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Abstract: Two dielectricwaveguidesthatareevanescentlycoupledto asquareor rectangularre-
gionof increasedrefractive index canserveasaverycompactintegratedopticalmicroresonator.
We considerthesedevicesin a spatialtwo-dimensionalsetting,wherea rigorousmodeexpan-
siontechniqueenablesaccurateandquiteef�cient numericalsimulationsof thesecon�gurations.
Thepaperis concernedwith singleresonatorunitsaswell aswith anadd-drop�lter constructed
by cascadingtwo squarecavities. Besidescalculatingthepower transmissionspectra,we try to
documentasfaraspossiblethecharacteristicelectric�eld patternsthatoccuratmajorandminor
resonancewavelengths.The in�uence of the variousgeometricalparameterson the resonator
performanceis investigatedin detail.
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1 Intr oduction

Compactintegratedopticalmicroresonatordevicesarecurrentlydiscussedasoneof themostpromisingcon-
ceptsfor applicationsin optical wavelengthdivision multiplexing. A typical resonatorelementincludestwo
paralleldielectricwaveguides,servingasinput-andoutputports,whichareconnectedby asmallopticalcavity
in between.Dependingon theprecisecon�guration, theresonatorcanexhibit excellentwavelengthadd-drop
characteristics.A techniquethatemploys microresonatorsfor wavelengthdemultiplexing in anintegratedopti-
calsettingcouldeventuallyconstituteanalternative to well establishedconventionalapproachessuchasarrayed
waveguidegratings,wherethetypicaldevice dimensionsareconsiderablylarger.

Traditionally[1] themajorityof microresonatorproposalsdealswith smoothcylindrical or sphericalgeometries
(seee.g.[2, 3, 4, 5, 6] andreferencescitedtherein),whererecentlytheopticalpropertiesof elliptical cavities
haveattractedsomeattention[7, 8]. Alternatively, couplingtheportwaveguidesby smallsquareor rectangular
cavities canalsoleadto resonatordevicesthatshow thedesired�lter functionality. Sucha con�guration has
beenproposedin Ref. [9]; Ref. [10] collectssomeexperimentalresultsregardingthe spectralpropertiesof
rectangularcavities.

Apart from properperformanceandextremecompactness,a squareresonatorunit asconsideredin Figure1
hasthe nice propertythat it canbe simulatedquiteef�ciently by well establishedmodedecompositiontech-
niques[11, 12,13], providedthattheseareadaptedto thespeci�c propertiesof theresonator. We considerthe
structureasbeingcomposedof threelongitudinallyhomogeneouswaveguidesegments.For �x ed frequency,
theelectromagnetic�eld is expandedinto thelocal modesof thesegments,includingpropagatingandevanes-
cent,forwardsandbackwardsdirectedterms. Matchingadjacent�elds at the segmentboundariesyields the
transmissioncharacteristicsof thedevice.

Section2 brie�y surveys the modeexpansionapproach.Subsequently, Section3 givesa detailedaccountof
thesimulationresultsfor singlerectangularresonators,includingseveralillustrationsof thestandingwave�eld
patternsfor someof the resonantcon�gurations. The sectioncloseswith a few remarkson the convergence
behaviour of thesimulationtechnique.While asinglealmostsquareunit dropsequalamountsof power into all
four portsat theresonancewavelength,properadd-drop�lter performancecanbeachievedby employing two
equalcavitiesat aspeci�c distance[9]. Section4 reportson oursimulationsof the�lter device.
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Figure1: The microresonatorcon�guration. � and
� aretheCartesiancoordinateaxesparallelandper-
pendicularto thewaveguides.Thegeometryis �x ed
in termsof the width � of the waveguides,the gap
width � , andthe width � andlength � of the cav-
ity. � b and � g aretherefractive indicesof theback-
groundand the guiding regions ( � b �

� g), where
the latter are indicatedby darker shading. The let-
tersA, B, C,andD denotetheinputandoutputports,
wherethe light is assumedto enterthestructurevia
the guidedmodeof port A. The numbers(0) to (2)
identify threelongitudinally ( � -) homogeneoussec-
tions,separatedby the two junctionsat � �"!$# and

�&%'!(� . Arti�cial boundariesareplacedat �

!*),+ .

2 Rigorousmodeexpansionmodeling

The microresonatorcon�guration of Figure 1 is to be investigated,in a two-dimensionalsettingof spatial
coordinates- and . , with thestructuremeantto be symmetricwith respectto the lines -0/21 and .3/54,687 .
The�x edangularlight frequency 9 will bespeci�ed in termsof thevacuumwavelength:;/$78<=68>?/$78<A@&6B9 ,
where > and @ arethevacuumwavenumberandthevacuumspeedof light. Evaluatingthespectralresponseof
thedevice requiresasequenceof calculationsfor varyingvacuumwavelength.

Themodeexpansionsimulationstartswith adivisionof thestructureinto CEDF7 segmentswith longitudinally
homogeneouspermittivity pro�le, identi�ed by a cipherin parentheses.C is the numberof inner segments,

CG/IH for theexampleof Figure1. Thesegmentjunctionsarelocatedat .KJ8L�M�M�M&LN.PO .

We introducearti�cial boundariesat positions -Q/SRUT , wherethe basiccomponentsof all involved mode
�elds areassumedto vanish. T is understoodto belargewhencomparedto the - -dimensionsof theresonator
structure.Theseboundariesleadto a discretizationof themodespectraof thewaveguidesegments;themode
setsbecomenumericallymanageable.At thesametime, thehardboundaryconditionscauseradiatedpartsof
theelectromagnetic�eld to bebackre�ectedat thelines -V/WRXT into thecomputationaldomain.Nevertheless
we regardthis procedureto beadmissiblefor thepresentproblems.Thestructuresareto beexcitedby a well
localizedinputin oneof theportwaveguides,andthescatteringpartof thedevicesis relatively short(thisrefers
to the . -extension)whencomparedto thewidth 7YT of thecomputationalwindow, suchthat theopticalpower
radiatedat oneof the junctionsis unlikely to reenterthe structurewithin an inner segment. Apart from the
portwaveguides,weareinterestedin theelectromagnetic�eld only in a smallregionaroundthecavity. Hence
theapproximationcausedby thearti�cial boundariesshouldbeadmissible,if thewalls areplacedfar enough
away from theresonatorregion. Thisalsoimpliesthat T is largewhencomparedto theextensionof theguided
input/outputmodepro�le.

Separatelyfor eachsegment Z\[8] , the total electromagnetic�eld ^ , _ (in commoncomplex notation)is then
expandedinto amodesuperpositionof theform

`

^

_badc

Ze-=LN.fLhgN]i/$jlknm

c
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Ze-q] ei 9'gsr i t
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Here
o

cN} ~

k

combinestheelectricandmagneticpartsof the forwards( •€/ f) andbackwards( •3/ b) traveling
versionsof the pro�le of mode • on segment Z\[P] ; t

c

k

are the correspondingpropagationconstants.The
constantmodeamplitudesm

c

k

, T

c

k

includethemodenormalization.Thejunctionpositionswereintroducedas
localcoordinateoffsets(with .

xAy

/‚.
J ).

For the simulationof the resonatorstructures,the set of basismodeshasto consistof forwardsand back-
wardstraveling,propagatingandevanescentterms.While a detailedaccounton thenotationusedhere,on the
propertiesof themode�elds, andon therelevantorthogonalityrelationscanbefoundelsewhere[13], special
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attentionhasto bepaid to thecompositionof themodesete.g.on theentryandexit segmentsZu1K] and Z\7ƒ] in
Figure1, wheretwo distantparallelsinglemodewaveguidesarepresent.Thetwo lowestordermodesof this
boundedrefractive index pro�le correspondto thesymmetricandantisymmetricsuperposition(“supermodes”)
of theguided�elds of the two separatewaveguides.Due to the large waveguideseparation,thesemodesare
numericallyexactlydegenerate,thusnotdirectly identi�able by amodesolver thatreliesonapropagationcon-
stantsearchprocedure.Hereonemight think of splitting thecomputationalwindow at -„/$1 andintroducing
boundaryconditionsthatenforceseparatelymodalsolutionswith eitherevenor oddsymmetry. In both— then
decoupled— setsof modesonesolutionshouldshow up that correspondsto the con�ned �elds of the port
waveguides,thusenablingtheassemblyof thesupermodeswith bothsymmetries.

Alternatively, we have constructedthemodesetby usingthemodesof theboundstructurewith propagation
constantsbelow >†… b up to a certainorder, togetherwith two timestheguidedmodepro�le of anopensingle
waveguidecon�guration,shiftedto theactualpositionsof thewaveguides.Providedthatthewaveguidesepa-
rationandthecomputationalwindow arelargewhencomparedto thewidth of theguided�elds, thisprocedure
resultsin anumericallyexactlyorthogonalbasisset.After reservingtheindex 1 for themodecorrespondingto
theguided�eld of the lower waveguideandthe index H for theupperone,this formulationallows to directly
accesstheopticalinputpower as ‡ in /‰ˆ m

J

J

ˆ Š�‡

J

J

, andthepower droppedinto portsA to D as

‡ A /‰ˆ T

J

J

ˆ

Š

‡

J

J

L ‡ B /5ˆ m

O

�

y

J

ˆ

Š

‡

O

�

y

J

L ‡ C /5ˆ m

O

�

y

y

ˆ

Š

‡

O

�

y

y

L ‡ D /‰ˆ T

J

y

ˆ

Š

‡

J

y

M (2)

Here ‡

c

k

is themodepowerassignedto basis�eld • on segment [ (see[13]).

The local modeamplitudesat the left end( .

chxAy

, index l) andat theright end( .

c

, index r) of segment Z\[P] are
combinedinto amplitudevectors
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Now by bidirectionalprojectionof theadjacent�elds at thejunctionsontotheorthogonalbasissetsone�nds
theamplitudevectorson eithersideof thejunctionat .�“

xAy
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Thematrices
–

“

} ™

Lsš›/œH8L�M�M�M�LNCœDWH8L collect themodeoverlapsat thesegmentjunctions,seeRef. [13] for
theprecisede�nition. While necessarilytheentriesof

–

“

}—x
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–

“

}

�

arerelated,theserelationsneednot to be
usedwhenderiving thealgorithmgivenby Eqs.(6)–(8)below. Thelight propagationinsidethesegmentsZ\[8]

is describedby matrices•

c

™
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theinvolvedmodes:
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(5)

Thesystemof Eqs.(4), (5) is twofold overdetermined.Assumingthatfor a largenumberof termsin themode
expansionsthe two matricesin Eq. (4) becomeequivalent,appropriateequationsmay be selected.Herewe
have to observe a numericalconstraint:Due to theexponential. -dependenceof theevanescentmodesin the
basisset(with imaginarypropagationconstantst¥/Er i ¦ , ¦ž§$1 ), oneshouldavoid thedirectapplicationof

•

c

x

in thenumericalimplementation.Thefollowing recipecompliesto thatrequirement.
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asequenceof re�ection matricesª

“ canbebuilt iteratively
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thatrelateforwardandbackwardmodeamplitudeson theleft sideof thecorrespondingjunctions.Arriving at
ª

J , the�eld amplitudesarereadilyobtainedby subsequentbacksubstitution:

Œ
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Applied to the microresonatorcon�gurationswith one(Section3) andthree(Section4) inner segments,the
above procedureappearedto beunconditionallystable.In principle,theequationsallow for differentnumbers
of termsin themodebasissetson differentsegments.As in [13], thegivenformulationof themodeexpansion
algorithmis independentof thelight polarization.

3 Simulations of singlecavity resonators

For reasonsof comparability, all simulationsin thispaperemploy asetof materialandgeometricalparameters
asproposedin Ref. [9], with a backgroundrefractive index of … b /¬H8M­1 , a refractive index of … g /¯®†M°7 for
thewaveguidecoresandthecavity, a gapof ±;/‰1©M°7Y²´³ m betweenthewaveguidesof width µ‰/I1©M°7´³ m and
thesquarecavity with a sidelengthof ¶ /54·/EH8M°¸P¹'³ m. Thecalculationsaremeantfor TE polarizedlight
(referringto the namingconvention for waveguideswith a 1-D crosssection)with the singlecomponentof
the electric�eld beingorientedin the º -direction. For the transmissionspectragiven below, the wavelength
interval wasrestrictedto a region wherethewaveguidesaresinglemode,andwheretheexciting guided�eld
is con�ned suf�ciently, suchthatthecouplingbetweenthewaveguidesandthecavity remainsweak.

3.1 Frequencyresponse

Themostnoticeablefeaturein thetransmissionspectrumis thepronouncedresonance,thatthemodeexpansion
simulationspredictat a wavelengthof :*/œH8M°¸Y®Y7´³ m. Figure2 shows thespectralresponseof themicrores-
onatordevice in a narrow wavelengthinterval aroundthis point, andillustratestheelectric�eld patternat the
resonancewavelength.
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Figure2: Top: Relative power transmissionÃ A to Ã D versusthe vacuumwavelength,for a resonatorasspeci�ed by
Figure 1 and the parametersgiven in the text. The curves for Ã|Ä , ÃÆÅ , and ÃÈÇ are almostsuperimposed.Bottom:
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resonancewavelengthÏv!¥Í�Ì—Ê&ÐPÑqÒ m. Thegrayscalelevelscorrespondto the Ó -componentof theelectric�eld at thetime
givenin eachplot, with thewhite linesindicatingthepositionsof thewaveguideandthecavity in the � - � -plane.
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Onecandistinguishdifferentcontributionsto thetotal electric�eld. Thereareoutwardstraveling wavesin the
portsC andD of theupperwaveguide,andanoutwardstraveling wave with a slightly largeramplitudein the
throughputport B. Theelectric�eld in port A is a superpositionof the inwardstraveling exciting �eld, anda
wave with smalleramplitudethat is re�ected into theport, hencean inwardstraveling wave with a pulsating
amplitude. In contrastto the traveling wave patternsthat are observed for disk- or ring shapedresonators,
the presentdevice shows a standingwave resonance�eld insidethe cavity. This pulsating�eld patterndoes
not prefer a directionof propagation,thereforethe amountsof power that aredroppedinto portsC and D
andre�ected into port A areequal. In the resonantcon�guration, thecavity region accumulatesa maximum
electromagneticenergy densitywhich is about22 timesashigh asthemaximumvaluein anisolated,equally
excitedportwaveguide.

Given the considerablerefractive index contrast,one might try to approximatethe �eld in the cavity by a
resonant�eld on a squaredomain,enclosedby Dirichlet boundaryconditions[10]. Requiringa zero�eld on
theboundaryof thesquare1ÕÔF-›Ô×Ö , 1ÕÔ¥.ØÔ×Ö , theHelmholtzequationÙ|Š

ÚƒÛ

DÜÙÆŠ

Ý8Û

DÜ>©Š …|Š g Û

/ž1 permits
a nonvanishingsolution Û

Ze-=LN.†]�/

Û

J ZuÞ‘ßáàAZe¹ƒ<q-q6YÖâ]†ÞNßãàäZ\å8<A.Â6YÖâ]ær0ÞNßáà|Z\å8<q-q6YÖi]†ÞNßáà=Ze¹ƒ<A.Â6YÖi]h] thatqualitatively
matchesthe�eld insidethecavity in Figure1, if accompaniedby theappropriatetime dependence.However,
for the resonanceto be positionedat :×/{H8M°¸Y®Y7´³ m, onewould have to assumea sidelengthof the “hard”
cavity of Ö×/çZe¹ Š D×å Š ]

yl¨

Š :È687P… g /çH8MÎè87Yå´³ m, which is considerablylarger thantheactualdimensionof the
“soft” cavity of ¶é/IH8M°¸P¹'³ m. Probablyatheorythattriesto assessthespectralpropertiesof isolateddielectric
rectangularcavities would have to considertheopenboundaryconditionsexplicitly, at leastfor the low order
resonanceswhich areof interestfor themicroresonatordevices.Herethepresentmodeexpansionsimulations
couldserve for benchmarkingpurposes.
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Figure3 shows thepower transmissionandtheelectric�eld patternsfor severalother, lesspronouncedreso-
nances.All of theseexhibit amoreor lesswell de�ned standingwave patterninsidethecavity. Apart from the
resonanceat H8M°åY²©Hq³ m, thereis hardlyany power droppedinto theupperwaveguide.

3.2 In�uence of parameter shifts

Apart from the estimationof fabricationtolerances,for applicationssuchas the modulation,switching, or
routing of a signal, detailedknowledgeaboutthe responseof the resonatorto changesin the materialand
geometricalparametersis desirable.Figure4 summarizesour resultsfor thesquarecavity.
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Figure4: Relative power transmissionÃ A to Ã D versusthe vacuumwavelength Ï , for detunedsingle-cavity resonator
con�gurations.Keepingall otherparametersat thevaluesspeci�edin thetext, for eachplot onequantity ÷ (two in (a)) is
changedby smallamounts,with thedifferencesø�÷ givenasthecurveparameters.Thealteredquantitiesarethelength �

andwidth � of thecavity simultaneously(a), thewidth � of thecavity (b), thelength � of thecavity (c), therefractive
index � g of theguiding regions(d), the width � of thewaveguides(e), andthegap � betweenthewaveguidesandthe
cavity (f). Thecentralgraypatchindicatesthehalf width of theoriginal resonancecurve.

An alterationof thecavity area(Figure4 (a)) hasonly a minor in�uence on theshapeof theresonance,but a
strongin�uence on its position. A changeof H nm in thesidelengthof thesquarecavity shifts the resonance
by approximatelythe sameamount. A similar effect can be achieved by modifying the wavelengthof the
light insidethecavity, i.e. by changingtherefractive index of thecavity material(Figure4 (d)). Detuningthe
resonancepositionby H nm requiresto raiseor lower … g by about 7•ùƒH�1

xûú

.

A changein either ¶ or 4 while keepingtheotherlength�x ed(Figure4 (b+c)) effectsnot only a changein
thearea,but alsoin theshapeof thecavity, with a smallereffect on theresonanceposition,but a largereffect
onthedepthof thedip in ‡ B, whencomparedto achangein thecavity area.Thecurvesin Figure4 (c) suggest
that for optimumresonatorperformancethecavity shouldbeslightly longerthanwide ( 4‰§5¶ ), perhapsto
compensatefor theperturbationof thesquaresymmetrycausedby thepresenceof thewaveguides.
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Decreasingeither the width µ of the waveguides(i.e. spreadingthe guidedmodepro�le), or the gapwidth
± (Figure4 (e+f)) strengthensthe couplingbetweenthe threeelements.This hasonly a small impacton the
resonanceposition,but apronouncedeffecton thewidth anddepthof theresonancepeak.A strongercoupling
improvesthepeakresonancelevel, but at thesametimewidenstheresonancecurve.

The �nite-dif ferencetime-domainsimulationsof Ref. [9] locatethe resonanceat a wavelengthof H8M°¸P¹K¸´³ m,
which deviatesfrom the presentresultsby an amountthat is much larger than the width of the resonance
peak.TheFDTD resultswerecalculatedwith a stepsizeof the�nite-dif ferencemeshof 781 nm. Accordingto
Figure4 (a),assuminganuncertaintyof this ordere.g.for thecavity dimensions¶ and 4 couldwell explain
thediscrepancy in theresonanceposition.

3.3 Someremarks on the convergenceof the modeexpansionapproximation

The resultsshown in the previous andin the following sectionswerecomputeduniformly on a H�1s³ m wide
computationalwindow, with modebasissetsonall segmentsthatwererestrictedto 100terms.

With respectto thewidth of thecomputationalwindow, we have checked theconvergenceof themethodfor
somemorepronouncedresonances.Doublingsimultaneouslythewindow width andthenumberof termsin
themodeexpansion,to keepthespectralrangeof thebasissets,did not leadto any noticeablechangeof the
resultson thescaleof thegivenspectra.This indicatesthatthewindow width of H�1s³ m shouldbeadequatefor
thepresentstructures,despitethesometimesquitepronouncedlyradiatingcavities.
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Figure 5: For the squareresonator
with parametersasgiven in the text:
Relative power transmissionÃ A to

Ã D versusthevacuumwavelengthÏ ,
aspredictedby simulationswith dif-
ferent complexity. All calculations
usethe samecomputationalwindow

ü

ÊqÒ m ý

�

ýþÊqÒ m, but a number
of termsin the modeexpansionthat
is givenasthecurveparameter.

Figure5 shows thewavelengthresponseof theresonatorthatis predictedby modeexpansionsimulationswith
differentnumbersof termsin thebasissets.If thespectralrangeof themodebasisis too low, theresonance
doesnot show up at all (20 terms)or it appearsto be only shallow andto be locatedat a wrongposition(40
terms).If thenumberof termsis largerthanacertainlimit (say80terms),astableconvergenceestablishes;the
curvesrelatedto 100,120,and140termsareindistinguishableon thescaleof the�gure.

Onthe�x ed H�1s³ m computationalwindow, thecavity segment ZÁH�] supports18propagatingmodes;onsegments
Zu1K] and Z\7ƒ] only 12 modesarenon-evanescent.Obviously including the evanescentmodesis essentialfor
correctsimulationresults.Whenlooking e.g.at the relative amplitudeŝ m

y

k

ˆ
Š , ˆ T

y

k

ˆ
Š of thenormalizedmode

�elds in the cavity segment,one �nds that the evanescentmodesreceive only small weights. But with a
growing numberof evanescenttermsincluded,thelargeamplitudesareshiftedamongthepropagatingmodes
in thecavity segment.In thisrespectthepresentsimulationsdiffer from investigationsof directionalcouplersor
multimode-interferencedevicesby modeexpansiontechniques,whereapparentlyadequatesimulationresults
canbeexpectedwith only a few guidedmodesincludedin thebasissets(cf. e.g.Ref. [13]).

4 Filter simulations

With equalamountsof power transferredinto both portsof the drop waveguide, the singlecavity resonator
is not directly suitablefor anapplicationasanadd-drop�lter . This sectioncontainsanassessmentof a �lter
device asproposedin Ref. [9], by meansof the modeexpansiontechnique.Figure6 sketchesthe relevant
geometry, wherethe two port waveguidesarenow coupledby two squarecavities, spacedby a distance• of

1©MÎè87´³ m.
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Figure 6: Add-drop-�lter basedon two cascaded
identicalrectangularmicroresonators.Comparedto
Figure1, only thedistance� of the two cavities has
to beintroducedasanadditionalparameter.

4.1 Frequencyresponse

The spectralresponseof the �lter device in Figure7 shows a resonanceat the position :‚/ H8M°¸Y®Y7´³ m that
wasobserved also for the singlecavity resonator. But in contrastto the simplerdevice, at that wavelength
the throughputport B of the �lter receivesa relative power of only ®
	 . Equally low power levelsof 7
	 are
re�ected into portsA andD, while å��
	 of the input power is droppedinto port C. The resonancehasa full
width athalf maximum(FWHM) of about H nm.
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Figure7: Top: Relative power transmissionÃ A to Ã D versusthevacuumwavelength,for a �lter device asspeci�ed by
Figure6 andtheparametersgivenin thetext. Thecurvesfor Ã

Ä and Ã
Ç arealmostsuperimposed.Bottom: Snapshots

of thestationaryelectric�eld at selectedtimesteps,nonequidistantlydistributedover oneperiodof É ! ÊYÌ Í�Í fs, for the
resonancewavelengthÏv!¥Í�Ì—Ê&ÐPÑqÒ m. Thegrayscalelevelscorrespondto the Ó -componentof theelectric�eld at thetime
givenin eachplot, with thewhite linesindicatingthepositionsof thewaveguideandthecavities in the � - � -plane.

Thebottompartof Figure7 illustratestheelectric�eld patternat the resonancewavelength.Theplotsshow
theelectric�eld ateightnonequidistantpointsin time,distributedoveroneperiod  . Thesnapshotshave been
selectedto show extremalshapes,wherethe �eld eitheralmostcancelsin oneof the cavities, or wherethe
maximum�eld levelsin thetwo cavities areapproximatelyequal.

Apparently, theelectric�eld patternin thecavitiescanberegardedto becomposedof theresonant�elds of the
singlecavities at thesamefrequency. Assumingthat two “time-domainmodes”with oppositesymmetrywith
respectto theline .Õ/$4(DÜ•©687 areexcited,eachone— apartfrom signs— with thesinglecavity �eld shape
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insidethesquares,oneexpectsa timedependencelike

`

Û l
Û r a

/

Û

J

` `

H

H a

!#"

ÞBZe9pZeg'r(g J ]h]|D%$

`

H

rXH a

!#"

ÞBZe9pZeg'r(g J ]|D'&s]

a

(9)

for theelectric�eld Û l, Û r in all pairsof correspondingpointsin theleft (l) andright (r) cavity. Herethereal
quantities$ and & specifytherelativecomplex amplitudeof theantisymmetrictime-domainmodewith respect
to the symmetricone, Û

J
is a global amplitudeand g J

is a time offset. The observation that approximately
equalmaximum�eld levelsarereachedin bothcavities �x estherelative phaseof thetwo modesto &)(þ<=687 .
Thenoneobtainstheexpression* gâ/+ -,/.

!#0

,Yà´ZÁH�61$©]h6P< for theshortertime interval betweenzeroesin Û r and
Û l ; accordingto Figure7 this is a time of * g�/W1©MáH2�3 . Hence,apartfrom properselectionof thetime offset,
with the assumptionof an unequalweightingof the two time-domainmodeswith $¥/{H8M°å , Eq. (9) re�ects
qualitatively thetime dependenceof theelectric�eld insidethe�lter cavities.

While all resonancesof the singlecavity resonatorshow up againin the spectrumof the �lter device, these
areusuallymorepronounced,they appearat slightly shiftedpositions,andthey comeaccompaniedby a few
additionalpeaks,which seemto bebuilt from closelyneighbouredresonancesof thesinglecavities. Figure8
is meantto illustratetheseobservations. Amongthe resonancesthepeakat H8M°¸Y®Y7´³ m is theonly one,where
a pronouncedbeatingpatternwith alternatezeroesin thecavity regionsappears,andwherechannelsC andD
receive signi�cantly differingamountsof opticalpower.

The�lter performanceis to beassessedin termsof the�nesse,givenby thefreespectralrange(FSR),divided
by thewidth of therelevant resonancepeak.While theFWHM of theresonanceat H8M°¸Y®Y7´³ m wasfoundto be
about H nm, theFSRdependson whetheroneacceptsthepeakat H8M°¸ƒè†Hq³ m or thatat H8M°å��P¹'³ m asthe“next”
relevantresonance,leadingto �nessevaluesof either39or 152.

4.2 In�uence of parameter shifts

The effect of deviationsin the geometricalandmaterialparameterson the �lter performanceis quitesimilar
to theeffect observed for thesinglecavity resonator. Accordingto Figure9, a shift of H nm of theresonance
positioncanbe achieved alternatively by a changeof about H nm in thesidelengths ¶ and 4 of thecavities
(a),or by alteringthecavity refractive index … g (b) by about 7•ù†H�1

xûú

. Theeffect of changesin theparameters
µ and ± , which do not affect thecavities directly, but thestrengthof thecouplingbetweenthecavities andthe
waveguides,appearsto besomewhatpuzzling.At leastthetrendcoincideswith thesinglecavity resonator:A
weakenedcoupling,causedeitherby anenlargedwaveguidewidth or gapwidth, sharpenstheresonance,but
alsorendersit lesspronounced.

Similar curve patternsappear, if the spacing • betweenthe cavities is varied, which is probablythe most
interestingparameterfor the�lter structure.Figure10shows theresults.Apparently, for aproperlyperforming
�lter a speci�c phaserelationbetweenthe waves arriving at the left and at the right cavity is essential,as
predictedby the time domaincoupledmodetheory in Ref. [14, 9]. Perturbingthis phaserelationeitherby
changingthe distancebetweenthe cavities or by alteringthe phasevelocitiesof the mediatingmodesin the
waveguidesseemsto have similareffects.

For given parametersµ , ± , ¶ , 4 , … b, and … g, we selectedthe distance• suchthat a minimum throughput
power ‡ B anda maximumdroplevel ‡ C wereachievedat theresonancewavelength.This led to thedistance

•€/51©MÎè87´³ m, which is signi�cantly smallerthanthevalueof 1©M4�©H&¸´³ m thatwasusedin thereferenceFDTD
calculationsof Ref. [9]. Apart from uncertaintiesrelatedto the�nite differencemesh,thedifferenceof ²Y¸ nm
in • couldexplain thediscrepancy betweentheshapesof the�lter curvesin Figure7 andthereferencedataof
Ref. [9], wherethespectrumappearslike Figure10 (d).
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Figure 9: Relative power transmissionÃ A to Ã D versusthe vacuumwavelength Ï , for detuned�lter con�gurations.
Keepingall otherparametersat thevaluesspeci�ed in the text, for eachplot onequantity ÷ (two in (a)) is changedby
smallamounts,with thedifferencesø�÷ givenasthecurve parameters.Thealteredquantitiesare(cf. Figure6) thewidth

� andlength � of thecavity simultaneously(a), the refractive index � g of theguiding regions(b), thewidth � of the
waveguides(c), andthegap � betweenthewaveguidesandthecavities (d).
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Figure10: RelativepowertransmissionÃ A to Ã D versusthevacuumwavelengthÏ , for �lter devicesaccordingto Figure6
with differing distances� betweenthecavity. The curve parameterstatesthedeviation ø=� from theoriginal value �Ø!

#KÌ8J�ÑqÒ m; inset(c) showstheoriginal �lter curves.

5 Conclusions

Mode expansionsimulationsallow for a convenientnumericalassessmentof rectangularintegratedoptical
microresonatordevicesin two spacedimensions.Our calculationscon�rm theresultsof the investigationsin
Ref. [9] up to theexpectableaccuracy limits. Beingonly modestlydemandingin termsof computationaltime
andmemoryconsumption,themodeexpansionansatzcanreplacethe involved �nite differencetime domain
calculations,whichareusuallyemployedasa referencesimulationtool [15, 3, 9].

Thetechniqueenablesquiterigorousinvestigationsof thespectralresponseof theresonatorunitsto changesin
thevariousgeometricalandmaterialparameters,andit allows for a straightforwardextensionto themodeling
of asequenceof cavities,asit is requiredfor therealizationof add-drop-�lters.
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Consideringonly 2D structureswith somewhatextremerequirementsin termsof refractive index contrastand
fabricationtolerances,thesimulationsmaybeof only smallimmediatepracticalinterest,althoughthe2Dmodel
couldbeviewed asa reductionof a realisticdevice with 3D light con�nementby meansof effective indices.
However, thesimulationsconstituteanef�cient numericalcomplementto ageneraltheoryof “localizedstates”
[14, 9] in theframework of conventionaldielectricwaveguides.
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