Coupled Mode Modeling in Guided-Wave Photonics:
a Variational, Hybrid Analytical-Numerical Approach
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A waveguide crossing

Coupled Mode Model ?



Outline

Hybrid analytical / numerical coupled-mode modeling
e CMT field ansatz
e Amplitude discretization, 1-D FEM

e Guided wave scattering problems
e Transparent influx boundary conditions
e Variational formulation

e Galerkin procedure

e Examples

e Straight waveguide
Two coupled cores
Waveguide crossing
Bragg grating & resonator
Chains of square resonators



Field ansatz
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Basis elements (crossing):
e guided modes of the horizontal WG
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Field ansatz

\T Basis elements (crossing):
e guided modes of the horizontal WG
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e (and further terms).
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General: a reasonable superposition of known fields withlitunes
that are functions of suitable propagation coordinate(s).



Amplitude functions, discretization

| 1-D linear finite elements
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Abstract scattering problem

AZU, Y .
_______ - (2: domain of interest,
(S AN |
. V xH —lwegeE =0 i Q
o h —VxE—iw,uOH:O

for given frequencyw, permittivity e = n?,

—= ’ S: an exemplary port plane,
0 < S/ waveguides ente® throughsS.
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Abstract scattering problem

AE Y o
// ——————— o (2. domain of interest,
T Q.
AR V x H—lwegeE =0 O
pe’ \ —V X E —iwugH =0
K\k S : for given frequency, permittivity e = n2,
]
— = ; S: an exemplary port plane,
O__ ° o waveguides ente® throughs.

Variational form including suitable boundary conditions ?



Boundary conditions

. A Y
Ingredients: (3 a
e Complete set of normal modes 6h %>
(B, +H,,)(z,y) <= propagation along-z. (s
_O_>Z K
e ProductonS: (A, B) = // (A X B) - e, dzdy. T -
S

e Modal orthogonality propertie$E;, H},) = 65Ny, Ni = (Ey, Hy,).

“Any” electric field E and magnetic fieldd on .S can be expanded as

E:;QmEma em:Nim<E,IzIm>, H:;hmﬁ[m, hm:L z



Boundary conditions

. A Y
Ingredients: (3 a
e Complete set of normal modes 6h %>
(B, +H,,)(z,y) <= propagation along-z. (s
_O_>Z K
e ProductonS: (A, B) = // (A X B) - e, dzdy. T -
S

e Modal orthogonality propertie$E;, H},) = 65Ny, Ni = (Ey, Hy,).

“Any” electric field E and magnetic fieldd on .S can be expanded as

E:;QmEma em:NL< ~m, H = Zh mo m:i<Em7H>,

E,, fm = (em + hm)/2,
or ( ) me<~ >+Zb <_ﬁm>’ b, = (em — hm)/2

(transverse components only).



Transparent influx boundary conditions (TIBCs)
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Transparent influx boundary conditions (TIBCs)

(3 Q

... on S for inhomogeneous exterior, incoming waveguides%
KKK

~ ~

E =) 2F.E, - ZNL<Em,H>Em, >

-~
-
-
——————
~

H = ZQlezIm o ZNL<E713Im>Hm§

F,,,: influx, given coefficients of incoming waves<H> =) Fn ( ) .

nc m

C> ' E — Em Em
For a general field of the forr<H> — ; fm (ﬁm> +> b (—ﬂm)

the TIBCs requiref,,, = F,,, while b,,, can be arbitrary.



Frequency domain Maxwell equations, variational form

Consider the functional

L(IE H)= // {E-(VxH)+H-(VxE)—iweeE*+iwugH" }dr dy dz
Q
(cf. e.qg.C. Vassallo.Optical Waveguide Concepts. Elsevier, Amsterdam, 1991
First variation:

L(E.H;0E,0H) = /// {20E - (V x H — iwepeE)
Q
+20H - (V x E +iwpoH) }dz dydz

- / {((nxE)-0H+ (nx H)-5E} dA.
0f)

StationaritydL(E, H;0E,0)H) = 0 for arbitraryé E, ) H implies

e thatFE, H satisfy the Maxwell equations
e and that transverse componentdgHand H vanish onos).



Variational form of the scattering problem
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... based on the functional: SR
F(E,H) = // {E-(VxH)+H (VxE)—iweeE” +iwpgH?}dr dy dz
Q

- Y 2r, {<Em, H) - (E, ﬁm>}
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Variational form of the scattering problem, first variation

OF(E,H;0E,0H) = // {25E-(V><H—iweer)
Q

+20H - (V x E + iw,uOH }dazdydz

/ _iC:—y"'Q'\\ _|_ ZQF m‘l_z m7 5H
%Z - (SE, H—Zszﬁm+ZN—<E H
—O.—I>Z /I m m

_ // {(nx E)-6H + (nx H)-6E} dA.
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Variational form of the scattering problem, first variation

OF(E,H;0E,0H) = // {20E - (V x H — iweyeE)
Q

+20H - (V x E + iw,uOH }dazdydz

/ _iC:—y"'Q'\\ + ZQF m"‘Z m7 5H>
%z — (0E,H-) 2F,H, + Z N—<E, H,)H,)
—O.—I>Z /I m m m

_ // {(nx E)-6H + (nx H)-6E} dA.
90\ S

Stationarityd 7 (E, H; 6 E,6H) = 0 for arbitraryd E, 6 H implies
o thatF, H satisfy the Maxwell equations @,
o thatF, H satisfy TIBCs onS,

e and that transverse componentdoind H vanish ondQ\S.
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Variational HCMT scheme

(E,H) =) aw(Ey,Hy)
k

F(E,H)

= 7. (a)
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Variational HCMT scheme

(E,H) =) aw(Ey,Hy)
F(E, H) : - 7.(a)

Restricted functional:

Fr(a) = Z arFikar + Z Ria; + ) aBuay,

[,k

sz—///{Ez (VxHp)+ H;-(V x Ey)
—lwege ) - By + lwugH| - Hk}d:cdydz,

== 22 {(Bu Hi) = (BL H) |

By, = Z 2;[ {<EmaHl><EmaHk> — <El7f{m><EkaI:Im>}a

+ contributionsRk, B from other port planes.
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Variational HCMT scheme

F(E,H)

(E,H) =) aw(Ey,Hy)
k

= 7. (a)

Restricted functional:
Fi(a)=a-Ma—+ R-a.
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Variational HCMT scheme

(E,H) =) aw(Ey,Hy)
F(E, H) : - 7.(a)

Restricted functional:
Fi(a)=a-Ma+ R-a.

Require § F; = da - ((M —- MT) a + R) =0 forall da,

-

(M+M")a+R=0,

13



Further issues

plenty.
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Galerkin procedure

V x H —iwegeE = 0 F\ ///
—V X FE — iw,uOH =0 G|’ comp. domain

- ///K(F,G;E,H)da:dydz:() forall F, G,

where

KIF,.G;EH)=F"-(VxH)-G"-(V x E)—iweeF*-E—iwuyG*-H .
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Galerkin procedure, continued

e insert (E[) =) a (g’;)

k

e select {u}: indices of unknown coefficients,
{g}: given values related to prescribed influx,

e require ///IC(EZ,HZ;E,H)dmdydz:O for [ € {u},

e compute K = ////C(EZ,HZ;Ek,Hk) da:dydz

Z Kjar =0, ZE{U},

kE{U,g} (Kuu Kug) <Zu> — O, or Kuua'u —
g
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Further issues

plenty.
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Comments

HCMT scheme based on the variational form
of the guided wave scattering problem:

e EXxpansions at the TIBC ports reduce to single
terms due to modal orthogonality.

e Bidirectional basis fields are required for ¢ -
channels in the field templates.

Alternative functional:

C(E, H) = /// [E* (V x H) — H" (V x E)
Q
— lwege B E + iwpuoH™ H}dx dy dz.

ExtendC by boundary integrals such that

e the boundary terms ifC cancel == the Galerkin scheme could
be viewed as a variational restriction©f

O e TIBCs are satisfied as natural boundary conditiortsbEcomes
stationary - variational scheme with complex conjugate fields.
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Straight waveguide

r| A= 155pm

w = 0.2 um
)
Y

—Ne=3.4-—

z
np = 1.45
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Straight waveguide

r| A= 155pm
w = 0.2 um

A
’_ nc = 3.4 I

A

\
)
[

z
np = 1.45

Basis element: fundamental forward propagating TE mode,
input amplitudefy = 1,
FEM discretization ire € [—20, 20] um, Az = 2 um,

computational domaia € [< —20, > 20] um, x € [—3.0, 3.0] um.
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Straight waveguide

r| A= 155pm

\ w = 0.2 um Basis element: fundamental forward propagating TE mode,

D }-n.=34-— input amplitudefy = 1,

[ — 145 FEM discretization in: € [~20,20] um, Az = 2 um,
computational domaia € [< —20, > 20] um, x € [—3.0, 3.0] um.

Re

o
o¢]
T
]




Two coupled parallel cores, amplitudes

T A= 1.55um
Ne = 3.4 (1)
g —
Y <
:: w = 0.2 um (b)
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Two coupled parallel cores, amplitudes

7| A = 1.55 pm Basis elements: forward propagating
\ ny = 1.45 fundamental TE modes of the separate cores,
D ne = 3.4 (t) input amplitudef;, = 1,
'\ { . = FEM discretization:
i —20, 20] pm, Az = 0.5 pum,
) = 0.2m () # € [=20,20] pm, Az H
( computational domain:
z € [—20,20] pm, z € [—3.0,3.0] pm.
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Two coupled parallel cores, amplitudes

T A = 1.55pum
ny = 1.45
Ne = 3.4 (©)
Iy -
Y <
:: w = 0.2 um (b)
g =0.25pum - -

Basis elements: forward propagating
fundamental TE modes of the separate cores,
input amplitudef, = 1,

FEM discretization:
z € [—20,20] um, Az = 0.5 um,

computational domain:
z € [—20,20] pm, x € [—3.0,3.0] um.
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Two coupled parallel cores, modal power

Basis elements: forward propagating
fundamental TE modes of the separate cores,
input amplitudef, = 1,

FEM discretization:
z € [—20,20] um, Az = 0.5 um,

computational domain:
z € [—20,20] pm, x € [—3.0,3.0] um.

T A = 1.55 um
| n, = 1.45
D ne = 3.4 (t)
{ A g
\ ' Y >Z
p) Y w=0.2pum (b)
g =0.25um ) . . .
0.5F
o 0
o I, IF1°
-0.5F
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Two coupled parallel cores, coupling length

T | A = 1.55um
| n, = 1.45
D ne = 3.4 (t)
| g -
\ \ Z
{) Y w=0.2pum (b)

Coupling length:

Basis elements: polarized forward propagating
fundamental modes of the separate cores,
input amplitudef, = 1,

FEM discretization (TE):
z € [—20,20] pum, Az = 0.5 um,

computational domain (TE):
z € [—20,20] pm, z € [—3.0,3.0] pm.

ooooo HCMT
——————— exact
— — —— conv. CMT
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Waveguide crossing

ng = 3.4, np, = 1.45, A = 1.55 um,
h = 0.2 um, v variable, TE polarization.
K4 : JJ/\/\_ Basis elements:
P = r ,5 guided modes of the horizontal
n T\r and vertical cores
— h} N— ? (directional variants).
T . L
I FEM discretization:
z € w/2—-1.5pumv/24+1.5pum|, Az = 0.025 um,
x € [w/2—1.5pum w/241.5 um|, Az = 0.025 pm.
v
Computational window:
z € [—4pum 4 pum|, x € [—4 pm, 4 um].
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Waveguide crossing, fields (l)

v = 0.45 pm:

reference

Z [um]

X [um]
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Waveguide crossing, amplitude functions

z
—
v = 0.45 pm:
l N
A
,— ———————————
0.5 N
Ve
S IS
___________________ \ X RS ——— | _ . _ .
= 0 \ J\\-— ———————————— SN
- \-\ \\ _____________
.\‘ _
-0.5} \ T T T T T T T
f uo ul
1t
0.5f
o) 2
s A N | —— =N A\
ey '\‘ R X7 , =
’ /
0.5} -
b do dl
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
z [um] X [um] X [um]
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Waveguide crossing, power transfer (1)

8 O 0-0-0-0—0-90 -0 0 0 0. 0-0-0-0-—0-90-0 0. 0 06 0-0-0-0-—0-90-0 0 0 &

QUEP, referenc
oo o000 HCMT
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Waveguide crossing, fields (ll)

v = 0.45 pm:

reference

Z [um]

X [um]
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Waveguide crossing, fields (ll)

v = 0.45 pm:

reference

Z [um]

X [um]

HCMT basis fields:
guided modes

+ 4 Gaussian beams,
outgoing along the diagonals.

HCMT, g +r
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Waveguide crossing, power transfer (ll)

QUERP, reference

oo 0o 0 HCMT,
incl. templates _
for radiated fields 5°

PUj
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Waveguide Bragg reflector

TE, Ng = 1.6, ny, = 1.45,
p = 1.538 um, s = 0.281 pum,
Np =40, W = 9.955 um.
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Waveguide Bragg reflector

TE, Ng = 1.6, ny, = 1.45,
p = 1.538 um, s = 0.281 pum,
Np =40, W = 9.955 um.
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Waveguide Bragg reflector

AZC
[ } ‘1 ‘ N,
] e
< — O
R |
o s

TE, ng = 1.6, ny, = 1.45,
p = 1.538 um, s = 0.281 pum,
Np =40, W = 9.955 um.

0 : : :
1.5 1.52 1.54 1.56
A [um]

1.58

1.6

BEP, reference,

HCMT.
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Grating-assisted rectangular resonator

| x
| = 1.60,np, = 1.45
1 ... N g b !
Py o P Pe w=1.0pm,g = 1.6 um,
- - W = 9.955 um,
L = 79.985 um,
p = 1.538 um,
s = 0.281 pm,
Np = 40.
B
P
Ea L P S °

30



Grating-assisted rectangular resonator

ng = 1.60, ny, = 1.45,
w=1.0pum,g=1.6 pum,
W = 9.955 um,

L = 79.985 um,

p = 1.538 um,

s = 0.281 pm,

Np = 40.

30



Grating-assisted rectangular resonator

\x
- 1 ... N, ng = 1.60, ny, = 1.45,
Po e FPe w=1.0um,g = 1.6 um,
—— | D ng lw S = w=09955um,

<>
<>

—
—
—
% -
SV
—
— /1

A L = 79.985 um,
H H p = 1.538 um,

0 ~ s = 0.281 pm,
1 Y I_I Ny = 40.
B __
= A B B ——
P I o s P —— BEP, reference,
— — — — HCMT.

PA’ Pc’ PDL J,L l 1 L 5 PA’ Pc’ PD J N

0 : - : : :
1.5 1.52 1.5 1.56 1.58 1.6 1.5485 1.549 1.5495 1.55 1.5505 1.551 1.5515
A [um] A [um]
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Chains of square microcavities

TE, np, = 1.0, ng = 3.2, w=1.54pum, gr = 0.39um, gw = 0.3 um, t = 0.2 um; Ao = 1.532 um.
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A single resonator

0.8 S N\ o S
- 06| ST o i F SR
X o4 e | e
1] AR e A e

1525 153 1535  1.54
A [um]

2 3
A = 1.533 um

1
Z [um]
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A single resonator

0.8
— 0.6
X 04
0.2

1.53 1.535 1.54

A [um]

1.525

2
A = 1.533 um

1 3
Z [um]




Resonator chain, HCMT model

ii¢l
‘N . pEEE

o

8

(g)(x, 2) =u(z) py(z,2) + d(z) pq(z, 2) + Z ri Yz, 2)
= ro—Ts, U, d. 7
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Resonator chain, HCMT model
(0
N
2
8

(g)(m, 2) =u(z) py(z,2) + d(z) pq(z, 2) + er Y, (z,2)

7=0

ro — T8, U, d: ?
G 1-D FEM discretizationt — {u;} andd — {d;}: )

(II;—JI)(:C,Z) = Zak X (z, 2), ar € {uy, dj,ri}, ak: ’)

k

C» HCMT procedure as before.
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Resonator chain, spectral results

QUEP (reference)

-

4

1
0.8
0.6
0.4
0.2

0

1.525 1.53 1.535 1.54
A [um]
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Resonator chain, spectral results

QUEP (reference)

1

08
_ 06
T 04

0.2

0 : : :
1.525 1.53 1.535 1.54

A [um]
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Resonator chain, spectral results

QUEP (reference)

1

08
_ 06
T 04

0.2

0 : : :
1.525 1.53 1.535 1.54

A [um]
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Resonator chain, spectral results

QUEP (reference)

1

0.8

~ 0.6

T 04

0.2

0 : : :
1.525 1.53 1.535 1.54

A [um]
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Resonator chain, spectral results

QUEP (reference)

1

08
_ 06
T 04

0.2

0 : : :
1.525 1.53 1.535 1.54

A [um]
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Resonator chain, spectral results

QUEP (reference)

1

0.8

~ 0.6

T 04

0.2

0 : : :
1.525 1.53 1.535 1.54

A [um]
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Resonator chain, spectral results

QUEP (reference)

1

08
_ 06
T 04

0.2

0 : : :
1.525 1.53 1.535 1.54

A [um]
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Resonator chain, spectral results

QUEP (reference)

1

08
_ 06
T 04

0.2

0
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Resonator chain, spectral results

QUEP (reference)

1

08
_ 06
T 04

0.2

0
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Hybrid analytical / numerical coupled mode modeling

HCMT:
e a quantitative, quite general CMT variant, alternatively
e a numerical (FEM) approach with highly specialized basetions,
e extension to 3-D (?). numerical basis fields, still mode&dtert,
e reasonably versatile:

S JTJJ/\\/\S J
B I

2z 1 S
—— T |
\
2 } ﬂ Nl :%:
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