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SUMMARY
We analyze the cost of networks consisting of optical
cross-connect nodes with different architectures for realizing the next generation large bandwidth networks. The node architectures include wavelength granular and fiber granular optical routing cross-connects. The network cost, capital expenditure (CapEx), involves link cost and node cost,
both of which are evaluated for different scale networks under various traffic volumes. Numerical experiments demonstrate that the subsystem modular architecture with wavelength granular routing yields the highest cost
effectiveness over a wide range of parameter values.
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assignment

1.

Introduction

Internet traffic has been growing rapidly over the past
decade (30–40% per year [1]) and will continue or even
accelerate considering emerging machine learning/artificial
intelligence based services using big data analysis, 4k/8k
high-definition video delivery, cloud computing, and so on.
The relentless traffic growth compels network operators to
expand network bandwidth in the most cost effective way.
In consequence, cost optimization for optical networks has
been a key study topic [2]. In the early 2000’s, the number of
fibers required in the network [3] and/or the total port count
of all nodes in the network [4] were used as metrics in evaluating capital expenditure (CapEx). One study [5] estimates
the cost in not only the optical layer but also the IP/MPLS
layer, and optimizes the total cost so that the impact of ITUT flexible grid-based transmission technologies can be clarified. Another study, [6], considers the traffic growth trend
generated from the recent adoption of cloud-based services.
Moreover, network wide analyses from core to access have
yielded cost estimates for different access speeds [7]. The
costs of energy consumed have also been discussed to attain
“green” status [8]. To cope with the envisaged future traffic
expansion mentioned above, the advancement and wide deployment of the transparent optical network are the key, and
identifying the most effective direction to proceed, which is
of prime importance, is discussed in this paper. Thus, the
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CapEx that includes link (fiber) and node cost is assessed so
as to cover different possible future scenarios.
Optical cross-connect (OXC) nodes (or reconfigurable
optical add/drop multiplexer (ROADM) nodes) have been
widely adopted in backbone and metro networks. Their
wavelength granular routing and add/drop capability maximizes fiber utilization (reduce fiber cost) and can also eliminate expensive optical-to-electrical and electrical-to-optical
conversion. Introducing OXCs also minimizes need for human intervention for dynamic network operations including
optical level protection and network restoration and rearrangement. Most OXCs/ROADMs are built using wavelength selective switches (WSSs), each has a single input
port and multiple output ports or vice versa. The WSS can
multiplex, demultiplex, and switch optical paths in the optical domain. It is a rather complicated device and hence
maximum port count of practical WSSs is limited to around
30. When traffic grows, the number of fibers in each link
increases, requiring large scale OXCs at nodes. A straightforward way to build the large port-count OXCs is to create
a large port count WSS by cascading or parallelizing small
port-count WSSs. This, unfortunately, explodes the number of WSSs needed [9] (64×64 route-and-select OXC needs
384 1×30 WSSs), and the optical performance degradation
created by the traversal of many WSSs at each node will
limit using this configuration.
In order to resolve the OXC hardware scale and
cost explosion accompanying the increased number of input/output fibers, various OXC architectures have been proposed [9]–[16]. Some use coarse granular optical path routing where wavelengths are bundled (to create a waveband)
for switching [15], [16], which are shown to reduce hardware cost compared to conventional wavelength-routing networks. Among the above, the subsystem modular OXC
[9]–[13] that consists of several small size sub-OXCs has
been proven to be very attractive. One point to be noted is
that routing capabilities of the OXC express switch part can
be originally very redundant if each incoming/outgoing link
consists of multiple fiber pairs (or fiber degree is larger than
node degree) [17], [18]. In most actual networks, the average node degree is less than 4 (maximum number is less
than around 8) [11]. This degree difference is enhanced
when traffic, or the number of link fibers, increases, as is
discussed in this paper. As a natural consequence, the practical effect of setting the routing limitation in the OXC express switch can be restrictive. For example, in the OXC
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express switch part, even if an incoming optical path loses
its connection to one (or some) of the outgoing link fibers
destined to the next target node, it does not cause blocking
when there is connectivity to the other outgoing link fibers
to the node. In short, if there are multiple link fibers, the
OXC express switch part can have inherent routing redundancy and so the wise introduction of routing restrictions
results in very marginal blocking [17], [18].
The subsystem modular OXC, in addition to this, exhibits graceful modular growth capability and yields significant reductions in the number of necessary WSSs, while
improving transmission performance; end-to-end total optical loss and the number of WSSs traversed by optical paths
can be reduced compared to the conventional architectures
[10], [11]. Indeed, it has been confirmed that 90-80% of
optical paths traverse a single subsystem in each node [12],
even though the nodes consist of multiple subsystems. This
is because the routing and wavelength assignment (RWA)
algorithm, which is aware of the node architecture, can limit
the number of subsystems traversed by an optical path from
the source to destination, and the maximum and the average number of WSSs traversed by each path is significantly reduced, more than 50% [10], compared to the conventional route-and-select architectures. As a result, the
filtering impairment created by WSSs can be greatly mitigated and transmission performance can be substantially
improved. With this limitation, for optical paths that traverse the maximum number of nodes, the total number of
subsystem traversals can be set equal to the maximum node
hop count demanded by the conventional wavelength crossconnect (WXC) approach, while allowing smaller hop optical paths to traverse multiple subsystems in a node up to
a limit. Detailed investigations of these attributes are presented in [11], [12]. Another solution is to use the fibercross connect (FXC), which provides coarse granular routing: all the paths in each fiber are switched as a whole. This
approach appears to be effective at very high traffic intensities; however, for smaller traffic conditions, fiber utilization
can be relatively low which increases link cost.
In addition to node scale expansion, link capacity enhancement is demanded to meet the traffic growth. Multicore fibers (MCFs) [19] and multi-core amplifiers [20] that
may use common pump lasers for all cores, have been eagerly studied. Joint switching of optical paths with same
wavelength carried by multiple cores of MCFs has also been
studied [21]. With MCFs and corresponding devices, higher
core density and fewer fibers can be achieved simultaneously.
Comparative studies have so far been conducted mostly
on either node hardware cost or link cost; however, total
network cost, which consists of both link and node cost
(the two cost factors are strongly intertwined) has not been
fully investigated so far. In addition, both node and link
cost strongly depend on network configuration and assumed
OXC architectures, where many parameters including traffic intensity, network topology, network scale (link lengths),
system cost, and future technology advances need to be con-

sidered. This paper investigates cost optimization in optical
networks that adopt two distinct OXC architectures as regards routing granularities, i.e. wavelength (WXC) and fiber
(FXC). We assess total network cost that consists of node
cost and link cost (operation cost is another important portion; however, it is out of the scope of this paper). The node
architectures considered here includes 1×M WSS-based
conventional WXC, 1×M WSS-based subsystem-modular
WXC, M×M WSS-based subsystem-modular WXC, and
FXC. Different network topologies and scales are examined.
We believe that the obtained results will provide a useful
guideline to the future node architecture where traffic volume can be very large. The trend in the node and link cost
ratio variations as a function of traffic volume is clarified.
The paper is organized as follows. In Sect. 2, different
OXC architectures are examined. Routing and wavelength
assignment algorithms for networks that use each architecture are summarized in Sect. 3. Section 4 presents cost models and network cost simulation results. Section 5 concludes
this paper. The preliminary results of this paper are presented in a conference paper [22].
2.
2.1

Optical Node Architectures
Conventional WXC Architecture

In this paper, we assume an OXC architecture that can accommodate all the fibers incoming to/outgoing from the
node, in other words, the optical layer network is constructed on a single plane. This is because multiple-plane
networks that are composed of multiple smaller size OXCs
in a node suffer not only degraded fiber utilization but
also complicated network provisioning and design and often need human intervention that can cause human-related
errors. Such networks are not suitable for implementing
software defined networking (SDN) or effectively accommodating the more dynamic services envisaged. Presently,
SDN is mostly introduced at the electrical level; for example, Google introduced OpenFlow for inter data center networks several years ago and the fiber usage was dramatically
improved [23]. When traffic becomes larger, control will be
done at the optical path level.
Figure 1(a) depicts a conventional N×N WXC node
that adopts the route-and-select (R&S) configuration with
1×N WSSs at both input and output sides. This configuration becomes necessary when N is larger than ∼9 since
the broadcast-and-select (B&S) architecture (optical splitter is used replacing incoming fiber side WSS of R&S architecture) cannot be used due to its excessive coupler loss
and crosstalk (Table 1). When the port count exceeds ∼30,
which is the maximum port count of current WSSs, WSSs
should be paralleled or cascaded, and this increases the number of WSSs needed super-linearly (see Table 1). In addition, it leads to excessive signal impairments due to the increase in the number of WSS traversed per node [24]–[27].
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Fig. 1

Table 1

2.2

OXC architectures

Comparison of N×N optical cross-connects.

Subsystem Modular WXC Architecture

The subsystem-modular WXC significantly decreases the
number of WSSs required. The architecture consists of
multiple small-scale sub-WXCs connected in a ring or linear fashion [10] to form one single large-scale WXC; the
linear subsystem connection (Fig. 1(b) and Fig. 1(c)) is assumed here since it allows hitless (no bit error) expansion.
The small degree of subsystems, i.e. less than 9×9, enables
adoption of the B&S architecture that leads to considerably
reduced number of WSSs utilized and traversed (R&S is

also possible if needed). Although adjacent subsystems in a
node are connected by a limited number of fibers, which can
offset the routing capability, the use of a restriction-aware
network design algorithm [9]–[13] keeps the routing performance almost the same as that achieved with conventional
WXCs. Indeed, the accommodation ratio (frequency utilization) of the intra node fibers that connect subsystems is
found to be around 25% or less [12], and hence possible
collision can be effectively averted. In a subsystem modular WXC, a wavelength path may traverse multiple B&S
sub-WXCs in a node; however, by using the above algorithm and limiting the maximum number of intra-node fiber
traversals by each optical path from its source to destination,
the number of WSS traversals per optical path can be greatly
reduced compared to that with the conventional WXC based
on the R&S configuration [10], [11]. Accordingly, the optical filtering impairment at nodes can also be reduced. Moreover, the subsystem architecture enables hitless and modular
expansion of WXCs [12], another important characteristic
of modern node architectures given the continuous increase
in traffic. The linear subsystem interconnection shown in
Fig. 1(b) and Fig. 1(c) provides a free pair of interconnecting
fibers at each end subsystem for future expansion. Please
note that in order to compensate the loss of traversing more
than one subsystem at a node, optical amplifiers should be
inserted in the intra-node connection fiber between subsystems as shown in Fig. 1(b) and Fig. 1(c); the increment of
the needed number is, however, marginal. Indeed, when the
number of inter-node fibers is L for each sub-OXC and s
subsystems are used, the total number of inter-node fibers is
sL. The OXC needs 2sL + 2(s − 1) EDFAs (for inter-node
+ intra-node fibers), whereas the conventional OXC with sL
ports needs 2sL EDFAs. Thus, ratio of the EDFAs needed
is 1 + (s − 1)/sL. When L is 7 (assuming using 1×9 WSS
for sub-OXC; 2 intra-node fibers) and s = 5, the ratio is
1.114. Actually, EDFA number is dominated by the EDFAs
used in the add/drop part [28]. As a result, the increment in
EDFA number (and also the penalties in optical signal-tonoise ratio [11]) in the express switch part for the subsystem
modular OXC architecture is marginal.
The sub-WXC can be constructed in two ways: one
is by means of connecting multiple 1×M WSSs to form
each sub-WXC (Fig. 1(b)), while the other adopts a single M×M WSS (Fig. 1(c)). As mentioned earlier, the former uses M 1×M splitters and M M×1 WSSs connected
in a B&S manner, this is possible thanks to the small degree of each sub-WXC, which also eliminates WSS parallelism/cascading. The latter integrates the functions of splitters and 1×M WSSs into a single module; such a device is
called the M×M WSS. Its development has been rapid [29]–
[32], and now is at the level of prototype fabrication and
transmission testing [29]. Because of its rather complex optical configuration, an M×M WSS cannot form a large-scale
WXC by itself (for example, 30×30); however, it is very
suitable as a sub-WXC used to form a large-scale WXC.
The use of the M×M WSS can reduce the number of WSS
units and, as a result, simplifies overall system configuration
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[29]. Furthermore, very low inter-WSS crosstalk is realized
[33]. This is enabled by using a platform that combines a
wave-guide and free-space optics or a spatial and planar optical circuit (SPOC) [34].
2.3

FXC Architecture

FXC offers higher node scalability with a single system than
the WXC, in terms of the number of input/output fibers; the
largest port count of the presently available FXC is about
300. So far, its usage for architecture-on-demand [35] or
software-defined optical interconnection [36] is being studied. Figure 1(d) illustrates an FXC function, where optical
paths are cross-connected at fiber granularity level, i.e. all
optical paths in a specific incoming fiber are routed to one
of the outgoing fibers without any wavelength path level operation. It can be implemented by using 3D micro-electromechanical systems (3D-MEMS) switches [35], [37], in
which micro-mirrors are controlled to reflect/switch optical
signals to the intended output. Since the FXC architecture
handles a large number of optical paths by a single device,
it suffers from the single-point-of-failure problem. This
method would be effective when traffic demand between any
two nodes far exceeds fiber capacity. Indeed, in the static
condition or the traffic demand matrix is fixed and no dynamic operation including fiber protection or restoration is
needed, no FXCs are needed; just the direct connection of
fibers between node pairs provides the minimum network
cost (zero node costs). However, given the traffic growth
condition where the future traffic distribution cannot be predicted (for example, new data center construction) or fiber
level protection or restoration is considered, the FXC is essential. When traffic volume is sufficiently large, high fiber
utilization can be assured even with FXCs and minimum total network cost would be attained thanks to the lower per
port cost of the FXC.
3.

Routing and Wavelength Assignment Algorithm

In this paper, we focus on static optical path network design
and a traffic growth network model, where different optical
node architectures described in the previous section are assumed. The network design is performed for the given set
of wavelength path requests, where each demand is specified by its source and destination nodes. No wavelength
conversion is assumed at nodes. The simultaneous optimization of route and wavelength assignment to all optical paths
is known to be an NP complete problem. For a conventional network with large single WXCs, a sub-optimal solution is obtained by path-by-path assignment, i.e. a sequential heuristic. However, the routing constraints, created by
the use of intra-node connection in the subsystem-modular
WXCs, and the fiber granular routing with wavelength granular add/drop in the FXC, need dedicated algorithms for
each architecture (subsystem WXC, FXC), as extensions of
those in [9], [15]. Algorithmic complexity [9]–[13], [38] basically matches that of the conventional OXC. Regarding al-

gorithmic dependencies, please note that for this kind of network dimensioning, route selection is very limited, shortestroute based one (with small hop slug), and as a result the differences in the results driven by the algorithm adopted tend
to be small; algorithmic freedom is rather limited due to the
route selection limitation. This is because, different from
static network design where traffic demand is given and the
target is to minimize network resources at the design timing, we investigate here the traffic increase situation. Thus
detouring optical paths at an early design timing will cause
resource inefficiencies at a later timing, even though the detour can minimize needed network resources at the early design timing. We assume that existing optical paths will not
be rerouted as it would cause service disruption. The key
points of the algorithms are summarized in the Appendix.
4.
4.1

Simulations and Evaluations
Simulation Parameters

Since network cost strongly depends on network scale and
topology, we examined four different networks, especially in
terms of their link length and node number: Pan-European
network (COST266), Deutsche-Telekom network (DTnet),
Japan network (JPN12), and US nationwide network (USnet). Parameters and their values are summarized in Table 2
and Table 3. Traffic is given as a set of optical paths whose
source and destination nodes are randomly selected following a uniform distribution. Here, we assume that a unit of
demand is the number of optical paths. Even though current networks mostly use 10/40/100 Gbps channels, we assume 1 Tbps channels as they will be introduced soon. Thus,
each fiber accommodates up to 23 optical channels where 15
12.5 GHz frequency slots are assigned to a 1 Tbps channel
[39] in the C-band (4400 GHz, 352 12.5 GHz slots). For
subsystem WXC nodes, subsystem size is set to 9×9 (nine
1×9 WSSs or one 9×9 WSS). Each pair of adjacent subsystems is bridged by one pair of fibers. The allowable maximum number of additional subsystems traversed by each
optical path is set to 8. For the conventional WXC architecture, the commonly utilized 1×20 WSS is assumed. For
the FXC switch, a 320×320 port count 3D-MEMS optical
switch is assumed. Please note that in our cost comparison,
the add/drop part cost is excluded as explained in Sect. 4.2.,
the total network cost ratios among different architectures
are basically unaffected by transponder cost, whereas the
channel bit rate, 1 Tbps, determines the available number of
channels per fiber, which affects, almost equally, the number
of fibers needed regardless of node architecture. If a fiber
can accommodate twenty-three 1 Tbps channels (23 Tbps
fiber capacity) or fifty 400 Gbps channels (20 Tbps fiber capacity), fiber cost per bit is 15% (= 23/20 − 1) higher if
400 Gbps channels are used. Then for a fixed amount of
traffic demand at a specific bit rate (not number of optical paths), fiber cost is 1.15 times higher with the use of
400 Gbps. The following simulation assumes 1 Tbps channels and results are given against traffic demands for a num-
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Table 2

Table 4

Parameters and values of physical networks.

Parameter and values used in cost evaluation.



+Camp.boost + (S i − 1) × 2 × Camp.boost
Csub−WXC(MxM.WSS) =

N 
X



S i × C9x9WSS + 7 × Camp.pre

i=1



+Camp.boost + (S i + 1) × 2 × Camp.boost
CFXC =

N 
X


C3DMEMS + PFXCi × Camp.pre + Camp.boost
i=1

Link cost. Optical fibers and inline amplifiers:
CLink =

N X
N
X

(Fi j × Di j × C f ) +

i=1 j=1

Table 3

Simulation setup.

ber of path demands. The approximate conversion of the
results to other channel bit rates can be simply done by converting the horizontal axes of Fig. 3–6 and 7, to bit rate demands (1 Tbps × number of path demands) and changing the
link cost to match the corresponding per bit rate fiber cost.
Node cost. WXCs, FXCs and intra-node amplifiers:
Cconventional =

N
X



PCONVi × 2 × C1×20WS S + Camp.pre + Camp.boost

i=1

C sub−WXC(1xM.WWS ) =

N 
X


S i × 9 × C1x9WS S + 7 × Camp.pre
i=1

4.2

N X
N
X
i=1 j=1

$
Fi j × Camp ×

Di j
Damp

%

Cost Parameters

In this work, the network cost is evaluated by the sum of
node cost (including WXCs, FXCs, and intra-node amplifiers) and link costs (including optical fibers and inline amplifiers). Splitter cost in each node is not considered as it
is relatively small compared to the other elements. Please
note that add/drop operations of all the architectures including FXC are performed at the wavelength granularity level.
For FXC, a 1×2 WSS on at least one side (input or output) of FXC (1×2 optical splitter is needed at the other side)
is needed; however, as its cost is relatively small, it is neglected herein.
Concerning the add/drop architecture, if there is no
contention in the part, the number of the required/installed
transponders is solely determined by the assumed optical
path demand, which is common to all OXC architectures.
If there is contention in the add/drop part, the number of
transponder banks needed may slightly differ among the architectures; however, the major cost portion of the add/drop
part is attributed to the installed number of transponders,
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particularly for the situation wherein traffic demand (number of needed transponders) is very large as discussed in
this paper; and thus the add/drop part cost is almost common to all architectures. Please note that efficient nonC/D/C add/drop part configurations for the subsystem modular OXC have already been developed [13], [38], [40]–[42]
and their effectiveness has been confirmed. Hence we omit
the add/drop part cost in the following cost comparisons.
While it is true that inclusion of the add/drop part cost would
shift the results, it can be estimated in the same way as for
channel speed, which is discussed in Sect. 4.1. This is possible using the results shown in Fig. 4 and Fig. 5, which provide a breakdown of link and node cost, and altering the
node cost by including the add/drop cost. The node/link
costs can be evaluated as follows by using the given parameters and variables in Table 4. The assumed cost values are
based on recently published cost models [35], [43]–[45].
4.3

a single 3D MEMS optical switch in the FXC based structure.
Figure 3 shows the average fiber utilization ratios for
WXC-based and FXC-based networks. Since the ratios of
conventional and subsystem WXCs are virtually identical
for all traffic intensities, we show them as just WXC. FXC
has much lower fiber utilization efficiency than WXC networks, particularly at low traffic levels; however, the difference becomes small as traffic increases.
Figure 4 depicts total network cost comparisons for the
different node architectures. Please note that all costs are
normalized to the total network cost of the 1×M WSS-based
subsystem WXC network since the approach is one of the
most attractive strategies as discussed below and so is taken
as a baseline. Figure 4 demonstrates that the relative cost
of the conventional WXC network substantially increases
with traffic volume. The FXC based network is far more
expensive than WXC-based equivalents at low traffic val-

Cost Comparison

Figure 2 depicts the distribution of fiber degree (the number of incoming and outgoing fiber pairs) at each node for
different network topologies when average number of optical path demands between each node pair is 20 (please note
that there is no apparent difference among WXC node architectures assumed). Here, the average fiber degree per
node at the demand level of 20 is, 66.4 and 67.7 for WXC
and FXC networks, respectively, for COST266 and 31.3 and
29.9 for DTnet. As shown in Fig. 2, fiber degrees are widely
distributed among the nodes in each network. FXC based
networks tend to have larger node scale than WXC based
networks; however, WXC based nodes cost much more than
FXC based ones. For example, a 180×180 port count node
needs at least 3600 1×20 WSSs with a conventional architecture. This number can be reduced to 234 1×9 WSSs (or
26 9×9 WSSs) with the subsystem based architecture or just

Fig. 2

Fiber degree distribution of nodes at demand level of 20.

Fig. 3 Average fiber utilization ratio of networks with different routing
granularities.

Fig. 4 Total cost comparison of networks with different node architectures (normalized to cost of 1×M WSS based sub-WXC network).
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ues because of the lower fiber utilization ratio; however, the
cost penalty rapidly falls as traffic increases until it becomes
cheaper than the WXC networks. The relative FXC based
network cost can be less than one, when the average path demand is over 15.5 in COST266, 9 in DTnet, 12.5 in JPN12.
However, the total cost effectiveness of FXC based network
over 1×M WSS based WXC network is not substantial: 3%
in COST266, 14.3% in DTnet, 4.8% in JPN12 at maximum
where the average number of optical path demands is 20, at
which path demand the average number of fibers per unidirectional link on a network is 16, 9, and 9 for the respective
networks. In the US network where the link length is very
long, FXC networks are less cost-effective than subsystem
based networks until demand level exceeds 20.
Although FXC node cost is much lower than that
of subsystem WXC (Table 3 lists assumed FXC switch
cost and WSS cost), the FXC based network offers only
marginally higher effectiveness than 1×M subsystem networks, which stems from the high link cost ratio in both
networks. To investigate this in detail, the relative link cost
to the total cost is presented in Fig. 5. It is clear that link
cost dominates for large networks, COST266 and USnet, except for conventional WXC-based networks, where the node
cost portion increases nonlinearly with traffic demand. The
node cost increase is caused by the explosion in the number
of WSSs needed by the parallel/cascade configuration; the
subsystem WXC has much lower node cost than the conventional WXC. Indeed, the ratios in Fig. 5(c) and (d) are
almost constant over a wide traffic range, which stems from
the linear node cost increment with traffic growth. The node
cost differences between conventional and subsystem WXC
networks are most clearly indicated in Fig. 4, since the two
networks have almost the same link cost. Please note that
while the effectiveness of subsystem WXC architecture has
been studied [9]–[14], this paper is the first to clarify total
network cost and cost behavior against traffic increases in
comparison to other architectures. M×M WSS-based subsystem node networks always yield the lowest cost if the
M×M WSS is more cost effective than M 1×M WSS; in this
evaluation, 9×9 WSS cost is assumed to be three times that
of 1×9 WSS as indicated in Table 3. The M×M WSS is in
the development stage and final cost remains unknown, but
expectations are high and the subsystem WXC architecture
can make the best use of M×M WSS even if the M value
is small, say 6 [29]. Although FXC nodes become very
cost-effective compared to WXC nodes as traffic increases,
FXC based networks cannot offer high effectiveness in terms
of total cost due to the link cost domination of both FXC
and subsystem WXC networks, especially in large network
topologies.
Moreover, we evaluated the impact of introducing
MCFs. If MCF is introduced in the future, not only will it
provide high capacity, but it may also foster the introduction
of FXC based networks because it can reduce the number of
fibers in the link if larger core numbers are used. Here, we
assumed MCF and single-core fiber (SCF) mixed deployment, since it is expected to have the lowest CapEx [19]. For

Fig. 5

Ratio of link cost to total cost.

MCF amplification, we assumed using bundles of identical
single-core EDFAs [21]. Figure 6 shows the ratio of FXC
network cost to the cost of 1×M WSS based subsystem networks at demand level of 20 when MCF is considered. The
core number of MCF is set to 7 and its cost is parameterized. For example, if we assume a 7-core MCF costs 4 times
a SCF (relative cost of one core of the MCF compared to a
SCF is 0.571), cost effectiveness of FXC network over 1×M
subsystem network is increased to 7% for COST266, 19.4%
for DTnet, 8.4% for JPN12, 0.8% for USnet at demand level
of 20 (Fig. 6) and the demand level when FXC cost ratio becomes less than 1 is decreased to 12.5 for COST266, 7.4
for DTnet, 10 for JPN12, 18 for US net (Fig. 7). Consequently, it can be seen that MCF encourages the introduction
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out any apparent limit on scalability.
5.

Fig. 6 FXC based network’s total cost normalized to that of 1×M WSS
based subsystem network when assuming MCFs (demand level = 20).

Fig. 7 FXC based networks’ total cost normalized to that of 1×M WSS
based subsystem network when assuming MCFs (a 7-core MCF=4×SCF
cost).

of FXCs, which is more effective for small size networks at
high traffic levels, when such an MCF cost is attained.
In addition to the cost issue, another critical point to be
noted is node scalability. Traffic increases are continuous
and network providers need to expand the system gracefully, which includes two aspects: pay-as-you-grow and
service disruption-free. For the conventional WXC architecture, the possible system increment unit is a pair of incoming/outgoing fibers and the corresponding WSSs; however, many intra-node fiber interconnections between newly
added WSSs and existing ones are needed, which requires
a lot of human intervention, a source of unwanted failures.
Another critical problem is the limited expandability of the
system. When the system is composed of 1×M WSS (or
equivalent WSS composed of multiple smaller WSSs that
are paralleled or cascaded), the maximum system size is
limited by M. Given future traffic demands, the M value
must be large, and the full system may be introduced even
at the outset (with necessary paralleled/cascaded configuration). With regard to the FXC, modular growth while ensuring the non-blocking nature of the switch is difficult. As
for the subsystem WXC-based node, a subsystem can be the
most efficient unit for WXC scale expansion. The existing
subsystem based WXC can be easily expanded without service disruption, just adding a subsystem and connecting the
two fibers reserved for expansion; this can be repeated with-

Conclusion

In this paper, we analyzed and compared different largescale optical cross-connect architectures that can be used
to create future bandwidth-abundant networks. Numerical
evaluations on different scale networks demonstrated how
changes in the link and node cost portions with traffic volume changes will affect the total network costs. The conventional WSS-based node architecture will not be suitable for
the future large traffic environment due to its poor scalability and high cost (around 50% higher total network cost than
other architectures at high traffic levels). The subsystem
modular OXC architectures provide superior performance
including cost efficiency and graceful expandability. Although node cost can be higher than FXC based networks,
subsystem WXC networks offer almost the lowest link cost
thanks to their wavelength-granular routing and dedicated
routing algorithm while offering much more cost-effective
nodes than conventional WXC networks, thus offering the
lowest total cost in most cases. In relatively small networks
with shorter distance between nodes, FXC based networks
could be an attractive solution at high traffic levels and effectiveness would be emphasized if cost-effective MCF were
developed. The analyses done in this paper used simple assumption such as uniform 1Tbps channels, no wavelength
convertors (regenerators), and semi-static traffic to allow
an understanding of the generic network cost differences
among the node architectures under analysis. How the results will change under specific conditions needs to be analyzed for more precise network planning, and so is a future
study issue. The effect of traffic dynamicity possible in the
future and control plane concerns are out of the scope of this
paper, but are important future study issues.
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Appendix A:

Design Algorithm for Optical Networks
That Use Subsystem Modular WXC
Nodes

The key point of the developed algorithm is minimizing the
limitation imposed by the use of intra node connection in
path accommodation. First, the number of subsystems at
each node must be carefully determined. Therefore, the proposed algorithm described below consists of two stages; i.e.
needed subsystem number estimation and path accommodation considering the limitation.
Step 1. Sort given wavelength path setup requests in descending order of shortest hop counts between their source
and destination nodes.
Step 2. Assuming all nodes are single WXC (i.e. no intranode contention), sequentially assign the path requests in
the order specified in Step 1 to the routes and wavelengths
(on a first-fit basis) that offer the smallest fiber increment.
Estimate the number of fibers necessary on each link.
Step 3. After finding necessary number of fibers for
the single WXC-based network in Step 2, replace all
the single WXCs with subsystem modular WXC nodes,
each of which accommodates the same number of incoming/outgoing fibers, and release all accommodated optical
paths.
Step 4. Sequentially reassign the path requests (in the order
specified in Step 1) to the routes and wavelengths that minimize the link fiber increment and satisfy the intra-node fiber
traversal constraint from the source to destination (the total
number of intra-node fiber traversals in nodes from source
to destination is limited to a certain value.) First, select the
candidate routes that offer minimum fiber increment in the
links. If there are multiple route candidates, select the route
that traverses the fewest intra-node fibers and establish the
wavelength path. Repeat Step 4 until all path setup requests
are processed.

Appendix B:

Design Algorithm for Optical Networks
That Consist of FXC Nodes

The objective of the proposed algorithm is to minimize total network cost. To minimize the number of fibers, the
fiber utilization ratio should be maximized. Here we use
sequences of fibers, and a sequence can carry any wavelength path whose source and destination nodes lie on the
sequence. That is, path granular add/drop capability is assumed here and fiber granularity routing is performed. As
the fiber sequence accommodates optical paths with different source and destination nodes, the fibers will be much
better utilized than would be true if only paths that matched
the end points of the sequence were accommodated. Thus
the fiber switching configurations must be carefully determined so that these fiber sequences are efficiently utilized.
Step 1. For the given wavelength path demands, classify
wavelength paths into two groups; wavelength paths that
have the same source and destination node pairs and fill
the capacity of a sequence completely (filled group), and
remaining wavelength paths (remaining group).
Step 2. Find the route candidates for the paths in the remaining group in descending order of shortest hop counts
between their source and destination node pairs.
Step 3. Assume that fiber sequences (Fig. A· 1) are established for each route candidate. Sequentially reserve shorter
paths on the presumably established route candidates as
much as possible. Select the sequence-route candidate that
offers the minimum fiber increment. If there are multiple
route candidates, select the route which has the highest fiber
utilization rate and establish the sequence and accommodate
the wavelength paths of the remaining group accordingly.
Repeat Step 3 until all wavelength paths in the remaining
group are accommodated.
Step 4. After all remaining group paths are assigned, assign
the filled group paths to the routes that offer minimum fiber
increment in the network in descending order of shortest hop
counts.

Fig. A· 1
work.

Fiber sequence defined by switching status in FXC-based net-
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