely by the network designer so that the necessary
delay for header processing is satisfied. From [18], the arriving
and serving behavior for such a model is treated as a birth–death
process with the following conditions:
(1)
, and
stand for the buffer length, birth rate and
where
death rate in state , respectively. This model is known as an
system. From [19], the steady-state probability of
birth–death is given as
(2)
for

, where
. Hence

can be obtained due to

(3)
From this point on, we have defined and referred to the traffic
rate as
. As we have described previously, when
all the buffers are occupied, a new arrival packet is dropped and
the loss due to the buffer grows. Thus, the block probability is
given as
(4)

Fig. 3. Input buffer blocking probability for different load versus
.

for

The above equation holds only when the number of input
buffers equals one. Suppose that there are
distinct buffers
for each wavelength. By considering the input traffic to each
buffer, the overall block probability becomes
(5)
is the input traffic of the th buffer,
is the block probability of the th buffer, and is the
input traffic. From here, for all scenarios in this paper, without
loss of generality, we suppose that the input traffic to each buffer
is uniformly distributed (i.e., effective traffic for each buffer is
). Hence, the overall block probability is

where

(6)

In Fig. 3, the overall block probability of the input buffer scenario for a traffic load of
has been shown. The result is
as we anticipated. By increasing the buffer capacity, with constant traffic rate, we expect a reduction in packet loss. Obviously, for large enough buffer lengths, this reduction rate approaches zero, because the buffers will not be filled-up completely any more.
In the next section, we have introduced the concept of using
output buffers instead of the buffers explained previously.
It will be shown that in the presence of output buffers, the
network is given the extra ability of wavelength (or lambda)
switching, which overall yields superior blocking probability
characteristics.
III. OUTPUT BUFFER SCENARIO
In networks with output buffers at the routing nodes, as can
be seen in Fig. 4, the outgoing packet from each router will be
queued at output buffers before being transmitted toward its destination [12]–[16], [17]. In this scenario, since the buffers are
subsequent to each router, the router knows the state of its corresponding buffers, thus enabling wavelength switching. In the
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Fig. 5.
Fig. 4. Output buffer model with

receivers and

for different traffic loads versus

for

.

transmitters.

output buffer scenario, each router initially reads the packet attributes, if the buffer of a specific lambda is full and another
packet with the same lambda arrives, the router converts the
packet’s lambda and then passes it on to the ensuing buffer. Consequently, this operation improves the packet loss throughout
the network. Note that, if the capacity of the output buffer for
a certain wavelength is full, its lambda should be changed to
any possible wavelength that exhibits empty space in its corresponding buffer, randomly, i.e., with equal probability.
At this point, we wish to find the packet loss and the blocking
probability for each output buffer in this scenario. Similar to the
input buffer scenario, we will derive and examine the characteristics for a single router in the output buffer scenario. However,
in a network of these routers, we might anticipate partial or full
wavelength converters at specific locations to accommodate the
overall cost reduction. This would not cause any problem in our
derivations because from the router’s point of view, a partial
wavelength converter is the same as a full wavelength converter
with less orthogonal wavelength slots.
Same as before, in this case, we consider the same traffic
model as the input buffer case, i.e., the arrival traffic is a poisson
process with rate and the buffer process time an exponential
random process with parameter .
As the preceding explanations express, in this scheme, a
packet is dropped only when all buffers are simultaneously full.
This means that each lambda’s buffer holds packets with full
buffer capacity, in which we cannot anymore prevent losing
the packet by switching its lambda and the packet is dropped.
It is clearly visible from Fig. 4 that the output buffer model at
each outlet of the transmitter consists of a number of parallel
buffers, each for a different wavelength. Each one of these
buffers has similar characteristics as the input buffer scheme.
We shall denote the number of buffers as
, which is clearly
equal to the number of lambdas being used in the network.
Moreover, similar to the input buffer scenario, each one of
these
buffers has a maximum capacity of
. Thus, our
model is narrowed down to
parallel servers with an overall
service space.
Therefore, according to [19], by keeping in mind that the
wavelength distribution is uniform and this lambda switching

method is completely random, the output buffer scheme could
be properly modeled with an
queuing
model, which handles parallel service providers.
Denote the random variable
as the number of packets at
each buffer queue which are awaiting service; then, the PDF of
(for finite ) is as follows:

(7)
where

is
(8)

is the input traffic rate to the output buffers. The
where
blocking probability for infinite number of costumers, i.e.,
when
, becomes
(9)

In Fig. 5, the overall block probability of the output buffer
layout has been plotted for different traffic loads. As we expected, the overall block probability in the output buffer scenario decreases with the decrease of traffic rate and also the increase of
.
In the following, we have tried to find the number of packets
in each buffer, leading us to the block probability of each
wavelength’s buffer. First, we calculate the input rate of each
lambda’s buffer. For instance, suppose the input traffic rate to
the buffer is . Referring to the beginning of our discussion,
as blocked lambdas can be switched to the other available
lambdas randomly, the new rate, denoted as
, flowing
into each buffer in steady-state conditions can be computed by
considering the possibility of these situations.
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For calculating the new rate in steady-state probability, consider one of the output buffers. The input rate to this buffer is
equal to its initial rate plus other rates that are caused from other
adjacent buffers—which are fully occupied. So the new rate relation is determined as follows:

(10)
means that,
where
there are
lambdas’ buffers which are full, while only
lambdas from the above
switch their packets to the current buffer. Also,
states the probability
of
lambdas’ buffers being fully-filled, which is equal to
, where
stands
for the probability of the th lambda’s buffer being full. Note
that, with probability
packets’ lambdas
are switched to the current lambda, and the remaining
packets are not switched to this lambda with probability
. Therefore, an extra initial rates are
added to the current lambda’s rate. We conclude that

Fig. 6. Blocking probability of each output buffer for different values of
and initial
.

ceivers to distinguish the correct transmitted data. Thus, in both
of the mentioned schemes, a new aspect of optical networks, i.e.,
the code error probability, takes effective meaning and most be
considered.
IV. CODE SWITCHING SCENARIOS

(11)
From the similarity between output buffers, the above rate
relation holds for each different wavelength’s buffer, and all
’s can be denoted as
. Using (9) for
, we
have
(12)
and
are the initial and
where
final traffic rates.
Simulation results show that above relation has a unique solution for
in the interval (0,1) with a given buffer length and
constant . In Fig. 6, we see the block probability of each buffer
versus buffer capacity
for different number of buffers. As
this figure shows, the block probability of each buffer decreases
as the number of buffers increase, and this value is far smaller
than what we achieved for the analogous input buffer scenario.
This fact shows the advantage of the lambda switching scheme.
However, the observed reduction in blocking probability is accompanied by an increase in router complexity.
In the next section, we have introduced some methods based
on implementing OCDMA codes with code switching and also
code and lambda switching. In these schemes, as optical codes
are passed around between network links, some faults may appear among them, making it harder or even impossible for the re-

One of the methods that has been considered recently in communication networking is OCDMA. A wide variety of ideas
have been discussed for implementing OCDMA in optical networks efficiently. In OCDMA, two main coding methods are
familiar: coherent and noncoherent.
In coherent OCDMA, the light phase is usually coded via
Hadamard, M-sequence, Gold codes, etc. In these systems,
signal phase can be coded both in time (TPE-OCDMA6) and in
frequency (SPE-OCDMA) domains, which were introduced by
Kitayama [20] and Salehi et al. [21], respectively.
In noncoherent OCDMA, however, light intensity is coded
with unipolar code streams. Since light takes on nonnegative
intensity, unipolar codes take only 0 or 1 values. OOCs and
prime codes are among the most competent unipolar code candidates for light intensity coding [22]–[24]. Noncoherent systems are usually coded with tapped delay lines (TDLs), whereas
AND logic gate structures act as their decoders [25]. Besides,
ON–OFF keying (OOK) modulation is used for these systems.
It is noteworthy to mention that if we neglect fiber attenuation
and its nonlinear effects, due to the fact that optical channels
are positive and additive, bit 1 is always distinguished without
any error. On the other hand, if one user transmits a zero bit and
some of its marked positions, i.e., nonzero bit positions, become
occupied with interfering bits, then errors may occur.
In this section, we intend to compare the OCDMA scenario’s
block probability with the input and output buffer scenarios in
order to propose the implementation of virtual buffers. Therefore, a great strive would be have made toward the obviation of
not having access to optical buffers. In the following sections,
we have discussed about two different approaches that could be
made in packet routing.
In the first scenario, we have introduced the code switching
protocol, whereas in the next, we have presented the code with
6Time

phase encoded.
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Fig. 7. OPS model for the code switching scenario.

lambda switching scenario to decrease the block probability and
error probability at the same time. Fig. 7 shows the OPS code
switching system model for a router with three input and one
output ports for the sake of simplicity. The scheme can be generalized to any router with arbitrary input and output ports by
only taking into account the fact that the number of channels
that a router can handle is multiplied by the number of present
input and output ports.
Based on the proposed structure, as OCDMA packets arrive,
the packets are decoded by optical decoder blocks. Then, the
packet’s payload and header are separated. As discussed in [26]
and [27], in the OXC structure, we may only need to convert the
wavelength of some optical decoded pulses by using one of the
wavelength conversion methods [28]. Also, we can switch the
packet’s code and/or lambda to prevent it from being dropped.
At this point, the optical pulses go through an optical encoder
block to build the final OCDMA packet. Note that, in this model,
which is kind of a hybrid WDM/OCDM scheme, the bandwidth
of our encoded signal can be determined by the bandwidth of a
single wavelength in a WDM window, number of optical codes,
and code length [15].
In these processors, header recognition and conversion are
executed optically. As a matter of fact, recently a significant
amount of attention has been put into implementing optical
code-switching devices that can be utilized in the MPLS network design [7]–[9]. Advances in designing AWG structures,
planar lightwave circuits, TDLs, and optical pulse shapers are
enabling the deployment of a multitude of optical codes (both
coherent and noncoherent), not only in the form of encoder/decoders, but also as code-switching devices compatible with the
recently proposed OC-MPLS protocol. Although each one of
these designs displays different characteristics, nonidealities
and consequent challenges that are customized for each set of
codes; they all inherit a common nature.
Therefore, in our discussions, we have only focused on
SPE-OCDMA and OOCs as benchmarks representing coherent
and noncoherent OCDMA throughout this paper. Blocking
and error probability formulations are derived and plotted for
both of these two coding schemes. It is anticipated that for
both these schemes, having similar network characteristics,
the same blocking probability is to be observed. As mentioned
previously, the process we present for evaluating these codes
is general and can be adapted to all the different optical codes
considering minor alterations.
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Although the orthogonality between optical codes allows us
to send two different codes alongside each other in one common
line without much error probability, it is noteworthy to mention
the importance of error probability calculations. Hence, to facilitate the act of evaluating code error probability in both scenarios, we need to assume the following hypotheses.
1) The coherent and noncoherent OCDMA code lengths are
equal throughout the network.
2) Any partial interference between packets will be assumed
as a complete interference, so as to evaluate the worst case
for error probability. In other words, we are computing the
error probability in chip synchronous mode, which is an
upper bound for the overall error probability.
It is also necessary to mention here that in our derivation
process ideal code converters are assumed, in the sense that the
error probability depends only on the codes being utilized. However, in a practical implementation, each code converter design
induces a specific conversion error on the system depending on
the switch structure (as an example, different lambda interferences lead to increase error probability which is assumed zero
in this paper). This error could be added to the original error
probability inherent from the code set being used. In this paper,
to accomplish generality, we have assumed this excess conversion error to be zero, which is also consistent with the current
advances in switch designs causing the conversion error to be
insignificant [7]–[11].
It must also be noted that there is a small amount of delay
endured by packets due to header processing in this technique.
As mentioned in previous sections, the focus of this study is
primarily on block probability comparisons between buffer scenarios and code switching techniques; thus, latency is out of the
scope of this paper. In addition, since this delay is extremely
short (due to the fact that headers are only a small portion of
packets and processing is performed in the optical domain), it
can be shown that neglecting it will not cause a significant effect
in the final performance of the system.
A. Code Switching
In this routing scheme, we assume that an optical packet with
code and wavelength has arrived at a certain router’s opening.
Suppose that the certain link is already occupied by the same
packet code and lambda. In this case, the router searches for
all the other possible codes in wavelength to be randomly
switched to. If the attainable set of codes is void, the packet
would be dropped and accounted for as an extra loss. Otherwise,
in a successful code switching procedure, the data packet’s code
is switched to a code randomly chosen from the above set and
the packet is routed forward. In case that there has not been a
similar packet in the line from before, however, there would be
no need for switching the packet’s code and the packet is led toward its destination with the same code and lambda. This idea
can be extended to a multiport system by just multiplying the
available channels in a single port case by the number of ports
the system can handle. For simplicity here, we only consider a
single output scenario from the viewpoint of one of the many
output ports in the router configuration.
The code switching model for each wavelength could be exactly formulated as an output buffer with each buffer’s capacity
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equal to one, due to the fact that each code exhibits only one
empty packet space. This resemblance arises from the similar
orthogonality features among codes and lambdas. In this scenario, we have
different wavelengths (similar to
in the
output buffer scenario) such that each of them has
codes in
parallel. Thus, based on [19], the model is an
system. As the input traffic is divided between each lambda uniformly, the input traffic to each lambda is
and the block
probability becomes the same for each lambda. From (9), the
block probability could be determined as follows:
(13)

where denotes the traffic rate through the code switching network. In order to derive the overall block probability, keeping
in mind that we have assumed a uniform distribution for packet
lambdas, we have
(14)
Using a similar argument as (12), by considering the complete
symmetry between codes and the fact that each code plays the
role of a virtual buffer with capacity one, the block probability
for each code is represented as
(15)
where
and
are each code’s block probability and
the new arrival traffic rate to each code, respectively. Since we
are able to exploit the code switching scheme when codes are
blocked, the new traffic rate to each code is defined in the same
sense as the output buffer case using (11). Here though, the resemblance is only complete when we set the equivalent output
buffer capacity to one and the numbers of buffers to the numbers of available codes, i.e.,
and
. Since
the network has
wavelengths and each wavelength has
codes, the input rate of each code is divided uniformly, i.e.,
. Therefore, from (11)

Fig. 8. Each code’s block probability in the code switching scenario versus the
and
.
number of codes for different values of

must be a strictly decreasing function of
, as is clearly seen
from Fig. 8. This behavior that codes display regarding to block
probability, brilliantly shows the concept of virtual buffers.
The above discussions were only aimed at packet blocking
and transmission rates. Another important factor that must be
considered is the fact that as we use different codes in order to
decrease the block probability, we must not forget their consequent errors. This is where the difference between codes and
lambdas is sensed. Using different lambdas, due to their complete orthogonality, does not cause any imperfections in the
communication system, whereas for codes there is a different
situation as codes are not perfectly orthogonal. The following
paragraphs are devoted to taking care of this matter.
In coherent OCDMA, the bit error rate (BER) using spectrally
phase-encoded systems is given as follows [21]:

(17)
is the number of interfering users,
where
duration in the time domain, and
and
follows:

is the ratio of bit
are defined as

(18)

(16)
where is the previously mentioned packet input traffic.
Fig. 8 shows the block probability of each code. The observed
behavior of
while
is swept from 1 to 8 is justified similarly to the equivalent case in Section III. As we expected, the
more the number of available codes, the less the block probability of the code system with code switching. Therefore,

where is the peak power of the optical ultrashort pulse,
is
the intensity threshold of the receiver comparator for detecting
0’s and 1’s, is the code length, and
is the Marcum
-function.
In noncoherent OCDMA, however, for a given packet, by
considering that the OOK modulation is with equal probability,
the error probability becomes
(19)
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Fig. 9. Error probability of the code switching scenarios for coherent OCDMA
for
and
. R, I, and C stand for the Random,
(SPEs) versus
Intelligent, and Code switching schemes, respectively.

Fig. 10. Error probabilities of the code switching scenarios for noncoherent
for different with
OCDMA (OOCs) versus
and
. R, I, and C stand for the Random, Intelligent, and Code switching
schemes, respectively.

where
is the overall error probability. Keep into account that
the probability of error conditioned on transmitting bit “1” is
zero [25], i.e.,
; and assume that when using
OOCs we have a code set with an arbitrary auto- and crosscorrelation value of
; thus, the BER is given as
follows [25]:

(20)
, and
are the code length, weight, and number of
where
interfering users, respectively.
Since any code’s error probability is caused from the number
of codes being added in the same wavelength, we can mention
that the error probability of each desired code for any lambda is

(21)
where
is the probability of choosing
codes from
codes, where
(because
there must exists at least one free or unblocked code), and
shows the error probability
of the certain packet when only of these codes are occupied.
If
codes are blocked, and thus occupied, all of these codes
are added with each other on the link. This probability could be
determined from (20) which is equal to
. Hence, the
overall code error probability is

(22)
The above error probability derivations for coherent
OCDMA are illustrated in Fig. 9, and for noncoherent OCDMA
are illustrated in Figs. 10–12 for different parameters versus
, where they have been compared with the results of

Fig. 11. Error probabilities of the code switching scenarios for noncoherent
for different
with
OCDMA (OOCs) versus
and
. R, I, and C stand for the Random, Intelligent, and Code switching
schemes, respectively.

Section IV-B. As anticipated, by increasing
, the error
probability is risen.
Note 1: From [25],
is equal to zero for
. Therefore, using (22), we can deduce that
is zero
for all
values that are lower than
, which is
illustrated in Figs. 9–12
In the next section, we have introduced a method that utilizes
both the code and lambda switching schemes, where deep discussion about its block probability and code error probability
has also been presented.
B. Intelligent Code and Lambda Switching
In the code and lambda switching scheme, we wish to find
better performance in sight of block probability, error probability, and loss ratio than the mere code switching scheme. In
this scenario, we act completely the same as we did in the previous subsection, but with one main distinction. Always, If the
packet is to be dropped because of the lack of codes in the current wavelength, we search in other lambdas (and their codes) to
see if any empty space exists among them to convert to. Only if
the router outlets exhibit no empty space regarding to lambdas
and codes, does each router drop the arriving packets. Although
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converters potentially allows the network to support a larger set
of traffic, such converters are likely to be more costly. Hence,
in situations when cost restriction are set, the system engineer
might be better off only using the code switching scenario.
From the above discussions, this scenario, regardless of the
fact that it is random or intelligent, could be modeled as an
output buffer which has
parallel buffers with a capacity of
. The reasoning behind this hypothesis that
blocking probability is the same for both random and intelligent schemes is that an error could only occur if all the codes
and lambdas are occupied, regardless of how packets were dealt
with beforehand. Consequently, using the output buffer relation,
i.e., (12), the overall block probability in this method is equal to
Fig. 12. Error probability of the code switching scenarios for noncoherent
for different
with
OCDMA (OOCs) versus
and
. R, I, and C stand for the Random, Intelligent, and Code switching
schemes, respectively.

the current state-of-the-art technology may not be able to ideally provide such multidimensional processing in optics, but recent advances show vivid progression in reaching this horizon.
We consider two methods for this searching process between
lambdas: random and intelligent switching.
In random switching, we have a similar behavior as the output
buffer in which each blocked lambda switches to any one of the
free lambdas with an equal probability. We expect this scheme
be to be similar to the mere code switching scheme because of
the semblance and random switching with equal probability. It
is also noteworthy to remark that this new contention resolution
algorithm will induce an extra delay to the system, but since all
the processing is performed only on headers (which are a small
portion of the whole packet) and in the optical domain, in this
paper, we have neglected this phenomenon.
In intelligent switching, when a packet is received, the router
checks its lambda and code. If the packet’s code is occupied,
the router primarily changes its lambda and assigns a new code
to this packet, for which this lambda has minimum number of
codes overall of link. In this situation, we search among all the
possible lambdas and choose the one which contains the least
codes in use. This explains the underlying intelligence in this
scenario. Then, we switch the packet’s lambda and change its
code randomly to one of the possible codes. Take into account
that in the code and lambda switching scheme, we have considered all nodes to have full wavelength and code converter
switches. The mentioned discrimination in intelligent switching
helps the system designer in reducing the error probability of the
overall network by evenly distributing the packets in different
wavelengths.
There are other possible wavelength assignment methods
available, like the first fit and the random path strategies, which
have been introduced in [29] and [30]. Also in [15], a new
wavelength assignment has been presented, in which both
codes and wavelengths are assigned to packets sequentially,
but with no wavelength conversion. In our code with lambda
switching scenario, as presented in the following paragraphs,
we have assumed both code and lambda switching, rather then
the sole code switching, discussed priorly. As using wavelength

(23)

is the steady-state block probability of each link in
where
this scenario. As we know from (15), the block probability of
each code is
(24)
is each code’s block probability and
is the new
where
traffic of each code in this switching scenario. It is noteworthy
that, this probability is evaluated in steady-state conditions, and
is independent from how wavelength conversions occur. Thus,
and
are the same for both random and intelligent
switching. We, therefore, consider one of the lambdas’ virtual
buffers, i.e., a complete set of
codes, with random switching
scheme. The input rate to this lambda is equal to its initial rate
plus other rates that are handed over from other lambdas. Consider that such switched lambdas exist. We have the same
new traffic rate relationship as (10); hence, from what we have
proved in (11) for an output buffer model, this traffic rate is

(25)

where
and
are the block probability and the new
traffic rate of each lambda, respectively. Since each lambda
has
codes, in steady state, we can model it with an
, with input traffic
. As this traffic
randomly divides between every code in the random switching,
each code’s input traffic becomes
.
Now, each code’s block probability can be computed using
(13), (15), (24), and (25). As discussed earlier, the block
probability in the code switching schemes are important for
determining error probability of the codes. The equality of
both code with lambda switching schemes, i.e., random and
intelligent, in steady-state conditions, helps us determine the
intelligent model’s error probability as well.
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The error probability of each code in the random scenario is
the same as what we achieved in the code switching scheme,
i.e., (22)

(26)
where
is the error probability of each code in the random
scheme. But in the intelligent scheme, we must take into account which wavelength exhibits the minimum number of used
codes and how many of these lambdas with the same minimum
number of occupied codes are exist in this link. Therefore, from
sight of traversing packets, we can evaluate the error probability
of each code in this switching scheme as follows:
(27)
where
is each code’s error probability in intelligent
switching and the term “
” means that number of
minimum number of occupied codes between all lambdas is .
Here, the term
takes the same concept as
the term
in (21).
If a packet arrives at the router, the router first finds the
lambdas which have minimum number of codes occupied.
Then, it chooses one of such lambdas and switches the packet
to that lambda and assigns an available code to it. Thus, from
this sight, the error probability of this certain code and
blocked codes on link, is exactly equal to
. Also, note
that, the probability of codes of each lambdas being blocked is
. Since lambdas are possible to
have the minimum number of the occupied codes, we can write

, and
for noncoherent OCDMA. For SPEs, we consider
the fixed parameters
, and
.
And for OOCs, we have simulated the error probability for
different values
and
while
in all simulations.
However, it is observed that by using the intelligent switching
model the error probability is decreased. Yet this advantage is
compensated by the excess complexity of the network routers.
In cases when router complexity and thus expenses are concerning, we can use the mere code switching systems with alike
error probability as well, because all of these methods have an
acceptable range of error probability.
V. COMPARISON AND RESULTS
In this paper, we discussed various scenarios namely the input
buffer, output buffer, code switching, and code with lambda
switching (random and intelligent switching). These scenarios’
relationships considering the block probability and also, error
probabilities for code switching schemes, were analyzed. Now
that we have a clear formulation for each scenario, we can attempt to correspond the code switching and code with lambda
switching scenarios with the input and output buffer scheme
from sight of the block probability. This correspondence highlights the existence of virtual buffers in code scenarios, which
is an immense lunge in all-optical networks. From this resemblance, we desire to find the
such that the code switching
scenarios are equivalent to the input and output buffers schemes
with
buffers and
buffer capacity.
Assume that the traffic rate and the blocking probability
are fixed for all scenarios. In the input buffer scenario, from (6),
the buffer capacity
with respect to fixed parameters is
(30)
In the output buffer scenario, from (9), the buffer capacity
becomes

(28)
(31)

Therefore
where

(29)
The error probability of these three code switching schemes
for both coherent and noncoherent OCDMA is shown in
Figs. 9–11. It is clear from these figures that the error probability would be in an acceptable level for a variety of parameter
ranges such as
and
for coherent OCDMA, and

Also, in the code switching scenarios, from (13) and (23),
the number of required codes, i.e.,
for mere code switching
and
for code with lambda switching, with respect to the
aforementioned fixed parameters can be estimated as follows:

(32)
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TABLE I
COMPARING THE ESTIMATED PARAMETERS FOR ALL SCENARIO
WITH TRAFFIC RATE
AND THE NUMBER OF
BUFFERS (WAVELENGTHS)
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and
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