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1 Adiabatic directional couplers,coupledmodeviewpoint

A commonmodelfor optical ringresonatorgl, 2] reliescrucially upon an adequatedescriptionof the cou-
pling regionsbetweerthe cavity andthe port channels.Figure 1 shavs a sketchof thatcouplingregion for a
cylindrical cavity.

Figurel: Top view of the directionalcouplerconfiguration:A

sgmentof a cylindrical waveguidecore(WG2) with radiusR,

evanescentlycoupledto a straightwaveguide (WG1). Letters
A, B, a, b denotethe port positionsof the device, p is the local
y-displacemenof thering rim at positionz.

The z-axis indicatesthe dominantdirection of light propagationwith the origin positionedsuchthatthe ar
rangements symmetricwith respecto the planez = 0. The lateraly-axisis orientedalonga radiusof the
ring; y = 0 markstheouterrim of thering atz = 0. At positionz, this outerrim is shiftedto y = —p(z) with
p(z) = R — v R? — 22. Notethatin generala threedimensionatonfigurationis consideredi.e. the port core
may be placedunderneathhering waveguide(seee.g.the crosssectionof Figure?2).

For alargering radius,thestructurecanbetreatedoy meanof moreor lessstandarccoupledmodetheory|3]:

e The optical electromagnetidield is representetby the two single guidedmodesof properpolarization
thataresupportedoy the isolatedcoresof the port andthe ring waveguide. For the presensimulations,
thebendmodesof thecurved cavity waveguidearereplacedy fieldscalculatedor a straight waveguide
with analogousrosssection.

e After assigning— in a by no meansuniqueway — permittvity profilesto the individual waveguides,
thebasisfieldsarecalculatechumerically[4, 5, 6]; for fixedcoredimensionghisis necessargnly once.

o With thebasismodeprofilestranslatedver thecrosssectionplaneaccordingo theactual(z-dependent)
coreposition,local couplingmatricescanbe computedhatestablishthe local coupledmodeequations.
Theimplementedexpressiong7] arejustified asan approximatedescriptionof longitudinally constant
structureonly.

e For (slawly) longitudinally varying structuresone can expectthat thesecoupledmode equationsstill
yield reasonablapproximationsprovidedthatthelongitudinalvariationof thecouplingmatriceds taken
into account. The coupledmodeequationsconstitutea linear systemof ordinary differential equation
with — dueto the varying waveguide distance— nonconstantoeficients. That systemis integrated
numericallyby meansf a standardRunge-Kittaalgorithm[8].

e The solution of the coupledmode equationsestablishthe scatteringmatrix of the directional coupler
elementthe coeficientsof which sene asdirectinput to the expressionsn Ref.[2].

As outlinedin the next sectionsthesestepsprovide a computationallyrelatively cheapmeansfor an approx-
imate assessmentf the couplerperformancebasedon existing implementation®f the modesolver andthe
coupledmodeapproach.



2 Basisfieldsand supermodes

Specializeto a couplercrosssectionasshavn in Figure2. The port waveguidewith corewidth s, thickness
v, andrefractive index ng is embeddedn a mediumwith refractive index ny, buried at a distanceb belov the

surfacez = 0 of thatmedium.The cavity strip of width w andthicknesg with refractve index n, is placedon

top of thesurface,coveredby a materialwith refractve index n,. Thehorizontalpositionof the portwaveguide
is definedby the y-coordinateg (positive or negative valuesareto be consideredpf the corecenter p is the

horizontal,z-dependentlisplacemenof thering rim asintroducedn Figurel.

A\
A\

<

Figure2: Crosssectionview of the couplerstructure.p(z)
is thelocal lateraldisplacemenof the outerflank of thering
waveguidefrom the positionp(0) = 0 atz = 0.

Omittingtheportcore(WG1)to definetherefractive index profile for theisolatedring waveguide(WG2) seems
to be a naturalchoice. Hencethe basismodeassociatedvith thering is calculatedfor a raisedstrip of width
w, thicknesg, refractve index n;, supportedy a materialwith refractve index ny,, andcoveredby a medium
with refractive index na.

Whendefiningtheisolatedportwaveguide,the cavity coreis to beremoved. Mainly for reason®f corvenience
we alsoremove the claddingmedium,extendingthe lower backgroundnaterialto theregion z > 0. To some
dagreethis is justified, becausdor the interestingconfigurationsof coupled,overlappingfieldsthe port mode
profilewill sensamainlythepresencef thering corefor z > 0, notthelower refractive index claddingregion.
Definingthe portwaveguideprofile asarectangulacoreof width s, thickness, refractve index ng, embedded
in amediumwith refractive index ny, allows to usethe port modeprofile asa basisfield for arbitraryvaluesof
theburying depthb.

Thefirstrows of Figures3, 4 shav exampleprofilesfor thebasidieldswith theparametersf Tablel, calculated
by the semvectorialversionof asemianalytidechniqueasdescribedn Refs.[4, 5, 6]. For TE polarizedlight,

thetwo isolatedwaveguidesarealmostphasematchedwith aneffective refractive index of 1.500 atavacuum
wavelengthA = 1.55 um. Thefields areinternally representedy analyticfunctionswhich arenot restricted
to a spatialcomputationalvindow, hencethey arewell suitedfor further processingn the framework of the
coupledmodetheory

s | 2.0um np | 1.45  (SiQy)

v | 0.14 ym ng | 1.98  (SisNy)

w | 2.75pum nr | 1.596 (PMMA-DR1@ 1.55 pm)

t | 1.0um na | 1.0 Table 1: Simulationparametershatleadto the re-
A | 1.55um b € [0.5,2.5] um sultsof Figures3—7,for couplerstructuresiccording
R | 100 gm g € [~3.0,4.0] um to Figuresl, 2.

Thetheoryasformulatedin Ref.[7] leadsto coupledmodeequationsn matrix form
S0,C=—-i(B+K)C Q)
for thevectorC = (C1,Cs)T of z-dependenmodeamplitudeswhereindices1 and?2 referto the port- and

cavity modesrespectiely. Seethereferenceor the precisedefinitionof the2 x 2 couplingmatricesS, B, K
andfor their specificproperties.
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Figure 3: Basismodeprofiles of the ring and of the port waveguide (top row), andthe local CMT-supermoderofiles
(bottom)atz = 0 (p = 0), for parameterasgivenin Table1, with g = 0.5 umandb = 1.0 um. Theplotsshaw the(real)
lateralelectriccomponentt, of the TE polarizedmodes. The relative amplitudesof the basisfields in the supermodes
aregivenhby vectors(0.48,0.82) (left, symmetric-like field) and(0.88, —0.58) (right, antisymmetric-lite field).

Assumingfor the momentthatthe structureis longitudinallyinvariant,Eq. (1) is readily solved by anansataf
so-calledsupermodesasoutlinedin Ref.[7]. The correspondindield profiles,shavn in the bottomrows of
Figures3, 4, canbeviewed asapproximationgo thetwo guidedTE modesof thetotal, compositevaveguide
thatincludesboth cores. The correspondingpropagatiorconstantgs and 8, definea couplinglengthor half
beatlengthL. = 7/(8s— fa) thatcangive afirst hint whethera significantpower transfercanbe expectedrom
alimited couplingregion of this shape Specifically for the configuratiornof Figure3 with largercoredistance,
thuswith wealer coupling,this lengthevaluateso L. = 102 um. Theconfigurationwith alignedcorecenters
of Figure4 leadsto strongercouplingwith a shorterbeatlength L, = 33 um.

The maximumamountof power that can be transferredoetweenthe participatingcoresis indicatedby the
balanceof therelative contrikutionsof the basismodego the supermoddields. For the configuratiorwith mis-
alignedcoresonefinds supermodesvherethe absolutevaluesof the port- andcavity modeamplitudesdeviate
considerablythoughonecanstill recognizea symmetryproperty accordingo the signsof theindividual am-
plitudes),in contrastto the strongly coupledstructure wherethe individual amplitudesareproperlybalanced
in bothsupermodeectors.Hencefor a (still longitudinallyinvariant)couplerwith the parametersf Figure4
of length L. one canexpectan almostcompletepower transfer while for the shifted coresone obseres not
only a couplinglengththatis threetimesaslong, but alsoa considerablyreducedupperlimit for therelative
amountof optical power thatis exchangedetweerthecores.
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Figure4: Basismodeprofilesof the ring andof the port waveguide (top row), andthe local CMT-supermoderofilesat
z = 0 (p = 0), for parametersisgivenin Table1, with g = —w/2 andb = 1.0 um. The plots shawv the (real) lateral
electriccomponent, of the TE polarizedmodes.Therelative amplitudesof the basisfieldsin the supermodearegiven
by vectors(0.62,0.62) (left, symmetric-like field) and(—0.85,0.85) (right, antisymmetric-lile field).

Thisfindingis differentfrom whatis usuallyobsenedfor symmetricakouplerswith two identicalcoreswhere
enlaging the coredistancemerelyleadsto anincreasedeatlength,while still completepower transfercanbe
realized.Closerexaminationof the coupledmodeequatiorrevealsthatthe upperlimit of thepower corversion
is determinedy a phasanatchingconditionthatinvolvesthe propagatiorconstant®f thebasismodesshifted
by a smallamountdueto the presencef the secondcore. While for a symmetricalcouplerboth individual
effective indicesare perturbedby the sameamount,this is no longertrue for a nonsymmetricahrrangement
with differentcore crosssections. Aiming at a nonsymmetriccouplerdesignwith a high maximumpower
transfer onehasto achieze phasamatchingof thebasisfieldsincludingthe phaseshiftsthatareinducedby the
compositerefractive index profile.

For the configurationof Figure3, thelarger phasamismatchis mainly causedy the presencef thelow index
claddingmediumthatlowersthe propagatiorconstanbf the port waveguidemode.For themodesof Figure4,
the port waveguide mode senseghe cavity coreratherthanthe cladding, hencethe effective modeindices
remainbalanced.



3 Mode amplitude evolution

If appliedto the moderatelylongitudinallyvarying structureof Figurel (with large R), thematricesin Eq. (1)
mustbeassumedo dependon z aswell asthe modeamplitudesC'. An ordinarylineardifferentialequation

0:C(z) = —iS™(2) (B(2) + K(2)) C(2) (@)

is to be solved, giveninitial valuesC(—Z).

SofarthemodeamplitudesC; includetherapidphaseoscillationwith z accordingo the propagatiorconstants
of thering andportmodes.To avoid having to follow theseoscillationsnumerically onecansplit off therapidly
varying partby defining

~

A(z) = exp(ifz) C(2), 3)

wherej is the averageof the propagatiorconstant®f thetwo basismodes.If thesearesimilar, the quantity A
canbe expectedto be muchslowlier varyingthanC, allowing for alarger stepsizen a numericalintegration
procedure A satisfiegheequation

9, A(z) = M(z) A(z) with M(z) =i81—iS7!(2) (B(z) + K(2)). (4)

Assumingthat M; = M(z;) is sampledat N + 1 equidistantpoints z; = —Z + jh, for j = 0,...,N,
with h = 2Z/N, and additionally at intermediatepointsM; . = M(z; + h/2), a fourth order Runge-Kitta
integrationroutine [8] canbe formulateddirectly for the propagationmatricesT ; that relatethe discretized
amplitudesA; = A(z;) to theinitial values4y = A(-Z). With T, = 1, the propagationmatricesare
computedstepwisgwith matricesN,;, beingredefinedn eachstep)accordingto

N, = hM;

Ny = hM;i(1+Ny/2)

Ny = hMjy(1+Ny/2) 5)
Ny = hM]+1(1 + N3)

Tj+1 = (1 + N1/6—|- N2/3 + N3/3 + N4/6)Tj,

suchthatA; = T; Ay andC/(z;) = exp(—ifz;) A;.

Figureb5 shavs plotsof amplitudeevolutionsthatarecomputedn thisway, uniformly for integrationparameters
N =40 andZ = 40 um. Onthedisplayedscale the curvesarestablewith respecto both N andZ. Modeling
anexcitationin the port waveguide,the computationstartwith C(0) = (1,0)7.

The presentapproachdoesnot includeary lossmechanismhencethe modalpowers|Cy|? and|Cs|? addal-

waysto unity, atleastwith reasonabl@ccurag. As expectedthe power transferbetweerthe two waveguides
startsonly after a certainpropagatiordistance whenthe coresare suficiently close,andit levels at the end
of whatmay thusbe calledthe couplingregion, with the strongesinteractionaroundz = 0. The plotscorre-
spondto a configurationwherethe corecentersarealignedat thatposition. For a large burying depth,hardly
ary power transferis obsered. Whenb is reduced,i.e. the coresare broughtvertically closertogether the

interactionincreasesyp to almosttotal couplingfor b = 1.0 um. Reducingb furtherleadsto anevenstronger
interaction,i.e. to morerapid oscillationsof the optical power, but the relatve amountof power foundin the
cavity waveguideatthe outputportis reducedagain,dueto the backcouplingnto the port core. Thusincreas-
ing the interactionstrengthby reducingthe distancebetweerthe coupledcoresmay well leadto a lower total

amountof power transfer
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Figure5: Evolution of the basismodeamplitudesaccordingto the CMT equationsfor couplerstructureswith different
burying depthb andparameterssin Table1, with g = —w/2 (centeredtoresatz = 0).

4 Scattering matrices

In theframework of themicroresonatomodel,the coupleroperationis describedn termsof a2 x 2 scattering
matrix T thatrelatesthe outputamplitudesC(Z) = (B.,b,)" to thetheinitial valuesC(—Z) = (A;,a;)".
Thenumericalintegrationof the coupledmodeequationgpredicts

C(Z)=TC(-Z), T=-exp(—i2BZ)Tn. (6)

By virtue of abstrackymmetryargumentd9, 2], oneexpectsarelationin the form

B+ — p kK A+ (7)
by K T ay
with a symmetricscatteringmatrix, wherelosslessoupleroperationrequires 7|2 = |p|? = 1 — |x|2. Though

notexplicitly incorporatedthesepropertieprovide ameango checkthe consisteng of the numericalresults.
For thegivenexamplesthis holdsreasonablyvell, atleaston the scaleof the shawvn plots.

Apart from the cavity attenuatiorconstantthe microresonatoperformancalependsn the absolutevaluesof
the couplingconstants andof the couplertransfercoeficient  (wherefor the presentmodel|7| = |p|). Fig-
ures6 and7 shav exampledor thesometimeguiteirregulardependencesf thesequantitiesonthe parameters
g andb thatcontrolthe horizontalandvertical distanceof the coreswithin the couplerelement.Thesecurves
shouldbe moreor lessexplainableby areasoningaccordingio Section2, 3.
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Figure6: Couplingconstant andtransfercoeficient (absolutesquaresyersusthe centermpositiong of the coreof the
straightwaveguide,for differentvaluesof the burying depthb. Otherparameterareasgivenin Tablel. Thegrayregions

indicatethe extensionof thering coreatz = 0.
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Figure7: Couplingconstant andtransfercoeficient (absolutesquaresyersusthe burying depthb of the coreof the

straightwaveguide, for differentvaluesof its centerpositiong. Otherparameterareasgivenin Tablel.
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