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Abstract| In most casesdefragmentation occurs, in elastic
optical networks, in the links between the network' s nodes.
In this article, defragmentation in an elasticoptical network' s
node is investigated. The W-S-W switching architecture has
been used as a node. A short description of a purpose-built
simulator is intr oduced. Several methods of defragmenta-
tion which are implemented in this simulator are described
as well.
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1. Introduction

Nowadays, a typical optical WDM network o�ers enough
su�cient bandwidth. However, it is highly probablethat
in the nearest future it will not be su�cient to handlea
quickly increasingonline tra�c. Of course,a highertrans-
missionspeedcould be usedto solve that problem,but an
optical pathwith the speedof 100 Gb/s,400 Gb/sor even
1 Tb/s is not neededby all users. Such speedswill be
usedmostly by network operatorsinsidethe corenetwork.
Hence,somecost-e�ectiveandscalablesolutionsto convey
such diversetra�c will be required. Therefore, the useof
Elastic Optical Networks (EONs) has beenproposed[1],
enabling e xible assignmentof optical bandwidth. The
total optical bandwidthis divided into a lot of frequency
slots,whereonesuch frequencyslot constitutesthe small-
est amountof optical bandwidthwhich canbe assignedto
anopticalpath. Therefore,any connectioncoulddemanda
di�erent numberof such slots. In general,oneconnection
demandsm such slots. Currently, theslot width granularity
equals12.5GHz, andit is referred to asa FrequencySlots
Unit (FSU) [2].
EONsmake bandwidthmanagementeasier. However, they
o�er also new challenges,such as, for instance,spectrum
fragmentation.A sequenceof connectionand disconnec-
tion operationscausedby the dynamicnatureof the net-
work's operationsooneror later resultsin the existenceof
non-aligned,isolated,and small-sizeblocks of spectrum
segments.Thesesegmentscan seldombe usedfor future
connections.In most casesthis resultsin a low spectrum
utilization rateanda high probability of blocking. There-
fore,theuseof di�erent defragmentationtechniquesallows
to set up some,or sometimesall connectionswhich nor-

mally will not be setup dueto improperutilization of the
spectrum.

Table1
Abbreviationsusedin the paper

Abbreviation Description

BV-WCS
Bandwidth-VariableWavelength

Converting Switch

BV-WSSS
Bandwidth-VariableWavelength

Selective SpaceSwitch

BV-WSS
Bandwidth-VariableWavelength

Selective Switch

EON Elastic Optical Network

FSU FrequencySlot Unit

NED Network ElementsDescription

PC Passive Coupler

S-W-S
Space-Wavelength-Spaceswitching

fabric

TWBC
TunableWavebandBandwidth

Converters

W-S-W
Wavelength-Space-Wavelength

switching fabric

Table2
Symbolsusedin the paper

Symbol Description

c Numberof TWBCs

k Numberof FSUsin each interstage �ber

m Numberof FSUsoccupiedby one
connection

mmax
Maximum numberof FSUs
occupiedby oneconnection

n Numberof FSUsin each input/output�ber

p Numberof switchesin the centerstage

q
Numberof input/output�bers in each

input/outputswitching element

r Numberof switchesin the input/outputstage
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Several architecturesof elastic optical switching nodesare
known [3]{[5] . Recently, new architecturesof EONs, re-
ferred to as Wavelength-Space-Wavelength (W-S-W) [6]
and Space-Wavelength-Space(S-W-S) [7] were proposed.
In this paper, two instancesof the W-S-W architecture
areconsidered,calledWSW1 andWSW2, respectively [8].
Someabbreviationsandsymbolsusedin this paperhaveal-
readybeenintroduced,andsomewill be de�ned later. For
the reader's convenience,they are presentedin Tables1
and2.
The remaining portion of the paper is organizedas fol-
lows. In Section2 a short description of the EON archi-
tecturesusedis provided. In Section3 problemstatement,
and in Section4 defragmentationmethodsare described.
Section5 introducesthesimulatorwhich allows to simulate
W-S-W EONs. The last Sectionpresentsconclusionsand
the future work.

2. EON's Architectures

As mentioned before, two W-S-W switching architec-
tures are consideredin this paper: WSW1 and WSW2.
In paper[9], only the WSW1 structurewas implemented
in the simulator proposedin Section 5. As the simula-
tor in question still remains in the developmentphase,
both WSW1 andWSW2 switching fabrics arealreadyim-
plemented.
The WSW1 switching fabric (see Fig. 1a) consists of
r Bandwidth-Variable Wavelength Converting Switches
(BV-WCSs)with the capacityof 1� 1 in the �rs t andthird
stages,and of one Bandwidth-Variable WavelengthSelec-
tive SpaceSwitch (BV-WSSS)with thecapacityof r � r in
the centerstage. Each BV-WCS containsone Bandwidth-
VariableWavelengthSelective Switch (BV-WSS),onePas-
sive Coupler (PC), and c Tunable WavebandBandwidth

Converters (TWBCs). The role of BV-WSS is to direct
connectionsfrom the input �ber to di�erent TWBCs, one
connectionto oneTWBC. In theTWBC, theconnectionis
movedfrom onesetof FSUs(onefrequencyslot) to another
set of FSUs(anotherfrequencyslot). After conversionin
TWBCs, all connectionsare combinedto the output �ber
by the PC. In turn, one BV-WSSS has r BV-WSSs and
r PCs. For a detaileddescription of the WSW1 switching
fabric see[8].
TheWSW2 switching fabric (seeFig. 1b) consists of r BV-
WCSswith the capacityof q� p in the �rs t stage, r BV-
WCSs with the capacityof p � q in the third stage, and
p BV-WSSSswith thecapacityof r � r in thecenterstage.
Each BV-WCSof the �rs t stage containsq BV-WSS,p PCs
and c TWBCs. Each BV-WCS of the third stage contains
p BV-WSS, q PCs and c TWBCs. For WSW2, c = qp.
The role of BV-WSSis, similarly as in the WSW1 switch-
ing fabric, to direct connectionsfrom the input �ber to
di�erent TWBCs,oneconnectionto oneTWBC. Then,in
TWBC, the connectionis moved from one set to another
setof FSUs.After spectrumconversion,all connectionsare
combinedby PCto theoutput�ber. In turn, each BV-WSSS
hasr BV-WSSsand r PCs. For a detaileddescription of
the WSW2 switching fabric see[8].
Each input and each output �ber in the W-S-W switching
fabric has n FSUs and each interstage �ber has k FSUs
(seeFig. 1). As mentionedbefore,a new connectioncould
require m frequencyslots,wherem is typically limited by
1 � m � mmax � n. Of course, the following is always
true: n � k.

3. Defragmentation

Defragmentationof EONsvery oftenoccursat thenetwork
level [10]{[12]. This meansthat input and output node's

Fig. 1. W-S-W elastic optical networks: (a) WSW1 structure,(b) WSW2 structure.
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FSUsaredefragmentedaccordingto thenetwork state,and
for such a defragmentationit is not importantwhich struc-
ture of the network nodeis used.However, from the node
point of view, defragmentationcould be performedinside
the node as well. Defragmentationin an EON node oc-
cursinsideinterstage links only. This meansthat the order
of FSUs at each input, as well as at each output link of
the W-S-W switching fabric will not be changed.The only
place where the order of FSUs can be changed is at the
input andoutput link of the BV-WSSSswitch.
Thefrequencyslot unit defragmentationalgorithm needsto
addressthe following questions: whento defragment, what
to defragment, andhow to defragment?

3.1. When to Defragment?

Defragmentationin the WSW1 or in the WSW2 switching
nodescould be performedat a di�erent moments:

� The �rs t moment of defragmentationis when an
m-slot connectionhas just been disconnectedand
m free FSUs have appearedin the switching node
for new, future connection(s);

� The second moment of defragmentationis when
a new m-slot connectionappearsin a nodeandthere
are enoughFSUs to establish this connection,with
thoseFSUsnot beingadjacent,however.

3.2. What for Defragment?

Defragmentationallows to establishanew connectionwhen
thereareenoughFSUsin a switching node,with the said
FSUsnot beingadjacentto each other, however. Thereare
severalmethodsof defragmentationandthey di�er in thein
which the unusedFSUsare ordered. Therefore, choosing
the right defragmentationmethodenablesto reorderFSUs
in the optical spectrum, which meansthat after thedefrag-
mentationprocesstherewill be enoughadjacentFSUsto
establisha new connection.

3.3. How to Defragment?

Several methodsused to defragmentFSUs may be dis-
tinguished: re-optimization[13], make-before-break[14],
push-and-pull[15], and hop-tuning[16]. All of them are
commonly usedfor defragmentationof an available spec-
trum used in links between EON nodes.In this article
they were usedto defragmentan optical spectrum inside
a W-S-W node.

4. DefragmentationMethods

In a specialsimulator, the four methodsreferred to above
are used to defragmentan optical bandwidth inside an
EON node There are, of course, more known methods

of defragmentation.However, they are have not yet been
implementedin the simulator available. The simulator is
described shortly in Section 5 and it is still under de-
velopment.

4.1. Re-optimization

In there-optimizationmethod,all existing connectionshave
to bedisconnectedandsetup onceagain. Theadvantageof
this methodis that no additionaltransmittersarerequired.
Thetime of defragmentationis a disadvantage. Sometimes,
this leadtime is very long. A simpleexampleshowing how
this methodworkingsis presentedin Fig. 2.

Fig. 2. Re-optimizationdefragmentationmethod: (a) step 0 {
state before defragmentation,(b) step 1 { disconnectingall ex-
isting connections,(c) step 2 { setting up all connectionsonce
again (stateafter defragmentation).(Seecolor picturesonline at
www.nit.eu/publications/journal-jtit)

4.2. Make-before-break

In the make-before-breakmethod,a copy of someexisting
connectionis createdin free FSUsand two identical con-
nectionsexist simultaneously at a certain time. To handle
this, an additionaltransmitteris needed.Moreover, during
the defragmentationprocess,a new connectioncannotbe
establisheddueto fact that moreFSUsareoccupiedcom-
pared to the \before defragmentationstate" in the EON
node. It is obvious that in order to perform defragmenta-
tion using this method,an additionalnumberof free slots
is required (in fact twice as many new FSUsare required
by the new connection)and it will not always be possi-
ble to defragmentan optical bandwidthinside the EON's
node. A simple exampleshowing how this methodworks
is presentedin Fig. 3.

Fig. 3. Make-before-breakdefragmentationmethod:(a) step0 {
state before defragmentation,(b) step 1 { creatinga copy of the
existing (blue) connection,(c) step 2 { disconnectingoriginal
connection,(d) step 3 { stateafter defragmentation.

4.3. Push-and-pull

In thepush-and-pullmethod,someexisting connectionsare
moved within the optical bandwidth.Any connectionmay
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be moved inside the free adjacentFSUs,until the connec-
tion in question becomesadjacentto the otherconnection.
In thecasein which thereareno freeFSUsadjacentto the
connectionunderconsideration,this connectioncannotbe
movedto otherFSUs.A simpleexampleshowing how this
methodworks is presentedin Fig. 4.

Fig. 4. Push-and-pulldefragmentationmethod:(a) step0 { state
before defragmentation,(b) step 1 { moving the second(green)
connectionto the left side, (c) step 2 { moving the third (blue)
connectionto the left side(stateafter defragmentation).

4.4. Hop-tuning

In thehop-tuningmethod,an existing connectionis moved
to any free FSUs that are not necessarily adjacentto the
connectionunder consideration.Unlike with the make-
before-breakand push-and-pullmethods,this methodal-
lows to move severalconnectionsat thesametime. This is
a big advantage, asthe time neededfor such a defragmen-
tationis very oftenshorter than1 ms. In this method,there
is no needto useadditionaltransmitters,which is another
advantage. A simple example showing how this method
works is presentedin Fig. 5.

Fig. 5. Hop-tuningdefragmentationmethod: (a) step 0 { state
before defragmentation,(b) step 1 { moving (black) connection
(stateafter defragmentation).

5. Simulator

In order to simulatethe EON WSW1 architecture,a spe-
cial software simulatorhasbeendeveloped,basedon the
OMNeT++ discreteevent simulator, version5.0 [17]. The
sametool hasbeenexpandedto enablethe simulationof
WSW2 switching fabrics. At present,the simulatoris op-
eratingbasedon OMNeT++ version5.2. All functionali-
ties (such as the behavior of all elements)and algorithms
(such as defragmentationmethods)have been developed
with the useof C++. All graphicalrepresentationsof each
element,in turn, have beenpreparedwith the useof Net-
work ElementsDescription (NED) { a special language
used in the OMNeT++ environment. OMNeT++ ensures
also a variety of generatorswhich can be used as traf-
�c generators.The tra�c is very e�cient in simulating

all connectionsappearing in the elastic optical nodeunder
consideration.It alsoallows to randomly choosea di�erent
size of the new connection{ in the caseof W-S-W, it is
simply the m value.
The �rs t versionof this tool was usedto simulatestrict-
sensenon-blocking conditions for the WSW1 switching
fabric. The results obtained were comparedwith these
achieved in paper [8]. Then, the secondversion of the
simulatorwas expandedto provide for rearrangeablenon-
blocking conditions in the WSW1 architecture. The re-
sults obtainedwere comparedwith thesepresentedin pa-
per [18]. However, in both simulatorversionsmentioned
above, graphical representationof the WSW1 switching
fabric was not possible{ it merely had the shapeof one
or several gray elements.Therefore,a third versionof the
simulatorwas developed,wherethe graphical representa-
tion of a WSW1 EON waspossible(seeFig. 6). Four de-
fragmentationalgorithms wereaddedto it as well. In the
currentversionof thesimulator, a new structureof W-S-W
wasadded,namely the WSW2 switching fabric. In the fu-
ture, more defragmentationalgorithms will be addedand
more di�erent EON structureswill be supported (like, for
instance,S-W-S-typeswitching fabrics).

Fig. 6. WSW1 nodewith n = 5, r = 4, and k = 7 operatingin
the OMNeT++ environment.

Thecurrentsoftwareversionusesqr+ 1cMersenneTwister
randomnumbergeneratorsthatarealreadyavailablein the
OMNeT++ simulationenvironment.Thereareqr di�erent
generators(one per input) which draw the numberof the
output to which the new connectionis directed. The size
of thenew connectionm, in turn, is drawn by anothergen-
erator, assigningan integer from the range of 1 andmmax.
In the future, a generatorresponsiblefor the Poissontype
of tra�c will be addedaswell.
The WSW1 switching nodesimulatoraskstheuser, imme-
diately after its start-up, which parameters(like n, r, andk)
shouldbeusedduring thesimulation.By specifyingdi�er -
ent valuesof n, r andk, di�erent structuresof WSW1 will
be obtained. For example,when n = 5, r = 4 and k = 7,
the WSW1 EON looks aspresentedin Fig. 6. Meanwhile,
with n = 10, r = 2 andk = 15, the WSW1 structurelooks
asshown in Fig. 7.

21



RemigiuszRajewski

Fig. 7. WSW1 nodewith n = 10, r = 2, andk = 15 operatingin the OMNeT++ environment.

In the simulator, each BV-WBCS, as well as BV-WBSSS,
are representedby a proper module which consists of
smallerpieces,such as PCs,BV-WSSsand TWBCs. For
example, for n = 5, each BV-WBCS looks as shown in
Fig. 8.

Fig. 8. The BV-WBCS switch implementedin OMNeT++.

For r = 2, the BV-WBSSSswitch looks as presentedin
Fig. 9, andfor r = 7, asshown in Fig. 10.

Fig. 9. The BV-WSSSswitch for r = 2.

Fig. 10. The BV-WSSSswitch for r = 7.

6. Conclusions

Four defragmentationmethodsfor the W-S-W architecture
have beendescribed in this paper. All of thesemethods
werealreadyimplementedin a purpose-developedsimula-
tor. The current versionof the simulatoro�ers a graphical
interfaceas well. However, it is still underdevelopment.
The future step is to representthe S-W-S switching fabric
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(anotherexampleof an elastic optical network) in thesim-
ulatoraswell. Both SWS1 andSWS2 architectureswill be
implemented. Such a future solution will make it possi-
ble to compareboth typesof structureswith one another.
Otherdefragmentationmethodswill be deployed aswell.

Acknowledgments

The work described in this paperwas �nanced with the
fundsof theMinistry of ScienceandHigher Educationfor
2017,undergrant 08/82/DSMK/8222.

References

[1] M. Jinnoet al., \Spectrum-e�cient andscalableelastic optical path
network: Architecture,bene�ts, and enablingtechnologies", IEEE
CommunicationsMagazine, vol. 47, no. 11, pp. 66{73, 2009.

[2] ITU-T RecommendationG.694.1.SpectralGrids for WDM Appli-
cations:DWDM FrequencyGrid, 2012.

[3] P. Zhanget al., \Comparison of nodearchitecturesfor elastic opti-
cal networks with wavebandconversion", China Commun., vol. 10,
no. 8, pp. 77{87, 2013.

[4] Y. Chenet al., \Demonstration of petabit scalableoptical switch-
ing with subband-accessibilityfor elastic opticalnetworks", in Proc.
The OptoElectr. and Commun.Conf. and Austr. Conf. on Opt. Fi-
bre Technol. OECC/ACOFT, Melbourne, VIC, Australia, July 2014,
pp. 350{351.

[5] B. C. Chatterjee, N. Sarma, and E. Oki, \Routing and spectrum
allocation in elastic optical networks: A tutorial", IEEE Commun.
Surveys and Tutor., vol. 17, no. 3, pp. 1776{1800,2015.

[6] W. Kabaci«ski,M. Michalski,andM. Abdulsahib,\The strict-sense
nonblocking elastic optical switch", in Proc. IEEE 16th Int. Conf.
on High Perfor. Switching and Routing HPSR, Budapest, Hungary,
July 2015(doi: 10.1109/HPSR.2015.7483108).

[7] G. Danilewicz, W. Kabaci«ski,andR. Rajewski, \Strict-sensenon-
blocking space-wavelength-spaceswitching fabrics for elastic optical
network nodes",J. of Optic. Commun.andNetwork., vol. 8, no. 10,
pp. 745{756,2016.

[8] W. Kabaci«ski,M. Michalski, and R. Rajewski, \Strict-sensenon-
blocking W-S-W nodearchitecturesfor elastic optical networks", J.
of Lightwave Technol., vol. 34, no. 13, pp. 3155{3162,2016.

[9] R. Rajewski, \Defragmentationin the W-S-W Elastic Optical Net-
work," in Proc. IEICE Infor. and Commun.Technol. Forum ICTF
2017, Pozna«,Poland,2017.

[10] M. Zhang,W. Shi, L. Gong,W. Lu, andZ. Zhu, \Bandwidth defrag-
mentationin dynamicelastic opticalnetworks with minimum tra�c
disruptions", in Proc. IEEE Int. Conf. on Commun.ICC, Budapest,
Hungary, 2013,pp. 3894{3898.

[11] C. You, M. Zhang,andZ. Zhu, \ReduceSpectrum Defragmentation
Latencyin EONs with E�ective Parallelizationof ConnectionRe-
con�gurations", in Proc. Opt. Fiber Commun.Conf.andExh.OFC,
SanFrancisco,CA, USA, 2014,pp. 1{3.

[12] S.Ba,B. C. Chatterjee,andE. Oki, \Defragmentationschemebased
on exchangingprimary andbackup pathsin 1+1 pathprotectedelas-
tic optical networks", IEEE/ACM Transact.on Network., vol. 25,
no. 3, pp. 1717{1731,2017.

[13] I. Tomkos, S. Azodolmolky, J. Sol�e-Pareta, D. Careglio, and
E. Palkopoulou, \A tutorial on the e xible optical networking
paradigm:Stateof the art, trends,andresearch challenges", in Pro-
ceedingsof the IEEE, vol. 102,no. 9, pp. 1317{1337,2014.

[14] A. Pag�es, J. Perelló, and S. Spadaro,\Lightpath fragmentationfor
e�cient spectrum utilization in dynamicelastic optical networks",
in Proc.201216th Int. Conf.on Opt. Network DesignandModelling
ONDM, Colchester, United Kingdom,2012,pp. 1{6.

[15] F. Cuginiet al., \Push-pulldefragmentationwithout tra�c disruption
in e xible grid optical networks", J. of Lightwave Technol., vol. 31,
no. 1, pp. 125{133,2013.

[16] M. Zhang, Y. Yin, R. Proietti, Z. Zhu, and S. J. B. Yoo, \Spec-
trum defragmentationalgorithms for elastic optical networks using
hitlessspectrum retuningtechniques", Proc. 2013Opt. Fiber Com-
mun.Conf. and Exp. and the Nation. Fiber Optic Engineers Conf.
(OFC/NFOEC), Anaheim,CA, USA, 2013,pp. 1{3.

[17] The OMNeT++ o�cial website,20 Oct 2017 [Online]. Available:
https://omnetpp.org

[18] W. Kabaci«ski,R. Rajewski, and A. Al-Tameemi,\Simultaneous
connectionsrouting in elastic optical switcheswith limited number
of connectionrates", in Proc. 21st Int. Conf. on Opt. Net. Design
and ModelsONDM, Budapest, Hungary, 2017.

RemigiuszRajewski { for biography, seethis issue,p. 17.

23


