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Abstract—We study the effect of multiple fibers in circuit-
switched all-optical wavelength-routing networks. A new analytical
model—the multifiber link-load correlation (MLLC) model—is
developed to evaluate the blocking performance of such networks.
To our knowledge, the MLLC model is the first model that takes the
link-load correlation into account in multifiber WDM networks.
We show that the MLLC model is accurate for a variety of network
topologies by comparing the analytical results to simulation results.
We observed that a small number of fibers are sufficient to guar-
antee high network performance in multifiber WDM networks.

Index Terms—Call blocking performance, link-load correlation,
multifiber networks, optical networking.

I. INTRODUCTION

A LL-OPTICAL networks employing wavelength-division
multiplexing and wavelength routing are a viable solution

for future wide-area networks (WANs) and metropolitan-area
networks (MANs). In WDM networks, each node has a dy-
namically reconfigurable photonic switch. Signals are kept in
the optical domain from a source node to a destination node,
thereby providing end-to-end protocol and data format trans-
parency, and simplified management and processing compared
to routing in systems using digital cross-connects [1].

In wavelength-routed all-optical WDM networks, alight-
path is an “optical communication path” between two nodes,
established by allocating the same wavelength throughout the
route of the transmitted data [2]. The requirement that the same
wavelength must be used on all the links along the selected path
is known as the wavelength continuity constraint. Two lightpaths
can share the same fiber link, only if they use different wave-
lengths. A connection request encounters high performance
degradation because of the wavelength continuity constraint. If
each intermediate node on a path is equipped with a wavelength
converter, the wavelength continuity is not required. However,
the technology of all-optical wavelength conversion is not ma-
ture yet. The cost of an all-optical wavelength converter is likely
to remain high in the near future. Sparse wavelength conversion
and limited wavelength conversion are proposed to reduce the
cost of wavelength converters in [3] and [4], respectively. Multi-
fiber WDM networks are an alternative solution to overcome the
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wavelength continuity constraint. In multifiber WDM networks,
each link consists of multiple fibers, and each fiber carries
information on multiple wavelengths. A wavelength that cannot
continue on the next hop can be switched to another fiber using
an optical cross-connect (OXC) if the same wavelength is free on
one of the other fibers.

Much research has been done in obtaining the call blocking
performance of single-fiber WDM networks [3], [5]–[10]. A
Markov chain (MC) model with the consideration of link-load
correlation in [3] is accurate, and has a moderate complexity.
As pointed out in [8], the MC model is an approximate model,
because the arrival rates vary with the state of the Markov
chain. However, the approximation does not affect the accuracy
significantly. Analytical models have also been proposed in
[4], [11]–[14] to study the performance of WDM networks
with limited wavelength conversion. A simple analytical model
is developed in [4] for two-hop and multihop paths. A model
to compute blocking probabilities for mesh-torus networks is
presented in [13]. A more general model that can be used in
any topology is proposed in [14]. However, this model can only
be used in networks with small values of conversion degree,
because of the approximation made in the model. Since link-load
correlation is not considered, the analysis may not be accurate
for sparse network topologies. There has also been considerable
interest in analyzing the blocking performance of multifiber
WDM networks. The independent wavelength load model in
[6] is extended to multifiber networks in [15]. The results of
this model are not numerically accurate for Poisson traffic
because of the assumption that the load on one wavelength is
independent of those on the other wavelengths on a link. The
link load independence model proposed in [5] is extended to
multifiber networks in [16]. However, this independent model is
not accurate [16]. It overestimates the blocking performance for

and underestimates for in a mesh-torus network.
The blocking performance models for first-fit wavelength
assignment in [17] and [18] are also proposed to be applicable
in multifiber networks. However, both of these models require
intensive computation due to their iterative procedure to solve
the Erlang fixed-point equation. Multifiber WDM networks have
also been studied in [19]–[21].

We study the effect of multiple fibers in circuit-switched all-
optical WDM networks. Our study method is different from the
ones used in [15] and [16], which assume that bothand are
fixed for a network. We assume that the traffic load of a network
is fixed, and the number of channels to support this traffic,

, is a constant and known beforehand. We varyfrom 1
(no wavelength conversion), etc., to (full-range wavelength
conversion), and accordingly. Our study method
shows clearly the effect of multiple fibers on the network per-
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formance. A network operator could easily pick up anand
combination with theconsideration ofbothcost and networkper-
formance. A new analytical model—a multifiber link-load corre-
lation (MLLC) model—is proposed tocompute the blocking per-
formance of multifiber networks in this paper. The MLLC model
is based on the Markov chain (MC) model for single-fiber net-
works proposed in [3]. Similar to the Markov chain model, we
start by considering a two-hop path. We use hop and link inter-
changeably throughout this paper. Since we assume that the load
on the th hop is dependent only on the load on the th hop,
the probability of blocking on the-hop path can be computed
using the results for a two-hop path. This is done by viewing the
first hops as the first hop and theth hop as the second
hop of a two-hop path. The difficulty in the study of a multifiber
two-hop path results from the continuing calls from the first hop
to the second hop. To simplify the study, we divide the wave-
lengths on the two-hop path into different groups. The distribu-
tion of continuing calls is computed in each group.

To our knowledge, this is the first analytical model taking the
link-load correlation into account in multifiber WDM networks.
Comparing to the link independence model in [16] and [14], our
model is an accurate and general model that is applicable not
only to regular networks but also irregular networks.

This paper is organized as follows. A multifiber link-load cor-
relation model is developed to analyze the performance of mul-
tifiber WDM networks in Section II. The model is applied to a
variety of network topologies and the results are shown in Sec-
tion III. We observed that the analytical results obtained from
the MLLC model match closely with simulation results for the
typical network topologies we studied. The accuracy of the an-
alytical results is significantly improved from the MLLC com-
pared to the link independence model proposed in [16]. We also
observed that limited number of fibers is sufficient to guarantee
high network performance in multifiber WDM networks. We
present our final remarks in Section IV.

II. A M ULTIFIBER LINK-LOAD CORRELATION MODEL

We propose a new analytical model to compute the blocking
performance of multifiber WDM networks in this section. In
the analytical model, we assume Poisson input traffic with
arrival rate at each node and exponentially distributed call
holding time with mean 1/. A single path is preselected for
each source–destination (s–d) pair, and a wavelength assigned
to a connection is uniformly randomly selected from the set of
free wavelengths on that path. Let be the number of fibers
per link, and be the number of wavelengths per fiber. We
assume that and are the same on all links and fibers of a
network. We also assume that an incoming request on one input
port can be switched to any output port using OXC as long
as the output port has the same wavelength free regardless of
which fiber it is on. If the wavelength is not free on all of the
fibers at the output, the request is blocked on this wavelength.
No wavelength converter is available at any node.

We define a light channel (LC) as a wavelength on a fiber
on a link. A lightpath (LP), defined in previous section, is a
connection between a source–destination (s–d) pair using the
same wavelength on all the links of a path. Note that a lightpath

Fig. 1. Calls arriving and leaving on a two-hop path.

consists of several LCs on successive links. The LCs on a path
may or may not be on the same fiber. Let a wavelength trunk
(WT) be a collection of the LCs/LPs using wavelengthon
all the fibers. Fig. 1 shows a two-hop path withWTs on each
link, i.e., each WT consists of fibers. We define a WT “free”
on alink if the wavelength is free on at least one of the fibers on
the link. A WT is “busy” on the link otherwise. A WT is “free”
on apath if that WT is free on all of the links constituting the
path. A WT is “busy” on the path otherwise.

In the analytical model, we start by analyzing a two-hop path
as shown in Fig. 1. The states of a two-hop path can be modeled
using a three-dimensional Markov chain as follows. Letbe
the number of calls that enter the path at node 0 and leave at
node 1. Let be the number of calls that enter the path at node
0 and continue on to the second link. And let be the number
of calls that enter the path at node 1. Therefore, the number of
calls that use the first link is and the number of calls that
use the second link is . Since the number of calls on a
link cannot exceed the total number of available light channels,

, we have , and .
The following conditional probabilities are defined for the

three-dimensional MC on a two-hop path.

• Pr the probability that
WTs are free on a two-hop path WTs are free

on the first hop of the path, LCs are free on the second
hop, and LCs are busy on both of the links occupied
by continuing calls from the first to the second hop}.1

• Pr LCs are occupied by continuing
calls from the first link to the second link LCs are free
on the first link, and LCs are free on the second link,
see (1) at the bottom of the next page.

• Pr LCs are free on the second link
LCs are free on the first link of the path}, see (2) at the
bottom of the next page.

Here and are functions of the
steady- state probability of state that is given by [22]

(3)

1In this paper, we put a hat on the variables for the number of WTs to differ-
entiate them from the variables for the number of LCs on a link.
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where , , are the arrival rates of calls that leave the first
link, continue from the first link to the second link, and enter
at the second link, respectively. 1/is the expected value of the
exponentially distributed call holding time.

Because of the assumption that the load on theth hop is
dependent only on the load on the th hop, the blocking
probability on an -hop path can be computed recursively
by viewing the first hops as the first hop and theth
hop as the second hop of a two-hop path. Then we focus
on the analysis of a two-hop path, i.e., the computation of

in the following. The following
notations are needed to obtain the blocking probabilities.

• Let be the number of considered WTs on a link, .
is used as a subscript in the expressions of this paper to

indicate that the computation of the expressions is on
WTs.

• Let be the number of continuing calls on a two-hop
path which occupy only part of a WT, i.e., do not use all
the LCs on any WT. In other words, no busy WT is
occupied completely by calls.

• Let be the number of busy LCs occupied by entering
calls on the second link of the two-hop path. We know that

.

A. Computation of

The difficulty in computing re-
sults from the continuing calls from the first hop to the second
hop. To simplify the computation, we divide the WTs on the
two-hop path into different groups. The conditional distribution
of continuing calls is computed in each group.

We first divide the WTs on the two-hop path into two
groups as shown in Fig. 2. The first group, , consists of

busy WTs that are occupied completely by continuing calls
on both of the links. The other ( ) WTs belongs to the

Fig. 2. TheW WTs are divided into two groups.

second group, , which has ( ) continuing
calls but no busy WT is occupied completely by the continuing
calls. is given by

(4)

where . Here is
the probability that busy WTs are occupied completely by
continuing calls given that WTs are free on the first hop of
the path, LCs are free on the second hop, andbusy LCs
continue from the first to the second hop. We assume here that
the calls are arranged on the two links such that all possible LC
configurations to reach the state ( ) are equiprob-
able.2 Thus we can distribute the continuing calls to the two
links first, then distribute the leaving and entering calls on the

2The arrival rates actually change with the state of the Markov chain because
of blocking on other links of the network. However, modeling it in multifiber
case would considerably complicate the model. We show later that the loss in
accuracy due to our assumption is not significant.

Pr

(1)

Pr

(2)
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Fig. 3. The WTs in theG(W�Ẑ ) group are divided further into two groups.

first and second link to reach the state ( ).
can be computed as

otherwise
(5)

where , and is the number of ways
of distributing LCs to WTs such that no WT is fully occupied
by the continuing calls. Note that each WT consists offibers.
Suppose . is given by [16]

otherwise.

(6)

In (4), is the probability that

WTs are free on a two-hop path with WTs,
given that WTs are free on the first hop of the path, LCs
are free on the second hop, calls continue from the first to
the second hop but no busy WT is occupied completely by these
continuing calls. To compute , we

divide the second WT group further into group and
group as shown in Fig. 3. group consists of

busy WTs on the first hop, occupied by
continuing calls, or leaving calls, but no busy WT is occupied
completely by continuing calls. The WTs in the group
are free WTs on the first hop. The WTs in these two groups
may or may not busy on the second hop. Recalling our defini-
tion of a “free” WT, some LCs may be set up on the WTs in

, but the number of busy LCs on a WT is less than.
Let be the number of continuing calls distributed in the

group. Then the number of continuing calls distributed
on the group is . Recall that is
the busy LCs occupied by entering calls on the second link of
the two-hop path. Let be the number of entering calls at the

second link in the group, then the number of entering
calls in the group is . The probability

in (4) is given by

(7)

where

and

Here is the probability that con-

tinuing calls are in the subgroup given that calls are
randomly distributed in the group and no busy WT
is occupied completely by calls. is
given by

(8)

in (7) is the probability

that LCs are distributed in the subgroup , given
, , and calls are distributed in group ,

, and , respectively. Thus,

in (7) is the probability that

WTs are free on the two-hop path withWTs, given that
all of the WTs are free on the first hop, LCs are free on
the second hop, and calls continue from the first hop to

the second hop. To compute ,

we divide the group again into two groups. The group
consists of WTs that are free on both of the first

hop and the second hop. The other group, , consists of
WTs, which are free on the first hop but

busy on the second hop as shown in Fig. 4. Let be the

number of continuing calls distributed in the group .
Then the number of continuing calls distributed in the group

is . Let be the number of

entering calls distributed on the WTs. The number of en-
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Fig. 4. The WTs in theG(X̂ ) group are divided again into two groups.

tering calls distributed on the WTs is .
is derived as

where is the number of ways to distribute

continuing calls and entering calls to WTs such

that every WT is free. is given by

A closed-form expression of is ob-
tained as

(9)

B. Computation of AverageBlocking Probability

Let be the probability that wavelengths are
free on an-hop path and LCs are free on hop. We continue
to assume that the load on theth hop is dependant only on the
load on the -hop. By viewing the first hops as the
first hop and theth hop as the second hop of a two-hop path,

we can compute the blocking probability on the-hop path using
the results for a two-hop path in (9).

(10)

where and are the conditional prob-
abilities that defined in (1) and (2), respectively. The probability
that wavelengths and LCs are free on the first link of a
path is

C. Computation of the Parameters

Let be a route between a s-d pair using link, as a
route continuing from link to link . Let be a set of fixed
routes for calls that use link, and be the set of fixed routes
for calls that continue from link to link . , and are
the arrival rates of calls entering at link, leaving link , and
continuing from link to link , respectively. , and
are given by

(11)

(12)

(13)

These arrival rates are used to compute the steady-state prob-
ability in (3). Let be the length of a path be-
tween an s–d pair. Let be the number of s–d pairs in the net-
work, and be the networkwide average blocking probability.

is given by

(14)

D. Implementation and Complexity Analysis

The above equations shows an approach on how to compute
the steady-state probability of a path that hasfree wavelength
trunks. Comparing to the link-load correlation model for single
fiber networks [3], the MLLC model has the same computa-
tional complexity except for the computation of the free WT
distribution on a two-hop path, .
However, does not depend on any
network topology and traffic arrival rate. The only parameters
needed to compute is the number
of fibers per link, , and the number of wavelengths per
fiber, . Thus can be computed
independently. The results can be used repeatedly in different
topologies and traffic patterns, as long as they have the same
number of fibers per link and wavelengths per fiber.
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Fig. 5. Blocking probability versus number of fibers in a 10-node
unidirectional ring network. The link capacity is fixed at 24.

We present a new analytical model that can be used for both
regular and irregular multifiber WDM networks in this section.
In the next section, we apply the analytical model to study the
call blocking performance for different topologies.

III. N UMERICAL RESULTS AND ANALYSIS

In this section, we assess the accuracy of the multifiber link
load correlation (MLLC) model by comparing it to the simula-
tion results. We also compare the MLLC model to the multifiber
independence model presented in [16], and show that the MLLC
model yieldsmoreaccurate results than the independence model.
The MLLC model is applied to two regular topologies: the ring
and the mesh-torus networks, and an irregular NSF T1 backbone
network (NSFnet). We are interested in finding the effect of mul-
tifibers on these networks. The question we attempted to answer
is how many fibers are required in these multifiber nonwave-
length-convertible networks to provide similar performance as
that of full-wavelength-convertible networks.

In the networks we studied, the link capacity is fixed at 24
light channels, i.e., on each link. We vary the number
of fibers on each link, , from 1, 2, 3, 4, 6, 8, 12 to 24, and the
number of wavelengths on each fiber is varied by
accordingly. We assume Poisson traffic arrives at each node, and
the destination for an arrival request is uniformly distributed
among other nodes.3 We adjust the traffic load such that the
blocking probabilities are around 10. Each data point in the
simulations was obtained using 10call arrivals.

3The MLLC model could also be used for nonuniformly distributed traffic
using (11)–(13). The uniform distribution assumption is made only for sim-
plicity. Note thatlink loads in the NSFnet are nonuniformly distributed.

Fig. 6. A 5� 5 mesh-torus network.

Fig. 7. Blocking probability versus number of fibers in a 5� 5 mesh-torus
network. The link capacity is fixed at 24.

We first study a 10-node unidirectional ring network in which
the gain of using wavelength converters is limited. The call
blocking probability against the number of fibers per link is
plotted in Fig. 5. The traffic load is 2 Erlangs per node. Analyt-
ical and simulation results are plotted for different fiber–wave-
length pair configurations. The close match between the ana-
lytical and simulation results and the fact that the analytical re-
sults follow the trend of the simulation results indicate that the
model is adequate in analytically predicting the performance in
the ring networks. For comparison, we also plot in the figure
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Fig. 8. The NSF T1 backbone network topology.

the analytical results obtained from the independence model in
[16]. It is seen that the independence model severely overesti-
mated the blocking probability when the number of fibers per
link, , is small, and underestimated the blocking whenbe-
comes larger. We observed that 6 fibers per link are sufficient to
provide similar performance as that in full-wavelength-convert-
ible networks ( , ).

Wavelength converters are useful to reduce the blocking prob-
ability in the mesh-torus networks. A 55 mesh-torus network
shown in Fig. 6 with node traffic of 17 Erlangs is studied. The
results are shown in Fig. 7. We observed that the MLLC model
performs better than the independence model, although the dif-
ference is not as much as in the ring networks. The reason is that
the traffic in mesh-torus networks tends to mix well such that the
effect of the link-load correlation is not significant, especially in
multifiber networks. We also observed that 4 fibers are sufficient
to guarantee high network performance. Recalling that multiple
fibers have similar effect as limited wavelength conversion in
WDM networks, our observation is coincident with the results in
[4], which showed that with a conversion bandwidth that covers
only 25% of the whole transmission bandwidth, the blocking
probability is almost identical to the one with full-range con-
version.

The above two regular topologies have been intensively
studied in the literature [4], [15]. However, few analytical
models are applicable in irregular multifiber networks. We
apply the MLLC model to the NSFnet shown in Fig. 8 and
show the results in Fig. 9. The traffic load per node is 12
Erlangs. It is seen that the analytical results follow the trend
of the simulation results. No result of the independence model
is shown in the figure because the independence model is not
applicable in irregular networks. We observed that the network
performance is not significantly improved with full wavelength
conversion ( , ) in the NSFnet compared to no
wavelength conversion ( , ). It is also interesting
to note that only 4 fibers per link are sufficient to provide
similar performance as that of using full wavelength converters
in the NSFnet.

Fromtheabovesimulationandanalytical results,weknowthat
the MLLC model is applicable in both regular and irregular net-
works. The analytical results are close to the simulation results in
all of the three examined topologies. We also observed that good

Fig. 9. Blocking probability versus number of fibers in the NSfnet. The link
capacity is fixed at 24.

blocking performance is guaranteed in multifiber networks with
a small number of fibers per link in different topologies.

IV. CONCLUSION

We study the effect of multiple fibers in circuit-switched all-
optical WDM networks. To evaluate the blocking performance
of such networks, we have developed an analytical model taking
the link-load correlation into account. We have shown that the
model is accurate for a variety of network topologies by com-
paring the analytical results to the simulation results. Comparing
to the independence model of [16], the MLLC model is more ac-
curate both in regular networks (the ring, the mesh-torus) and ir-
regular networks (the NSFnet). An important conclusion of our
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study is that a multifiber network has similar blocking perfor-
mance to that of a full-wavelength-convertible network, if we
select the wavelength-fiber-pairs adequately. A limited number
of fibers is sufficient to guarantee high network performance.
Most of the current optical networks are built on multiple fibers.
Multifiber WDM networks without wavelength conversion are
not only feasible, but are also a desirable choice under current
technologies.
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