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Abstract: A wide, multimode seggmentof a dielectric optical waveguide, enclosedby Bragg
re ectors andevanescentlcoupledto adjacenport waveguides,canconstitutethe cavity in an
integratedoptical microresonator It turns out that the device can be describedadequatelyin
termsof anapproximateoupledmodetheorymodelwhichinvolvesonly afew guidedmodesas
basis elds. By reasoningalongthe coupledmodemodel,we motivatea simpledesignstrateyy
for the resonatordevice. Rigoroustwo dimensionalmode expansionsimulationsare applied
to verify the predictionsof the approximatemodel. The resultsexemplify the speci ¢ spectral
responsef the standingwave resonatorsAs re nementswe discusshe singleresonancef a
device with nonsymmetricallydetunedBraggre ectors, andthe cascadingf two Fabry-Perot
cavities, wherethe coupling acrossan intermediateshortergrating region establishes power
transfercharacteristi¢hatis suitablefor anadd-droplter .
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1 Intr oduction

Opticalmicroresonatorareat presentdiscussedshbuilding blocksfor large scaleintegratedoptics[1, 2, 3, 4],
typically for applicationsrelatedto wavelengthdivision multiplexing in optical telecommunicationsCross-
connects,lters, orentiretranscerer deviceswereproposed realized thatrely on mary, moreor lessuniform
microresonatorasbasicelementsTraditionally[5] thefocusis onresonatorsvith circulardisk-or ring shaped
cavities [6, 7, 8, 9, 10, 11, 12, 13], althoughalsoelliptical [14, 15], rectangulaf16, 17, 18], or other moreir-
regularshape$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] require a facility for postfabricationadjustment. In casethe
tuningis to berealizedby electroopticameansa major obstaclemay be encountereih theform of the strong
anisotroy of someof the most promisingelectroopticmaterials[25, 4]. If for tuning purposesa piece of
a highly anisotropicelectroopticcrystalis presentin the cavity ring, the permittvity thatis sensedoy the
circulating wave changeswith the angularpropagationdistance. Dependingon the crystal orientation,the
anisotroy mayleadto a pronounceanodulation,if notto leakagepf the opticalwaves,i.e. to alossycavity.

Theseproblemscanbeavoidedin standingwave resonatorswherethelight propagatiornis restrictedbasically
to oneaxis. Integratedopticalmicroresonatorsith squareor rectangulacavities have attractedattentiononly

quiterecently[16, 17, 18, 26]. In theircorventionalform, wherearectangulaseggmentof adielectricwaveguide
senesasthe cavity, alsotheseconceptsave a severetechnologicadravback: A quite high refractive index

contrasiis requiredfor thetotal re ection effectatthe cavity facetd27]; with the presentlyavailablematerials
arealizationseemsgo bedif cult.

A way outis foundby replacingthewaveguidefacetsby Braggre ectors. Thisleadsto aconcepfor astanding
wave resonatoiin the form of a Fabry-Perotavity thatis laterally evanescentlycoupledto two parallelport
waveguides.Figurel sketchegshestructurethatis to bediscussedWhile aparameterizetime-domaircoupled
modetheorymodelis givenin Ref.[16], sofarapparenthineitherrigorousnorapproximatesimulationsof these
devicesexist. Thisis whatwe would like to provide with this paper(preliminaryresultswerealreadycontained
in Ref.[28]). In thenext Section2.1,we outlinea simple,somavhatheuristicstratgy how to selectthe mary
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Figure 1: Gratingassistedectangularesonator:Two parallelwaveguide coresof width w are coupledby a cavity of
width W andlengthL, separatedy gapsg. Gratingswith N p periodsof lengthp with a spacings enclosethe cavity.
The guiding regionswith refractive index n g areembeddedh a backgroundnediumwith index ny,. CapitallettersA to
D denotetheinput andoutputports.

parametersn the resonatorspeci cation. Section3.1 summarizeghe simulationsof the resultingresonator
device. In Sections3.2, 3.3the modelis extendedtowardsa resonatomwith nonidenticaBraggre ectors and
towardsanadd-droplter basedontwo cascadedavities.

For the simulationswe can on the one handrely on rigorous mode expansionor bidirectionaleigenmode
propagatiorsimulationg29, 30], speci cally onthealgorithmsasdescribedn Refs.[31, 17] andon the com-
mercialtool [32]. Onthe otherhand,we applyanab-initio coupledmodetheorymodel[18], brie y outlined
in Section2.2,thatcanberegardedasa directimplementatiorof the abstractiesignheuristics.This approach
providesthe bestqualitatve andalsosomequantitatve insightin the device functionality

Althoughthe presentonceptrequiresthetechnologicaimeango realizehighly re ecting andlow lossBragg
re ectors and may leadto relatively long devices,whencomparedo circular cavities, this type of resonator
shavs several quite advantageoudeatures(apartfrom the restrictionto basicallyone axis of propagation).
Beingformedby a straightwaveguideseggment,the cavity canbe shortenedr extendedasnecessarywithout
introducingadditionallossesasin the caseof aring or disk. While for circular cavities the adjustmenbf the
properstrengthof interactionwith the port waveguidesturnsout to be a technologicakhallenge(that led to
conceptof vertical coupling[33] or “racetrack”shapeddevices[8]), for the straightFabry-Perotesonators
thefull lengthof the cavity is availablefor the couplingto the port waveguides;controllingthe total coupling
strengthshouldbelesscritical.

2 Modeling

For purpose®f qualitatively understandinghe operationof the devicesasintroducedn Figurel, it is helpful
toinitially resole theresonatointo parts.Thecentralsggment,extendingfromz = Otoz = L, canbeviewed
asa three-coredirectionalcouplerthat combinesa wide multimodecavity waveguide andthe two unimodal
port waveguides. Two re ectors enclosethe cavity, consistingof nite Bragggratingsthatareetchedinto the
wide cavity core.

It will turnoutbelow (seeSection2.2)thata quantitatve modelonthebasisof only one,forwardandbackward
propagatingguidedmodeof the centralwaveguide leadsto a quite adequatadescriptionof the device. Two

mechanismarerelevantto selectthat mostrelevant basismode. On the one hand,with the port waveguides
connectedo the cavity in aregime of weakcoupling,a phasematchingconditioninvolving the effective mode
indicesof the port waveguidesand of the cavity modehasto be satis ed. On the otherhand,lower modal
re ectivities of the Bragggratingssuppressesonancethatarerelatedto modesotherthanthe speci ¢ cavity

mode.This motivatesthe somavhatheuristicreasoningn Section2.1.

For simplicity, all considerationsrerestrictedio two spatialdimensionsandto TE polarization(“scalar” sim-
ulations). Neverthelesspnecould regardthe 2D permittiity pro le astheresultof the projectionof a more
realistic3D structurein termsof effective indices.In theappendixwe brie y commenton this viewpoint.



2.1 Designprocedure

Givenrefractve indicesng, np, for the coresandthe backgroundasa startingpoint of theresonatodesignwe

choosethe width w of the port waveguides,suchthat theseare single modein a suitablewavelengthregion

aroundthetamgetwavelength o = 1.55 m; thevaluesof Tablel leadto aneffective modeindex neg = 1:540
at . Accordingtotheconsiderationabove, only oneguidedmodeof thecavity coreis likely to berelevantfor

speci ¢ standingwvave resonancest his eld is to beexcitedin the cavity; henceto satisfythe phasematching
condition,we adjustW suchthatthe cavity waveguidesupportsaguidedmodethatis degeneratavith the port

elds. Dueto the purelyharmonicshapeof the pro les insidethe core,modeswith equalpropagatiorconstant
atthesamevacuumwavelengtharefoundfor a seriesof waveguideswith increasingequidistantvidths. In the

presentase W shouldbeamongthediscretevalues(1:0 + m 1:791) m, for integerm.

Pronouncedesonancerequireare ectivity closeto unity for therelevantmodesattheendsof thecavity [18].

The correspondindBraggre ectors canbe constructedn the basisof a modelof tilted planewave incidence
onamultilayerstackwith equialentrefractive index composition(cf. e.g.Ref.[34]). Asindicatedin Figure2,

we consideranincidenceangle thatcorrespondso the angleof the relevantmodein the cavity, de ned by

COS = nes=ng. The stackconsistsof 2N, alternating,laterally in nite layersof thicknesses (refractve
index np) andp s (refractve index ng) enclosedetweerhalf in nite mediawith refractve index ng onthe
incidenceside and ny, on the secondside. Optimizationof the con guration for the presentmodeangle of

1569 at ¢ leadsto thegratingparameterp ands asgivenin Tablel. The comparisorwith morerigorous
simulationsin Figure3 con rms this— rathercrude— approximation.
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‘p s Figure2: A single Braggre ector, part of the res-
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To selecta suitablecavity width W or modeorderm, respectiely, we computedsinglemodere ectivities for

Bragggratingsaccordingo thespeci cationof Tablel andFigurel,forN, = 5andwW = (1:0+ m 1:791) m,

in eachcasefor incidenceof the m-th ordermode. Levelsof 0:17, 0:21, 0:23, 0:24, 0:25, 0:26 wereobsered

form = 0;1;:::;5, with the lastvaluealreadycloseto the limiting level of 0:28, the re ectivity of a plane
wave, incidentunderanangleof 15:69 onalaterallyunboundeaquivalentmultilayerstackasde ned above.

Apparentlythe larger the fraction of the modepro le is thatactuallyencounterghe corrugationof the Bragg
re ector, thehigheris there ectivity. Thereforeawidth W correspondingo a higherordermodeis preferred,
(suchthat the phasematchingconditionis still sufcient to distinguishthe cavity modes,the propagation
constantsof which becomecloserfor large W). We setW to the value for orderm = 5 for the present
simulations.

Figure3 shaws thatin this way indeeda suitableBragggrating canbe designed.Spectralre ectivity curves
as predictedby threedifferenttypesof simulationsare compared. One obseres a — quite surprising—
agreemenbetweerthe planewave modelandcalculationsy coupledmodetheory(Section2.2) andrigorous
modeexpansion(Section3d).

Giventhe complex valuedamplitudere ection coefcient r expi' of the Bragggratings,aresonancet g
requiresthetotal phasegainalongonepropagatiorcycle throughthe cavity to matchaninteger multiple of
Thisamountdo aconditionL = (I + ') ¢=(2 neg) for thecavity length[18], with integerl. Neglectingthe
wavelengthdependencef nes andassumingalong cavity | ' ,oneobtains = o=l= 3=(2Ln¢f) for
the spectraldistanceof two neighboringresonancesd., or |, respectiely, is to be selectedsuchthatthereis a
chancefor pronouncedesonancem thewindow of high Braggre ectivity aroundthe designwavelength(l is
aboutl59in Figure4).

Finally thegapwidth g is to bedetermineduchthatontheonehandthereis asufcient powertransfetbetween
the port waveguideandthe cavity alongthelong unfoldedlight pathin caseof aresonancewhile onthe other
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Figure 3: Power re ectivity R of Bragg-
re ectors accordingto the speci cation
of Figure 2 and Table 1, versusthe vac-
uumwavelength for differentnumbersof

grating periodsN p. The guided5-th or-

der modeis launchedin the wide cavity

waveguide segment; the bold lines (con-
tinuous:rigorousmodeexpansiorsimula-
tions,dashedCMT results)shav therela-
tivepowerlevelsthatarere ectedinto that
speci ¢ mode. The thin curves indicate
the plane wave re ectivity of an equia-
lent multilayer stack for wave incidence
underthe respectie mode angle (15:69

I [m] at = 1:55 m).

handthelevel of direct,nonresonantinidirectionalcoupling(asin a corventionalthree-guidelirectionalcou-
pler, withouta pronouncedvavelengthdependencever therangeof practicalimportanceyemainsnegligible.
With this parametebeingselectedn the basisof numericalexperimentswe arrived atthe list of parameters
of Tablel.

Nng |np |w=m|g=m|W=m|L= m|p=m|s=m|[Ny| = m

1:60 | 1:45 | 1:000 | 1:600 | 9:955 | 79985 | 1:538 | 0:281 | 40 | 2 [L:5; 1:6]
Tablel1: Geometricabhndmaterialparametersor the simulationsof Figures4, 5. Includingtwo Braggre ectors andthe
cavity, theoveralllengthof the deviceis 203 m.

2.2 Coupled modetheory

Takingthe decompositiorinto two Bragggratingsanda central,z-homogeneousouplerregion literally, one
candescribethe resonatoidevices by properly combiningdifferentvariantsof coupledmodetheory (CMT)
[29, 35]. Thenotionof onemostrelevantmodein the cavity coreasintroducedabove allows thesecalculations
to bekeptsimpleandhighly ef cient.

Forthesimulationsof theBraggre ectorswe consideradescriptiorof theisolatedgratingstructuregFigure?2)
in termsof contradirectionatoupledmodetheory basedon the forward- andbackward traveling versionsof
the 5-th orderguidedmode supportedby the cavity core. Using only one mostrelevant (“phasematched”)
contrikution of a Fourierdecompositiorof thegratingcorrugationalongz, the2  2-systemof coupledmode
equationcanbe solved analytically Oneobtainsanapproximationof the complex valuedmodalre ectivity
of the Bragg gratings. Our implementationof that strategy follows the formulationgiven in Refs.[36, 37].
Resultscomputedn thisway areincludedin Figures3, 6. Concerninghepositionof thebandgamndtheform
of thesidelobespneobseresasomehw unexpectedagreementvith the morerigorousresults giventhe quite
substantiarefractive index contrastin the presentgratings. The CMT equationdistribute the optical power
amongthe two basismodesonly. Lossesto lateralradiationare not included,hencethe top of the bandgap
appeargo behorizontalin the CMT description.n contrasto the planewave model,the CMT takesthe nite
lateralextensionW of thewaveguideinto account.

A CMT modelfor the centralcouplersegmentcanbe baseduponthe threeguided elds of the cavity (again
only the5-th ordermode)andof thetwo portwaveguides.We adhereo theformulationandexplicit expressions
givenin Ref.[38, 18]. Assumingthatno re ectionsoccurfor thez-homogeneousegion0 < z < L, onecan
write independentodirectionalcoupledmodeequationsfor forward and backward propagatingvaves, and
obtainindependenteciprocalsolutionsin termsof transfermatricesthatrelatethe amplitudesat both endsof
the cavity segment.

Thencombiningthe directionalsolutionsfor the wavesin the cavity with the expressiongor the guidedwave
re ection at the Bragg gratingsallows to establisha CMT modelfor the full resonatordevice, analogously
to the proceduredescribedn Ref. [18] for the rectangularcavities with high-contrasfacets. Accordingto



Figures4, 7, and 10 the CMT computationsan adequatelypredictthe power transfercharacteristicef the
presenstandingwave resonatorsUp to a certaindegreethis justi es theassumptionsnadein Section2.1.

Among the mary approximationsnherentin the CMT descriptionis that the model restrictsthe coupling
betweenthe port waveguidesandthe cavity coreto the homogeneousentralcavity region (this region is of

the sameorder of lengthasthe Bragggratings). Here one shouldobsere thatthe interactionis dominated
by waveswith a speci ¢ effective modeindex / modeanglein the bandgapntenal of the Braggre ectors;

propagatiorof thesewavesis forbiddenin the gratingregions. This motivatesneglectingthe presencef the
portwaveguidesfor the modelingof the Braggre ectors.

3 Numerical results

Besideghe approximateCMT proceduresthe deviceswere simulatedby meansof the modeexpansiontech-
niguesas formulatedin Refs.[31, 17]. The 2D-TE computationgor the resonatordevices use uniformly
100 expansiontermson a computationawindow x 2 [ 20;20] m thatis con ned by Dirichlet boundary
conditions. All modeexpansionresultsshavn belov correspondo thesesimulations. The wavelengthspec-
train Figures4, 7, and Figure 10 are sampledwith stepsizeof 0:2nm (2 [1:5;1:6] m) andof 0:02nm
( 2 [1:548 1:552] m).

We checled the resultsfor a few representate samplecon gurationsusinga recentlyreleaseccommercial
simulationtool [32], aswell basedn a bidirectionaleigenmodgropagatioralgorithm.In thesecomputations
the lateral computationalwindow is enclosedby transparenboundaryconditions(perfectly matchedlayers

(PMLs)). At leastin the 2D setting(cf. the appendixfor a brief discussiorof effectsrelatedto out-of-plane
radiationin a 3D device), the structuresunderconsideratiorgenerateonly low levels of radiation;therefore
we obsenred a reasonableagreementvith the plotted results. Even with the re ecting Dirichlet boundary
conditionsat the bordersof the 40 m computationalindow (notethe total device length of 203 m), the

modeexpansionalgorithmis apparentlyableto properly predictthe guidedpower transmission.The small

power fractionsthatcorrespondo thelateralradiationlossesaretransferredo thelarge setof nonguidedasis
elds, in contrasto the CMT approachwherethe optical power remainscon ned to thefew directionalbasis
modes.

3.1 Symmetrical standing wave resonator

Figure4 shawvsthespectraresponsdor adevice accordingo thespeci cationof Section2.1. Theresonatois
excitedin port A by theright traveling guidedmodeof thelower core.For mostwavelengthsmostof theinput
power is directly transmittedo port B. Resonanstatesappearasadropin Pg anda simultaneousncreaseof
there ectedanddroppedoower fractionsPa, Pc, andPp.
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Figure4: Spectraresponsef aresonatoaccordingo Figurel with theparametersf Tablel. P 5 to Pp aretherelative
power fractionsthat are re ected or transmittedinto ports A to D. The curvesrelatedto P4, Pc, andPp arealmost
completelysuperimposedBold linescorrespondo therigorousmodeexpansioncomputationsthethin linesindicatethe
CMT results.



As expected,the major resonancesre restrictedto the rangeof high re ectivity of the Bragg gratings(cf.
Figure3). The nesseof theresonatoiis 42, herede ned astheratio betweerthe free spectrarangeandthe
width at half maximum.
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Figure 5: Field patternat resonancefor a grating assistedstandingwave resonatoraccordingto the speci cation of

Tablel, for = 1:55 m. The gray scalelevels correspondo the physicalelectric eld Ey, evaluatedat four time
positionsthatareequallydistributedover oneperiodT = = c. Thedashedvhite horizontallinesindicatethe regionsof
the Bragggratings.

Figure5 illustratesthe eld patternfor the centralresonancet the designwavelength o = 1:55 m. One
nds outwardstraveling wavesin thewaveguidescorrespondingo portsB, C andD. Thesuperpositiorof the
unit input and of the re ection with lower amplitudegivesrise to a partly standingand partly traveling wave
in port A. An almostpurely standingwave is visible insidethe cavity, with decayingamplitudesn theregions
of the Braggre ectors. Five horizontalnodallines canbe obsered; henceit is indeedthe 5-th ordermode
of the cavity thatthis resonances built upon. The power transferlevels at this resonancere computecdto
bePar = Pc = Pp = 0:21, andPg = 0:28; thesevaluesarealreadycloseto the theoreticallimit [16] of a
balancedransmissiorof 25% of theinput power into thefour outputports.



3.2 DetunedBraggre ectors

Thevariety of parametern the device speci cationoffers mary possibilitiesfor re nementsor optimization.
Acceptingthe rating of the device performancen termsof the nesse,onecouldtry to enlage that quantity
virtually to in nity by trying to suppressll but the centralresonancén the spectrunof Figure4. The peaks
arerestrictedto the wavelengthintenal thatis de ned by the high re ectivity region of the Braggre ectors.
Consequentlya way to suppresghe neighbouringresonancesould be to usewealer Bragg gratingswith a
narraver bandgapregion. An analogouseffect shouldbe achiezable by increasingthe spectraldistanceof
the Fabry-Perotresonancesia shorteninghe homogeneoupart of the cavity andsimultaneouslydecreasing
the gapwidth to maintaina certaincouplingstrength.Both modi cations would basicallyrequireto entirely
redesigrtheresonatar
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As a third alternatve, onecanapply gratingswith the samewide bandgapegion asbefore,but with slightly
alteredperiodlengths,suchthattheir bandgap®verlapin only a smallinternval aroundthe tamget wavelength.
Figure6 givesanexamplefor thepresenparameters-erethegratingsarebasednthe previoustwo different
refractive index values,hencethe re ectors canbe de ned by meansof the sametechnologicaltepsasthe
cavity andthe portwaveguides.

Figure 7: Spectralresponseof an asymmet-
rical resonatodevice with detunednoniden-
tical Braggre ectors; resultsof rigorouscal-

culations(bold lines) andof the CMT model

0.2} b

P (thin curves). Parametersareasgivenin Ta-

ACD | ble 1, with L = 80:006 m andwith grating

O~ 151 152 153 154 155 156 157 156 159 periodsof p = 1:523 mandp = 1:549 m
I [mm] for the left andright re ector. (cf. Figure6).

As expected,only a singleresonancappearsn the spectralresponsef a device where,whencomparedo
the speci cationof Table 1, the left re ector hasa slightly shorterperiodof p = 1:523 m, while the right
Bragggratingis madewith alongerperiodof p = 1:549 m. Figure7 shaws theresultsof the corresponding
simulations. Along with the period length the complex re ection coefcients of the gratingsat the tamget
wavelength o changeThereforeforeestablishheresonancat g, thecavity lengthhasto beslightly adjusted
to anew valueL = 80:006 m. Unfortunatelythere ectivity curvesof the waveguide Bragggratingsin the
bandgapregion exhibit a slightly tilted top, with there ectivity at the shortwavelengthend of the bandgap
being someavhat lower thanat the long wavelengthend (cf. e.g.Ref. [39]). The lower re ectivity leadsto a



resonancéhatis lesspronouncedhanfor the con gurationwith identicalBraggre ectors with their bandgap
centeredaroundthetamgetwavelength.

Only small modi cations are necessaryo detunethe original con guration towardsthe single-resonancde-
vice, wherethealterationsn cavity lengthandin gratingperiodcouldbereplacedy a changeof therelevant
effective modeindicesin thecavity andin thegratingregionsby electroopticabr thermoopticameansPerhaps
this opensup a possibilityfor adynamicaladjustmenbf theresonatar

3.3 Add-drop lter

At resonancehe presentdevice distributesthe input pover almostequallyamongall four ports. This is not
serviceabldor anapplicationasanadd-droplter , whereonewould preferto have theresonanbutputdirected
to a singledrop port. With cornventionalrectangularcavities, this functionality can be realized[16, 17] by
placingtwo equalcavities betweerthe port waveguides.Figure8 sketcheghatconceptwhentransferredo the
presengratingassisted-abry-Perotesonators.
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Figure8: Add-drop lter, constitutecby two cascadedectangulacavities. Parametersreasintroducedn Figurel and
Table1, with identicalleft andright Braggre ectors, but with a shortercentralre ector consistingof only N ¢ periods.

Comparedo the singlecavity con guration, only onenew parameteis introducedthatspeci esthe distance
betweertheindividual cavities. Accordingto theoreticatonsiderationgL6] andto numericakexperimentg17],
onecanexpectthatbesideghecouplingvia the portwaveguidesa certainlevel of directinteractionbetweerthe
separateavities is requiredto establisithe desiredtype of resonanceThereforewe emplg/ a centralgrating
thatis shorterthanthe original Braggre ectors, suchthattheresonanteld patternsof the individual cavities
overlap. As illustratedby Figure5, these eld shapesiecreasén envelopeamplitudewith growing distance
from thehomogeneousentralsegment.Hence by adjustingthe cavity separationi.e. by changinghenumber
of periodsin theintermediatdBragggrating,onecancontrolthe strengthof thedirectcouplingbetweerthetwo
cavities. Figure9 shavs how this changen uencesthe power transfercharacteristiof the compositedevice
attheresonancevavelength.
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N, ing, for x edinputwavelength = 1:55 m.

Justasin thecaseof corventionalrectangularesonatorsyheretheinteractionis causedy overlapsof evanes-
cent eld tails, heretheoverlapsof thedecayingelds in the Bragggratingseffectanadditionalcouplingof the
individual cavities (onamuchlargerlengthscalethanfor theevanescentlds). For asmallnumberof periods
in thecentralgrating,thedevice actsasasinglecavity resonatothatis off-resonancattheconstantvavelength
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prescribedn Figure9. For N = 30 aresonancasfoundbeforeis excited, with quartertransmissiorto all
ports. The correspondingeld patternshavs simultaneoushappearinghigh intensitiesin both cavities. The
extremaltransfercharacteristiés reachedor N = 33, whereonly about1% of theinput power is re ectedto
portsA andC or transmittedto B, while a major partof the power is droppedin forward directionto port C.
Heretheresonanteld patternexhibits highintensitiesn bothcavitiesaswell, but now alternatingn time: The
standingwave in oneof the cavities is atits maximumwhenthe eld in the othercavity assumegs zerolevel,
andvice versa. Thesephenomenare entirely analogougo what hasbeenobsered for ordinaryrectangular
resonator$l7].
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Figure10: Spectrakesponsef anadd-droplter device accordingto Figure8 andTablel, with N ¢ = 33 periodsin the
centralre ector; thetotal lengthof the device is 334 m. At theresonance = 1:55 m, the extremalrelative levels of
powertransmissiorareP, = Pg = Pp = 0:01, Pc = 0:84. Theboldlinescorrespondo rigorouscalculationsthethin
curveswerecomputedwith the CMT model.

Besideghepeakat1:55 m, theotherresonancesfthesinglecavity appeaaswell in thespectrun(Figurel10)
of the compositedevice. While for the entire wavelengthrangethe backward directedamountsof power P a
andPp almostcoincide the strongdeviation of the forwarddropP¢ from P4 andPp remaingrestrictecto the
pronouncedentralresonancéaroundtheneighboringpeakat = 1:542 oneobsenesextremalrelative levels
of Po = Pp = 0:20, Pg = 0:22, Pc = 0:34). Furtheraway from thatwavelengthregion, the doublecavity
device exhibits the qualitatve transmissiorcharacteristiof the singlecavity resonatar

4 Concluding remarks

Basedon quitesimpledesignguidelinesandmoderatsnumericalmeanstheformerresultsclearlydemonstrate
the working principle of the gratingassistedectangulamicroresonatorsat leastin termsof numericalsim-
ulations. We nd the shapeof resonanceaspredictedfor high contraststandingwave resonatorsvith nite
waveguide segmentsas cavities, but in the presentcasewith technologicallymore realistic refractive index
contrastswith anincreasedput still reasonabldengthof the devices. Justastwo conventionalrectangular
resonatorstwo Bragggratingbasedrabry-Perotavities canbe cascadeduchthatat resonancéhe composite
device directsthe major part of the input power into a singledrop port, asit is requiredfor anadd-drop Iter
application.

The (surprising)agreemenbetweenthe quite approximatie coupledmode theory model and the rigorous
simulationsjusti es with hindsightthe applicationof the designheuristics that wasbasedon the interaction
betweerthe con ned modesof the port waveguidesandmerelyonespeci ¢ guidedmodeof the centralcavity.
This nding will be particularlyrelevantfor ary stepstowardsfull threedimensionalsimulations,wherethe
coupledmodemodelis the onethatis mostlikely to be extendableo 3D within reasonablémits of computa-
tional effort.

The presentdesignleaves plenty of room for further optimization. Apart from the theoreticallimit of equal
guartertransmissiorto all four portsat resonancethis concernsgn particularthe Braggre ectors: Modifying



the gratingwith the aim of a narraw, properlypositionedbandgagprobablyat the costof anincreasedlevice
length) shouldallow to restrictthe spectralresponsdo a single resonance We have demonstratedhat this
effectcanbeachievedalternatvely by meansof two slightly differentBragggratingsat bothendsof the cavity,
adjustedsuchthat their regions of high re ectivity overlapin only a narrav wavelengthregion. This leads
to devices with in principle in nite free spectralrangeand nesse. Perhapsa dynamicdetuningcould be
consideredif madeactie (by electroopticallyor thermoopticallyin uencing eitherthe cavity, i.e. by shifting
thespectrapositionof theresonancegr by in uencing thegratingregions,suchthattheoverlapof thebandgap
regionscanbeadjusted)in its “on” statethe device would dropa singlewavelength while otherwiseall input
wavelengthsaredirectly transmitted.

Appendix

Assumingthatthe visualizeddevice will berealizedon the basisof embeddedectangulamwaveguidecoresas
sketchedin Figure 11(a),the parametervaluesusedabore ng = 1:6, np = 1:45 correspondo the effective
index projection (top view) of the threedimensionalstructure,at the designwavelengthof ¢ = 1:55 m.
Obviously, whenviewed asanapproximatiorof that3D structurethe presenimodelandthe numericalresults
neglectentirely ary effectsrelatedto light propagatiorin the vertical (y-) direction. Apart from polarization
issuesjn particularlossesdueto out-of-planescatteringn the gratingregionsarenot accountedor.

(@) Ly (b) )y
ny :<g+:<—\—N>: :<W>: Mo <L> véu
i s e e i e
0 X 1 o N, z

Figure11: (a): Crosssectionof the hypothetical3D device, rectangulaiSis N, cores(refractive index ng = 1:98) sur
roundedby a SiO, backgroundmedium(ny = 1:45), with a commonchannelthicknessoft = 0:223 m. (b): Side
view of the Bragggratingregion of the ervisioned3D device. Seethetext for detailson the choiceof the equivalentcore
refractiveindex nc,eq

For a rough estimationof that effect we considerthe Bragg gratingsagain, this time usinga 2D restriction
to the y-z-plane(sideview). Figure 11(b)illustratesthe con guration. The — admittedlyquite heuristic—

dimensionalityreductionprocedurehasto take into accountthata higherordermodeof the cavity is relevant
for the resonatoroperation. In the 3D device, this modeis characterizedby a uniqueeffective modeindex,

wherethepreviousvertical projectionled to thevalueof ngs = 1:540 With thelateralprojectionbeingmeant
asanapproximatiorof the same3D structure the guidedmodeof the cavity corecanbe expectedto have the
sameeffective modeindex. We realizedthis constrainby replacingn¢ by thelower valuenc gq= 1:853 With

this corerefractive index, the singleguidedTE modeof theslabin Figure11(b) propagatesvith the required
effective modeindex ne (Notethata corerefractive index of ne would correspondo a modepro le thatis

constantalongx).

0.8f
0.6F Figure12: Re ectivity R of Bragg-re ectorsac-
o cordingto the speci cationsof Figures2, 11(b),
0ab and Table 1, versusthe vacuumwavelength,for
Bragggratingswith 40 periods. The continuous
0al line correspondgo the re ectivity of the guided

5-thordermodein the “top view” approximation

\ (datafrom Figure3). Thedashecturve indicates
151 152 153 154 155 156 157 158 159 there ectivity of the fundamentamodeaccorad-
I [rm] ing to the “side view” projection.

10



This choiceof the permittivity pro le for the y-z modelleadsto a spectralre ectivity thatpreseresat least
somefeatureof the previoussimulations Figure12 comparesheresults.Radiationlossesareto beestimated,
thereforethe additional simulationswere carried out with the commercialtool [32], using PML boundary
conditionswith the bidirectionaleigenmodgropagatioralgorithm.

The new viewpoint leadsto a spectralcharacteristi¢hatstill exhibits a high re ectivity region at the position
of the former bandgapunfortunatelynow with a smallermaximumlevel andwith a pronouncedIytilted top.

The vertical lossespredictedin this way arelikely to degradethe performanceof the 3D resonatqrcertainly
at the positionof the presentamgetwavelength.Assumingthatthe curve canindeedbe regardedasa realistic
estimateof thelosslevelsthatareto beexpectedor theapproximate@®D structurefor therealizationof the3D

device onewould consequenthhave to redesigrnthe Bragggratingsin threespatialdimensions Apartfrom a
slightreductionof the gratingperiodin orderto shift the highre ectivity region towardsthetargetwavelength,
startingpointscould beto switchto a differentgratingorder(whencountingbandgapegionsin a plot of the
re ectivity versusthegratingperiod,the presenparameterslescribethird ordergratings),or to furtherreduce
therefractive index contrastatthe costof anincreasedyratinglength.
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