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1 Guided wave scattering problems

A functional of the six electromagnetic field componentsiisppsed for 2-D / 3-D
frequency domain problems in integrated optics. Statignamplies that the Maxwell
equations in the interior of the domain of interest and tpanent influx conditions
for incoming waveguides on its boundary port planes arefgedi. This constitutes a
variational basis for rigorous numerical treatments ofstattering problems, but also
for more approximate modeling: A generalized version ofated mode theory can be
derived by restricting the functional to suitable field tdatps [8].

Abstract scattering problem

The boundary)? of the domain of interest includes an exemplary port plaise Axes

r andy of alocal coordinate system spanthez-axis is oriented towards the interior of
€. Incoming waveguides are parallel to thewxis, i.e. the exterior is-homogeneous.
Within €, the source-free frequency domain Maxwell equations ferjtical electric
field E and magnetic fieldd are to be solved:

V x H —iweeE =0, V x E —iwpH = 0; )

w: given real angular frequency;, 1: vacuum permittivity and permeability; the rela-
tive permittivity e(, y, z) = n*(x, y. z) includes the geometry and material properties.

Transparent boundary conditions [3, 4, 5, 8] have to be fipdodn the port plane
S that permit guided and nonguided waves from indidto pass througly towards

the exterior, and that allow to prescribe optical influx$ne.g. in the form of modal
amplitudes of inward traveling waves.

2 Transparent influx boundary conditions

... forinhomogeneous exterior: incoming waveguides. Prelaries:

« Complete set of normal modes 6hprofiles(E,,, = H,.)(z, y)
~~= propagation along-z, toward the interior/exterior gf.

o Bilinear product ons:

(A, B) = /[(A X B)-e.drdy 2
« Modal orthogonality properties

(Ei, Hy) = 6Ny, withnonzero N, = (Ey, Hy). ®)
« “Any"” electric field E and magnetic fieldd on S can be expanded as

E=Y c.,B, and H=Y h,H, @

with coefficients:,, = (E. H,,)/N,u, hy = (E,., H)/N,,, alternatively as

-2 ()

With f,, = (e + ) /2, by = (€ — hyy) /2 (transverse components only).
P, influx boundary (TIBCs) [8] on S:
. 1. -
E = ZzFE - ETW(E”"H’E’”
H o= Y oR,H, -3 B, ®

F,,: influx, given coefficients of incoming waves.

C» For a general field (5), Egs. (6) requifg = F,,, while b, can be arbitrary.

3 \Variational form of the scattering problem
based on a functional [8] of the six electromagnetic field ponents:

F(E.H) = // ’{E»w'VxH]AH-\VxE)
o
—iwepe B + iwpgH? }do dy dz
- Y ok, {(E, H) - (B, H,)}

1 2 N
= gy (B ) = (B, 1L @)
(cf. [1, 4, 5], generalized to 3-D with inhomogeneous extgri

First variation:

OF(0E,0H . E.H) = /// {20E - (V x H —iwecE)
o
+26H - (V x E +iwpgH) }du dy d=
- 1 - _
+ (B =328yt 3 (B H) By, 6H)

~ (0B, H =Y 2F,H, + Z\%(E.H,,,>H,,,>

7// (nxE)-GH+(nxH)-SE}dA. (8

Stationaritys F(§E, S H; E, H) = 0 for arbitraryd E,  H implies
o that E, H satisfy the Maxwell equations (1) in,
o that B, H satisfy TIBCs (6) ors,

« and that transverse components®and H vanish ond\ 5.

4 Hybrid analytic/numerical coupled mode theory

Starting point: a plausible and convenient template [2] for the electroregigfiields
inthe formofar L 1 of known modes of optical
channels) with amplitudes that are functions of suitabégpgation coordinate(s).

HCMT field template

z Waveguide crossing, basis elements:

o guided modes of the horizontal WG
(E) et
 guided modes of the vertical WG
i o (B it
Py, 2) = g) e

‘ ‘2() z‘N o (and further terms).

= 3 2l 2) + Y b9 (.

S @)l (e, 2) + Y dla)gl (., 2)

) (9)

?

Sons by Uiy i 1

Amplitude functions, discretization

a
by 1-D linear finite elements 4‘ W

of EIEE ERAE z
N
Fal2) =D~ Fusai(2),

=
G (5)(1,.;) - Zu‘((\ (p(a. )) =Y (fi‘/)(,.;;. (10)
k k .

k € {waveguides, modes, elemets a;. € { fu.;. bt j, dinj}-

byl 2), (), d,,, () analogous.

5 Variational HCMT scheme

{E.H\—Zn,‘rEk.HU
G

F(E.H) Fila)

Restricted functional:

Fla) =Y aaFy+ > ahi+Y aaBy=a-Fat+R-a+ta Ba (11)
W 7 o

Fy = ///{E/-(VXH‘) FH; - (V x Ey)
Ja
—iwegeEy - By +iwpgH, - Hy} drdydz

Ri= =Y 2F, {(Bu, H)) - (Bi. H,.)}

By =Y oo (B H)(E, Hy) — (B H,) (B H,) Y

+ contributions from port planes at= zy and atr =z, zx.

Require 67 = da - (((F+B) + (F+B)") a+ R) =0 forall ja
Ma+R=0. with M= ((F+B)+(F+B)). (12)

Splita = (u, g) into given values and unknowns, divite R accordingly:

- . Muy Ry Mug i
Myu = —h with M, = <Mgu> , h= (Rg) + (ng) g (overdetermined)

Unknown coefficients: are found as solutions oM{Myu = M}k . (V)

6 Waveguide crossing, results |

tr.

ng = 3.4, np =145, A\ = 1.55 um,

ny ng h = 0.2 pm, variables, TE polarization.
» K FEM discretization:
in z € [v/2— 15 pmv/2+ 1.5 um],
= . /
<‘DR:I L 0 Py x€[w/2— L5um w/2+ 1.5pum],
Az = Az = 0.025 um.
v Computational window:
z € [—4pm4pm|, & € [—4 um, 4 pm).
b
Power transfer

o
Bl
=
o

[N

v [um]
1 QUEP [6, 7], reference e o o o o2 HCMT

7 Waveguide crossing, results Il

v =0.45um

Field snapshots
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I Re: Im:
8 Alternative: Galerkin projection procedure
V x H —iweyeE = 0 B\ )
—V x E—iwpH =0 ‘ : (H’) ’ // A
-~ /// K(E'H':E,H)drdydz=0 forall E', H', (13)
0

K(E.H',E,H) = (E\)"-(V x H) — (H) - (V x E)
— iwee(E) B —iwp(H') - H.

E E;
o Insert the HCMT lemplale(H) = Z/:‘“ (HA)

 require /// K(E;,H;; E,H)dxdydz =0 for all modal elements,
o

e compute Ky = // K(E,,H;: E;.H;)drdydz,
]

e select w: unknown coefficients,
g: given values related to prescribed influx,

G (Ka Kug) () _ . N _ (Ku _ (Kug
(Kgu Kgg> g =0, or Kyu = —Kgg with K, = e Kg= Kgo)

Least squares; unknownsare solutions of KiK.u = —K{Kqg. ©)

9 Comments

.. concerning a comparison of the variational (V) and Galeskineme (G):
« Waveguide crossing: identical results of (V) and (G) on iteesof the figures.

e (V): TIBCs explicitly included, full mode expansions recgd in specific cases
(not for the present HCMT example).
(G): No boundary constraints, template with correspongimgperties required.

e (V): Bidirectional versions of modal elements must be ineld in the template.
(G): Where reasonable, unidirectional modal fields arediafft
(complex conjugates).

o The weak form (13) appears to be related to the functional [1]

C(E.H) = // {E"-(V x H)— H"-(V x E)
J)Ja
—iweeE" - E +iwpH' - H} drdyd: (14)

up to boundary terms— // {(nxE")-0H — (nx H")-SE} dA in éC.
o0

o ExtendC by boundary integrals such that the boundary term&Cin
? cancel =~ (G) could be viewed as a variational restrictiorCof

o ExtendC by boundary integrals such that TIBCs are satisfied as rlatura
" boundary conditions if becomes stationarye» variational scheme
with complex conjugate fields.
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