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ABSTRACT

A waveband cross-connect architecture is proposgidizing small-scale waveband
selective switches to make the best use of pregeiaal switch technologies and exploit optical
waveband switching for creating cost-effective éargapacity optical path networks. An
appropriate network design algorithm is then dgwetb for the waveband routing optical
networks employing the waveband cross-connect taithire. Numerical experiments prove that
applying the small-scale waveband selective switebed node architecture offers a significant
switch scale reduction. The effect of the wavebeaguhcity selection on the overall switch scale
reduction was also investigated.

Keywords WDM, optical circuit switching/path networks, weband switching, routing
and wavelength assignment, optical cross-connects.

1. INTRODUCTION

Recent advances in WDM technologies and relategtapswitching technologies have
significantly increased backbone and metro netwagacities. Wavelength path routing (optical
circuit/path switching) using reconfigurable optiedd/drop multiplexers (ROADMS) or optical
cross-connects (OXCs) has been developed andedaade deployment of single-layer optical
path networks utilizing ROADMs/OXCs is being conthet in Japan and North America [1].
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The expected future Internet traffic growth domathby the penetration of new video-centric
broadband services including ultra-High Definitk3>-TV and e-Science will trigger an

explosive increase in the necessary switch scal@X@s/ROADMSs [1 - 2]. The requirement for
bandwidth-abundant cost-effective and low-powerstonption transport networks that can
support the ever-increasing traffic is becoming enand more critical. One of the attractive
approaches to cost-effectively enhancing opticatckmcapacity is the introduction of waveband
switching networks, also called multi-granular opti path networks, along with hierarchical
optical cross-connects (HOXCs), which are capalfldandling optical signals at different
granularities: wavelength paths and waveband gathsdles of multiple wavelengths) [1 - 10].

Typical hierarchical optical cross-connect architegs include two independently
functional switching parts: a waveband cross-con&BXC) for switching coarse granular
optical paths, waveband paths, and a wavelengts-@onnect (WXC) to provide finer granular
routing of wavelength paths [3 - 5]. Optical patluting capability of HOXCs depends on the
node architecture applied [4]. The efficiency ofltingranular optical path networks, indicated
by the obtained cost (or port count) reduction, ieesn verified [5-10]. It has been shown that
the introduction of waveband routing can help réagreatly the required optical port count
and thus, can decrease the entire switch scaleedgespecially for the large traffic demand area
[6-9]. On the other hand, the key operation to éase fiber utilization and to enhance the
effectiveness of the waveband routing is the intotidn of intermediate grooming; which
includes unbundling waveband paths and mergingntrmediate nodes [6, 9]. However,
limiting the grooming capability is crucial in cimg down total switch scale of a hierarchical
optical cross-connect [8]. Fortunately, the workegi in [9] demonstrates that end-to-end
waveband scheme (waveband switching only) offerssat the same network cost reduction as
that efficiently combines waveband switching and/iélangth grooming at intermediate nodes
when the given traffic demands become greatertHarovords, impact of grooming wavelength
paths is negligible for large traffic area. Basedtbat, this paper focuses on the end-to-end
waveband switching to realize very large capaaity eost-effective optical networks.

On the other hand, in hardware point of view, défe architectural implementations of
optical node systems provide different levels ekitbility and cost efficiency. Various switch
technologies can be adopted to realize hierarclopgical cross-connects including planar
lightwave circuit (PLC) switch [1, 11], 2-D and 34Dicro-electro mechanical systems (MEMS)
[12 - 14] and liquid crystal (LC)/liquid crystal ailicon (LCoS) switches [15]. Among them,
3-D MEMS/LCoS-based selective switch technologthiss most popular and widely utilized in
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present ROADM systems [14]. Wavelength selectivéchies have become the key of recent
DWDM reconfigurable agile optical networks. AlongtivWSSs, waveband selective switches
(WBSSs), an extension of WSSs, which can handieagiaths at the waveband granularity are
essential to realize multi-granular optical path utmmy capable cross-connects.
WSS/WBSS-based cross-connect architectures offeorsiderable advantage that is the
modular growth capability; expanding the node scalguires only the addition of necessary
WSSs/WBSSs and hence, incremental cost-effectipareston is possible. Unfortunately, the
degree of selective switches is still limited ahds, higher-order WSSs/WBSSs required for
large-scale HOXCs that are necessary to accommauateiture ever increasing traffic can be
realized by concatenated multiple selective swicBased on that, we will develop an efficient
architecture that utilizes selective switches whdegrees are much less than the number of
connected fibers.

In this paper, for creating bandwidth-abundant aodt-effective optical path routing
networks, we consider a waveband selective switdedh optical cross-connect architecture that
exploits the waveband switching and makes the imsstof present optical switch technologies.
The architecture is based on multi-stage switchutesdof concatenated small-scalévilaptical
waveband selective switch components. We also dp\al appropriate design algorithm for the
waveband routing optical network that utilizes greposed 1k waveband selective switch
based cross-connect architecture. Performance eofwidiveband routing optical network is
verified by numerical experiments. It proved tligpending on waveband capacity, a significant
switch scale reduction can be achieved.

2. PROPOSED LARGE CAPACITY CROSS-CONNECT ACHITECTURE B ASED ON
1XxM WAVEBAND SELECTIVE SWITCHES

2.1. Proposed waveband cross-connect architecture

To exploit waveband switching while taking advamtagf present selective switch
technologies, we propose a waveband cross-conmeltitescture as shown in Figure 1. The
proposed WBXC architecture employs multi-stage WBB&lules based on fixed-size Mx
WBSSs. Large size multi-stage WBSS modules aretearted by concatenating WkWBSS
components. Because of the fixed size of WBSSatineber of stages in the multi-stage WBSS
modules is determined by the number of input/oufiperrs (denoted aS) at node. For example,
one-stage module can be applied to support onipo@ tharM output fibers, 2-stage modules
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are required aM < F < M* and 3-stage ones are necessaMk F < M°, etc. Hence, switch
scale of the WBXC architecture depends on not drdynumber of input/output fibers required
but also the size of the WBSS components adoptptic& signals from each input fiber are
broadcasted to all output fibers by simply usingiaah couplers (as described in Fig. 1) or by
implementing the corresponding multi-stage WBSS uhexl Each output fiber is equipped with
a multi-stage WBSS module. The add/drop functioitb wolorless/directionless/contentionless
capabilities which are common to conventional W&Sell cross-connects are another important
issue to be developed. This issue is not discussen.

Multi-stage WBSS
module

M <F =M

iz <F <M

O Optical coupler
Multi-stage WBSS module
m 1x2 WSS or Optical coupler bk bt

Figure 1. Proposed 1xM WBSS-based waveband cross-connect architecture
2.2. Switch scale evaluation

As explained above, the switch scale of the proppdsé! WBSS based WBXC strongly
depends on the selected WBSS sigB. (Figure 2 shows the total number of necessaiyl 1x
WBSSs in the waveband cross-connect architectgardang the input/output fiber numbét,
with different WBSS sizesM = 4, 6 and 8). The graphs show that the total reuna 1X\
WBSSs required increases rapidly when the numbenmit/output fibers becomes greater.
Implementing larger WBSS components (i.e. greltpcan reduce the total number of WBSSs
required. However, note that, presently, the swsizk of WBSS components is still limited and
larger WBSSs may be very expensive.
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Figure 2. Number of required WBSSs

Furthermore, among optical switch technologies kaate been applied to create WSS and
WBSS systems, the systems that are based on MEM®d®gy are the most popular and
widely adopted in present ROADM systems [1, 12]r Bomplicity, hereafter, we consider
MEMS-based WSSs/WBSSs only to evaluate the effogienf the 1M waveband selective
switch-based WBXC node architecture. The switchescd MEMS-based cross-connects is
measured by the overall number of elemental MEM#&ars required in their WSS/WBSS
components. Because the failure probability and obshe WSS/WBSS-based node systems
heavily depend on the number of switch elemengs ifnirrors of MEMS systems) required [5],
minimizing the necessary switch scale is a cruguirement for WSS/WBSS-based node
architectures.
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Figure 3. Switch scale comparison

DenoteL as the number of wavelength paths per fiBegs that of wavebands per fiber,
andW as the waveband capacity, which is the maximumbeuraf wavelength paths that can be
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accommodated in a waveband (iLe= B x W). MEMS-based wavelength selective switches
assign a mirror to each wavelength and each WSSeqoently needk mirrors. However,
WBSS can be achieved in the same manner by reglaagnoup of mirrors, for wavelengths that
form a waveband, by a large mirror (if the focahdth of the lens is the same) [5]. WBSS
switches the wavebands; all wavelengths in a wawtlzae switched simultaneously by the
same mirror, and hence, orymirrors are required for each WBSS, less than ¢hat WSS
(B<L). Therefore, the switch scale ratio of the proposeM WBSS-based waveband
cross-connect to the corresponding WSS-based OXgven by,R = 1/W The switch scale
ratio does not rely on the size of WSSs/WBSSs agplThe switch scale comparison between
our proposed WBXC and conventional OXCs is desdribg=igure 3 withL of 64 with respects
to different values of selected waveband capadity(1, 2, 4, 8, 16, 32 and 64). The proposed
1xM WBSS-based WBXC requires less number of switcklegnents (MEMS mirrors) than the
conventional WSS-based OXC. The switch scale rd¢ipends on the waveband capacity. It
decreases when the waveband capacity is increased.

3. WAVEBAND ROUTING OPTICAL PATH NETWORK DESIGN
3.1. Proposed network design algorithm

In this section, we develop a network design atgorifor waveband routing optical path
networks employing the proposedMXVBSS-based waveband cross-connect. Our proposed
algorithm includes 3 main steps. Firstly, to fullfilize the advantages of the NIxwaveband
selective switch-based waveband cross-connecttactinie, direct establishment of end-to-end
waveband paths is encouraged to accommodate wattelpaths requested between the same
source and destination node pairs. Each end-tamendband path is, then, routed by applying a
shortest path algorithm on an auxiliary multi-lageaph of the network. Finally, waveband path
rerouting is iteratively applied to cut down fibevhose number of occupied waveband paths is
less than a given threshold. The developed desigmitam is briefly summarized as follows:

<Network design algorithm with waveband rerouting re-optimization>
Stepl: Grouping wavelength paths

All wavelength paths requested between the samee@nd destination node pairs are
aggregated into end-to-end waveband paths.

Step2: Routing and waveband assignment
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In descending order of hop count between the soarzk destination nodes, for each
end-to-end waveband path, find the shortest wawkhzath (including the route and the
waveband index) on an auxiliary multi-layer wavetbgnaph of the network where each layer is
defined for a waveband index and its arcs are wetyto encourage sharing of unoccupied
wavebands in established fibers. Then, establisitdhresponding end-to-end waveband path to
carry the traffic demand.

Step 3: Rerouting waveband paths

Search for the unmarked fiber whose occupied wanetlmaumber is the smallest and less
than a given threshold (i.e/4). Block the fiber and try to reroute all belomgiwaveband paths.
If successful, delete the fiber; otherwise unblankl mark the fiber. Repeat until Step 3 until no
such fiber is found.

3.2. Performance evaluation

We apply the proposed WBXC architecture and netwddsign algorithm for the
pan-European optical network, COST266, that comsisR6 nodes and 51 links. The capacity of
a fiber is set at 64 wavelengths wiglwavebands and each waveband consisf¥ whvelengths
(L =B x W= 64). Multi-stage waveband selective switch mosguilize only 1x9 WBSSd\ =
9). The traffic demand is randomly assigned andejwesented as the average number of
wavelength paths requested between node pairse&adn traffic demand, we test with 20
different random traffic samples and plot theireamble averages. The obtained total switch
scale of the waveband routing optical networksoisnalized by that given by the corresponding
traditional single-layer optical path networks lthea WSS-based OXCs.

3.2.1. Switch scale reduction

The cost efficiency of multi-granular optical patbtworks is enhanced by selecting larger
waveband capacity as well as increasing the avdrageount of established waveband paths or
improving the waveband utilization ratio [9, 10]oWever, larger waveband capacity and longer
waveband paths, that can help reducing the node,stay cause an insufficient utilization of
waveband paths and as a result, more link reso(ireesecessary fibers) are required. There is
a tradeoff between node cost and link cost in wamdtswitching optical networks. Figure 4 and
5 describe the normalized total switch scale arckseary fiber number of the pan-European
COST266 network with the waveband capacity oB8(W = 8). The overall node scale and
fiber number achieved by our proposed network aesaligorithm (denoted as Proposed) are also
compared to those offered by the end-to-end alguori{called Conventional), which simply
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accommodates wavelength paths with the same s@ndedestination nodes into waveband

paths (please refer to [6] or [9] for details). Téienulation results prove that our proposed
algorithm outperforms the conventional one, esplgces the traffic demand is less than 9.

When the traffic demand is greater than 8, everobitained switch scales are almost the same,
the proposed algorithm offers slightly smaller nembf necessary fibers.
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Figure 4.Total switch scale evaluation
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Figure 5. Total number of required fibers

Figure 4 shows that the waveband routing optiealvorks require much smaller number
of switching elements (MEMS mirrors) than the cepending traditional single layer optical
path networks (normalized costs are less thanHg.tdtal node scale reduction becomes greater
with larger traffic demands. More than 80% lesaltawitch scale is offered as the average
traffic demand is greater than 8. However, as prtesein Figure 5, the waveband routing
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optical networks need more link resources (i.e. memof required fibers) than the
corresponding single-layer optical path networkazitig WSS-based OXCs.

3.2.2. Impact of waveband capacity selection

The waveband capacityy, has a strong impact on the efficiency of mulasgrlar optical
path networks [9] and the necessary node scalexplained in Section 2, if the fiber capacity is
fixed, with the same number of input/output fibetise switch scale of the proposedMLx
WBSS-based WBXC becomes more and more smaller ttretnof a traditional WSS-based
OXC, as the waveband capacity is increasBdis( decreased). To evaluate the impact of
waveband capacity selection on the overall switdlesof the network, we set the waveband
capacity as 2, 4, 8, 16, and 32 successively vgtilldkeep the fiber capacity fixed. B x W =
64).

Normalized total switch scale
(WBSS-based/WSS-based network)

0 2 4 6 8 10 12 14 16 18 20 22 24

Average number of wavelength paths requested between node pairs

Figure 6. Impact of the waveband capacity in COST266 network

The normalized total switch scales of the COST2@&68eband routing optical network with
respect to varied traffic demands and different elnd capacities are illustrated in Figure 6.
The results demonstrate that the smallest wavebapakityWW = 2 offers the best cost reduction
with very small traffic demands (less than 3). Effective traffic demand area @f = 4 is only
between 3 and 4. The reason is that, because dixdu fiber capacity, selecting a smaller
waveband capacity can help improve the wavebatidatibn efficiency but may increase the
number of waveband paths (necessary fibers) needmatry the same given traffic demand, and
as a result, more necessary WBSSs are requiredthendverall switch scale required is
increased. On the other hand, the largest wavetapatity YW= 32) provides the greatest scale
reduction in large traffic area (greater than 1&)f it reduces the total switch scale less
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significantly in smaller traffic volumes due to alfin waveband utilization efficiency of such
huge waveband paths. For intermediate wavebanditi@gawhileW = 8 attains the best scale
reduction with traffic demands less than 8, the tnedfective traffic demand area fo¥ = 16
runs from 8 to 16. These results verify that thénopl waveband path granularity, in terms of
maximizing the overall node scale reduction, depem the range of traffic demand given in
the network.

4. CONCLUSION

We have proposed a large capacity single-layeicalptross-connect architecture, that is
capable of switching waveband paths and can bé byilusing small-scale M waveband
selective switches. We then evaluated the switclesof the 1M WBSS-based WBXC
architecture in comparison with that of traditio#5S-based optical cross-connects. Moreover,
we have also developed an appropriate design #igorior the corresponding optical path
network utilizing the proposed KkWBSS-based WBXC architecture. Numerical resultsfye
that implementing the M waveband selective switch based WBXC architectffers a
significant reduction of overall switch scale (iretmbers of MEMS mirrors), the key factor that
determines the complexity, reliability and costtbé network. Impact of waveband capacity
selection on the total switch scale of the netwsrso verified.
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TOM TAT

MOT NGHIEN CUU VE MANG QUANGBPINH TUYEN DAI SONG SJ DUNG HE
THONG NOI CHEO QUANG DUA TREN CAC CHUYEN MACH LUA CHON DAl SONG

Bai baodé xuat mot kién tric chugn mach dii séng quangis dung cac phn tir chuyén
mach lya chon dii séng & nho. Kién tricdé xuit cho phép khai thac ithg uu diém aia cong
nghé chuyén mach dii séng quangddng thdi van tin dung duoc t6i da kha ning aia céng ngh
quang hén tai nhim xay drng mdt mangdinh tuyén bedc séng quang cé dungdng I6n va héu
qua V& gia thanh. Mt giai thuat thiét ké mang trong tng ding duoc phat trén cho cac mng
dinh tuyén dhi séng quangts dung kién trac chugn mach dii séngdé xuit. Cac Kt qua tinh
toan cho thy viéc sr dung kién trac chugn mach dii séngdé xuat cho phép gim dang K kich
thudc aia cac B théng chugn mach quang trong amg. Ngoai raanh hrong aia viéc hra chon
dung krong dii séng va hdu qua giam kich thréc tong thé caa cac B thdng chugn mach trong
mang quang @ng dugc nghién ¢u vadanh gié.

Tir khda WDM, mang chugn mach kénhduong quang, chudn mach dii séng,dinh tuyén va
an dinh hrgc séng, Bi chéo quang.
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