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Abstract: Thepropagatiorof guidedandnoncon nedopticalwavesat x edfrequeng through

dielectricstructureswith piecavise constantrectangulapermittivity is consideredn two spa-

tial dimensions.Bidirectional versionsof eigenmodescomputedfor sequencesf multilayer

slabwaveguides,constitutethe expansionbasisfor the optical electromagneticeld. Dirichlet

boundaryconditionsaresuf cient to discretizethe modesets.Superpositionsf two suchexpan-

sions(bidirectionaleigenmodepropagatioBEP) elds), orientedalongthe two perpendicular
coordinateaxes,establishrigoroussemianalyticasolutionsof therelevantHelmholtzwave equa-
tion on anunboundedg¢ross-shapedomputationatiomain. The overlapof the lateralwindows

of thetwo BEP setscanbe viewed asa rectangulacomputationaivindow with fully transpar

entboundariesSimulationresultsfor a seriesof modelsystemgGaussiarbeamsn free space,
Bragggratings,waveguide crossingsa squarecavity with perpendiculaports,anda 90 bend

in a photoniccrystalwaveguide)illustratethe performancef the approach.
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1 Intr oduction

With their potentialfor high integration densities devices basedon optical microcaities [1] or on photonic
crystals[2] attractconsiderablattentionin photonicsresearchat present.Speci ¢ obstaclegor the modeling
originatefrom the high permittvity contrastsvhich are exploited for effective guiding andtrappingof light
waves: Phenomendik e wide anglepropagatiorand pronouncede ections are essentiafor the interference
effectsthatthe new structuregely upon.

Amongthecurrentsimulationtoolsfor scatteringoroblemsin integratedoptics,the popularbeampropagation
methods[3] are not applicableat all, dueto the underlyingapproximations. Concerningrigorous numeri-

cal simulationsbasedon spatialdiscretizations,nite-dif ference-time-dmain (FDTD) simulationg4] arethe

mostcommonchoice(frequeng domainprogramgHelmholtz-solers)[5] exist aswell, but receve muchless
attention).Unfortunatelythesefully general, nite-dif ferenceor nite-elementbasedschemesreusuallyquite

expensve in termsof computationaéffort, evenin a 2D setting.

Whereapplicable,rigoroussemi-analyticsimulationtools, the classof bidirectionaleigenmodepropagation
(BEP) or mode expansiontechniqued6, 7, 8], canfrequentlyoffer a robust, accurate,and quite effective
alternatve. Packagesvith academid9] andcommerciabackground$10, 11] areavailable;theformalismin
this paperis basedon anown implementatiorasdescribedn [12, 13]. For simulationsin the optical regime,
the BEP algorithmsaresofar setup exclusively alongone major axis of light propagation.This viewpointis
decidedlyinadequatdor the high contraststructuresywhereonewould expectthata rigorous(2D) simulation
treatsbothrelevantcoordinateaxesexactly alike. Theapproachoutlinedin this paperealizeshatrequirement,
basicallyby meansof superpositiorof eigenmodeaxpansionsalongthetwo perpendiculaaxes.

Section2 startswith a speci cationof the problemsetting.Basis elds for the modeexpansiorandtherelated
modeproducts(overlapintegrals)areintroducedn Section2.1. Hereonecanrestrictto eigenmodesf multi-
layerslabsegmentson nite crosssectionintervals with simpleDirichlet boundaryconditions.In contrastto
the complex modesde ned by perfectlymatchedayers(PMLs) [14], thatarenecessaryn corventionalBEP
schemedso realizetransparenboundariesthe basisfunctionsusedheresatisfysimple,well establishedrthog-
onality properties At leastfor the presentosslessstructuresthemodepro les arereal; propagatiorconstants
areto be searchean therealaxis,notin the comple plane.The moreor lessstandardspectraldiscretization
procedurecanbeimplementedn a quiterobustandef cient way.
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The ansatzfor the optical eld is the subjectof Section2.2. By suitableprojectionon the basiselements
the problemis reducedto a setof linear equations. Section2.3 outlinesthis projectionproceduretogether
with our strat@y to solve the problemfor the coefcients in the mode expansion. Modes propagatingin
positive and negative direction alongtwo coordinateaxes play a role in this approachhencethis could be
called a “quadridirectionaleigenmodepropagation”(QUEP) method. Section3 summarizeshe outcomeof
calculationdor several (benchmark}ytructuresf currentinterest.

Necessarilywith the Helmholtzwave equatiorbeingconsiderean a crossshapediomainlimited by Dirichlet

boundaryconditions(perfectly conductingwalls), the simulationsetupresembles crossingof hollow metal
microvave waveguides,for which similar modelingapproachesave beenformulated. Generalformulations
involving analyticexpansiondor differenttypesof relatively simplemicrovave structurediave beengivene.g.
in Refs.[15, 16, 17, 18]; similar lines of reasoninghave beenfollowed in the frameavork of the methodof

lines[19, 20, 21, 22,23, 24]. However, herewe areinterestedn regimesof simulationparametersvhereone
canentirelydisregardary in uencesof the enclosingwalls. Thefocusis onthe eld in theregion aroundthe
opticaldevice,givenasarefractive index inhomogeneityatthe centerof thedomain,andaroundtheconnecting
dielectricopticalwaveguides thatextendalongthe half-in nite endsof thecross.

2 Quadridir ectional eigenmodeexpansion

The propagatiorof continuousoptical electromagnetievavesin linearisotropicdielectricstructuress to be
simulated.Thevacuumwavelength = 2 =k = 2 c=! speci esthe x edangulafrequeng ! corresponding
to atime dependence exp(i! t) of all elds, for vacuumwavenumberk andvacuumspeedof light c. For
a descriptionin two spatialdimensionswe choosea Cartesiarncoordinatesystemwith relevant directionsx
(vertical)andz (horizontal),whereall elds andthe optical permittivity areassumedo be constanalongthe
y-axis. The structureunderinvestigationis given by a piecavise constantrectangularefractive index pro le,
with the dielectric interfacesbeing parallelto eitherthe x or z-axis. We restrictto losslessstructures;all
refractive index valuesarereal.

A X
Nt 1] |
Xn, - e e
Ny | 3
z
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =
) ) Figurel: Rectanguladecompositiorof the computationatiomain.
X1 : : — : Horizontalinterfacesatx,, | = 0;:::; Ny andvertical interfaces
13 : . 3 atzs, s = 0;:::;N; divide the interestinginner region (X; z) 2
XO—I ””” I— [Xo;Xn,] [zo;2zn,]intoNyx horizontalinnerlayersandN ; vertical
0 ‘ 1 ! 2 b Nz ' N2+ 1 innerslices. The outerregionswith layerindicesO andNy + 1 and
Z 7 Lo Zn, sliceindices0O andN, + 1 areoutwardsunbounded.

Interestis in whathappensnsidea rectangulacomputationaWindow [Xo; Xn,]  [2o; Zn, ] Figurel sketches
thedivision of thedomaininto a numberof vertical slicesandhorizontallayers.Heretwo viewpointsarepos-

sible: Whatfollows canberegardedasanapproacho solve the wave propagatiomproblemon the rectangular
inner domain,enclosedoy four boundariesatx = Xo;Xn, andz = zp; zy, thataretransparentor outgoing

wavesandthatallow a speci cationof incoming elds. Alternatively, onecanview this asa methodto ap-

proximatea solutionof the wave equationon an unboundedlomain,consistingof theinnerrectangleandthe

outwardsunboundedxternallayersandslices. Both equivalentviewpointsareoccasionallyreferredto in the

following discussion.

The spectraldiscretizatiorof the optical eld is enforcedby prescribingDirichlet boundaryconditionson the
externalborderlinesz = zp;zy,, X < Xp Or X > Xy, @andX = Xog;Xn,, Z < Zg Orz > zy,. Onehasto
restrictthe simulationsto con gurations,for which the assumptiorof vanishingbasis elds ontheselinesis
reasonableThenext sectionstateghediscretizatiommoreprecisely



2.1 Basis elds & modeproducts

For the presen2D structuresnadeof isotropic materialsthe optical electromagneticeld splitsinto TE and
TM polarizedparts.Dueto thelinearity of the problem,both partscanbetreatedseparatelfandthe solutions
later superimposedyherenecessary)The formulationbelav appliessimultaneouslyo TE andTM polarized
elds.

We rst focus on the decompositioninto vertical slices, which representthe waveguide segmentsin a
corventional bidirectional eigenmodepropagationalgorithm. Within slice numbers, the region (x;z) 2
Xo:xn, ]  [zs 1;2s)], the refractve index is constantalong z, but x-dependen{piecavise constant). We
choosehe eigenmodesissociatedvith the multilayerslabpro le of the slice aselementdor the eld expan-
sionin Section2.2, wherethe modespectrumis discretizedby Dirichlet boundaryconditions,i.e. the basic
component&y (TE) or Hy (TM) of themodepro les areassumedo vanishatx = xg andx = Xn,, aswell
asoutsidethatintenal.

Propagatingndevanescentnodesupto acertainorderM X 1 areincludedin theexpansionsWe applyanota-
tion closeto thatintroducedn Ref.[12]. Pro le symbols I = (Ed Edny i Ednz i HE L HE L HE
collectthe six electricandmagneticcomponent®f modenumberm onslices, the pro le componentsrein
generalcomple valuedfunctionsof x, suchthatfor the presentiosslesgproblemseachcomponenis either
purelyreal or purelyimaginary Modesthattravel in the positive (forwards)and negative z-direction (back-
wards)areidenti ed by symbolsd = f andd = b. With eachbasis eld a propagatiorconstant g, (real
for propagatingelds, purelyimaginaryfor evanescentnodes)is associatedsuchthat > 0( < 0) fora
forwards(backwards)traveling propagatingnode,or i < 0( i > 0)for aforwards(backvards)traveling
evanesceninode.

For purpose®f eld projectionandpowver summationwe emplg thefollowing productof two generalelec-
tromagneticelds ;= (E1;H 1) and , = (E2;H 2):
z 1 “
L2 [xaxe] 2 (ExxHay EgyHox + HyyEax  HixEoy)(X; z)dx: 1)
Xa
Herethe asteriskdenotescomplex conjugation. The notationis meantto be stretchedasrequired,e.g.the z-
positionis omittedin casetheexpressioris appliedto two only x-dependentnodepro les. With thesameeld
substitutedor bothargumentsthe product(1) computethez-componenbf thetime averagedPoynting vector
ofthat eld. Assumingthatequialentpro les areemplcyedforthed|rectlonalmodevarlantsihepcwerassom—
f

atedwith eachindividualmodepro le, usedfor purpose®f normalizationreadPsy, = . KoxXn,] *
f b

if modem is propagatingandPgy, = smi o Sm [xoin in casemodem is evanescentSeeRef. [12] for
theorthogonalitypropertiesof the basismodesets expressed)y theproduct(1).

Uponviewing thestructurealternatvely asa stackof layers,ananalogouspectradiscretizatiorprocedurecan
beapplied.Layerl comprisesheregion(x; z) 2 [x; 1;X1] [2o; zn,]; Within eachlayer, therefractive index
is constantalongthe x-direction. The eigenmodesissociatedvith theselayers,now discretizedby Dirichlet
boundaryconditionsatz = zp andz = zy,, constitutea secondsetof basiselementsfor the total eld
expansion.

We usea hataccentto mark quantitiesthat are relatedto the wave propagatioralongthe vertical axis. Ac-
cordingly the pro le symbolof modem on layerl, thattravels upwardsin the positive x- directiond = uor

: . o d
downwardsin the negative x-directiond = d, reads” |, = (Ef,;E& i ESiHE GHE sHE ). Each
pro le is accompanietby a propagatiorconstant’|,, with the sign corventionasintroducedabove. Perlayer

anddirectionof propagationM * modesupto orderM? 1 areincludedin theexpansions.

Analogouslyto Eq. (1), a productmeantfor elds '\1 = (E1;H 1) and’\z = (E2; H ») thattravel alongthe
x-axiscanbeintroducednow with anintegrationalongahorizontalline:

AN N X _ 1Z Z0 . .
L2 [zazp] T 4 (El;yHZ;Z E1;2H2;y + H1;2E2;y Hl;yEZ;Z)(X’ z)dz; (2
Za
the power associateavith the individual verticalmodepro les is expressedsPim = "1 " im oz 0 1T
. . AU ad . . T
modem is propagatingandP,, = Im5Im [z:2,] N casemodem is evanescent.
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Note that the formulationis someavhat redundant.Assumingthat a horizontally traveling modewith pro le

(x) = (Ex;Ey;Ez Hx; Hy; HZ)(X) andpropagationconstant hasbeencalculatedfor alocal refractve
index pro le n(x) onanintenal x 2 [a;b]. Thenthesamefunctionn, nowv thoughtasbeingrotatedby 90
andviewed asthe refractive index pro le n(z) of alayer, supportsa vertically traveling modewith pro le
"(2) = ( Ez;Ey; Ex; Hz;Hy; Hy)(2) andpropagatiorconstant” = onanintenal z 2 [a;b]. Hence
the entiresetof basismodescanbe representely a uniform datastructure.

2.2 Field ansatz

Using the symbolsasintroducedabose andcommoncomplex notation,we write the following ansatZor the
optical eld in the overlapregion of slices andlayerl:

E ... W 1 it i sm(z zs 1)
H X zt) = FsmP=— sm(X)€" sm s
— Psm
m=0
+ BamPe— 2 (x)e!t*ism(z z)
m=0 Psm
7 1 L _ N 3)
+ Um&— Alum(z) el!t ! Im(X X l)
m=0 Im
(! 1 d i i
+ Dlmq_/\lm(z)el!t+| Im (X x|);
m=0 I'm
validforzg 1 < z< zs, s= 1;:::;Nz,andx; 1 < x < X;,| = 1;:::;Ny. Notethatthe coefcients Fqpn,

A similar ansatas usedfor the outerregions,whereonly modestraveling alongtherespectie coordinateaxes
arepresent.The eld in thehalf-in nite slicess = 0ands = N, + 1 only consistsof forward andbackward
modeswith coefcients Fom, Bom, Fn,+1 ms Bn,+1 m- Onthehalf-in nite layersl = Oandl = Ny + 1, the
eld is expandedsolely into vertical, upwardsand dowvnwardstraveling modeswith coefcients Ugm, Dom,
Un,+1 m» DNy +1 m- Fortheexternalregionsthecoordinateoffsetsin theexponentialsareobsoleteandformally
interpretedasz 1 = Zo, ZN,+1 = ZN,» X 1= X0, XNg+1 = XNy -

A givenscatteringoroblemprescribeshe coefcients Fom, Bn,+1 m» Uom, Dn,+1 m Of theincomingwaves.
For a problemwith guidedwave input, typically only a few (or only one) of theseamplitudesare nonzero,
which correspondo the approximationgDirichlet boundaryconditions)of the physically unboundednput
modes.A moregenerakexciting eld pro le is to be expandednto the basismodeseton therespectie slices
orlayers,wherefor aphysicallyrelevantsolutiononly propagatindi.e. nonevanescentinodescontritute. One
is interestedn all remainingcoefcients, in particularin the amplitudesof the outgoingwavesB om, Fn,+1 m
Dom, UN,+1 m-

With the abore modenormalization,orthogonalityof the basis elds with respecto the products(1) and (2)
allows to write the total optical power thatis sentinto the structureasthe sumof the squarednputamplitudes:

X
Pin = jFOmj2+ IBN,+1 mj2+ jUOmj2+ JIDNy+1 ij: (4)
m; propag. m; propag. m; propag. m; propag.

Analogouslythetotal scatteredputgoingoptical power reads

X . .2 X . .2 X . .2 X . .2
Pout = IBomJ< + JEN,+1m]o JDom]” + JUNy+1 m]°: (5)
m; propag. m; propag. m; propag. m; propag.

Enegy conseration requiresthat thesequantitiescoincide (thereare no evanescentvavesin the incoming
elds, hencethe evanescenmodesdo not contritute to the power balancd12]). If externalwaveguidecores
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arepresentpneis usuallyinterestedn the guidedpartof the outwardsscatteregpowver. Thesumin Eg. (5) is
thento berestrictedto the coefcients of theinterestingcon ned modes.

Now it is corvenientto combinethepreviouscoefcients andthemodenormalizatiorfactorsinto dimensionless
modeamplitudesf sy = Fsm=Psm > bsm = Bsm=Psm» Uim = Um=P 2, dim = Dim=P52. For a more
compactotation thesearemeigedinto amplitudevectorsf ¢ = (fsm), bs = (bsm), Uu; = (Uim), d; = (dim).

2.3 Algebraic procedure

Assumingthatthe basismodesare properlyconstructedthe superpositio{3) satis esthe Maxwell equations
exactly in all points of the computationabdomain,with the exceptionof the slice andlayer interfaces. The
coefcients of the expansionareto be determinedsuchthatacrosgheinterfacesthe tangentiacomponent®f
thetotal electricandmagneticeld arecontinuous.Via the curl-equationsthis implies suitablecontinuity or
discontinuityof thenormalcomponent®f E andH .

2.3.1 Horizontal bidir ectional eigenmodeexpansion

Consideran inner vertical interface rst, thatseparateslicess ands + 1. The eld expansiongrelatedto
the adjacenslicesare evaluatedat the interfacepositionz = zg, andformally equated.The equationshould
includeonly thetangentiakomponent&, , E,, Hy, Hy; only thesearerelevantfor the product(1). Assuming

d : . - . .
exactpro les A|m(z) of thevertically traveling modesthe contritutionsfrom thesebasis elds to theequation

cancelin caseof aninnerinterfacewith indexs2 f1;:::;N, 1lg.
To extractalgebraicrelationsbetweerthe involved coefcients, the equationis projectedontothe basismodes
of thetwo slicesby applyingthe products gn; ' oxny] and §+l N o] Inthe rst caseoneaobtains
thefollowing setof equationswritten directly in matrix form:

D3 TSf ¢ + DSpbs = (OF) f aq + (O5g) T besy ; for d= f;b; (6)

wherethe asteriskdenoteghe adjoint. The elementof thedirectionaloverlapmatricesaregivenby
- d. - d . :
(D(Sir)nm - sn» gm [XO;XNX] and (Ogr)nm - s+l n» ;m [XO;XNX] . (7)
The diagonalmatricesD§, containthe orthogonalitypropertiesof the basismodes[12] on a speci ¢ slice.
Overlapsbetweerthe modepro les of differentslicesarestoredin the operatorsOg, . The diagonaltransfer
matrices

(Ts)nm = € i sm(zs Zs 1) nm s (8)

representhe exponentialdependencef the modal solutionson the propagatiorcoordinate herethe z-axis,
with nm = 1if n = m, and ,n = 0otherwise.

Likewise,the projectionontothebasis elds of slices + 1 yieldstheequation
S Tf 6+ Ofpbs = D f iy + DS TS bgyy 3 for d=f;b: 9)
By usingtheoverlapmatricesasde nedin (7) assub-matrice$or thelargeraggreates

DS Dj, o° O

S — . S — .
T oy ooy, 0 9T o o 4o
andby combiningtheseinto the operators
1 1y 1 M> Mg,
) . e + . -
MS = (D%) *(O) ; MS* = (D) *O%; MS = MS Mfstg ; (11)
bf bb



Egs.(6), (9) canbegiventhe morecompactorm:

TSfs _ MY Mg fop . f o1 N Y R ¥ AR N (12)

bs MG Mpp  T5ben TS bse M5 Mpy b
Assumefor themomenthatonly thesystem(12) determinesvhathappensroundhejunctionatz = zg. Then
f ¢ andbsy1 mustberegardedasgivencoefcients of incidentwaves;thejunction scatteringoroblemis to be
solved for the coefcients f ¢,; andbs of the outgoingwaves. One obseresthatthe system(12) is twofold
overdetermined.

In the limit of anin nite numberof terms,the modalbasisfunctionsusedfor the eld expansiongepresent
completesetsof functionson theintenal [xo; Xn, ]. Hence,in thislimit, the formal equalityof elds thatafter
projectionleadsto Egs.(6), (9), becomesxact; correspondinglfegs.(6), (9) andlikewisethe rst andsecond
partof EqQ. (12) becomesquivalent.

Thenumericaimplementationhowever, requiresarestrictionto a nite, sufciently largenumberof expansion
terms,whereone canexpectthatthe former statementsirestill approximatelysatis ed. To proceeda subset
of the system(12) needgo be selected We choosehe sub-equationsdicatedby the symbols in Eq. (12),
for thefollowing reasonsBasedon this choice,the algorithmasoutlinedbelov allows to avoid applyingthe
inversesof the matricesT® (which would include exponentialsgrowving with the slice length, relatedto the
presencef evanescenimodes). The procedurds formally applicableto expansionswith differing sizesM &
on eachslice,andthe algorithmis “as implicit aspossible”. Concerninghe numbersof expansiontermsand
theextensionof theslicesandlayers,the simulationsappeato be unconditionallystable(cf. thecorresponding
remarksn Ref.[13]). Perhap®therchoicesarepossibleanduseful;whatfollowsis basednthetwo equations

bs = Mpi foug + Mpp T bsra s o = MSTTSf o+ MG bs; (13)

establishedor eachinnerverticalinterfaceatz = zs, s= 1;:::;N, 1.

Now Eqgs.(13) areto be combined with atwofold aim. For the subsequentonnectiorwith the elds on the
outerslicesandwith theperpendiculareld expansionpntheonehandonewouldlike to relatetheamplitudes
onslices = 1tothoseonslices = N,. Ontheotherhand,theamplitudeson theintermediateslicesareto be
expresseaxplicitly in termsof thoseon slicesl andN ;.

As a st step,Egs.(13) arerearrangeduchthatfor eachjunctionatz = zg the amplitudesof the “outgoing”
wavesareexplicitly givenin termsof theamplitudesof the “incident” waves. After computing

— i+ ) o — i+ ) i+ .
F=(1 Mfg_ Mgsf_+) 11Mss. " s =1 Mfsg_ Mgsf_+) 11|\/|ng_ M (14)
S — y ’ , T S — ’ y .
br = (1 Mgp Mg™) "Mye M™ 5 Jgp = (1 My Mg™) "My, 5
thisreads
for = FTSF g+ I5T5 besq ; s=1:::N, 1 (15)

bs ngSf s + ngTS‘Fl bs+l ,

Theniteratively matricesareassemblethatcoverasequencef slicesin thesameway, i.e. thatfor thesequence
of innerslices2 to s relatethe coefcients by andf ¢,; of “outgoing” wavesexplicitly to the coefcients f |
andbs.1 of “incident” modesobviously thisis relevantonly for N,  2):

f s+1 = KSTlf 1 + KbeTS+l b5+1 ,

by KS, T g+ KS, TS gy ; S biiiiNz 1t (16)

Startingwith K, = Jcljr andusingtheintermediatequantities

N Kiq-lryligfﬂ Ts++11) 11K2+;1 +1 Abe - K§t3-1|—5+1+‘:32f+1-r5++11) llKit-)i--ll—s+l Jggl; (17)
Ajr = (1 I TSTRKETS™) =3 TSKS, ARy = (1 J " TS™KRTS™) ~Jp s



thematricesK3, canbecalculatedalongtherecipe:

K™ = T Al Kips = FHTSLAG + 35t (18)
Kii™ = K+ Ko T AR Kt = KR TS AR,

After the nal step,thematricesK('}'rZ ! covertheentireinnersequencef slices,asrequired:
fn, = KN2 1T+ KE? 1TNzpy, ; 19)
by = K T o+ K 'TNzby,

In akind of backsubstitutioprocessthesystenis solvedfor theintermediateoefcients, giventheamplitudes
of the “incident” modeson the outerslicesof the sequencéthis is relevantonly if N,  3). Startingwith
S\ 1= A}? 2 iteratvely matricesS5, arebuilt accordingto the equations

IS 1_ AS 2 4 Afsb 2-|—ssgf : Sb 1_ A?b 2-|—ssgb;

1_ 2 2 . 1_ 2 . (20)
Shr = AN AL TS S = A TSk
suchthat
fo= STH  + STV by, ; (21)

bs = STH 1+ ST 7y,

As anintermediatesummarytheseformulasallow to computematricesK g, = K* ' andS;, thatconnecll
amplitudesof horizontallytraveling modeson theinnerslicesin anexplicit way:

fn, — K Kp T, . fs _ S S T,

Basically theprecedingormalismrepresentacorventionalBEP algorithm thoughonethattakesinto account
simultaneous ux from bothendsof theslicesequence.

2.3.2 Vertical bidir ectional eigenmodeexpansion

We now switchto a viewpoint, thatconsiderghe structureunderinvestigationasa stackof layers,in placeof
theformersequencef slices. By substitutinglayersfor slices,replacingthe product(1) by (2), andapplying
projectionsonto the basismodesrelatedto the decompositiorinto layers,connectomatricesfor the vertical
wave propagatiorcanbeestablishedn a preciselyanalogousvay. Theresultingrelationsread

UNe  _ R Rug flug = S éIUd T,
d; Rdu Rdd ?NXdNX ’ d gldu éldd ?NXdNX

Hereagainthe hataccentdenti es the quantitiesrelatedto the “vertical” BEP setting.

2.3.3 Combination of the horizontal and vertical expansions

It remainsto look at the boundariesof the computationalwindow, i.e. at the interfacesbetweenthe inner
rectangleandthe outer half in nite slicesor layers,respectiely. Thiswill leadto a connectiorof thetwo —
sofarindependent— BEPrepresentationfor theinterior.

We rst focuson theleft verticalboundaryof the computationalvindow. Onslice 0 ontheleft of thejunction
atz = zg, the eld expansionconsistf forwardsandbackwardstraveling modesonly, while in slice1 onthe
right of the junction, the full expansion(3) applies. As before,the component&,, K/, Hy, Hy, evaluatedat
Z = Zg, areequatedWith theverticalmodepro les vanishingontheleft of thejunction,now the contritutions
of theupwardsanddownwardstraveling basis elds do not cancelin theseequationsWe follow theprocedure
alongEgs.(6)—(13),whereadditionaltermsrelatedto the coefcients u; andd, have to betakeninto account.
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Theprojection  §,; : [Z)fo_XN |

in theequations

of theequatedxpansionntothe basispro les of theexternalslice O results

X X
DSf o+ DYybo = (OF) f 1+ (OYy) T'oy+  Cl2uj+  Clfd;; for d=f;b: (24)
=1 =1

De nitions (7) and(8) apply;additionallythe cross-eerlaps

8 A
" .
sl z < gn; Alm(z)e Him0c X1 ) [ZX| 1311 forr = u;
(Car)nm = . Ad PN z (29)
bood el gy d im(X o x) forr = d;

[xi 1]

appearEqgs.(23) canbeusedo eliminatethecoefcients relatedio theinternallayers.Thatleadsto thesimpler
equations

D%f o+ DYybo = (OF) f 1+ (OY) Tby+ ViPuq+ ViZdy, ; for d=f;b; (26)

wherethe summationsarenow shiftedto the matrices

N¢ 1
Vsz — sIz§uu SIZéldu -‘rl slz + C%L\lx zkuufl_l_ C(Sjézkdu?l;

=2 27)
N 1
Vid = CouSla + CafSha TN+ g 7 + COx PRy TN + Cgg*Raa TN
1=2
Likewise,the projection ‘1"”; : [Zfo,XN ]ontothemodesofslicelIeadstotheexpressions
O%f o+ O%ybo = DXf 1 + DY Tioy + ViZuy + ViZody, ; for d= f;hb (28)

Usingthede nitions (10), (11) andadditionally

SZ SZ
Vi Vi

VSZ - .
Sz SZ ’
Vbu Vbd

0; 0;
RO; — (DO) lVOZo; RO;+ — (Dl) 1V120; RO; — Rﬂ_’| Rf(;’i : (29)

Egs.(26), (28) canbegiventheform

fo _ MZ be fr, Rfu sz ur

bo Mpi My Tiby Rou  Rog dny
f 0;+ 0;+ f 0;+ 0;+ (30)
. = I\/IO'+ M]E)b+ 0 RBU'+ R0'+ o

T by Mpi Mpp bo Rou  Rod A,

As for the internalinterfaces,the system(30) is twofold overdeterminedpnly the two rows marked by the
symbol , i.e.only theequations

bo = MY 4+ Mg Tl + RY, ug+ RY, dn,

f f . ) 31
fo= M fo+ Mg by RYTu; R dy, (31)

enterthe furtherprocedure.

Analogously the remainingboundarief the computationawindow canbe handled. Using the de nitions
(10),(11),(27),and
|
Nz; Nz; .
RNZ; - (DNZ) 1VNZ N, ’ RNZ;+ - (DNZ+1) lsz+l N, ’ RNZ; - ’\l]l ) ’\(lj ) ’ (32)
Roe' Rod’



oneobtainstheequations

b, = Myt fpu + Mps byya Ref un Ryd dy,
- Nz;+ +N Nz;+ z;t z;+ (33)
fn,e10 = M T2, + Mg by, + R ur+ Ry dn,
for theright, verticalboundaryatz = zy;, .
With the cross-werlapson the upperandlower horizontalinterfaces
2 i sm( )
< nd o i z z x e
; x)e ' sm s 1 _ forr = f;
(ClSX)nm = /\Idn Zm( ) i (Z Z) . [zs 1:zs] (34)
: Ins  sm(X)€ sM S e 124 forr = b;
with therelatedmatrices
N¢ 1
O = Clis*s + Csxsy T+ CF + G K T+ Cp* KT
s=2
w1 (35)
V= BSOS, T B KT E T
s=2
andassignmentanalogouso Egs.(29), (32)
Qlx (lx . , . R%  RY
M=ol ot o RY = (B9 M0er RO = (BY) e RO = @ab . (39
df  Vdb df db
N x Nx;
QNX; — (DNX) 10NXXNX; QNX;+ — (DNX+1) 10Nx+lXNx; QNX; — ENX Eﬁbx : (37)
df db
onearrivesattheequations
do = IOIOU U1+|O| er1+ ngfl'f' ng bNZ’ (38)
ui = IOIUU Upg+ IOIud do §O+ hﬁb bNZ
for themodeamplitudesaroundthe horziontalinterfaceatx = X, and
de = 'Olglx; UNny+1 t 'OI X de+l thfX; fl thl;(Y sz; (39)

UNy+1 = Kl FENuy, + 'O'E'dx dn, + stx;+f 1t Qbe;erNz

for thecoefcients relatedto theinterfaceatx = Xy, .

Finally, onehasto combineEqgs.(31),(33),(38),and(39). A possiblesolutionprocedurestartswith eliminating
the coefcients f _, b1, un,, d1, by usingthe rst equalitiesof Egs.(22), (23). This resultsin explicit
dependencesf the primary unknawns b, f .1, do, Un,+1 Onthe coefcients f 4, bn,, U, dy, of the
inwardstraveling waveson the outermosslicesandlayersinsidethe computationalvindow:

frger = MUETTNR T b (MM TR TN + M2 )by, + R U + R d,

bo = (Mg + Mg, THeTHf 1+ Mp, THpp TNby, + RE, us+ Rpg di, s (40)
UNy+1 = ng fqo+ QNX bn, + + R0 TN R T ug + (05 TR g TN + 'Olch;'Jr)de;
do = Ry fq+ ﬁegb bNZ + (RS + AG, TR THuq + NG, TR TNy, ;

Substitutingtheseexpressionsnto theremainingfour matrix equationsesultsin thefollowing linearsystem

0 X X X M¥*f
Xpt Xpb  Xbu de § %Mbb’ bNZ+1E . (a1)
Xuf Xub qu uu Uo ’
Xdat Xdb  Xdu de de RN dnyet
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with submatrices

X =1 MpE" (Mg + My TR T X = Mg"Mp, T TNz

— pO+ 0+ 50; . — pO+ 0+ 0; .

Xiu = Rfu be Rbu , Xid = Rfd be Rbd ,

Xpt = ,'Ylglfz; MN,\T;+TNZK T Xop =1 M (,\llvlf'\tlf;+ + MNEF TNz R TN2);
— z, z, 2t — z, z, 2t

Xbu = Rbu be Rfu , Xbd = Rbd be Rfd , (42)
— A0+ 0;+ AO; . — A0+ 0;+ AO; .

Kuf = ﬁuf 0_'<Z|ud Sdf S Xup = peub 0t moqd de ’

Xw=1 K07 g, + 05 TR TY; Xua = M0y gy TRag TNx

X = Ry Bl Ry Xap = Ryg"  Rgy” R

Xdu = IOIduX IOIUL](’-'-?NX kuu'lrl; Xga = 1 mdux (I<>|uo|xy+ + 'OIULJX'+-?NXkud?NX);

wherethe given coefcients f , bn,+1, Uo, dn, +1 Of the incomingwaves on the externalregionsform the
right handside.Via Egs.(22), (23),and(40), a solutionof Eq. (41) determinesll unknawvn coefcients in the
expansion(3), i.e. solvesthe scatteringproblem.

3 Numerical examples

While a detailedstudyof corvergencepropertiesof the QUEP schemeaemainsbeyondthe scopeof this paper
we give afew remarkson obserationsduringthe practicalexecutionof the simulations.

Thescheméhasbeenimplementedisingthe object-orientedeaturesof the C++languageascloseaspossible
alongtheabstracformulationof Section2. Theimplementatiorrestsonamodesolver for multilayerdielectric
slab waveguides. For the presentlosslessstructuresthe basis elds can be restrictedto pro les with real
transersecomponentsandeitherpurely real or purelyimaginarypropagatiorconstants.The internalmode
representatioaswell asthe computatiorof overlapintegralsis keptasfar aspossibleon ananalyticallevel.

Themodesolverenginereliesonasearchalgorithmalongtherealaxisof squaregropagatiortonstantsgriven
by thenodalpropertiesof thebasismodes.Theroutineshave to work reliably for rathernonstandardefractive
index pro les, thatemepgefrom thealternatve horizontalandverticalviewpoints. Whereapplicable symmetry
propertiesareexploitedto resolve modedegeneraciesln afew instancespermittivity pro les becomeelevant
that consistof individual regions with high refractive index, separatedy a relatively large low index gap
(examplesarethe centralvertical sgmentandthe centralhorizontallayerin the photoniccrystalstructureof
Section3.5). For thelowestordermodeswith exponentiakhapesn theintermediatdow index region, thehigh
index partsarenumericallydecoupled.The modesolver treatsthesecasesaccordingly:Up to a suitablelimit
of effective index, the lowestorderbasis elds aredeterminedseparatelyor the decoupledegions,andthen
joinedwith the higherodermodescomputecdbn the entireintenal to form the full expansiorbasis.

The QUEP algorithmturnsout to be quite robustin generalwherethe quality of the approximationis deter

mined by the numberof expansiontermsused,and by the extensionof the computationawindow. Values
for theseparametersiregivenfor the speci ¢ examplesin Sections3.1-3.5.Sofar the choiceof the window

boundariexo, Xn, , Zo, Zn, IS @ matterof intuition (andof testson the stability of speci c resultsversusthe
boundarypositions),wherethe extensionof the guidedmodesin the problemcangive an orientation. In the
limit of in nite expansionsthe completenespropertieof the basismodesetsguaranteén principlea perfect
matchingof the elds at the horizontaland vertical interfaces. For a nite setof basismodesthe adjacent
elds canmatchmoreor lessadequatelydependingon the structureunderconsideration.Apart from an er

roneouslydiscontinuouseld, aninsufcient numberof expansiontermsusually shavs up by a violation of

power conseration.

Occasionallywhencomputingseriesof varyingcon gurationsusing x edsettingsfor the computationalvin-
dow andthe numberof basismodes,singularinstabilities(i.e. few valuesoff an otherwisestraightline) were
obsered. If magni ed, theseinstabilitiesexhibit a resonant-lik behaiour, with respectto more or lessall
structuraland computationaparametersWe did not perceve a correlationwith singularbasismodeproper
ties, e.g.a modeapproachinga cut-of con guration. The phenomenorappeargo be more pronouncedor
simulationsof TM polarizedlight, wheretheelectric eld componentsireknown to exhibit sharpsingularities
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arounddielectriccornerg25, 26]. Drasticallyincreasinghe numberof expansiontermsleadsagainto regular
results,at the costof a high computationakffort, which doesnot seemto be adequatevhencomparingwith
neighboringcon gurationsin a seriesof simulations.

Fortunatelythe singularinstancesrealwaysaccompaniethy pronouncedaerrorsin the power in- andout ow
balance.Hence althoughthe preciseorigin of theinstabilitiesremainsunclear we could apply the following
practicalapproacho regularizethe computationsThe computationalvindow shouldideally notin uence the
resultsatall, apartfrom thecornerpoints;thisin factholdsreasonablyvell in caseof theregularcon gurations.
Neverthelessthe shapeof the nonguidedasismodesis dominatedoy the positionof the window boundaries.
A particularmismatchof basismodesetsin caseof a singularcon guration canthusbe alteredeffectively by
shifting Xo, Xn,, Zo, Zn,, andhereone obseresindeeda strongin uence of thesepositions. Therefore,a
solutionof Egs.(41) is acceptedif theratio of thetotal input andoutputpower is calculatedwithin a narrav
intenal aroundl (uniform limits e.g.usedfor thewaveguidecrossingsn Section3.3(TM) are[0:995 1:002).
Otherwisesimulationsof the samestructurewith slightly shiftedwindowv boundariegdisplacemenfor Sec-
tion 3.3, TM: subsequentl:05 m, 0:1 m, 0:2 m) aresubstituteduntil the powver conseration criterionis
satis ed. This stratgy leadsto the moreor lesssmoothresultsasshavn in Sections3.1-3.5.

The computationakffort of a QUEP simulationis roughly comparabldo two timesa BEP simulationof the
structureunderinvestigation,where rst the sequencef inner vertical slices,secondthe sequencef inner
horizontallayersis consideredThis correspond#o theprocedurghatleadsto Egs.(22) and(23). Additionally,
thesystem(41)is to beanalyzednce.Hencethelargestmatrix for which alinearsystemof equationss to be
soledis of asize(M{ + MY, + M{+ M{ ) (M{+ M + Mf+ Mf ), orofasize(2My + 2M;)
(2My + 2M,) in asettingwith uniformexpansiontermsM & = M, andM? = M., i.e. of aboutfour timesthe
dimensionof the matricesthatareto beinvertedin theinner BEPs. Note thatthe BEP partsof the procedure
could be regardedas a way to solve systemsof linear equationsfor 2(N, + 1)My unknavns in the slice
decompositionor for 2(Ny + 1)M, unknavnsin the layerdecompositionIn total thesearesystemgthough
with aspeci ¢ block structure¥ar largerthanthedimensionof (41). Obviously the effort dependrucially on
thenumberaN, andNy of slicesandlayers;thesolutionof Eqg. (41) doesnot dominatethe operationcount.

3.1 Gaussianbeamsin freespace

Wave propagationin free spaceis selectedasa rst, mostsimpletest. Figure2 illustrates eld pro les as
predictedby the QUEP algorithm, for Gaussiarbeamsexcited on arbitrary sidesof the inner computational
window. The eld is discretizedoy My = M, = 150 Fouriercomponent@longboth coordinateaxes,on a
window of [0;15:1] m [0;151] m. Apartfrom theinnerrectanglethe plotsinclude partsof the external
regionsaswell; thewedgesatthe cornersindicatethe outerDirichlet boundaries.

Inset(a) shavs a beamtraversingthe computationaWindow alongthe z-axis,andthe correspondingpreading
of the Gaussiarpro le. This is what canbe expectedfrom a corventionalBEP implementation.According
to (b) and(c), herebeamscanbe launchedalongthe vertical x-axis aswell, or simultaneoushfrom all four

sides;thetwo axesaretreatedalike. For parts(d), (e), and(f), beamsarelaunchedon oneof the verticalsides
underahigherangle,suchthatthey leave thewindow via oneof thehorizontalsides.With the QUEP approach
fully transparenboundaryconditionsarerealized thatallow for simultaneougn ux andout ux alongthefour

edgef theinnercomputationawindow.

Similarcalculationshouldbe possiblewith aconventionalBEPschemeaswell, if suitablyadjustedransparent
boundaryconditiong(typically perfectlymatchedayers seee.g.[14]) areincluded.Thiswouldrequireto rotate
thesimulationsettingby 90 (b,c),to employ aformulationwith doublesidedin ux (c, f), andto superimpose
four (onesidedin ux) ortwo (doublesidedin ux) separatsimulationsfor computingtheinterferencepatterns
in (c). Notethatsucha superpositiorapproactwould be considerablymoredif cult if guidedwave in ux and
out ux alongmorethanonecoordinateaxisis to be modeledasin the examplesof Sections3.3-3.5.

The eld plots shav only minor in uence of the cornerpoints, wherethe basiscomponentE (TE) or Hy
(TM) are enforcedto be zero. Waveswith cylindrical shapeare visible, originating from thesepoints, with
majoramplitudesn theexternalregionsx; z < 0orx; z > 151 m thatdo notbelongto theactualcomputa-
tionalwindow. Within the presenformulation,theremnantsmall perturbationsnsidethewindowv canonly be
suppresseby enlaging the computationatlomain,or by modifying the positionor aspectatio of thewindow.
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Figure2: Propagatiorof Gaussiarbeams,TE waves( = 1 m) in ahomogeneoumediumn = 1:0. The plotsshav
snapshotsf the opticalelectric eld pro le Ey. (a)—(c): Beamsg(width4 m, tilt anglel0 , offset2 m with respecto
the centerof thewindow) arelaunchedrom the left andbottomedgesandsimultaneouslyrom all four edges(d) — (f):
Centeredbeamsnow with atilt angleof 45 , arelaunchedsuchthatthe raysleave the computationavindow acrosshe
upperandlower horizontaledgeswhile they areexcitedon theleft andright edgesof the domain.

3.2 WaveguideBragg gratings

As an example for a more involved structurewhere transparentoundariesare essential,we considera
waveguide-Bragg-gratingvith varying etchingdepth,usedasa benchmarlproblemto comparedifferentmod-
elingtoolsin Ref.[27]. Figure3 introduceghe geometry

A X
Na
1 2 »;g« > NQ
Py T Ta, P
— dg ng it | ———
PR v —
i z

Figure3: A waveguide-Bragg-gratinghenchmarkroblemfrom Ref.[27]. N g = 20 groovesof widthg = =2 anddepth
de areetchednto a slabof thicknesslg = 0.5 m, with aperiod = 0:430 m.ng 1:45ng 1:99 andng= 1.0are
therefractive indicesof the substrate,Im, andcoverlayers.

Thegratingis excited by the guided, TE polarizedmodeof the outerslabwaveguide;interestis in the relative
guidedtransmittedand re ected power fractions. The benchmarkrequiresto incorporatethe realistic wave-
lengthdispersiorof thecorematerial,accordingto arecipeasdetailedin Ref.[27]. Thedispersions included
in all computationsinderlyingthe curvesof Figure4, where,onthe scaleof the gure, only very minor differ-
encedo resultsfor ns = 1:45, ng = 1:99 appearAll QUEPresultsareobtainedwith acomputationaindow
[20;241] [Xo;Xas] = [ 1:8;10:185] m [ 4;2] m, discretizeduniformly by M, = 120andMy = 60
basisfunctions.

The curveslabeled“BEP, PML h.c’ correspondo the BEP2resultsof Ref. [27], computedby meansof
a bidirectionaleigenmodepropagationalgorithm[28, 7] with perfectly matchedlayer boundaryconditions
[29, 30]. Thecomparisorto other entirely differentapproachei Ref.[27] givessomecon dencethatthese
resultscan sene as a reliable reference. One obseres an excellentagreementvith the QUEP results. In
contrasto thereferencBEP, the periodicity of the gratingis not exploitedin the QUEP formalism. Therefore
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Figure 4: Spectral responseof
waveguide Bragg gratingsaccord-
ing to the speci cationof Figure3.
The plots shaw the relative guided
transmissiorPt andre ection Pgr
B ' ' ' ' ' ' ' ' asa function of the vacuumwave-
length , for three different etch-
ing depthsde. Bold continuous
lines indicate power levels as pre-
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the computatiortimesarenot comparablethe presenQUEP algorithmis certainlynot a methodof choicein
caseof piecavise periodiccon gurations,whereasimulationcouldmalke useof theBloch-or Floquet-theorem.

For comparisonFigure 4 includesalso curves for BEP computationswith basis elds de ned by Dirichlet
boundaryconditions(actually half of the QUEP basis elds), on the samerathernarrav vertical window
x 2 [ 4;2] m asusedfor the QUEP simulation. While one nds a moreor lesssatisfyingagreementvith
the more sophisticatecapproachei the long wavelengthregions, for shorterwavelengthsthe behaiour of
the “Dirichlet BEP” becomesentirelyirregular Theresultsin this wavelengthregion dependstronglyon the
boundarypositions,indicatingthatre ections from theseboundarieglisturbthe computationsaroundthe cor
rugatedwaveguidecore. Ohviously thesere ections canbe suppressedffectually by meansof the additional
verticaleigenmodexpansionn the QUEP approach.

3.3 Waveguidecrossings

Structureswith guidedwave input and outputalongboth relevant coordinateaxes are mostinterestingin the
presentontet. Figure5 shavs resultsfor a seriesof waveguide crossingswith varyingwidth of the vertical
core. Light with x edvacuumwavelengthis launchedvia the fundamentalalternatvely TE or TM polarized
mode of the horizontalwaveguide. The plots shav only the guided partsof the outgoing power fractions.
The QUEP simulationsuseuniformly My M, = 120 120expansiontermsonasymmetricé m 6 m
computationalvindow. In particularfor the TM computationsn this example theregularizationtechniqueas
discussedtthe bayinningof Section3 hadto beapplied.

As it is to be expectedfor the high refractive index contrastwaveguides,the simulationsyield quite different
transmissiorcharacteristicéor TE andTM polarizedlight. Concerninghelossesandthe guidedpower scat-
teredinto the vertical waveguide,theintersectiorhasa muchstrongerin uence on the TE wavesthanon TM
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Figure 5: Simulationsof waveguide crossings,dependencef the relative guidedpowersPg, Pt, Py, Pp, that are
re ected, transmitted,and upwardsand downwardsscatteredrespectiely, on the width v of the vertical core, for TE
polarization(left), TM polarization(right), anda vacuumwavelengthof = 1:55 m. The horizontalguide (thickness
h = 0:2 m, refractive indicesny, = 1:45 (backgroundhndng = 3:40 (core))is intersectedy a verticalwaveguide of
variablewidth.

polarizediight, while the guidedre ectionsaremorepronouncedor TM polarizationthanfor TE light.

Perhapghe differencein the strengthof the vertical scatteringcould be explainedby imagininga properly
polarizedoscillating dipole at the exit (x = 0;z = v=2) of the left half of the horizontalcore. While
its radiationcovers both the x- and z-directionsin the TE case,for TM polarizationthe (2D) radiationis
orientedmoreor lessalongthe z-axis. Henceonly minor power fractionsof TM light areguidedupwardsand
downwards.

¢ v|=0.827 mm, TE

0 0 0 0
z [mm] z [mm] z [mm] z [mm]

Figure6: Light propagatiorthroughthe waveguidescrossingof Figure5, snapshotsf the opticalelectric eld E (TE,
top row) or of thebasicmagneticeld componenH (TM, bottomrow), for differentwidthsv of the verticalcore.

Oneobseresan oscillatorybehaiour of all cunesin Figure5. For a seriesof con gurationswith maximum
guidedre ection, Figure6 collectssnapshotsf thebasis eld componentsgvaluatedattimeswherethe partly
standingwavesin the input waveguide are at extremallevels. Apparentlythe oscillationscorrespondo the
growing numberof guidedmodesthatare supportecby the vertical core: At leastfor the TE polarized elds
onecanidentify thenodallinesof thevertically propagatingnodesalthoughtheactual eld will bethebeating
patternof a modesuperpositionWith growing v, the vertically traveling elds thateventuallybecomeguided
TE modeqpropagatingnonevanescentlds with effective indicesbelav thebackgroundevel n) carrysome
power evenbelown cut-off. Thereforeoneobseresthediscontinuitiesn the curvesfor Pp andPy atthewidths
v wherethewave is actuallycountedasa guidedmode.Thisis obviously notthe casefor TM polarization.

Widthsv with vanishingre ection arepresenfor bothpolarizations.Probablythe almostperiodicoscillation
of Pr with v canbe interpretedasa Fabry-Peroteffect of the transitionacrossthe vertical core: Apart from
signchange®neobseresvery similar eld patternge.g.distance®f the rst maximum/ minimumfrom the
junctions)in the horizontalinput and exit waveguide segments. For the extremal con gurationsof Figure6,
integer multiplesof half wavelengthsnsidetheverticalintersectiormatchthesameeld extensionsn theleft
andright partsof the horizontalcore.
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3.4 Square resonatorwith perpendicular ports

A squaremicroresonatorsinvestigatedn [31, 13] senesasan examplehow the presentapproachcanade-
guatelycaptureresonanc@henomenaWe considera cavity constructean the basisof a slabmodeviewpoint
asoutlinedin [32], herea threeport con guration with two perpendiculabus waveguidesaccordingto the
sketchof Figure7. Thecavity is excitedvia thefundamentalright traveling modeof the lower waveguide. In-

terestis in thewavelengthdependencef theguidedpower transfer The QUEPresultsin Figure7 areobtained
uniformly with 100 100expansiontermsonacomputationalvindov [ 4;4] m [ 4;4] m.

X ﬁ Pu ]
Np Ng J
>
w - 1
ng <> | n_n:
W 0 2
P % % 1a ]
[——— 4
e Wv ng | — |
Pr Pr
1.53 1.54 1.55 1.56 1.57 1.58 1.59
I [mm]

Figure7: Spectrapowertransmissionhroughasquaraesonatowith perpendicularlyorientedportwaveguides.A cavity
of width andheightW = 1:786 m couplesthetwo identicalcoreswith athicknessv = 0:1 m. Refractize indicesof
ng = 3:4 andn, = 1.0 wereassumedor the guiding regions andthe backgroundyespectiely. The horizontaland
verticalgapsareg, = 0:355 mandg, = 0:385 m; theverticalwaveguideendsq = 0:355 maway from thehorizontal
core. Thecurvesindicatetherelative levelsof re ected, transmittedandupwardsscatteredyuidedpowerPg, P, Py as
afunctionof the vacuumwavelength , for TE polarizedinput light.

Off-resonancernostof theinput light just passeslongthe squarecavity. In caseof a resonanceapartfrom
lossedo radiationthe cavity scatteramajor partsof the input power into the threeoutputports. For the pro-
nouncedesonancat = 1:55 m, analmostidealcon gurationis realizedwith aquarterre ection, aquarter
transmissionandwith half theinput power scatterednto the verticalbuswaveguide.

0 0 0 0
z [mm] z [mm] z [mm] z [mm]

Figure8: Light propagatiorthroughthe resonatorcon guration of Figure 7 at the resonancevavelength = 1:55 m.
The plots shav snapshotef the TE eld componenE,, at four timest thatare equidistantlydistributedover onetime
periodT = 5:17fs. Thesimulationpredictslevelsof Pr = 22% Pt = 22%, andPy = 46% for the outgoingrelative
guidedpower.

Figure8 illustrates eld patternthataccompanietheresonanceOneobseresoutgoingtravelingwavesin the
upperandlower right ports,a partly standingandpartly traveling wave in the lower left input port. Insidethe
squarecavity atypical standingwave patternestablishesherea high-qualitybimodalresonancemadeup of
the 4th and 6th order TE modesof a symmetricslabof thicknessW , with refractive index contrastn g=ny at
the designwavelength = 1:55 m. Thesecondresonanceat = 1:579 m corresponds$o a singlemode
excitation basedon the 5th orderslab mode,with muchlower quality Detailson theseconstructioncanbe
foundin Ref.[32].
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3.5 Photoniccrystal bend

A 90 dggreebendof a 2D photoniccrystalwaveguideconstituteghe last, mostinvolved example.We adopted
a“classical’parametesetasintroducedn [33, 2]. Figure9 sketcheghe con gurationandshows the spectral
transmissiomndre ection of thebend.Thesimulationincludesthetransitionto conventionalinput- andoutput
waveguides,accordingto an optimizationin [34]. While on the onehandthis seemdo be quite adequatdor
a realisticsimulation,it alsoemphasizes restrictionof the presentmodelingscheme:The exterior regions
needto be homogeneousalongthe respecire coordinateaxes; half in nite periodic permittiity pro les as
requiredfor a simulationof theisolatedphotoniccrystalbendwithouttransitionscannot berepresentedly the
expansiong3).
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Figure9: Spectralresponsef a photoniccrystalbendaccordingto a speci cationof Refs.[33, 2]: squaresilicon rods
(nr = 3:4) of width0:150 miin air (np = 1:0), arrangedn a squardattice with periodp = 0:6 mandN, = 4 rows of
rodsin there ector regionsaroundthe photoniccrystalchannel.The simulationsincludethe transitionsto corventional
guidingcoresof widthw = 0.5 m andrefractiveindexng = 1:8. Pr andPt aretherelative guidedpower fractionsthat
arere ected andtransmittedhroughthe bend.

The QUEP simulationsuseMy = M, = 120 expansiontermson eachslice / layer on a computational
window [ 1:2;6:15] m [ 1:2;6:15] m. For this structureestablishinghe basismodesetsfor the various
1D refractive index pro les turnsout to be moreinvolved, i.e. the approachesnentionedn the beginning of
Section3 arerequired.Symmetrypropertiesallow to separat@earlydegeneratenodesn theslices/layersvith
theinner periodicrod/air pattern. The decouplingstratgly canbe appliedto the centralvertical ssgment(and
the centralhorizontallayer), consistingof the uppergratingregion, andthe lower externalcorepart, separated
by awide low index region.

Originally the corventionalport waveguideswereshapedor low lossesatthetransitionto the photoniccrystal
waveguides[34], atawavelengthof = 1:5 m. Thepresensimulationsof thefull structurehowever, predict
transmissiomaximawith almostvanishingre ection at two quite differentwavelengths.The corresponding
eld patternin Figure 10 shav partly standingwavesalongthe line of missingrodsin the photoniccrystal
region, with 2 wavelengthg = 1:551 m) or 2.5 wavelengthy = 1:461 m) tting betweerthetwo junc-
tions. ApparentlythetransmissiomaximacanbeunderstoodsFabry-Perotesonancei thephotoniccrystal
channel establishedby the transitionsbetweenthe photoniccrystalwaveguide andthe externalcornventional

cores.
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Figure 10: Light propagatioralongthe photoniccrystalbendas introducedin Figure 9, snapshot®f the electric eld

componentk, of the TE elds, for extremal con gurationsof the eld in the photoniccrystal region. The vacuum
wavelengths = 1:461 m(left) and = 1:551 m (right) correspondo thetransmissionmaxima/ re ection minimain

Figure9.

4 Concluding remarks

A simulationtechniquefor problemsof x ed-frequeng wave propagationn integratedoptics hasbeendis-
cussedintendedor 2D structuresvith piecavise constantrectangularsofarlosslessefractve index pro les.
With therigorousexpansiornof the opticalelectromagneticeld into eigenmodethatpropagatelongtwo per
pendicularcoordinateaxes,onecanview the elds generatedby the QUEPtechniqueasa superpositiorof two
elds obtainedby suitablyconnectedperpendicularlorientedBEP simulations.

The quadridirectionaimode expansionprovides a completelyequivalent treatmentof the wave propagation
alongthetwo relevantaxes. Onecanview theapproactasawayto realizetransparenboundarie$or therectan-
gularcentralregion onanunboundedcross-shapedomputationatlomain.Modelingsimultaneouguidedand

nonguidedn ux andout ux overall four boundariess straightforvard; thecomputationaéffort remainsmod-

erate. While preservinghe adwantageqaccuray, ef ciency, interpretability)of the BEP tools, the proposed
techniquds capablgo adequatelgapturethe phenomenaelatedto omnidirectionalD light propagation.

Certainlydifferentformulationsof the presentalgorithmarepossible.At leastfor the TE case the scattering
problemis governedby a standardscalarHelmholtz equation. The products(1) and(2) canbe replacedby

commorL »-innerproductswith integrationsalongeitherthex- or z-directions.Thentheprojectiononinwards
andoutwardspropagatingelds, leadinge.g.to Egs.(12) and(24), becomegquialentto the L »-projectionof

equalitiesfor the scalar eld itself, andfor the derivative of the eld alongthe directionperpendiculato the

respectie interfaces. The subsequenalgebraicprocedureshouldbe moreor lessthe identical. However, the

formulationgivenin Section2 is basecnwell establishedmnorephysicalnotions,andcoversboththe TE and
TM cases.

Naturally whencomparedo methodsbasedon rigorousspatialdiscretizationsthe presentquasi-analytical
approachis applicableonly to a smallerrangeof problems. Neverthelesswithin theselimits the method
permitssufcient e xibility to studysystemghatare of interestin the currentintegratedopticsresearchas
demonstratetly theexamplesin Section3.
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