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Abstract—Recentadvancesin photonic switching have paved the way
for realizing all-optical time switched networks. The current technology
of WavelengthDivision Multiplexing (WDM) offers bandwidth granularity
that match peak electronic transmission speedby dividing the fiber band-
width into multiple wavelengths.However, the bandwidth of a singlewave-
length is too large for certain traffic. Time Division Multiplexing (TDM)
allows multiple traffic streamsto share the bandwidth of a wavelengtheffi-
ciently. While intr oducing wavelengthcornverters and time slot interchang-
ers improve network blocking performance, it is often of interestto know
the incrementalbenefitsoffered by everyadditional stageof switching.

As all-optical networks in futur e are expectedto employ heterogeneous
switching architectures, it is necessaryto have generalizednetwork model
that allowsto study thesenetworks under a unified framework. In this pa-
per, anetwork model,called Trunk SwitchedNetwork (TSN), is proposedto
facilitate modeling and analysisof suchnetworks. An analytical model for
evaluatingthe blocking performanceof aclassof TSN'shasalsobeendevel-
oped. Usingthe analytical model, it is shownthat a significant performance
impr ovementis obtainedwith atime-spaceswitch with no wavelengthcon-
versionat eachnodein a multi-wavelengthTDM switched network.

Keywords—Optical networks, WDM/TDM switching, Performancemod-
eling

|. INTRODUCTION

AVELENGTH DIVISION MULTIPLEXING (WDM)

hasemeged asan efficient mechanisnfor information
transportin all-optical networks. WDM dividesthe available
fiber bandwidthinto a set of wavelengths(WDM channels).
Earlyresearctin opticalnetworksocusedon single-fibermulti-
wavelengthwavelength-routechetworks. Nodesin thesenet-
works can switch wavelengthsacrossports. WavelengthCon-
verter(WC) is a device thatallows optical signalon onewave-
lengthto be corvertedinto anotherwavelength. If wavelength
convertersarenot available,a call arriving at a nodeon a cer
tain wavelengthhasto be switchedto the samewavelengthat
the output. Although wavelengthcorvertersimprove network
blocking performancethe high costof wavelengthconverters
have madeit impracticalto employfull-wavelengthconversion
atall nodes.Therole of wavelengthcorvertersin wavelength-
routednetworkshasbeenstudiedin [1], [2], [3], [4], [5], and
[6]. Therole of sparse-weelengthconversionwhereonly afew
nodesin the networkhave full-wavelengthconversioncapabil-
ity, hasbeenanalyzedn [6]. Theeffect of limited-wavelength
conversion,wherea given input wavelengthcan be corverted
into a setof, but not all, outputwavelengthshasbeenstudied
in [7] and[8]. Multi-fiber multi-wavelengthwavelength-routed
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networkshave beenshawn to offer blocking performancesimi-
lar to thatof networkshatemploylimited- or sparse-weelength
conversionin [9], [10], and[11].

WDM offers bandwidthgranularity closeto the peakelec-
tronic transmissiorspeed. The bandwidthof a single wave-
lengthis too largefor certaintraffic requirementsWhile some
traffic mayhave arequiremenof fractionalwavelengthanother
traffic thatis alreadyusinga full-wavelengthmight wantto ex-
pandits capacity but not wantto pay for an entire nenv wave-
length. This motivatesthe needfor providing fractionalwave-
lengthcapacityto the networktraffic.

Provisioning fractional wavelengthcapacityis achieved by
dividing a wavelengthinto time slots and multiplexing traffic
on the wavelength. The resultingoptical time division multi-
plexed networks(OTDM networks)can be classifiedinto two
catgjories[12]: dedicated-weelengthTDM (DW-TDM) net-
works and shared-weelengthTDM (SWATDM) networks. In
DW-TDM networks,eachsource-destinatiopair is connected
by a lightpath, wherea lightpath is definedas an all-optical
connectionbetweentwo nodes. Calls betweenthe sourceand
destinationare multiplexed on the lightpath. If the bandwidth
requiredoy anew call atanodeis notavailableonary of theex-
isting lightpathsto the destinationa new lightpathto the desti-
nationis establishedOntheotherhand,in SW-TDM networks,
if a call cannotbe accommodatedn an existing lightpathto
the destination,it is allowed to be multiplexed onto an exist-
ing lightpathto anintermediatenode. The call is thenswitched
fromtheintermediatenodeto thefinal destinatioreitherdirectly
or throughothernodes.However, if noneof the existing light-
pathsfrom the nodecanaccommodatéhe call, anew lightpath
to the destinatioris established.

The performanceof SW-TDM networksdependon efficient
meging of thefractionalwavelengthrequirement®f the nodes
into a full or almost-full wavelengthrequirement. This meg-
ing of traffic from different source-destinatiopairs is called
traffic grooming Nodesthat can groom traffic are capable
of multiplexing/de-multplexing lower ratetraffic onto a wave-
lengthand switchingthemfrom onelightpathto another The
groomingof traffic canbeeitherstaticor dynamic.In statictraf-
fic grooming,the source-destinatiopairs whoserequirements
arecombinedarepre-determinedin dynamictraffic grooming,
connectiorrequestdrom differentsource-destinatiopairsare
combineddependingon the existing lightpathsat the time of
requestrrival.

Recentadwancesoptical switching technology as in [13],
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[14], and [15], have shavn the possibility of realizing fast
all-optical switchesswitcheswith switching time lessthan a

nanosecondThe useof suchfastswitchesalongwith fiber de-

lay linesastime-slotinterchangergl6], [17] have openedipthe

possibilityto realizeopticaltime switchednetworks.Thesenet-

workswill bereferredto asOTDM Switdhednetworksn therest
of thispaper Connectiorbetweerasourceanddestinatiorin an

OTDM switchednetworkis realizedby assigninga time sloton

every link of a chosernpath,with the constrainthatthe slot on

onelink canbe switchedto the next link by the intermediate
node. OTDM switchednetworkcanbe consideredisa special
caseof SW-TDM network,whereall the nodesin networkare
capableof groomingtraffic and lightpathsto the neighboring
nodesare establishegermanently The bandwidthgranularity
offeredby an OTDM networkis determinedy the durationof

a time slot which, in turn, dependson the speedat which the

switchingcanbeaccomplishedln generalanOTDM switched
networkis a multi-fiber, multi-wavelength, TDM-switchedall-

opticalnetwork.

Routingindividualslotdynamicallyrequiresnformationpro-
cessingin optical domain. However, the technologyin opti-
cal processingandstoragehasnot maturedto achie/e run-time
routing decisionsat high-speeds.Therefore,OTDM switched
networksare expectedto be circuit-switdhedin nature. As the
informationin atime slot is not readby anintermediatenode
at run-time, the switchingemployedhereis alsoreferredto as
transpaentoptical switching.

In [12], a single-fibermulti-wavelengthTDM-switchednet-
work hasbeenanalyzedor blocking performanceasanexten-
sion of thelink-independencenodel proposedor wavelength-
routednetworkin [3] and[4]. The equivalenceof single-fiber
multi-wavelengthT DM-switchednetworkto multi-fiber multi-
wavelengthwavelength-routedietworkshasbeenshovnin [10]
and [11]. A wavelength-routechetworkis a specialcaseof
OTDM switchednetworkwhenevery wavelengthhasonetime
slot.

It is well understoodhatall-opticalnetworksin futurewould
compriseof nodesthatemployheterogeneouswitchingarchi-
tectures|ike wavelength-routingwitch, OTDM switchwith or
without wavelengthcorversion,etc. The existing work on the
analysiof opticalnetworksn literaturestudytherole of switch-
ing functionalities like wavelengthconversion,time slot inter-
changeetc.in isolation.In otherwords,the networkmodelthat
is consideredhasnodesthateitherhave or do not have the spe-
cific functionalitythatis studied. However, in orderto analyze
a networkwith nodesemployingheterogeneouswitching ar
chitecturesit is necessaryo have a generalizedetworkmodel
thatwould enablethe modelingof realisticnetworksandeval-
uatethemundera unified framevork. In this paper a network
model, called Trunk SwitchedNetwork (TSN), is proposedo
facilitatemodelingandanalysisof suchnetworks.

The paperis organizedas follows: Sectionll describes
OTDM switchednetworkarchitectures.Sectionlll introduces
the conceptof a trunk switchednetwork and modelingof an
OTDM switchednetworkasa TSN. An analyticalmodel for
evaluatingthe blocking performanceof a classof TSN'sis de-
velopedin SectionlV. A multi-wavelengthTDM switchednet-
workis analyzedisingthisframevork andthenetworkblocking

performancds comparedagainstthree different switch archi-
tectures.SectionV discusseshe performanceesultsobtained
usingtheanalyticalmodel.SectionVI concludeghe paper

Il. OTDM SwITCHED NETWORKS

An OTDM switchednetworkconsistof switchingnodesin-
terconnectedby oneor moreopticalfibers. Eachfiber carriesa
certainnumberof wavelengths Eachwavelengthis dividedinto
frameswhich arefurther sub-dvidedinto time slots. Let /. de-
notethenumberof links atanode,F' denotghenumberof fibers
perlink, W denotethe numberof wavelengthserfiber, andT
denotethe numberof time slotsperframeon awavelength.

Every slot within a frame can be denotedby a 4-tuple,
(I, fiw,t),wherel <! <L, 1< f<F,1<w<W,and
1 <t < T. Forexample,thetuple (1,1, 2, 1) (readfrom right
to left) denotedirst time slotin a frame on the secondwave-
lengthof thefirst fiber on the first link. A channelonalink is
definedasa collectionof a particulartime slotacrossuccessie
frames.Hence the numberof channelsn alink is the sameas
the numberof slotsin aframe, /' x W x T. Eachchannelis
alsorepresentedby a 4-tuple, ({, f, w, t), similar to the repre-
sentationof a slot. It canbe obseredthatif aframehasonly
onetime slot, 7" = 1, an OTDM switchednetworkreducego
a multi-fiber multi-wavelengthwavelength-routedhetwork. A
switch at a nodemapsan input channelto an outputchannel.
Theconstraint®©n themappingof aninputchanneto anoutput
channeis determinedy the natureof the switch.

The simplestswitch architectureis a spaceswitch. In this
switch, an input channel,(l, f, w,t);, could be mappedto an
outputchannel,(l, f,w,1),, if andonly if ¢; = t,, w; = w,,
andf; = f,. With atime slotinterchange(TSI), aninputchan-
nel (I, f, w,t); could be canbe mappedto an outputchannel
(, f,w,t),, wheret; # t,, by delayingthe signals. A combi-
nationof time andspaceswitchingcanbe employedn multiple
stagesto realize more permutationof spaceandtime. If the
switchesdo not employwavelengthcorversion,thenthe wave-
lengthof theinput andoutputchannelsnustbethesamehence
w; = w,. In networkswith multiplefibersconnectingwo nodes
aninputchannel{(/, f, w,t);, canbemappedo anoutputchan-
nel(l, f,w,t),, wheref; # f,.

I1l. TRUNK SWITCHED NETWORKS

A trunk switchednetwork(TSN) consistf switchingnodes
interconnectedby links. Eachlink hasa setof channels.The
numberof channelsn alink, denotedby C, is the sameon all
the links in the network. A nodein a TSN views a link asa
setof K trunkswith S channelsper trunk, where K'S = C.
Fig. 1 shavsthe nodearchitecturen a TSN. The nodehasfour
links connectedo it. Eachlink is viewed asa setof 4 trunks
by the node. Switchingat every nodeobeys the following two
conditions:

« A full-channelinterchange(FCl) is employedat the input

for every trunk,asshavnin Fig. 1.

« Switchingat a nodeobeys trunk-continuty constraintj.e.,

thechannelgsannotbe switchedacrosdrunks.

Thedefinitionof atrunk couldbedifferentacrossnodes.For
example,onenodecouldview alink asK’; trunkswith .S; chan-
nels per trunk while anothernode could view the link as K,
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trunkswith S, channelgpertrunk, whereRK;S; = K35 = C.
Fig. 2 shavstwo nodesin a TSN connectedy a link. Thein-
putto switch from otherlinks at the nodearenot shovn in the
figure. Fig. 2(a) shavs two nodesthatview thelink asa setof
4 trunks. In Fig. 2(b), thefirst nodeviews the link as3 trunks
while theseconcdhodeviewsthelink as4 trunks.

I

FCI

Switch

Links

N0 D080 Db -

Trunk

Fig. 1. Nodearchitecturén a TSN.
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Fig. 2. Two nodesconnectedy alink in a TSN. (a) Thelink is viewed as4
trunks by both the nodes. (b) Thelink is viewed as3 and 4 trunksby the
firstandseconchode respectiely.

A TSN is saidto be homogeneous the collectionof chan-
nelsthatconstituteatrunk ata nodeis thesamefor all thenodes
in the network. Otherwise|t is saidto be hetengeneousThe
nodesshowvn in Fig. 2(a) could form a part of homogeneous
TSNif thechannelghatconstituteatrunk for thetwo nodesare
the sameasthat at the rest of the nodes. Note thattwo nodes
couldview alink asasetof K trunks,but couldstill be hetero-
geneousf the channelswithin thetrunksarenot identical. On
theotherhand thenodesshovnin Fig. 2(b)form apartof ahet-
erogeneoud SN. Althoughthe trunk definitionis the samefor
all the nodesin a homogeneou3 SN, the switchingemployed
within atrunk couldbedifferentat differentnodes As channels
cannotbe switchedacrosgrunksat a node,by the definition of

atrunkatthenode,ahomogeneou$SN imposesanend-to-end
trunk-continuityconstaint on the connections.

A trunkonalink, asviewedby anode s saidto bebusyif all
thechannelsn thetrunk arebusy, otherwiset is saidto befree
Fig. 3 shavs a nodein a TSN andoneof its input and output
links. Thelink is viewedasa setof 4 trunksby the node. The
numberof channeldusyonatrunk attheinput of anodeis the
sameasthe numberof channeldusy on the trunk at the input
to the switch at the node. However, the distribution of the busy
channelon the trunk at the input of the nodeis differentfrom
thatattheinputof theswitch. Thenumberof trunksbusyatthe
input of a nodeis the sameasthe numberof trunksbusy at the
input of the switchatthatnode.

Link Link

Fig. 3. Two links connectedy anode.

Consideratrunk on atwo-link path(atrunk at the input and
outputof the nodeshaowvn in Fig. 3). Thetrunk is saidto be
availableon the two-link pathif thereis a free channelin the
trunk onthefirst link thatcanbe switchedby the nodeto afree
channelin the secondlink, subjectedo the constraintsof the
switch.Hencejf atrunkis freeontwo links individually, it does
not necessarilymply thatthetrunkis availableon the two-link
path. For example,considera scenariovhenthe switch at the
nodeshown in Fig. 3 is a space-onlyswitch'. Hencechannel
continuity constraintis imposedby the switch. Also, assume
thatthereare5 channelgpertrunk. Let channelsl and2 on a
trunk be busy at the input of the switch andchannels3, 4, and
5 be busy at the outputof the switch. The free channelsat the
input of the switch (hence,at the node)cannotbe switchedto
thefreechannelst outputof theswitch. Hence thetrunkis not
availableon thetwo-link path.

A connectiorbetweera sourceanddestinatioris established
over a path. Eachpathconsistof a setof links andthe number
of links in a pathdenoteghelengthof the path. The selection
of a pathin the network could be either staticor dynamic. A
connectionbetweena sourceand a destinationover a path is
realizedby assigninga channelon eachlink on the pathsuch
thatevery nodeon the pathcanswitchthe channelassignedn
its inputlink to thechannebssignednits outputlink. A callis
saidto beblockedif sucha channebhssignmenis not possible.

A. Modelingan OTDM switchednetworkasa TSN

An OTDM switchednetworkcanbe modeledasa TSN. Al-
thoughatrunk canbe definedasanarbitrarycollectionof chan-
nels,only afew makea meaningfukrunk definitionin reality. A
few possibletrunk definitionsat a nodearediscussedherewith
anexample.

! Althoughtheswitchatanodeis space-onlythenodebehaeslike achannel-
spaceswitch.
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Consideralink with onefiber, 4 wavelengthserfiberand5
timeslotsperwavelength(# = 1, W = 4, T = 5). Eachsloton
alink [ is denotedby a 4-tupletuple (Z, f, w,t), wheref = 1,
1<w<4,andl <1t <5.

« If time slotinterchangeandwavelengthconversionarenot
permitted,then,for ary link [, eachwavelengthandtime
slot combinationcanbe treatedasatrunk, i.e., T'r, ;) =
{(!, 1, w,?)}. In thiscasealink is viewedasWT trunks
with onechannepertrunk.

« If time slot interchanges permitted,but not wavelength
conversion,thenfor agivenlink /, every wavelengthcanbe
consideredsatrunk,i.e., Tr, = {({, 1, w,t)|1 <t < T}.
Thus, alink is viewed as1/ trunkswith 7" channelsper
trunk. Note that, the switch at a node neednot provide
full-permutationswitchingcapability

« If full-wavelengthcorversionis permitted put nottime slot
interchangethenfor a givenlink [, a time slot on all the
wavelengthscan be groupedto form a trunk, i.e., Tr; =
{(, ,w,t)|l < w < W}. Thus,alink is viewedasT
trunkswith W channelgertrunk.

« If both full-wavelength corversion and time slot inter-
changearepermitted,thenthe entirelink is treatedasone
trunkwith WT' channels.

A multi-fiber multi-wavelength wavelength-routednetwork
with F' fibersand W wavelengthswith no wavelengthcorver-
sion can be viewed as W trunkswith F' channelsper trunk.
If full-wavelengthcorversionis available, thena link canbe
viewed as a single trunk with F'W channels. However, net-
worksthatemploylimited-wavelengthcorversion,asdefinedin
[7] and[8], cannotbe modeledasa TSN, asa full-permutation
wavelength-cowersionis notemployed.

IV. ANALYSIS OF TRUNK SWITCHED NETWORKS

Considemtrunk switchednetworkwith N hodes.An analyt-
ical modelfor evaluatingtheblockingperformances developed
in this sectionbasedn thefollowing assumptions:

« The call arrival at every nodefollows a Poissonprocess
with rate,, andis equallylikely to bedestinedo ary other
node. The choiceof Poissortraffic is to keepthe analysis
tractable.

«+ Thetraffic is assumedo be point-to-pont (no broadcasor
multi-casttraffic is considered).

« Thebandwidthrequirementf every call is assumedo be
of onechannelkapacity

« Theholdingtime of every call follows an exponentialdis-
tribution with mean%. The Erlangload offeredby a node

iSpn = 2a,

o The path%electionis pre-determinedfixed-pathrouting),
€g: shortest-path.

« Blockedcallsarenotre-attempted.

« A callis assigneda channekandomlyfrom a setof avail-
ablechannels.

The network blocking probability is computedas the aver
ageblockingprobabilityexperienceaverdifferentpathlengths.
Considema z-link pathmodelasshavn in Fig. 4.

I
First hop with (z-1) links 1
I
I

i NI
TR
s > T,
e mm e e oo Lo > T

Fig.4. A z-link pathmodel

Let P,(Ty) denotethe probability of T} trunksbeingavail-
ableon a z-link pathasviewed by the last nodeon the patl?
(nodez). The definitionof thetrunkis asviewed by the node
denotedby the suffix for P. P, (T = 0) denoteghe blocking
probability over the z-link path. The ensembleaverageof the
networkblockingprobability, denotedvy P, is obtainedas:

N-1

Py="> P.(Ty = 0)P(z)

z=1

1)

where P(z) denoteshe probability of selectinga z-link path.
P(z) depend®nthenetworktopologyandroutingstratgy em-
ployedin thenetwork,andcanbeeasilycomputedor mostreg-
ular networktopologiesandroutingstrategies.

Let P,(Ty,T;) denotethe probability of T} trunks being
availableon a z-link pathwith 7; trunksfree on the last link.
It canbe seenthatthe lastlink shouldhave at-least’} trunks
free,thereforel; > 7. P,(T¥) canthenbewrittenas:

K.

P.(Ty)= Y P.(Ty,Th)
T =T;

(2)

where K, denoteghe numbertrunksin thelink asviewed by
nodez.

A z-link pathcanbe analyzedasa two-hoppathby consid-
eringthefirst z — 1 links asthe first hop andlasttwo links as
the secondhop,asshown in Fig. 4. Let 7}, and7, denotethe
numberof trunksavailable on the first hop andthat which are
freeonthelastlink of thefirst hop(link =z — 1) asviewedby the
lastnodeonthefirsthop(nodez — 1). Let 7T} and7: denotethe
numberof trunksfreeon thefirst hopandnumberof trunksfree
onthelastlink of thefirst hopasseenby thenodein thesecond
hop(nodez). P, (1%, T;) canthenberecursvely computedhs:

Y lh, 3

P._1(Ty, Tp) P(T1, T2|Ty,, Tp) P(Ty, Th|T1, 1)

Ky
T}, =0

K,
T =T}

K,
To=T,

PTy, Th) =

whereP (T}, T;|T1, T») denotegheprobabilityof 7} trunksbe-
ing available on the secondhop with 7; trunksfree on the last
link of the secondchopgiventhat7; trunksareavailableonthe
first hopwith 75 trunksfree attheinputto thenodeonthe sec-
ondhop. P(T1, T»|T%, T,) denotesheprobabilitythatthenum-
berof trunksavailableonthefirsthopandnumberof trunksfree
onthelastlink of thefirst hopasviewedby thenodein thesec-
ondhopareT; andTs, respectrely, giventhatthe trunk avail-

ability asviewedby thelastnodeon thefirst hopis 7, and7,,.

2Thedestinatioris not consideredsthelastnodein thepath.
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For homogeneou$SN's, P (T4, T3|Th, T, ) is definedas:

1 if Ty =Ty and7, =15
0 otherwise

P(Ty, T5|Th, Ty) = { (4)

For ahomogeneou$ SN, Eqgn. (3), thereforereduceso:

P.(Ty,Th) = Z Z Po 1 (Th, Ty) P(Ty, Ti|Th, Ty)

=T; T,=Th
5)

whereR denotegthenumberof trunksin alink asviewedby the
nodesin the network. The computatiorof P (11, 75|75, T,,) for
differenttrunk definitionsis currently beingstudiedby the au-
thors.Hence thescopeof the analysigpresentedn this section
is limited to homogeneouFSN’s.

Thesstartingpoint of therecursionfor z = 1, is definedas:

P(Th)

if T =T
Pi(Ty,T1) = {0 I !

otherwise ()
where P(T;) denoteghe probability of 7; trunksbeingfreeon
alink. Thecomputatiorof P(7;) is discussedh SectionlV-B.

P(T%, T;|Ty, T,) is computedy conditioningonthe number
of trunksfreeon thelastllnk as:

P(T¢|Th, Tp, Ty) P(Ti|Th, Tp)

if T, > T}

P(Ty, Ti|Th, Tp) = (7)

0 otherwise

where P(1;|T3, T,) denoteghe probability of 7; trunksbeing
freeonthelastlink giventhat7}, trunksareavailableonthefirst
hop with 7, trunksfree on the lastlink of the first hop. The
numberof trunksfree on the lastlink dependson the number
of trunksfree onthe previouslinks. If the correlationof traffic
onalink is assumedo beonly dueto its previouslink, thenit
is referredto asthe Markoviancorrelation. With the assump-
tion of Markovian correlation,P(7;|T%, T,) canbereducedo
P(Ti|T,). Hence Eqn. (7) canbewritten as:
P(Ty|Th,

Ty, Ti) P(Ti|T,)

if T, > T
P(Ty,Ti|Ty, Tp) =0T (8)

0 otherwise

P(T%|Th,T,, ;) denotesthe probability that T trunksare
available on the two-hop path given that 7; trunksarefree on
thelastlink and7}, trunksareavailableonthefirst hopwith 7,
trunksfreeon thelastlink of thefirsthop. P(7¢|T, T, T7) is
computedby consideringa two-link pathas shovn in Fig. 5.
The numberof trunksfree on the first link andthat which are
freeonthesecondink aredenoteddy 7, and7;, respecirely.

Thetrunk on atwo-link pathcanbein ary oneof thefollow-
ing four statesasshown Fig. 6:

o Casel: Thetrunkis busyonboththelinks. Thetrunk can

beeitherpartially or fully occupiedy continuingcalls. Let
V. denotethe numberof trunksbusyon boththelinks.

o Case2: Thetrunkis busyon thefirst link but not on the

second.

Fig.5. A two-link pathmodel.

First link Second Link

m
R ———
e

m

Channels occupied by continuing calls

Case 1

Case 2

Case 3

Case 4

|:| Channels occupied by non-continuing calls

[] Free channels

Fig. 6. A pictorial representationf the statesof atrunk on atwo-link path.

« Case3: Thetrunkis busyonthesecondink but notonthe
first.

+ Case4: Thetrunkis freeon boththelinks. Let 7, denote
thenumberof trunksfreeonboththefirst andsecondinks.
However, this doesnot imply that thesetrunks are avail-
able on the two-link path. Let 7, (7, < T:) denotethe
numberof trunksavailableon thetwo-link path.Whenthe
nodeconnectinghe two links employsa full-permutation
switch,atrunk s availableon thetwo link pathif it is free
onboththelinks. Hence T, = T;.

Let P(T,, T|T,,Ti) denotethe probabilitythat7; trunksare
freeonboththefirstandsecondink with 7, amongthembeing
available on the two-link pathgiventhat?, and7; trunksare
freeonthefirstandsecondinks, respectiely. P(T¢ |1y, T, i)
canthenbewrittenas:

min(Tp,Ti) min(Tp,Ti)

> > P(Ty|Ta, Ty, Th, T;, Th)
To=T; T =T,

P(Ty|Th, T,,T1) =
P(T(u TblTp7 ﬂ)
)

where P(T¢|T,, Ty, Th, Ty, T;) denotesthe probability of T
trunksbeingavailableon thetwo-hoppathgiventhat7}, trunks
areavailableonthefirst hop, 7}, trunksarefree onthefirst link
(thefirst link in the two-link modelis the lastlink on the first
hop),T; trunksarefreeonthesecondink, 7; trunksarefreeon
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boththe first andsecondink and T, amongthemavailableon
thetwo-link path.

Last link of

first hop Two-link path

D Trunks available on the two-link path
D Trunks available on the first hop
Trunks that are not available on the

D first hop but free on the last link of
the first hop

Trunks busy on the second link

Trunks free on both the first and second
D link of the two-link path but not
available on the two-link path

Fig. 7. A pictorial representationf the freetrunkson the lastlink of thefirst
hopandthatonthetwo-link path.

Fig. 7 shaws the pictorial view of the distribution of free
trunkson thelast link of the first hop andthat of the two-link
pathmodel. Fromthis figure, P(T% |14, Ty, Th, T, Ti) canbe
computedalongthe lines of the following agument: Given 7,
trunksarefree on the lastlink of the first hop with 7, among
themavailable on thefirst hop. Also, givenT; trunksarefree
on thefirst andsecondink of thetwo-link pathwith 7, among
thembeingavailableonthetwo-link path. Amongthe T, avail-
abletrunkson the two-link pathexactly T trunksoverlapwith
the T}, trunksavailable on the first hop. The remainingtrunks
thatareavailableon thefirst hop, 7}, — 7%, arenotavailableon
thetwo-link path. This could occurin two cases(1) thecorre-
spondingtrunk is busy on the secondink of thetwo-link path,
or (2) thetrunkis freeonthe secondink but is notavailableon
thetwo-link path(dueto switchingconstraints) The numberof
trunksthatsatisfythelattercaseis T, — T,,. Therequiredproba-
bility is computedoy assuminghat of thetrunksthatarefree
on boththe first and secondink, but not available on the two-
link path,overlapwith theremaining?}, — 7} availabletrunks
of thefirst hop. Thetrunkson the secondink correspondingo
theremaining?}, — 7y — availabletrunkson thefirst-hopare
busy Thus,P(T¢|Ta, T, Th, T, ;) canbewrittenas:

P(TflTa7Tb7Th7Tp1j}) =

(e m)y (e )

(7))
where (0, Ty, Tp — Tp — Tf) S S (Th — Tf Ty —
T,). For the specialcase whenthe switch at a nodehasfull-
permutatiorswitchingcapability theabove equatiorreducego:

(pCzzh)

p

(10)

P(TY|Ts, Ty, Ty, Ty, Ti) = it 7, — Ty <T, — T)

0 otherwise
(11)

Also, for this case,P(T,,T:|1,,Ti) = 0 if T, # T. Hence,
Eqgn.(9) canbewritten as:

min(Tp,Ti)
P(Ty|Th, Ty, Ti) = Y P(Ty|Ta, Ta, T, Ty, Th)
To=T; P(T,,T.|T,, Th)

(12)

The probability values,P(1,, Ty |1,, Ti), P(1;|1,), and P(1;)
arecomputedy consideringa switchmodelasexplainedin the
following subsections.

A. Estimationof call arrival ratesona link

Typically, the networktraffic is specifiedin termsof offered
loadbetweemodepairs. Thecall arrival ratesat the nodeshave
to be translatednto arrival ratesat individual links in the net-
work. The computatiorof blocking probability dependsn the
link arrival rates andthelink arrival ratesjn turn,dependnthe
networkblocking probability. However, if the blocking proba-
bility in the networkis small, thenits effect on the link arrival
ratescanbeignored.Theestimationof thelink arrival rateshas
alsobeendiscussedh [6].

Considelanetworkwith N nodesandZ links. Themeanpath
lengthof a connectiorin the networkis givenby:

(13)

z2=1

whereP (z) denoteshepath-lengthdistribution. Thearrival rate
of callsatanodeis denotedby ),,. Theaveragdink arrival rate,
denotedy }, is computedas:

(14)

To accountfor link-correlation, the arrival ratesof calls to
a link that continueto a next link alsoneedsto be computed.
The only known parametepf the pathlengthdistributionis the
meanpathlength, , . Hence,the probability that a call on
a givenlink will continueto the next link canbe computedn
several possibleways. Onepossibleapproachs to assumehat
the probability that a call on a link continuesto a next link is
independenof the numberof links traveledby the call. Hence,
at eachnode,the probabilitythata call is destinedo thatnode
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is givenby % Hence the probabilitythata call is continuing

atagivennodeis 1 — —. Let the numberof exit links for a

pathat a nodebe denotédby , Whereexit links for a pathis

definedasthoselinks at a nodethat do not connecthe nodeto

ary of thepreviousnodesn thepath. Thearrival rateof callsto

alink atanodethatcontinueto a specificoutputlink is denoted
by A\. = A, where . isthecorrelationfactorgivenby:

1 1

(15)

B. Freetrunkdistribution

Considera two-link pathmodelasshowvn in Fig. 8. Let ,,

1, and . denotethe numberof channeldusyonthefirst link,
numberof channeldusy on secondink, andnumberof chan-
nels occupiedby calls that continuefrom the first link to the
secondrespectiely. Notethat . < ( p, 1). Thenumber
of channeldusyonatrunk attheinput of nodel is thesameas
thenumberof channeldusyattheinput of the switch (afterthe
FCI) atthe node,while the distribution of the busy channelsat
the input of the switchis independentf the distribution at the
input of the node.Also, the stateof atrunk (busyor free)atthe
input of the nodeis the sameasthatat the input to the switch.
Thereforethefirstlink asreferredin this subsectiomenceforth

would correspondo thelink viewedattheinput of the switch.

Fig. 8. Channebccupancyna two-link pathmodel.

Let A, denotethe arrival rate for calls to the first link,
denotethe arrival rate for calls to the secondlink, and ).
[Ae < (Ap, Ai)] denotethe arrival rate of calls to the first
link that continueto the secondink. If thelink loadsare as-
sumedo be uniformly distributed,it followsthat, = A; = .
TheErlangloadscorrespondingo thecallsthatoccupythefirst
link, secondink, andthatwhich continuefrom thefirst to sec-
ondcanbewrittenas,p, = AH—" o= % andp, = % respec-
tively.

The channeMistributionon atwo-link pathcanbecharacter
ized asa 3-dimensionaMarkov chain. The state-spacés de-
notedby the 3-tuple( ,, i, .). The steady-stat@robability
for thestatescanbe computedas[18]:

(pa U 6)—

where( <
( P l)-

Let V,, Vi, and V. denotethe numberof trunksbusy on the
firstlink, numberof trunksbusyonthesecondink, andnumber

, < KS, 0 <

1 < KS, and0 <

trunksfreeonboththelinksis givenby, T, = K —(V, V,—V,).

The numberof trunksavailableon thetwo-link pathis denoted
by 7,. The state-spacef the trunk distributionis capturedoy

the 4-tuple (V,,, Vi, Ve, To). The steady-stat@robability of the
statecanbe computedy conditioningon thechanneMdistribu-

tion,( ,, 1, )as:

P(vavvvchal py s c)

)
= (p7 I C)

1

K
(Vo Vi Ve, Ta) = )

ilagle

(17)

where P(V,, Vi, V., Ta| p, 1, ) denotesthe probability that
the trunk distribution is in state(V,,V;, V., T,) giventhatthe
channeldistributionis ( ,, ;, .). Thefollowing probability
valuesthat are requiredto completethe analyticalmodel, de-
scribedin the previous section,can then be derived from the
above steady-statprobability.

P(Ta7Tb|Tp7ﬂ) =

(K-Tp,K-Ti, K T —Ty—T1,Ta)
Soor R LN " Pl (KT K=Ti,K t —Tp=Ti,ta)
(18)

P(T|Ty) =

Soor R LN " Pl (KT K=Ty, K t —Tp=Tita)

Zz Zanpzznpz

(K=Tp,K—t;, K t —Tp—t;,ta)
(19)

min(tp,Ti)

K min(ty, T
P(E) = th: Zta:( l) t =ta

(K —t,, K —T1,K ty—t,— T} ta)

(20)
Thetrunk occupang probabilityfor a givena channeHlistri-
bution, is computedas:

N:K(‘/I)7V1‘/C7Ta| py b c)

:K( P 3 C)

P(‘/pa‘/la‘/CaTal P (o] l):
(21)

whereN (V,, Vi, V., T,| », 1, ) denoteshenumberof ways
of arrangingacross trunks, , busychannelson thefirst link,

; busy channelson the secondink, with . channelsamong
thembeingoccupiedby callsthatcontinuefrom thefirst link to
secondsuchthatV), trunksarebusy onthefirstlink, V; trunks
arebusy on the secondink with V. amongthembusy on both
the links, and T,, trunksbeing available on the two-link path.

( p, 1, ) denotesall possiblewaysof arrangingacross

trunks, , busychannelson thefirst link, ; busy channelson

of trunksthatarebusyonboththefirstandsecondinks, respec- thesecondink with . channelamongthembeingoccupiedoy

tively. It canbeobsenredthatV, < (Vp, Vi). Thenumberof

callsthat continuefrom thefirst link to second.

(19’ B C)
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is recursvely computedas:

(po 1o )=
1( 3 JZ)

Zm_in(,l)
y LT C_Z)

(22)

where0 < , < 5,0< ;< S,and0< < (py 1)
Thedefinitionof ( , ,z) depend®nthenatureof switch.

N (Vp, Vi, Ve, Tl p, 1, ) (writtenasN () for shortdue
to spaceconstraints)s assigned if ary of thefollowing condi-
tionsholdtrue:

. {Vp;vl;Vme ps b c} 0

. {VP’Vl:VmTa}

( P l)

. { P l} Sor .
o p WV,Sor ; VS

Otherwisejt is computedecursvely underoneof thefollowing

four casesasdescribedn SectionlV, Fig. 6:

) gminG s )

—1( P

Casel:lf V. 0
Therequiredprobabilityis obtainedby conditioningon a trunk
beingbusyon boththelinks.

N(): _Zz: 1(S:S’z)
N—l(%—l,w—l,%—l,Ta| p_S, 1 — S, c—z)

(23)

Case2:If V. =0,V, O

Therequiredprobabilityis obtainedby conditioningon a trunk

beingbusyonthefirst link but freeonthe secondink.

S DD D C )
N_l(‘/})_l,v,‘/c,Talp_S, L= c_z)

N ()=

(24)

Case3:If V. =0,V, =0,V 0
Therequiredprobabilityis obtainedby conditioningon a trunk
beingfree onthefirst link but busyonthe secondink.

min( —1, min( —1, ,
SD DD Dl
N—l(‘/})aw_17‘/'caT(l| P

N ()= 1(,5,2)

3 l_Sa c_Z)
(25)

Cased: If V. =0,V, =0,V =0

Therequiredprobabilityis obtainedby conditioningon a trunk
beingfreeonboththelinks. Two possiblecaseseedto becon-
sidered: (1) the trunk is available on the two-link pathor (2)

thetrunk is not availableon thetwo-link path. Let ;( , ,z)

denotethe numberof ways of arrangingon a trunk, busy
channelon thefirst link,  busy channelson the secondink,

with z channelamongthembeingoccupiedby callsthat con-
tinue from the first link to second,suchthat the trunk is not
availableon thetwo-link path. Similarly, let F;( , ,z) denote
the arrangemenof the busy channelson a trunk suchthatthe
trunk is availableon the two-link path. It canbe obsenedthat
(., ,2) 1(,,2)= 1(, ,2). N () canthenbecom-
putedas:

N ()= prt ot ) it s ) it =
Fi( N 2 Vi Ve T = 1] p= 1=, o= 2)
1 AN AV Ve Tal p= 1= o= 2)
(26)

The starting point of the recursion(for = 1), denotedby
Ni(Vp, Wi, Vo, Ta| », 1, o) isassigned if ary of thefollow-
ing conditionsholdtrue:

1L.V,=0and ,=3S5

2.Vi=0and ;=S

3.V.=0and (,, =S
Otherwisejt is defineddefinedin termsof ( ,, i, .) and
Fi( p, 1, o) as,
Fi( p, 1, o) ifT,=1and
V,=V,=V.=0
Ni()= P ¢ 27
1() 1( py U c) |fTa:0 ( )
0 otherwise.
The definitions of  1( ,, 1, ), 1( p, 1, ¢)» and
Fi( p, 1, .)dependntheswitcharchitecture.

C. Exampleswitch models

Two kindsof switchesaremodeledn this section:space-only
switch and full-permutationswitch. For a space-onlyswitch,
channekontinuity constrainis enforcedby the switch. Hence,
a call continuingfrom thefirst link to seconccupiegshesame
channelat the input and output of the switch. Note that al-
thoughthe switch is space-onlythe switchingprovided by the
nodeis channel-spacéue to the full-channelinterchangeat
the input of the node. A full-permutationswitch, on the other
hand,canswitchary freechannehttheinputto ary freechan-

nel at the output. For atrunk with S channels, 1( ,, i, )
and 1( p, i, .)forthetwo switchmodelsaredefinedasbe-
low:

Space-onlyswitch:

) roL if0< 5, 1 <S8
1( P la C): and CS ( P l)
0 otherwise.
(28)
, 7D, M0< . u<s
_ ¢ < (p, 1),and
1( P 3 C) » L= . Z S
0 otherwise
(29)

Full-permutation switch:

ifo< , 1<S
and . < (ps 1)

(30)

P i
1( P 3 C) =
0 otherwise.
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if(,=5o0r ;=25)
and c S ( P l)
0 otherwise.

(31)

P 1
1( Y2 3 C):

It canbe obseredthattheanalyticalmodelsproposeckarlierin
theliteraturecanbe derivedfrom this generalizeanodelas:

« K=W;5=1; .=0;[3], [4]

« K=W;5=1,;16]

« K=W,;S=T,; =0, full-permutationswitch[12]

o K =W, S = F;full-permutationswitch[9]

V. PERFORMANCE EVALUATION

The blocking performanceof a multi-wavelength TDM
switchednetworkis analyzedn this section.Eachlink has20
time slots (channels).Four combinationsof numberof wave-
lengths(trunks)andtime slotsareconsidered:(1) W = K =
20T =S =1, QW =K =1,T =S5 = 20; (3
W=K=2T=5S=10,and@) W =K =4,T =5 =5.
Eachwavelengthis treatedasa trunk. Hence,no wavelength
corversionis assumed.However, the secondcasewith a full-
permutatiorswitch canbetreatedasary combinationof wave-
lengthandtime slotswith full-wavelengthcornversion time slot
interchangeandfull-permutationswitching.

A nodethatviews a link as K trunkswith S channelsper
trunkis referredto asa K x .S node.A nodethatemploysfull-
permutatiorswitchingis denotedby FPandthatwhich provides
time-spacdchannel-spacegwitchingis denotedoy CS.

Threekindsof networktopologiesareconsideredor perfor
manceavaluation:

1. a25-nodeuni-directionaking network( . = 0 2)

2. a25x25bi-directionalmesh-torusetwork( . =0 1)

3. al0-dimensionahypercubenetwork( . =00 )

The networksareassumedo employshortest-pathmouting. If
morethanoneshortesipathis available,oneof themis chosen
atrandom. The pathlengthdistribution, P(z), andthe number
of exit links, , for thethreenetworksaregivenbelow.

1. Uni-directionalring networkwith N nodes:

=1 (33)
2. MxM bi-directionalnetwork(if M is odd):
2 ifl< <L
P(z) = (34)
(=2 =1 < -1
2-1 2 —=
= (35)
3. -dimensionahypercubg N = 2"):
P(z) = 1 1<z2< (36)
T N-1 . T EFE
= -1 (37)

Fig. 9 shaws the blocking performancewith varying link
load for a 25-nodeuni-directionalring network. The perfor
manceobtainedby time-spaceand full-permutationnodesare

almostthe samein this network. It canbe also be obsered
thata maximumof two ordersof magnitudeperformancegain
canbe achieved by employingfull-permutationswitching. The
maximumperformancegain thatcanbe achieved by switching
dependn the correlationfactorin the network. As the ring
network hasa very high correlation,a maximumof only two
ordersof performancémprovementis possible.

Fig. 10 shaws the blocking performancefor a 25x 25 bi-
directionalmesh-torumetwork. At low loads(1 Erlang), the
performancegain obtainedby time-spaceandfull-permutation
nodesoveranodewith neithertime-slotinterchangeraorwave-
length corvertersare approximatelyl0 and 12 ordersof mag-
nitude, respectrely. At high loads (7 Erlangs),the blocking
performanceof the time-spaceand full-permutationnodesare
lower by 1 and 3 ordersof magnitude,respectrely as com-
paredto the performanceobtainedwith nodesnot employing
time-slotinterchangeandwavelengthconversion. Sucha high
performanceyain,especiallyunderlow link loads,indicateshe
effectivenessf switchingin networkswith moderatdink cor
relation.

107

._\
e,
&
T
I

Blocking probability
=
O‘
5
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°,
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— 20x1

—6— 1x20 FP
—— 2x10 FP
107 —&- 4x5 FP -
—%— 1x20 CS
—A— 2x10CS

—— 4x5CS

107 R

10~ I I I I I
1 2 3 4 5 6 7

Link load in Erlangs

Fig.9. Blocking probabilityversudink loadfor a 25-nodeuni-directionalring
network.

Fig. 11 showvstheblockingperformancdor a 10-dimensional
hypercubenetwork. The performancdrendsobsened in this
networkaresimilarto thatobseredin amesh-torusietwork.At
low loads(1 Erlang),performanceainof upto6 and8 ordersof
magnitudecanbeobtainedvith time-spacandfull-permutation
nodesrespectrely over nodesthatdo not employtime-slotin-
terchang@andwavelengthcorversion.However, athighloads(7
Erlangs),the performancegain obtainedreducedo 1 and3 or-
dersof magnituddor time-spacendfull-permutationswitches,
respectiely.

It can also be obsered that the performanceoffered by a
1 % 20,2 x 10, and4 x 5 full-permutationswitchesarealmost
the same.However, for a givencapacityof a link, the switch-
ing speeddf a1l x 20 switch hasto be 4 timeshigherthanthat
of a4 x 5 switch. On the otherhand,a 4 x 5 CS switch (4
wavelengthawith 5 time slotsperwavelength)requiredour sets
transmittersandrecevers,althougheachof themcouldwork at
lower speedsAlso, the performancefferedby their respectre
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Fig. 10. Blocking probabilityversudink loadfor a 25x25bi-directionalmesh-
torusnetwork.

10°

107

Blocking probability
=
o

— 20x1
—©— 1x20 FP
—%— 2x10 FP
—&— 4x5 FP

—- 1x20CS
—A— 2x10CS
—— 4x5CS

10 I I I I I

Link load in Erlangs

Fig. 11. Blocking probabilityversudink loadfor a 10-dimensionahypercube
network.

time-spaceswitchesarewithin two-ordersof magnitudediffer-
ence,indicatingthat a significantimprovementin performance
canbeachiezed by employingtime-spacewitches.

The performanceesultsshowv that switchingis effective in
networkswith low or mediumlink correlationachie/zing high
performancegain. Also, in suchnetworks,a significantperfor
mancegainis achievedwith just atime-spacewitch, thusindi-
catingthefeasibility of realizingopticaltime switchednetworks
in thenearfutureofferinggoodperformanceavith simpleswitch
architectures.

VI. CONCLUSION

The conceptof trunk switchednetworkis proposedn this
paperto facilitate modelingandanalysisof networkswith het-
erogeneousodearchitectures.An analyticalmodelfor eval-
uating the blocking performanceof a classof trunk switched
networksis alsodeveloped. Using the analyticalmodel, it is
shavn thata significantperformanceyain canbe achiered with

10

a time-spaceswitch with no wavelengthcornversionin a multi-
wavelengthTDM switchednetwork.

The scopeof the analyticalmodel presentedn this paperis
limited to homogeneou3 SN’s. However, the analysiscanbe
extendedto heterogeneousSN’s by mappingthe trunk distri-
bution viewed by a nodeemployingone switch architectureto
that viewed by a node employinganotherswitch architecture.
This mappingis currentlybeinginvestigatedor ageneratrunk
definition.

ACKNOWLEDGEMENTS

Theauthorsvouldlike to thankDr. Mani Mina, AdjunctFac-
ulty, Departmenbf ElectricalandComputefEngineeringJowa
StateUniversity, for his valuablecommentsandsuggestionin
improving the quality of the paper

REFERENCES

R.A. Barry and PA. Humblet, “Models of blocking probability in all-
optical networkswith and without wavelengthchangers, IEEE Journal
of SelectedAreasin Communicationsvol. 14, no. 5, pp. 858-867,June
1996.

A. Birman, “Computingapproximatevlocking probabilitiesfor a classof

all-opticalnetworks; in Proceeding®f IEEE INFOCOM'95 April 1995,

pp.651-658.

M. Kovacevic andS. Acampora,“On wavelengthtranslatiorin all-optical

networks, in Proceeding®f IEEE INFOCOM’'95 April 1995,pp.413—

422.

M. Kovacevic and S. Acampora, “Benefits of wavelengthtranslationin

all-optical clearchannelnetworks; 1EEE Journal of SelectedAreasin

Communicationsvol. 14,n0.5, pp.868-880Junel996.

K. -C.LeeandV. O. K. Li, “A wavelength-corertibleoptical network’

Journal of LightwaveTechnologyvol. 11, no.5, pp. 962-970 May-June

1993.

S. SubramaniamM. Azizoglu, and A.K. Somani, “All-optical networks

with sparse-weelengthcorversion; |EEE/ACM Transactionson Net-

working, vol. 4, no.4, pp.544-557 August1996.

R. Ramaswamand G. Sasaki, “Multiwavelengthoptical networkswith

limited wavelengthconversion’; IEEE/ACM Transactionsn Networking

vol. 6, no.6, pp. 744—754Decemben 998.

T. Tripathi andK.N. Sivarajan, “Computingapproximateblocking prob-

abilities in wavelength-routedall-optical networks with limited-range

wavelengthconversion] in Proceeding®f IEEE INFOCOM’'99, March
1999,vol. 1, pp.329-336.

L. Li andA.K. Somani, “A new analyticalmodelfor multi-fiber WDM

networks, in Global Telecommunication€onfeence, GLOBECOM’99

1999,vol. 1B, pp.1007-101.

N. Wautersand P Demeester “Is wavelengthcornversionrequired?,

in IEEE International Confeenceon Communications’98\brkshopon

WDM Managemet) Junel996.

N. Wautersand P Demeester “Wavelengthcorversionin optical multi-

wavelengthmulti-fiber transportnetworks), InternationalJournal of Op-

toelectonics vol. 11,no. 1, pp.53-70,Janurary/February997.

J.YatesJ.Lacey andD. Everitt, “Blocking in multiwavelengthTDM net-

works; in 4th InternationalConfeenceon Telecommunicatio®ystems,

Modeling,and Analysis March1996,pp. 535-541.

J.-W. Kang, J.-S. Kim, C. -M. Lee,E. Kim, andJ.-J.Kim, “1 2 all-

optical switch using photochromic-dopdwaveguides ElectonicsLet-

ters vol. 36,n0.19, pp. 1641-1643SeptembeR000.

C. Kim, D. A. May-Arrioja, P Newman, and J. Pamulapati, “Ultrafast

all-optical multiple quantumwell integratedoptic switch; Electronics

Letters vol. 36,n0.23,pp. 1929—-1930November2000.

C. De Matos,M. PugnetandA. Le Corre, “Ultrafast coherengll-optical

switchingin quantum-wellsemiconductomicrocavity,” ElectonicsLet-

ters vol. 36,n0. 1, pp. 93-94,January2000.

D. K. Hunterand D. G. Smith, “New architecturedfor optical TDM

switching; IEEE/OSAJournal of LightwaveTechnologyvol. 11, no. 3,

pp.495-511March1993.

[17] H. FE JordanD. Lee,K. Y. Lee,andS.V. Ramanan,“Serial arraytime
slot interchangersnd optical implementations, IEEE Transactionson
Computersvol. 43,n0.11, pp.1309-1318November1994.

[18] D. BertsekasndR. Gallager Data Networks PrinticeHall, 1992.

(1

[2]

(3]

(4]

(5]

(6]

(71

(8]

9]

[20]

[11]

[12]

(23]

[14]

[15]

[16]



