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Abstract: A wide, multimodesegmentof a dielectricoptical waveguide,enclosedby Bragg
re�ectors andevanescentlycoupledto adjacentport waveguides,canconstitutethecavity in an
integratedoptical microresonator. It turnsout that the device canbe describedadequatelyin
termsof anapproximatecoupledmodetheorymodelwhichinvolvesonly afew guidedmodesas
basis�elds. By reasoningalongthecoupledmodemodel,we motivatea simpledesignstrategy
for the resonatordevice. Rigoroustwo dimensionalmodeexpansionsimulationsare applied
to verify the predictionsof theapproximatemodel. The resultsexemplify the speci�c spectral
responseof thestandingwave resonators.As re�nementswe discussthesingleresonanceof a
device with nonsymmetricallydetunedBraggre�ectors, andthe cascadingof two Fabry-Perot
cavities, wherethe couplingacrossan intermediateshortergratingregion establishesa power
transfercharacteristicthatis suitablefor anadd-drop�lter .
Keywords: integratedoptics,numericalmodeling,coupledmodetheory, waveguideBragggrat-
ings,opticalmicroresonators,rectangularmicrocavities
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1 Intr oduction

Opticalmicroresonatorsareatpresentdiscussedasbuilding blocksfor largescaleintegratedoptics[1, 2, 3, 4],
typically for applicationsrelatedto wavelengthdivision multiplexing in optical telecommunications.Cross-
connects,�lters, or entiretransceiver deviceswereproposed/ realized,thatrely onmany, moreor lessuniform
microresonatorsasbasicelements.Traditionally[5] thefocusis onresonatorswith circulardisk-or ring shaped
cavities [6, 7, 8, 9, 10, 11, 12, 13], althoughalsoelliptical [14, 15], rectangular[16, 17, 18], or other, moreir-
regularshapes[19] have beenconsidered.

One aims at compactdevices, designedwithin materialsystemswith high refractive index contrast,where
frequentlythe applicationitself (switching,routing, modulation)[1, 20, 21] or imperfectionsor �uctuations
in the technologicalrealization[22, 23, 24] requirea facility for post fabricationadjustment. In casethe
tuningis to berealizedby electroopticalmeans,amajorobstaclemaybeencounteredin theform of thestrong
anisotropy of someof the most promisingelectroopticmaterials[25, 4]. If for tuning purposesa pieceof
a highly anisotropicelectroopticcrystal is presentin the cavity ring, the permittivity that is sensedby the
circulating wave changeswith the angularpropagationdistance. Dependingon the crystal orientation,the
anisotropy mayleadto a pronouncedmodulation,if not to leakage,of theopticalwaves,i.e. to a lossycavity.

Theseproblemscanbeavoidedin standingwave resonators,wherethelight propagationis restrictedbasically
to oneaxis. Integratedopticalmicroresonatorswith squareor rectangularcavitieshave attractedattentiononly
quiterecently[16, 17, 18, 26]. In theirconventionalform,wherearectangularsegmentof adielectricwaveguide
servesasthecavity, alsotheseconceptshave a severetechnologicaldrawback: A quitehigh refractive index
contrastis requiredfor thetotal re�ection effectat thecavity facets[27]; with thepresentlyavailablematerials
a realizationseemsto bedif�cult.

A wayout is foundby replacingthewaveguidefacetsby Braggre�ectors.Thisleadsto aconceptfor astanding
wave resonatorin the form of a Fabry-Perotcavity that is laterally, evanescentlycoupledto two parallelport
waveguides.Figure1 sketchesthestructurethatis to bediscussed.While aparameterizedtime-domaincoupled
modetheorymodelis givenin Ref.[16], sofarapparentlyneitherrigorousnorapproximatesimulationsof these
devicesexist. This is whatwewould like to providewith thispaper(preliminaryresultswerealreadycontained
in Ref. [28]). In thenext Section2.1,we outlinea simple,somewhatheuristicstrategy how to selectthemany
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Figure1: Gratingassistedrectangularresonator:Two parallelwaveguidecoresof width w arecoupledby a cavity of
width W andlengthL , separatedby gapsg. Gratingswith Np periodsof lengthp with a spacings enclosethecavity.
Theguidingregionswith refractive index ng areembeddedin a backgroundmediumwith index nb. CapitallettersA to
D denotetheinputandoutputports.

parametersin the resonatorspeci�cation. Section3.1 summarizesthe simulationsof the resultingresonator
device. In Sections3.2,3.3 themodelis extendedtowardsa resonatorwith nonidenticalBraggre�ectorsand
towardsanadd-drop�lter basedon two cascadedcavities.

For the simulationswe can on the one handrely on rigorousmodeexpansionor bidirectionaleigenmode
propagationsimulations[29, 30], speci�cally on thealgorithmsasdescribedin Refs.[31, 17] andon thecom-
mercialtool [32]. On theotherhand,we applyanab-initio coupledmodetheorymodel[18], brie�y outlined
in Section2.2,thatcanberegardedasa directimplementationof theabstractdesignheuristics.This approach
providesthebestqualitative andalsosomequantitative insightin thedevice functionality.

Althoughthepresentconceptrequiresthetechnologicalmeansto realizehighly re�ecting andlow lossBragg
re�ectors andmay leadto relatively long devices,whencomparedto circular cavities, this type of resonator
shows several quite advantageousfeatures(apartfrom the restrictionto basicallyone axis of propagation).
Beingformedby a straightwaveguidesegment,thecavity canbeshortenedor extendedasnecessary, without
introducingadditionallossesasin thecaseof a ring or disk. While for circularcavities theadjustmentof the
properstrengthof interactionwith the port waveguidesturnsout to be a technologicalchallenge(that led to
conceptsof vertical coupling[33] or “racetrack”shapeddevices[8]), for the straightFabry-Perotresonators
thefull lengthof thecavity is availablefor thecouplingto theport waveguides;controllingthetotal coupling
strengthshouldbelesscritical.

2 Modeling

For purposesof qualitatively understandingtheoperationof thedevicesasintroducedin Figure1, it is helpful
to initially resolve theresonatorinto parts.Thecentralsegment,extendingfrom z = 0 to z = L , canbeviewed
asa three-coredirectionalcouplerthat combinesa wide multimodecavity waveguideandthe two unimodal
port waveguides.Two re�ectorsenclosethecavity, consistingof �nite Bragggratingsthatareetchedinto the
widecavity core.

It will turnoutbelow (seeSection2.2)thataquantitativemodelonthebasisof only one,forwardandbackward
propagatingguidedmodeof the centralwaveguide leadsto a quite adequatedescriptionof the device. Two
mechanismsarerelevant to selectthatmostrelevant basismode. On theonehand,with theport waveguides
connectedto thecavity in a regimeof weakcoupling,aphasematchingconditioninvolving theeffective mode
indicesof the port waveguidesandof the cavity modehasto be satis�ed. On the otherhand,lower modal
re�ectivities of theBragggratingssuppressresonancesthatarerelatedto modesotherthanthespeci�c cavity
mode.Thismotivatesthesomewhatheuristicreasoningin Section2.1.

For simplicity, all considerationsarerestrictedto two spatialdimensionsandto TE polarization(“scalar” sim-
ulations). Nevertheless,onecould regardthe2D permittivity pro�le asthe resultof theprojectionof a more
realistic3D structurein termsof effective indices.In theappendixwebrie�y commenton thisviewpoint.
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2.1 Designprocedure

Givenrefractive indicesng, nb for thecoresandthebackground,asastartingpointof theresonatordesignwe
choosethe width w of the port waveguides,suchthat thesearesinglemodein a suitablewavelengthregion
aroundthetargetwavelength� 0 = 1:55� m; thevaluesof Table1 leadto aneffective modeindex neff = 1:540
at� 0. Accordingto theconsiderationsabove,only oneguidedmodeof thecavity coreis likely to berelevantfor
speci�c standingwaveresonances.This �eld is to beexcitedin thecavity; hence,to satisfythephasematching
condition,weadjustW suchthatthecavity waveguidesupportsaguidedmodethatis degeneratewith theport
�elds. Dueto thepurelyharmonicshapeof thepro�les insidethecore,modeswith equalpropagationconstant
at thesamevacuumwavelengtharefoundfor aseriesof waveguideswith increasing,equidistantwidths. In the
presentcase,W shouldbeamongthediscretevalues(1:0 + m 1:791)� m, for integerm.

Pronouncedresonancesrequireare�ectivity closeto unity for therelevantmodesat theendsof thecavity [18].
ThecorrespondingBraggre�ectorscanbeconstructedon thebasisof a modelof tilted planewave incidence
onamultilayerstackwith equivalentrefractive index composition(cf. e.g.Ref.[34]). As indicatedin Figure2,
we consideran incidenceangle� thatcorrespondsto theangleof therelevantmodein thecavity, de�ned by
cos� = neff=ng. The stackconsistsof 2Np alternating,laterally in�nite layersof thicknessess (refractive
index nb) andp � s (refractive index ng) enclosedbetweenhalf in�nite mediawith refractive index ng on the
incidencesideandnb on the secondside. Optimizationof the con�guration for the presentmodeangleof
15:69� at � 0 leadsto thegratingparametersp ands asgiven in Table1. Thecomparisonwith morerigorous
simulationsin Figure3 con�rms this— rathercrude— approximation.
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Figure2: A single Bragg re�ector, part of the res-
onatormodel.

To selecta suitablecavity width W or modeorderm, respectively, we computedsinglemodere�ectivities for
Bragggratingsaccordingto thespeci�cationof Table1 andFigure1, for N p = 5 andW = (1:0+ m 1:791)� m,
in eachcasefor incidenceof them-th ordermode.Levelsof 0:17, 0:21, 0:23, 0:24, 0:25, 0:26 wereobserved
for m = 0; 1; : : : ; 5, with the last valuealreadycloseto the limiting level of 0:28, the re�ectivity of a plane
wave, incidentunderanangleof 15:69� ona laterallyunboundedequivalentmultilayerstackasde�ned above.
Apparentlythe larger the fractionof themodepro�le is thatactuallyencountersthecorrugationof theBragg
re�ector, thehigheris there�ectivity. Thereforeawidth W correspondingto ahigherordermodeis preferred,
(suchthat the phasematchingcondition is still suf�cient to distinguishthe cavity modes,the propagation
constantsof which becomecloserfor large W ). We set W to the value for order m = 5 for the present
simulations.

Figure3 shows that in this way indeeda suitableBragggratingcanbe designed.Spectralre�ectivity curves
as predictedby threedifferent typesof simulationsare compared. One observes a — quite surprising—
agreementbetweentheplanewave modelandcalculationsby coupledmodetheory(Section2.2)andrigorous
modeexpansion(Section3).

Given the complex valuedamplitudere�ection coef�cient r expi ' of the Bragggratings,a resonanceat � 0

requiresthetotal phasegainalongonepropagationcycle throughthecavity to matchanintegermultiple of � .
Thisamountsto aconditionL = (l � + ' )� 0=(2� neff ) for thecavity length[18], with integerl . Neglectingthe
wavelengthdependenceof neff andassuminga longcavity l � � ' , oneobtains� � = � 0=l = � 2

0=(2Ln eff ) for
thespectraldistanceof two neighboringresonances.L , or l , respectively, is to beselectedsuchthatthereis a
chancefor pronouncedresonancesin thewindow of high Braggre�ectivity aroundthedesignwavelength(l is
about159in Figure4).

Finally thegapwidth g is to bedeterminedsuchthatontheonehandthereis asuf�cient powertransferbetween
theport waveguideandthecavity alongthelong unfoldedlight pathin caseof a resonance,while on theother
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handthelevel of direct,nonresonant,unidirectionalcoupling(asin aconventionalthree-guidedirectionalcou-
pler, withoutapronouncedwavelengthdependenceover therangeof practicalimportance)remainsnegligible.
With this parameterbeingselectedon thebasisof numericalexperiments,we arrivedat the list of parameters
of Table1.

ng nb w=� m g=� m W=� m L= � m p=� m s=� m Np �= � m
1:60 1:45 1:000 1:600 9:955 79:985 1:538 0:281 40 2 [1:5; 1:6]

Table1: Geometricalandmaterialparametersfor thesimulationsof Figures4, 5. Includingtwo Braggre�ectorsandthe
cavity, theoverall lengthof thedevice is 203� m.

2.2 Coupledmodetheory

Takingthedecompositioninto two Bragggratingsanda central,z-homogeneouscouplerregion literally, one
candescribethe resonatordevicesby properlycombiningdifferentvariantsof coupledmodetheory(CMT)
[29, 35]. Thenotionof onemostrelevantmodein thecavity coreasintroducedaboveallows thesecalculations
to bekeptsimpleandhighly ef�cient.

For thesimulationsof theBraggre�ectorsweconsideradescriptionof theisolatedgratingstructures(Figure2)
in termsof contradirectionalcoupledmodetheory, basedon the forward-andbackward traveling versionsof
the 5-th orderguidedmodesupportedby the cavity core. Using only onemost relevant (“phasematched”)
contribution of a Fourierdecompositionof thegratingcorrugationalongz, the2 � 2-systemof coupledmode
equationscanbesolved analytically. Oneobtainsanapproximationof thecomplex valuedmodalre�ectivity
of the Bragggratings. Our implementationof that strategy follows the formulationgiven in Refs.[36, 37].
Resultscomputedin thiswayareincludedin Figures3, 6. Concerningthepositionof thebandgapandtheform
of thesidelobes,oneobservesasomehow unexpectedagreementwith themorerigorousresults,giventhequite
substantialrefractive index contrastin the presentgratings. The CMT equationsdistribute the optical power
amongthe two basismodesonly. Lossesto lateralradiationarenot included,hencethe top of the bandgap
appearsto behorizontalin theCMT description.In contrastto theplanewave model,theCMT takesthe�nite
lateralextensionW of thewaveguideinto account.

A CMT modelfor thecentralcouplersegmentcanbebaseduponthe threeguided�elds of thecavity (again
only the5-thordermode)andof thetwoportwaveguides.Weadhereto theformulationandexplicit expressions
givenin Ref. [38, 18]. Assumingthatno re�ectionsoccurfor thez-homogeneousregion 0 < z < L, onecan
write independentcodirectionalcoupledmodeequationsfor forward andbackward propagatingwaves,and
obtainindependentreciprocalsolutionsin termsof transfermatricesthatrelatetheamplitudesat bothendsof
thecavity segment.

Thencombiningthedirectionalsolutionsfor thewavesin thecavity with theexpressionsfor theguidedwave
re�ection at the Bragggratingsallows to establisha CMT model for the full resonatordevice, analogously
to the proceduredescribedin Ref. [18] for the rectangularcavities with high-contrastfacets. According to
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Figures4, 7, and10 the CMT computationscanadequatelypredict the power transfercharacteristicsof the
presentstandingwave resonators.Up to acertaindegreethis justi�es theassumptionsmadein Section2.1.

Among the many approximationsinherentin the CMT descriptionis that the model restrictsthe coupling
betweenthe port waveguidesandthe cavity coreto the homogeneouscentralcavity region (this region is of
the sameorderof lengthas the Bragggratings). Hereoneshouldobserve that the interactionis dominated
by waveswith a speci�c effective modeindex / modeanglein the bandgapinterval of the Braggre�ectors;
propagationof thesewavesis forbiddenin thegratingregions. This motivatesneglectingthepresenceof the
portwaveguidesfor themodelingof theBraggre�ectors.

3 Numerical results

BesidestheapproximateCMT procedures,thedevicesweresimulatedby meansof themodeexpansiontech-
niquesas formulatedin Refs. [31, 17]. The 2D-TE computationsfor the resonatordevices useuniformly
100 expansiontermson a computationalwindow x 2 [� 20; 20]� m that is con�ned by Dirichlet boundary
conditions.All modeexpansionresultsshown below correspondto thesesimulations.Thewavelengthspec-
tra in Figures4, 7, andFigure10 aresampledwith stepsizesof 0:2nm (� 2 [1:5; 1:6] � m) andof 0:02nm
(� 2 [1:548; 1:552]� m).

We checked the resultsfor a few representative samplecon�gurationsusinga recentlyreleasedcommercial
simulationtool [32], aswell basedon abidirectionaleigenmodepropagationalgorithm.In thesecomputations
the lateral computationalwindow is enclosedby transparentboundaryconditions(perfectlymatchedlayers
(PMLs)). At leastin the 2D setting(cf. the appendixfor a brief discussionof effectsrelatedto out-of-plane
radiationin a 3D device), the structuresunderconsiderationgenerateonly low levels of radiation;therefore
we observed a reasonableagreementwith the plotted results. Even with the re�ecting Dirichlet boundary
conditionsat the bordersof the 40� m computationalwindow (note the total device lengthof 203� m), the
modeexpansionalgorithmis apparentlyable to properlypredict the guidedpower transmission.The small
power fractionsthatcorrespondto thelateralradiationlossesaretransferredto thelargesetof nonguidedbasis
�elds, in contrastto theCMT approach,wheretheopticalpower remainscon�ned to thefew directionalbasis
modes.

3.1 Symmetrical standing waveresonator

Figure4 shows thespectralresponsefor adeviceaccordingto thespeci�cationof Section2.1.Theresonatoris
excitedin portA by theright travelingguidedmodeof thelowercore.For mostwavelengths,mostof theinput
power is directly transmittedto port B. Resonantstatesappearasa dropin PB anda simultaneousincreaseof
there�ectedanddroppedpower fractionsPA , PC, andPD.
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Figure4: Spectralresponseof a resonatoraccordingto Figure1 with theparametersof Table1. PA to PD aretherelative
power fractionsthat are re�ected or transmittedinto portsA to D. The curvesrelatedto PA , PC, andPD arealmost
completelysuperimposed.Bold linescorrespondto therigorousmodeexpansioncomputations,thethin linesindicatethe
CMT results.
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As expected,the major resonancesare restrictedto the rangeof high re�ectivity of the Bragggratings(cf.
Figure3). The�nesseof theresonatoris 42, herede�ned astheratio betweenthe freespectralrangeandthe
width athalf maximum.
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Figure 5: Field patternat resonance,for a grating assistedstandingwave resonatoraccordingto the speci�cation of
Table1, for � = 1:55� m. The gray scalelevels correspondto the physicalelectric �eld E y , evaluatedat four time
positionsthatareequallydistributedoveroneperiodT = �= c. Thedashedwhite horizontallinesindicatetheregionsof
theBragggratings.

Figure5 illustratesthe �eld patternfor the centralresonanceat the designwavelength� 0 = 1:55� m. One
�nds outwardstraveling wavesin thewaveguidescorrespondingto portsB, C andD. Thesuperpositionof the
unit input andof the re�ection with lower amplitudegivesrise to a partly standingandpartly traveling wave
in port A. An almostpurelystandingwave is visible insidethecavity, with decayingamplitudesin theregions
of the Braggre�ectors. Five horizontalnodal lines canbe observed; henceit is indeedthe 5-th ordermode
of the cavity that this resonanceis built upon. The power transferlevels at this resonancearecomputedto
be PA = PC = PD = 0:21, andPB = 0:28; thesevaluesarealreadycloseto the theoreticallimit [16] of a
balancedtransmissionof 25% of theinputpower into thefour outputports.
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3.2 DetunedBragg re�ectors

Thevarietyof parametersin thedevice speci�cationoffersmany possibilitiesfor re�nementsor optimization.
Acceptingthe ratingof thedevice performancein termsof the �nesse,onecould try to enlarge that quantity
virtually to in�nity by trying to suppressall but thecentralresonancein thespectrumof Figure4. Thepeaks
arerestrictedto thewavelengthinterval that is de�ned by thehigh re�ectivity region of theBraggre�ectors.
Consequentlya way to suppressthe neighbouringresonancescould be to useweaker Bragggratingswith a
narrower bandgapregion. An analogouseffect shouldbe achievable by increasingthe spectraldistanceof
theFabry-Perotresonancesvia shorteningthehomogeneouspartof thecavity andsimultaneouslydecreasing
thegapwidth to maintaina certaincouplingstrength.Both modi�cations would basicallyrequireto entirely
redesigntheresonator.
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Figure 6: Re�ectivity curves of Bragg re-
�ectors accordingto Figure 2 and Table 1,
with periodsp = 1:523� m (continuous)and
p = 1:549� m (dashed).The thin lines cor-
respondto the planewave model; bold lines
indicatethe resultsof rigorousmodeexpan-
sionsimulations(continuous)andof theCMT
model(dashed).

As a third alternative, onecanapplygratingswith thesamewide bandgapregion asbefore,but with slightly
alteredperiodlengths,suchthat their bandgapsoverlapin only a small interval aroundthetargetwavelength.
Figure6 givesanexamplefor thepresentparameters.Herethegratingsarebasedontheprevioustwo different
refractive index values,hencethe re�ectors canbe de�ned by meansof the sametechnologicalstepsas the
cavity andtheportwaveguides.
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(thin curves). Parametersareasgiven in Ta-
ble 1, with L = 80:006� m andwith grating
periodsof p = 1:523� m andp = 1:549� m
for theleft andright re�ector. (cf. Figure6).

As expected,only a singleresonanceappearsin the spectralresponseof a device where,whencomparedto
the speci�cationof Table1, the left re�ector hasa slightly shorterperiodof p = 1:523� m, while the right
Bragggratingis madewith a longerperiodof p = 1:549� m. Figure7 shows theresultsof thecorresponding
simulations. Along with the period length the complex re�ection coef�cients of the gratingsat the target
wavelength� 0 change.Therefore,to reestablishtheresonanceat� 0, thecavity lengthhasto beslightlyadjusted
to a new valueL = 80:006� m. Unfortunatelythe re�ectivity curvesof thewaveguideBragggratingsin the
bandgapregion exhibit a slightly tilted top, with the re�ectivity at the shortwavelengthendof the bandgap
beingsomewhat lower thanat the long wavelengthend(cf. e.g.Ref. [39]). The lower re�ectivity leadsto a
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resonancethat is lesspronouncedthanfor thecon�gurationwith identicalBraggre�ectorswith their bandgap
centeredaroundthetargetwavelength.

Only smallmodi�cations arenecessaryto detunetheoriginal con�guration towardsthesingle-resonancede-
vice,wherethealterationsin cavity lengthandin gratingperiodcouldbereplacedby a changeof therelevant
effectivemodeindicesin thecavity andin thegratingregionsby electroopticalor thermoopticalmeans.Perhaps
thisopensupa possibilityfor adynamicaladjustmentof theresonator.

3.3 Add-drop �lter

At resonancethe presentdevice distributesthe input power almostequallyamongall four ports. This is not
serviceablefor anapplicationasanadd-drop�lter , whereonewouldpreferto have theresonantoutputdirected
to a singledrop port. With conventionalrectangularcavities, this functionality canbe realized[16, 17] by
placingtwo equalcavitiesbetweentheportwaveguides.Figure8 sketchesthatconceptwhentransferredto the
presentgratingassistedFabry-Perotresonators.
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Figure8: Add-drop�lter , constitutedby two cascadedrectangularcavities. Parametersareasintroducedin Figure1 and
Table1, with identicalleft andright Braggre�ectors,but with a shortercentralre�ector consistingof only N c periods.

Comparedto thesinglecavity con�guration,only onenew parameteris introduced,thatspeci�esthedistance
betweentheindividualcavities. Accordingto theoreticalconsiderations[16] andtonumericalexperiments[17],
onecanexpectthatbesidesthecouplingvia theportwaveguidesacertainlevel of directinteractionbetweenthe
separatecavities is requiredto establishthedesiredtypeof resonance.Thereforewe employ a centralgrating
that is shorterthantheoriginal Braggre�ectors,suchthattheresonant�eld patternsof the individual cavities
overlap. As illustratedby Figure5, these�eld shapesdecreasein envelopeamplitudewith growing distance
from thehomogeneouscentralsegment.Hence,by adjustingthecavity separation,i.e.by changingthenumber
of periodsin theintermediateBragggrating,onecancontrolthestrengthof thedirectcouplingbetweenthetwo
cavities. Figure9 shows how this changein�uencesthepower transfercharacteristicof thecompositedevice
at theresonancewavelength.
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Figure 9: Power transmissionthroughthe �lter device of
Figure8 versusthenumberNc of periodsin thecentralgrat-
ing, for �x edinput wavelength� = 1:55� m.

Justasin thecaseof conventionalrectangularresonators,wheretheinteractionis causedby overlapsof evanes-
cent�eld tails,heretheoverlapsof thedecaying�elds in theBragggratingseffectanadditionalcouplingof the
individual cavities (onamuchlargerlengthscalethanfor theevanescent�elds). For asmallnumberof periods
in thecentralgrating,thedeviceactsasasinglecavity resonatorthatis off-resonanceattheconstantwavelength

8



prescribedin Figure9. For Nc = 30 a resonanceasfoundbeforeis excited,with quartertransmissionto all
ports. Thecorresponding�eld patternshows simultaneouslyappearinghigh intensitiesin both cavities. The
extremaltransfercharacteristicis reachedfor N c = 33, whereonly about1% of theinputpower is re�ectedto
portsA andC or transmittedto B, while a majorpartof thepower is droppedin forwarddirectionto port C.
Heretheresonant�eld patternexhibitshighintensitiesin bothcavitiesaswell, but now alternatingin time: The
standingwave in oneof thecavities is at its maximumwhenthe�eld in theothercavity assumesits zerolevel,
andvice versa.Thesephenomenaareentirelyanalogousto whathasbeenobserved for ordinaryrectangular
resonators[17].
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Figure10: Spectralresponseof anadd-drop�lter device accordingto Figure8 andTable1, with N c = 33 periodsin the
centralre�ector; the total lengthof thedevice is 334� m. At theresonance� = 1:55� m, theextremalrelative levelsof
power transmissionarePA = PB = PD = 0:01, PC = 0:84. Thebold linescorrespondto rigorouscalculations;thethin
curveswerecomputedwith theCMT model.

Besidesthepeakat1:55� m, theotherresonancesof thesinglecavity appearaswell in thespectrum(Figure10)
of thecompositedevice. While for theentirewavelengthrangethebackward directedamountsof power PA

andPD almostcoincide,thestrongdeviationof theforwarddropPC from PA andPD remainsrestrictedto the
pronouncedcentralresonance(aroundtheneighboringpeakat � = 1:542, oneobservesextremalrelative levels
of PA = PD = 0:20, PB = 0:22 , PC = 0:34). Furtheraway from thatwavelengthregion, thedoublecavity
device exhibits thequalitative transmissioncharacteristicof thesinglecavity resonator.

4 Concluding remarks

Basedonquitesimpledesignguidelinesandmoderatenumericalmeans,theformerresultsclearlydemonstrate
theworking principle of the gratingassistedrectangularmicroresonators,at leastin termsof numericalsim-
ulations. We �nd theshapeof resonancesaspredictedfor high contraststandingwave resonatorswith �nite
waveguidesegmentsas cavities, but in the presentcasewith technologicallymore realistic refractive index
contrasts,with an increased,but still reasonablelengthof the devices. Justas two conventionalrectangular
resonators,two BragggratingbasedFabry-Perotcavitiescanbecascadedsuchthatat resonancethecomposite
device directsthemajorpartof the input power into a singledropport, asit is requiredfor anadd-drop�lter
application.

The (surprising)agreementbetweenthe quite approximative coupledmodetheory model and the rigorous
simulationsjusti�es with hindsightthe applicationof the designheuristics,that wasbasedon the interaction
betweenthecon�ned modesof theportwaveguidesandmerelyonespeci�c guidedmodeof thecentralcavity.
This �nding will be particularlyrelevant for any stepstowardsfull threedimensionalsimulations,wherethe
coupledmodemodelis theonethatis mostlikely to beextendableto 3D within reasonablelimits of computa-
tionaleffort.

The presentdesignleavesplenty of room for further optimization. Apart from the theoreticallimit of equal
quartertransmissionto all four portsat resonance,this concernsin particulartheBraggre�ectors: Modifying
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thegratingwith theaim of a narrow, properlypositionedbandgap(probablyat thecostof anincreaseddevice
length)shouldallow to restrict the spectralresponseto a singleresonance.We have demonstratedthat this
effectcanbeachievedalternatively by meansof two slightly differentBragggratingsatbothendsof thecavity,
adjustedsuchthat their regionsof high re�ectivity overlap in only a narrow wavelengthregion. This leads
to devices with in principle in�nite free spectralrangeand �nesse. Perhapsa dynamicdetuningcould be
considered:If madeactive (by electroopticallyor thermoopticallyin�uencing eitherthecavity, i.e. by shifting
thespectralpositionof theresonance,or by in�uencing thegratingregions,suchthattheoverlapof thebandgap
regionscanbeadjusted),in its “on” statethedevice would dropa singlewavelength,while otherwiseall input
wavelengthsaredirectly transmitted.

Appendix

Assumingthatthevisualizeddevice will berealizedon thebasisof embeddedrectangularwaveguidecoresas
sketchedin Figure11(a),the parametervaluesusedabove ng = 1:6, nb = 1:45 correspondto the effective
index projection(top view) of the threedimensionalstructure,at the designwavelengthof � 0 = 1:55� m.
Obviously, whenviewedasanapproximationof that3D structure,thepresentmodelandthenumericalresults
neglectentirelyany effectsrelatedto light propagationin thevertical (y-) direction. Apart from polarization
issues,in particularlossesdueto out-of-planescatteringin thegratingregionsarenotaccountedfor.
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Figure11: (a): Crosssectionof the hypothetical3D device, rectangularSi3N4 cores(refractive index nc = 1:98) sur-
roundedby a SiO2 backgroundmedium(nb = 1:45), with a commonchannelthicknessof t = 0:223� m. (b): Side
view of theBragggratingregionof theenvisioned3D device. Seethetext for detailson thechoiceof theequivalentcore
refractive index nc,eq.

For a roughestimationof that effect we considerthe Bragggratingsagain,this time usinga 2D restriction
to the y-z-plane(sideview). Figure11(b) illustratesthe con�guration. The — admittedlyquite heuristic—
dimensionalityreductionprocedurehasto take into accountthata higherordermodeof thecavity is relevant
for the resonatoroperation. In the 3D device, this modeis characterizedby a uniqueeffective modeindex,
wherethepreviousverticalprojectionled to thevalueof neff = 1:540. With thelateralprojectionbeingmeant
asanapproximationof thesame3D structure,theguidedmodeof thecavity corecanbeexpectedto have the
sameeffective modeindex. Werealizedthis constraintby replacingnc by thelower valuenc,eq = 1:853. With
this corerefractive index, thesingleguidedTE modeof theslabin Figure11(b)propagateswith therequired
effective modeindex neff (Note that a corerefractive index of nc would correspondto a modepro�le that is
constantalongx).
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Figure12: Re�ectivity R of Bragg-re�ectorsac-
cordingto thespeci�cationsof Figures2, 11(b),
andTable1, versusthe vacuumwavelength,for
Bragggratingswith 40 periods.The continuous
line correspondsto the re�ectivity of the guided
5-thordermodein the“top view” approximation
(datafrom Figure3). Thedashedcurve indicates
there�ectivity of the fundamentalmodeaccord-
ing to the“sideview” projection.
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This choiceof the permittivity pro�le for the y-z modelleadsto a spectralre�ectivity that preservesat least
somefeaturesof theprevioussimulations.Figure12comparestheresults.Radiationlossesareto beestimated,
thereforethe additionalsimulationswere carriedout with the commercialtool [32], using PML boundary
conditionswith thebidirectionaleigenmodepropagationalgorithm.

Thenew viewpoint leadsto a spectralcharacteristicthatstill exhibits a high re�ectivity region at theposition
of the formerbandgap,unfortunatelynow with a smallermaximumlevel andwith a pronouncedlytilted top.
Thevertical lossespredictedin this way arelikely to degradetheperformanceof the3D resonator, certainly
at thepositionof thepresenttargetwavelength.Assumingthat thecurve canindeedberegardedasa realistic
estimateof thelosslevelsthatareto beexpectedfor theapproximated3D structure,for therealizationof the3D
device onewould consequentlyhave to redesigntheBragggratingsin threespatialdimensions.Apart from a
slight reductionof thegratingperiodin orderto shift thehighre�ectivity region towardsthetargetwavelength,
startingpointscouldbeto switchto a differentgratingorder(whencountingbandgapregionsin a plot of the
re�ectivity versusthegratingperiod,thepresentparametersdescribethird ordergratings),or to furtherreduce
therefractive index contrast,at thecostof anincreasedgratinglength.
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