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Abstract: Two dielectricwaveguidesthatareevanescentlyoupledto a squareor rectangulare-
gion of increasedefractive index cansene asavery compacintegratedopticalmicroresonator
We considerthesedevicesin a spatialtwo-dimensionaketting,wherea rigorousmodeexpan-
siontechniqueenablesccurateandquiteef cient numericakimulationsof thesecon gurations.
The paperis concernedvith singleresonatounitsaswell aswith anadd-droplter constructed
by cascadingwo squarecavities. Besidescalculatingthe power transmissiorspectrawe try to
documentsfaraspossiblethecharacteristielectric eld patternghatoccurat majorandminor
resonancevavelengths. The in uence of the variousgeometricalparameter®n the resonator
performancaes investigatedn detail.
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1 Intr oduction

Compactintegratedoptical microresonatodevicesarecurrentlydiscussedsoneof the mostpromisingcon-
ceptsfor applicationsin optical wavelengthdivision multiplexing. A typical resonatoelementincludestwo

paralleldielectricwaveguides servingasinput- andoutputports,which areconnectedby a smalloptical cavity

in between.Dependingon the precisecon guration, the resonatoicanexhibit excellentwavelengthadd-drop
characteristicsA techniquehatemploys microresonatorfor wavelengthdemultipleing in anintegratedopti-

calsettingcouldeventuallyconstituteanalternatve to well establishedonventionalapproachesuchasarrayed
waveguidegratings wherethetypical device dimensionsareconsiderablyarger.

Traditionally[1] themajority of microresonatoproposalslealswith smoothcylindrical or sphericageometries
(seee.qg.[2, 3, 4, 5, 6] andreferencegited therein),whererecentlythe optical propertiesof elliptical cavities
have attractedsomeattention[7, 8]. Alternatively, couplingthe portwaveguidesby smallsquareor rectangular
cavities canalsoleadto resonatodevicesthat shav the desired Iter functionality Sucha con guration has
beenproposedn Ref. [9]; Ref.[10] collectssomeexperimentalresultsregardingthe spectralpropertiesof
rectangulacavities.

Apart from properperformanceand extremecompactnessa squareresonatomunit asconsideredn Figure 1
hasthe nice propertythatit canbe simulatedquite ef ciently by well establishednodedecompositiortech-
niques[11, 12,13], providedthattheseareadaptedo the speci ¢ propertieof theresonatarWe considerthe
structureasbeingcomposedf threelongitudinally homogeneousvaveguide segments.For x edfrequeng,
theelectromagneticeld is expandednto the local modesof the sggmentsjncluding propagatingandevanes-
cent, forwardsandbackwardsdirectedterms. Matchingadjacentelds at the segmentboundariesields the
transmissiorcharacteristicef the device.

Section2 brie y suneys the modeexpansionapproach.SubsequentlySection3 givesa detailedaccountof
thesimulationresultsfor singlerectangularesonatorsincludingseveralillustrationsof the standingvave eld
patternsfor someof the resonanton gurations. The sectioncloseswith a few remarkson the corvergence
behaiour of the simulationtechnique While a singlealmostsquareaunit dropsequalamountof powerinto all
four portsattheresonancevavelength properadd-droplter performanceanbeachiared by emplg/ing two
equalcavities ataspeci ¢ distancg9]. Section4 reportson our simulationsof the Iter device.
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| Figure 1: The microresonatocon guration. and
(0) (1) § (2) arethe Cartesiarcoordinateaxesparallelandper
P : c pendicularto the waveguides. The geometryis x ed
: in termsof the width  of the waveguides,the gap
P width , andthewidth  andlength of the cav-
B T ity. pand g aretherefractive indicesof the back-
= groundand the guiding regions ( p g), where
i the latter are indicatedby darker shading. The let-
: tersA, B, C, andD denotetheinputandoutputports,
—— A | B —— Where?he light is assumedo enterthe structurevia
' the guidedmodeof port A. The numbers(0) to (2)
-~ identify threelongitudinally ( -) homogeneousec-
‘ tions, separatedy the two junctionsat and
. Arti cial boundariesireplacedat

2 Rigorousmodeexpansionmodeling

The microresonatocon guration of Figure 1 is to be investigated,in a two-dimensionaketting of spatial
coordinates and , with the structuremeantto be symmetricwith respecto thelines and

The x edanguladight frequeng  will bespeci edin termsof the vacuumwavelength ,
where and arethevacuumwavenumbeandthevacuumspeedf light. Evaluatingthe spectraresponsef
thedevice requiresa sequencef calculationgor varyingvacuumwavelength.

Themodeexpansionsimulationstartswith a division of the structureinto segmentswith longitudinally
homogeneoupermittiity pro le, identi ed by a cipherin parentheses. is the numberof inner sggments,
for theexampleof Figurel. The segmentjunctionsarelocatedat

We introduceatrti cial boundariesat positions , Wherethe basiccomponent®f all involved mode
elds areassumedo vanish. is understoodo belargewhencomparedo the -dimensionsof theresonator
structure.Theseboundariedeadto a discretizatiorof the modespectraof the waveguidesegments;the mode
setsbecomenumericallymanageableAt the sametime, the hardboundaryconditionscauseradiatedpartsof
theelectromagneticeld to be backre ectedatthelines into the computationatiomain.Nevertheless
we regardthis procedurdo be admissiblefor the presenproblems.The structuresareto be excited by a well
localizedinputin oneof the portwaveguides andthescatteringpartof thedevicesis relatively short(thisrefers
to the -extension)whencomparedo thewidth  of the computationalvindow, suchthatthe optical power
radiatedat one of the junctionsis unlikely to reenterthe structurewithin aninner segment. Apart from the
portwaveguides,we areinterestedn the electromagneticeld only in asmallregion aroundthe cavity. Hence
the approximatiorcausedy the arti cial boundarieshouldbe admissiblejf thewalls areplacedfar enough
away from theresonatoregion. This alsoimpliesthat is largewhencomparedo theextensionof theguided
input/outputmodepro le.

Separatelffor eachsegment , thetotal electromagneticeld ,  (in commoncomple notation)is then
expandednto a modesuperpositiorof theform

d o 1)

Here combineshe electricandmagneticpartsof the forwards( f) andbackwards( b) traveling

versionsof the pro le of mode onsegment ; are the correspondingpropagationconstants. The
constanimodeamplitudes , includethe modenormalization.Thejunction positionswereintroducedas
local coordinateoffsets(with ).

For the simulationof the resonatorstructuresthe setof basismodeshasto consistof forwardsand back-
wardstraveling, propagatingandevanescenterms. While a detailedaccounton the notationusedhere,onthe
propertiesof themode elds, andon the relevant orthogonalityrelationscanbe found elsevhere[13], special
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attentionhasto be paidto the compositionof the modesete.g.onthe entryandexit sgments and  in
Figurel, wheretwo distantparallelsinglemodewaveguidesare present.The two lowestordermodesof this
boundedefractive index pro le correspondo thesymmetricandantisymmetricsuperpositiorf“‘supermodes”)
of the guided elds of thetwo separatevaveguides. Due to the large waveguide separationthesemodesare
numericallyexactly degeneratethusnotdirectly identi able by amodesolver thatrelieson apropagatiorcon-
stantsearchprocedure Hereonemight think of splitting the computationaivindow at andintroducing
boundaryconditionsthatenforceseparatelynodalsolutionswith eitherevenor oddsymmetry In both— then
decoupled— setsof modesone solutionshouldshav up that correspondso the con ned elds of the port
waveguides thusenablingthe assemblyof the supermodewith bothsymmetries.

Alternatively, we have constructedhe modesetby usingthe modesof the boundstructurewith propagation
constantdbelov upto acertainorder togethemwith two timesthe guidedmodepro le of anopensingle
waveguidecon guration, shiftedto the actualpositionsof the waveguides.Provided thatthe waveguidesepa-
rationandthe computationalvindow arelargewhencomparedo thewidth of theguided elds, this procedure
resultsin anumericallyexactly orthogonabasisset. After reservingheindex for themodecorrespondingo

theguided eld of the lower waveguideandtheindex for the upperone,this formulationallows to directly

accesgheopticalinputpoweras i, , andthe power droppednto portsA to D as

A B C D (2

Here isthemodepowerassignedobasiseld onsegment (see13]).

Thelocal modeamplitudesat the left end( , index I) andattheright end( , indexr) of sggment are
combinednto amplitudevectors

| | r ei r € i (3)

Now by bidirectionalprojectionof the adjacentelds at thejunctionsontothe orthogonabasissetsone nds
theamplitudevectorson eithersideof thejunctionat connecteds

r ff fb | | ff fb r ( 4)
r bf bb | | bf bb r

The matrices collectthe modeoverlapsat the sgmentjunctions,seeRef. [13] for
theprecisede nition. While necessarilyhe entriesof and arerelated theserelationsneednotto be
usedwhenderving the algorithmgiven by Eqgs.(6)—(8) belan. Thelight propagatiorinsidethe sggments

is describedy matrices thatincludethe phasevelocitiesrespectiely attenuatiorfactorsof
theinvolved modes:

i e _
r ' r ' where € if =, (5)
| r | . otherwise.

Thesystenof Egs.(4), (5) is twofold overdeterminedAssumingthatfor alarge numberof termsin the mode

expansionghe two matricesin Eq. (4) becomeequialent, appropriateequationamay be selected.Herewe

have to obsere a numericalconstraint:Due to the exponential -dependencef the evanescenimodesin the

basisset(with imaginarypropagatiorconstants i, ), oneshouldavoid the directapplicationof
in the numericalimplementationThefollowing recipecompliesto thatrequirement.

Given in and | asa right handside,Eqs.(4), (5) areto be solved for all
otherunknavn modeamplitudes Startingwith de ning as

bf fb bf ff (6)

asequencef re ection matrices canbebuilt iteratively

bf bb fb bf bb ff (7)



thatrelateforward andbackward modeamplitudeson theleft sideof the correspondingunctions.Arriving at
, the eld amplitudesarereadily obtainedby subsequerttacksubstitution:

| ff r fo r for (8)

Applied to the microresonatocon gurationswith one (Section3) andthree(Section4) inner sggments,the
above procedureappearedo be unconditionallystable.In principle,the equationsallow for differentnumbers
of termsin the modebasissetson differentsegments.As in [13], thegivenformulationof the modeexpansion
algorithmis independenof thelight polarization.

3 Simulations of singlecavity resonators

For reason®f comparabilityall simulationgn this paperemploy a setof materialandgeometricaparameters

asproposedn Ref.[9], with a backgroundefractive index of , arefractve index of 4 for
the waveguidecoresandthe cavity, a gapof m betweenthe waveguidesof width m and
the squarecavity with a sidelengthof m. The calculationsaremeantfor TE polarizedlight

(referringto the namingcornvention for waveguideswith a 1-D crosssection)with the single componenbf
the electric eld beingorientedin the -direction. For the transmissiorspectragiven below, the wavelength
intenal wasrestrictedto a region wherethe waveguidesaresinglemode,andwherethe exciting guided eld
is con ned sufciently, suchthatthe couplingbetweerthe waveguidesandthe cavity remainsweak.

3.1 Frequencyresponse

Themostnoticeabldeaturein thetransmissiorspectrunis thepronouncedesonancahatthemodeexpansion
simulationspredictat a wavelengthof m. Figure?2 shaws the spectralresponsef the microres-
onatordevice in a narraw wavelengthintenal aroundthis point, andillustratesthe electric eld patternatthe
resonancevavelength.
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Figure2: Top: Relative power transmission p to p versusthe vacuumwavelength,for a resonatoras speci ed by
Figure 1 andthe parametergjiven in the text. The curvesfor , , and are almost superimposed.Bottom:
Snapshotef theelectric eld at selectedimestepsequidistantlydistributedover onetime periodof fs, for the
resonancevavelength m. Thegrayscalelevelscorrespondo the -componentftheelectric eld atthetime
givenin eachplot, with thewhite linesindicatingthe positionsof the waveguideandthe cavity in the - -plane.



Onecandistinguishdifferentcontrikutionsto thetotal electric eld. Thereareoutwardstraveling wavesin the
portsC andD of the upperwaveguide,andan outwardstraveling wave with a slightly largeramplitudein the
throughputport B. Theelectric eld in port A is a superpositiorof the inwardstraveling exciting eld, anda
wave with smalleramplitudethatis re ected into the port, henceaninwardstraveling wave with a pulsating
amplitude. In contrastto the traveling wave patternsthat are obsered for disk- or ring shapedresonators,
the presentdevice shaws a standingwave resonanceeld insidethe cavity. This pulsating eld patterndoes
not prefera direction of propagationthereforethe amountsof power that are droppedinto portsC and D
andre ectedinto port A areequal. In theresonanton guration, the cavity region accumulates maximum
electromagnetienegy densitywhich is about22 timesashigh asthe maximumvaluein anisolated,equally
excited port waveguide.

Given the considerablaefractive index contrast,one might try to approximatethe eld in the cavity by a
resonanteld on asquaredomain,encloseddy Dirichlet boundaryconditions[10]. Requiringa zero eld on

theboundaryof thesquare , , theHelmholtzequation g permits
anorvanishingsolution thatqualitatvely
matcheghe eld insidethecavity in Figurel, if accompaniedby the appropriatdime dependencedowever,
for the resonancéo be positionedat m, onewould have to assumea side lengthof the “hard”
cavity of m, which is considerablytarger thanthe actualdimensionof the
“soft” cavity of m. Probablwtheorythattrlesto assesthespectrapropertief isolateddielectric

rectangulacavities would have to considerthe openboundaryconditionsexplicitly, at leastfor thelow order
resonancewhich areof interestfor the microresonatodevices. Herethe presenimodeexpansionsimulations
couldsene for benchmarkingpurposes.

Figure3: Spectralresponsef the squareresonatoon a wider wavelengthinterval. The centralinsetshaws the relative
power transmission p to p versusthevacuumwavelength.The upperandlower rows of plotsillustratethe stationary
electric eld atselectedime stepssuchthatthe structureof theresonanteld becomeisible. Theplot parameters the
vacuumwavelength of theincominglight.



Figure 3 shavs the power transmissiorandthe electric eld patternsfor several other lesspronouncedeso-
nancesAll of theseexhibit amoreor lesswell de ned standingwave patterninsidethe cavity. Apartfrom the
resonanceat m, thereis hardlyary power droppednto the upperwaveguide.

3.2 Inuence of parameter shifts

Apart from the estimationof fabricationtolerancesfor applicationssuchas the modulation,switching, or
routing of a signal, detailedknowledge aboutthe responseof the resonatorto changesn the materialand
geometricaparameterss desirable Figure4 summarizesur resultsfor the squarecavity.
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Figure4: Relative power transmission 5 to p versusthe vacuumwavelength , for detunedsingle-caity resonator
con gurations.Keepingall otherparameteratthe valuesspeci edin thetext, for eachplot onequantity (twoin (a))is
changeaby smallamountswith the differences givenasthe curve parametersThe alteredquantitiesarethe length
andwidth  of thecavity simultaneouslya), thewidth  of thecavity (b), thelength of the cavity (c), therefractive
index ¢ of the guiding regions(d), the width  of the waveguides(e), andthegap betweenthe waveguidesandthe
cavity (f). Thecentralgraypatchindicatesthe half width of the original resonanceurve.

An alterationof the cavity area(Figure4 (a)) hasonly a minor in uence on the shapeof the resonancehut a
strongin uence on its position. A changeof nmin the sidelengthof the squarecavity shiftsthe resonance
by approximatelythe sameamount. A similar effect can be achieved by modifying the wavelengthof the
light insidethe cavity, i.e. by changingtherefractive index of the cavity material(Figure4 (d)). Detuningthe
resonanc@ositionby nmrequiresto raiseor lower 4 by about

A changen either or while keepingthe otherlength x ed (Figure4 (b+c)) effectsnot only a changen
thearea,but alsoin the shapeof the cavity, with a smallereffect on the resonancgosition,but a larger effect
onthedepthof thedipin g, whencomparedo achangdn thecavity area.Thecurvesin Figure4 (c) suggest
thatfor optimumresonatoperformancehe cavity shouldbe slightly longerthanwide ( ), perhapgo
compensatéor the perturbatiorof the squaresymmetrycausedy the presencef thewaveguides.



Decreasingeitherthe width  of the waveguides(i.e. spreadinghe guidedmodepro le), or the gapwidth

(Figure4 (e+f)) strengthenshe couplingbetweenthe threeelements.This hasonly a smallimpacton the
resonanc@osition,but a pronounceaffect on thewidth anddepthof theresonanc@eak.A strongercoupling
improvesthe peakresonancéevel, but atthe sametime widenstheresonanceur\e.

The nite-dif ferencetime-domainsimulationsof Ref. [9] locatethe resonancet a wavelengthof m,
which deviatesfrom the presentresultsby an amountthat is much larger than the width of the resonance
peak.The FDTD resultswerecalculatedwith a stepsizeof the nite-dif ferencemeshof nm. Accordingto
Figure4 (a), assuminganuncertaintyof this ordere.g.for the cavity dimensions and couldwell explain
thediscrepang in theresonancgosition.

3.3 Someremarkson the convergenceof the mode expansionapproximation

The resultsshavn in the previous andin the following sectionswere computeduniformly on a m wide
computationalvindow, with modebasissetson all segmentshatwererestrictecto 100terms.

With respecto the width of the computationalvindow, we have checled the corvergenceof the methodfor
somemore pronouncedesonancesDoubling simultaneouslythe window width andthe numberof termsin
the modeexpansionto keepthe spectralrangeof the basissets,did not leadto ary noticeablechangeof the
resultson the scaleof the givenspectraThisindicateshatthe window width of m shouldbe adequatdor
the presenstructuresdespitethe sometimegjuite pronouncedlyradiatingcavities.
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Figure5 shavs thewavelengthresponsef theresonatothatis predictedoy modeexpansionsimulationswith
differentnumbersof termsin the basissets. If the spectralrangeof the modebasisis too low, the resonance
doesnot shaw up atall (20 terms)or it appeargo be only shallav andto be locatedat a wrong position (40
terms).If thenumberof termsis largerthana certainlimit (say80terms),a stableconvergenceestablisheshe
curnwesrelatedto 100,120,and140termsareindistinguishableon the scaleof the gure.

Onthe x ed m computationalindow, thecavity sgment  supportsl8 propagatingnodespnsegments

and only 12 modesare non-&zanescent.Obviously including the evanescentmodesis essentialfor
correctsimulationresults. Whenlooking e.g.at the relatve amplitudes , of the normalizedmode
elds in the cavity sggment,one nds that the evanescenimodesreceve only small weights. But with a
growing numberof evanescentermsincluded,thelarge amplitudesareshiftedamongthe propagatingnodes
in thecavity sggment.In thisrespecthepresensimulationdiffer from investigation®f directionalcouplersor
multimode-interferencdevicesby modeexpansiontechniqueswhereapparentlyadequatesimulationresults
canbeexpectedwith only afew guidedmodesncludedin the basissets(cf. e.g.Ref.[13]).

4 Filter simulations

With equalamountsof power transferrednto both ports of the drop waveguide, the single cavity resonator

is not directly suitablefor anapplicationasanadd-drop Iter. This sectioncontainsan assessmertf a Iter

device as proposedn Ref. [9], by meansof the mode expansiontechnique. Figure 6 sketchesthe relevant

geometrywherethe two port waveguidesarenow coupledby two squarecavities, spacedoy a distance of
m.



‘ ‘ ‘ Figure 6: Add-drop- Iter basedon two cascaded
A | | § B identicalrectangulamicroresonatorsComparedo
Figure1, only the distance of thetwo cavities has
to beintroducedasanadditionalparameter

4.1 Frequencyresponse

The spectralresponsef the lter device in Figure 7 shavs a resonancet the position m that
was obsered alsofor the single cavity resonatar But in contrastto the simplerdevice, at that wavelength
the throughputport B of the lter recevesa relatve power of only . Equallylow power levels of are
re ected into portsA andD, while of the input power is droppedinto port C. The resonancéasa full
width at half maximum(FWHM) of about nm.
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Figure7: Top: Relative power transmission 5 to p versusthe vacuumwavelength,for a Iter device asspeci ed by
Figure6 andthe parametergiivenin thetext. Thecurvesfor — and  arealmostsuperimposedBottom: Snapshots
of the stationaryelectric eld at selectedimestepsnonequidistantlydistributedover one periodof fs, for the
resonancevavelength m. Thegrayscalelevelscorrespondo the -componenbftheelectric eld atthetime
givenin eachplot, with thewhite linesindicatingthe positionsof the waveguideandthe cavities in the - -plane.

The bottompartof Figure7 illustratesthe electric eld patternat the resonancevavelength. The plots shav
theelectric eld ateightnonequidistanpointsin time, distributedover oneperiod . Thesnapshothave been
selectedo shav extremalshapeswherethe eld eitheralmostcancelsin one of the cavities, or wherethe
maximum eld levelsin thetwo cavities areapproximatelyequal.

Apparentlytheelectric eld patternin thecavities canberegardedo be composeaf theresonantelds of the
singlecavities at the samefrequeng. Assumingthattwo “time-domainmodes”with oppositesymmetrywith
respecto theline areexcited,eachone— apartfrom signs— with the singlecavity eld shape



insidethe squarespneexpectsatime dependenclke

r

(9)

for theelectric eld |, | in all pairsof correspondingpointsin theleft (I) andright (r) cavity. Herethereal
quantities and specifytherelatve complex amplitudeof theantisymmetridime-domairmodewith respect
to the symmetricone, is a globalamplitudeand is atime offset. The obseration that approximately
equalmaximum eld levelsarereachedn bothcavities x estherelative phaseof thetwo modesto

Thenoneobtainsthe expression for theshortertime intenal betweereeroesn , and
1; accordingto Figure7 thisis atime of . Hence,apartfrom properselectionof the time offset,
with the assumptiorof an unequalweighting of the two time-domainmodeswith , Eq. (9) re ects

gualitatively thetime dependencef theelectric eld insidethe lter cavities.

While all resonancesf the single cavity resonatoishav up againin the spectrumof the Iter device, these
areusuallymore pronouncedthey appearat slightly shiftedpositions,andthey comeaccompaniedby a few
additionalpeaks which seemto be built from closelyneighbouredesonancesf the singlecavities. Figure8
is meantto illustratetheseobserations. Amongthe resonancethe peakat m is the only one,where
a pronouncedeatingpatternwith alternatezeroesn the cavity regionsappearsandwherechannel€C andD
receve signi cantly differing amountsof optical power.

The lter performancas to be assesseih termsof the nesse,givenby thefree spectrarange(FSR),divided
by the width of the relevantresonanc@eak. While the FWHM of theresonancet m wasfoundto be
about nm, the FSRdependon whetheroneacceptghe peakat m or thatat m asthe “next”
relevantresonancdeadingto nessevaluesof either39 or 152.

4.2 Inuence of parameter shifts

The effect of deviationsin the geometricabind materialparametersn the Iter performancds quite similar
to the effect obsered for the single cavity resonatar Accordingto Figure9, a shift of nm of the resonance
positioncanbe achieved alternatvely by a changeof about nmin thesidelengths and of the cavities
(a), or by alteringthe cavity refractve index ¢ (b) by about . Theeffect of changesn the parameters

and , which do not affect the cavities directly, but the strengthof the couplingbetweerthe cavities andthe
waveguides,appearso be somevhatpuzzling. At leastthe trendcoincideswith the singlecavity resonatorA
wealenedcoupling,causeckitherby an enlagedwaveguidewidth or gapwidth, sharpenghe resonancehut
alsorenderst lesspronounced.

Similar curve patternsappear if the spacing betweenthe cavities is varied, which is probably the most
interestingparametefor the Iter structure Figurel0shavstheresults.Apparently for aproperlyperforming
Iter a specic phaserelation betweenthe waves arriving at the left and at the right cavity is essentialas
predictedby the time domaincoupledmodetheoryin Ref.[14, 9]. Perturbingthis phaserelation either by
changingthe distancebetweernthe cavities or by alteringthe phasevelocitiesof the mediatingmodesin the
waveguidesseemso have similar effects.

For given parameters , , , , p, and g4, we selectedhe distance suchthata minimum throughput
power g andamaximumdroplevel ¢ wereachieredattheresonancevavelength.Thisledto thedistance

m, which s signi cantly smallerthanthe value of m thatwasusedin the referencd=DTD
calculationsof Ref.[9]. Apartfrom uncertaintieselatedto the nite differencemesh thedifferenceof nm
in couldexplainthediscrepang betweerthe shape®f the Iter curvesin Figure7 andthe referencedataof
Ref.[9], wherethe spectrumappeardik e Figure10 (d).
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Figure 8: Spectralresponseof the Iter on a wider wavelengthinterval. The centralinset shavs the relative power
transmission 5 to p versughevacuumwavelength.Theupperandlower rows of plotsillustratethe stationaryelectric
eld atselectedime stepssuchthatthestructureof theresonanteld becomegisible. The plot parameters thevacuum
wavelength of theincominglight.
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Figure 9: Relative power transmission 5 to p versusthe vacuumwavelength , for detuned Iter con gurations.
Keepingall otherparametersit the valuesspeci ed in the text, for eachplot onequantity (two in (a)) is changedby
smallamountswith the differences givenasthe curve parametersThe alteredquantitiesare (cf. Figure6) the width
andlength  of the cavity simultaneouslya), the refractive index g of the guiding regions(b), the width  of the
waveguides(c), andthegap betweerthe waveguidesandthe cavities (d).
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Figurel0: Relative powertransmission p to p versughevacuunwavelength , for Iter devicesaccordingo Figure6
with differing distances betweenthe cavity. The curve parametestateshe deviation  from the original value
m; inset(c) shavstheoriginal Iter curves.

5 Conclusions

Mode expansionsimulationsallow for a corvenientnumericalassessmertf rectangulaiintegratedoptical
microresonatodevicesin two spacedimensions.Our calculationscon rm the resultsof the investigationsn
Ref.[9] upto the expectableaccurayg limits. Beingonly modestlydemandingn termsof computationatime
andmemoryconsumptionthe modeexpansionansatzcanreplacethe involved nite differencetime domain
calculationswhich areusuallyemplo/edasa referencesimulationtool [15, 3, 9].

Thetechnigueenablegjuiterigorousinvestigation®of the spectraresponsef theresonatounitsto changesn
the variousgeometricarndmaterialparametersandit allows for a straightforvard extensionto themodeling
of asequencef cavities, asit is requiredfor therealizationof add-drop- Iters.
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Consideringonly 2D structureswith somevhatextremerequirementsn termsof refractive index contrastand
fabricationtolerancesthesimulationamaybeof only smallimmediatepracticalinterestalthoughthe2D model
could be viewed asa reductionof a realisticdevice with 3D light con nementby meansof effective indices.
However, the simulationsconstituteanef cient numericalcomplemento ageneratheoryof “localizedstates”
[14, 9] in the framavork of conventionaldielectricwaveguides.
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