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Outline

e Simulations in guided wave optics
e Macroscopic Maxwell equations
e Straight dielectric waveguides
e Waveguide bends

e Whispering gallery resonances

e Hybrid analytical / numerical coupled-mode modeling

e Field ansatz
e Amplitude discetization, 1-D FEM

e Solution

e Examples
e Coupled straight waveguides
e Channel crossing
e Corrugated waveguides
e Ring resonators

e Excitation of whispering gallery resonances



Macroscopic Maxwell equations

... for the optical electric and magnetic fields E, H (SI)
e frequency domain, ~ exp(iwt),
e no free currents and charges, no sources, homogeneous equations,

e typical media:
e nonmagnetic at optical frequencies,
e linear, i1sotropic, lossless (transparent) dielectrica

C» relative permittivity € = el, €= n?,

refractive index n(z,y,z;w) € R.

curl E = —1wuogH, curl H =iwegel,

given excitation frequency w = kc = 2wc/)\, scans over w ~~ spectral data.



Abstract scattering problem




Abstract scattering problem

Typical parameters:

e vacuum wavelength
A € 400, 700] nm (visible light),
A~ 1.3 um,1.55um
(optical fibers, attenuation min.),

e refractive indices n € [1,3.4].

e Interesting domain: (10 A — 100 \)?, d = 2,3 (2-D, 3-D).
e Details: =~ /10, ~ \/100.

e Influx and outflux: guided & nonguided waves -« boundary conditions.



Abstract scattering problem

Typical parameters:

e vacuum wavelength
A € 400, 700] nm (visible light),
A~ 1.3 um,1.55um
(optical fibers, attenuation min.),

e refractive indices n € [1,3.4].

e Interesting domain: (10 A — 100 \)?, d = 2,3 (2-D, 3-D).
e Details: =~ /10, ~ \/100.

e Influx and outflux: guided & nonguided waves -« boundary conditions.

e Emphasis: device concepts, design.



2-D problems

O e =0, €(x,2) = n?*(z, 2),
OyE =0, 0,H = 0;

equations split into two subsets:

TE, E,, H,, and H,, principal component F, :

iwpoH, = 0, Ey, iwpoH, = —0,F,, 1weyely =0, H; — 0, H,,
or
2By, +0-E, + k*cE, = 0.

™™, H,, E;, and E,, principal component H,:

iwepelly = —0, Hy, iwepel, = 0, H,,, —iwpoH, = 0,E; — 0L,
or

1 1
€ €



Straight dielectric waveguides

d.n = 0, w = kc = 2mwc /A given,
Ey(x,2) = By(z)e 177,

‘CU
Ty,
L2
0

Ng > Ny, ((95% - k2n2(:13)) Ey — 52Ey - {B, Ey}



Straight dielectric waveguides

d.n = 0, w = kc = 2mwc /A given,
Ey(x,2) = By(z)e 177,

‘it
Ty,
L2
0

Ng > Ny, ((92 - k2n2(:13)) E, = BQEy - {5,1%}.

np = 1.5, ng =2.0, d=1.0um, A = 1.5 pum,
Bo/k = 1.924

AN

w> 0

~101

—-20-

X [um]



Straight dielectric waveguides

w = kc = 2mc/\ given,

0.n =0,
—15z

‘.CU
Ty
—i B,(2,2) = B (@) =162,
0
~ A~ {5’Ey}

((92 + k2n2(:13)) E, = B°E,

np = 1.5, ng =2.0, d=1.0um, A = 1.5 pum,

Bo/k = 1.924, B1/k = 1.697.
20- "““
10+ :" “.‘
w> 0 .J el
~10- \\“ :
¥
' 1 0o 1 2 3




Waveguide bends

Opn = 0, w = kc = 2mwc /A given,
Ey(r,0) = E,(r)e 1710, v=p—iaeC,

Or? —I_; or +

(92Ey 1 0F, (k2 2 VQRQ)Ey _0

r2 .
~e B



Waveguide bends

Opn = 0, w = kc = 2mwc /A given,
Ey(r,0) = E,(r)e 1710, v=p—iaeC,

0°E, + 1 0By <k2n2 _ VR
Ng > Ny Or? r Or

)Ey =0
= B}

r2

np = 1.45, ng =1.6, d=1.0pum, X = 1.55 um.
Ll /\ R = 1000 um
B/k=1.540

3
S 0.51 o/k=0
£>~

0=, . .




Waveguide bends

Opn = 0, w = kc = 2mwc /A given,
Ey(r,0) = E,(r)e 1710, v=p—iaeC,

0°E, + 1 0By <k2n2 _ VR
Ng > Ny Or? r Or

)Ey =0
= B}

r2

np = 1.45, ng =1.6, d=1.0pum, X = 1.55 um.

_ 1 R =50 um

5 B/k=1.526

L. 0.5 o/k=234107|
£>~

0- . : :
g
~ 0
Lu>~.
w _1 \
©

-2 . . .

-2 0 2 4 6
(r-R) / um




Waveguide bends

Opn = 0, w = kc = 2mwc /A given,
Ey(r,0) = E,(r)e 1710, v=p—iaeC,

Ng > Ny Or? r 87“

np = 1.45, ng =1.6, d=1.0pum, X = 1.55 um.

" R=10um
> K
S 0.5
w” B/k=1.488
/ o/k=0.0166
0- . . . .
g
< 0
|_|J>
o -1
©
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Whispering gallery resonances

w® € C eigenvalue,

m € 7,

Ng > Ny, ~ {wC,Ey}, WGM(l,m)}.



Whispering gallery resonances

w® € C eigenvalue,

m € 7,
m2\ =
— |E, =0
T2 ) Y
Ng > Ny, ~ {wC,Ey}, WGM(l,m)}.

Q = Re wc/(ZIm wc), Ar = 27TC/RC we, outgoing radiation, FWHM: A\ = )\r/Q



Whispering gallery resonances

w® € C eigenvalue,

m € 7,
m2\ =
— |E, =0
T2 ) Y
Ng > Ny, ~ {wC,Ey}, {WGM(l,m)}.

WGM(0, 39), Ey WGM(0, 39), |Ey|

TE, R="7.5um, d = 0.75 um,
ng = 1.5, np = 1.0,

WGM(O0, 39):

)\r — 1.5637 lLLm,
Q=1.1-105,
AX=1.4-10"2 pum.




Whispering gallery resonances

w® € C eigenvalue,

m € 7,
m2\ =
™ VE, =0
7“2) Y
Ng > Ny, ~ {wC,Ey}, {WGM(l,m)}.

WGM(0, 39), Ey

TE, R = 7.5 pum,
ng = 1.5, np = 1.0,

WGM(O0, 39):

Ar = 1.6025 pm,
Q =5.7-10°,
AN =2.8-107% um.




Whispering gallery resonances

w® € C eigenvalue,

m € 7,
m2\ =
™ VE, =0
7“2) Y
Ng > Ny, ~ {wC,Ey}, {WGM(l,m)}.

WGM(1, 36), E,

TE, R = 7.5 pum,
ng = 1.5, np = 1.0,

WGM(1, 36):

)\r — 1.5367 /l/m,

Q =2.2-10%,

AN =7.0-10"% ym.




A waveguide crossing
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A waveguide crossing




A waveguide crossing

Coupled Mode Model ?

10



Field ansatz

AZC

Basis elements (crossing):

e guided modes of the horizontal WG

~ \ f,b
’ - af b
U (2,2) = (fl) (z) eF10m 2,

m

e guided modes of the vertical WG
E u,d . owd
viles) = (f) e

m

e (and further terms).

11



Field ansatz

\T Basis elements (crossing):

e guided modes of the horizontal WG

_ (b .
vt = (f) @,

m

m

e guided modes of the vertical WG

B > > ~ \ u,d .
3 | TR e

| m

e (and further terms).
(fz)@» 2= D Sl (3,2) + D bn(2)9h, (. 2)
— Z U (), (2, 2) + Z dm () (z, 2) Fos s Uy Ay ‘7

General: a reasonable superposition of known fields with amplitudes
that are functions of suitable propagation coordinate(s).

11



Amplitude functions, discretization

1-D linear finite elements

A.T
o
Q) QL N
TN T :
_ 0! ZIO 21 ZIQ | IZN—I ZIN ?
B N
Lo+ P fm(2) :me,j aj(z>’
l | l = 7=0
20 <N bin(2), Um (), dym () analogous.

- (g)(:c,z) = Zak <a.(-)¢:) (x, 2) =: Zak <I§Z> (2, 2),

k k

k € {waveguides, modes, elements}, ax € {fim. i, bm i, Um. i, dm.i} ap: ‘)

12



Galerkin procedure

V x H —iwegeE = 0 F\ //
—V X FE — iw,LL()H =0 G|’ comp. domain
- ///C(F,G;E,H)d:ljdzzo forall F, G,

where

K(F.G;E,H)=F*-(V x H)—G*-(V x E) — iwege F* - E —iwpuoG* - H .

13



Galerkin procedure, continued

E\ b,
e Insert (H) —Zak (Hk)’

k

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

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

e compute KlkZ///C(EZ,HZ;Ek,Hk)dZBdZ.

Z Kjar, =0, [ € {u},

ketuef (Kuu Kug) (Z) =0, or Kyuay=
g

14



Further issues

plenty.

15



Straight waveguide

7|

A = 1.55 um

w = 0.2 ym

i

Y

A

- ne =34 =

z
n, = 1.45

16



Straight waveguide

| A=155pum

w = 0.2 ym

i

[
v Ne=34-=

\
)
[

z
n, = 1.45

Basis element: fundamental forward propagating TE mode,
input amplitude fo = 1,
FEM discretization in z € [—20, 20] pm, Az = 2 pym,

computational domain z € [< —20, > 20| um, z € [—3.0, 3.0] um.

16



Straight waveguide

| A=155pum

Basis element: fundamental forward propagating TE mode,

input amplitude fo = 1,

FEM discretization in z € [—20, 20] pm, Az = 2 pym,
computational domain z € [< —20, > 20| um, z € [—3.0, 3.0] um.

\ w = 0.2 ym
1
) ¥ e = 3.4H>Z
1
0.8
0.6
0.4r
0.2

Re

16



Two coupled parallel cores, amplitudes

T A = 1.55 um
ny, = 1.45
n.=3.4 (1)
g —
Y <
y w=0.2pum (b)

17



Two coupled parallel cores, amplitudes

T A = 1.55 um
ny, = 1.45
n.=3.4 (1)
g —
Y <
y w=0.2pum (b)

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

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

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

17



Two coupled parallel cores, amplitudes

T A = 1.55 ym
ny, = 1.45
n.=3.4 (1)
Iy .
Y “
s w=02pum (b)
g = 0.25 pm: - -

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

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

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

17



Two coupled parallel cores, modal power

fundamental TE modes of the separate cores,

z € [—20,20] pm, x € [—3.0, 3.0] pum.

*| A= 155 pim Basis elements: forward propagating
| n, = 1.45
) n.= 3.4 (t) input amplitude fi, = 1,
A
'\ { - = FEM discretization:
i —20,20] pum, Az = 0.5 um,
> F = 02pm ®) 2 € [=20,20} pm, Az pm
( computational domain:
g = 0.25 pym: - - - - -
0.5f -
N";.“ 0 1
o AR
-0.5F .

18



Two coupled parallel cores, coupling length

A =1.55pum Basis elements: polarized forward propagating

fundamental modes of the separate cores,

n. = 3.4

(t) input amplitude f, = 1,

)

— FEM discretization (TE):
z

w = 0.2 pm

Y
A
i

©) z € [—20,20] pm, Az = 0.5 pm,

Coupling length:

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

ooooo HCMT
exact
— — — — conv. CMT

0.4 0.6 0.8
g [um]

19



Waveguide crossing

i

ng = 3.4, n, = 1.45, A = 1.55 um,
h = 0.2 pum, v variable, TE polarization.

Basis elements:
guided modes of the horizontal

and vertical cores
(directional variants).

FEM discretization:
z € [v/2—1.5pum,v/2+ 1.5 um|, Az = 0.025 pm,
z € [w/2—1.5um,w/2+1.5 um|, Az = 0.025 pm.

Computational window:
z € [—4pum, 4 pm|, x € [—4 pm, 4 pm].

20



Waveguide crossing, fields (I)

v = 0.45 pm:

z [um]

reference

21



Waveguide crossing, fields (I)

v = 0.45 pm:

z [um]

reference

X [um]

21



Waveguide crossing, amplitude functions

ACIZ’

A
—
v = 0.45 pm:
1 N
A
/— ___________
0.5f N
) J % ~
R [P \ B — . — .
=i 0 \ J\\— ———————————— AN
- \'\ \\ _____________
\ _
_0.5} NPT, . _ . _ |
f - Uy u,
1}
0.5f
o A
O e YA N | —— A A\
. 0 == oo AN
< \'J' . /
/
-0.5} !
b d0 CI1
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
z [Hm] X [},lm] X [Mm]
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Waveguide crossing, power transfer (I)

8 O 0-0-0-0—0-90 -0 0 0 0. 0-0-0-0-0-90-0 0 0 6 0-0-0-0-—0-90-0 0 0 &

QUEP, reference
oo 000 HCMT

=

o
=

o
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Waveguide crossing, fields (II)

v = 0.45 pm:

reference

z [um]

X [um]

24



Waveguide crossing, fields (II)

v = 0.45 pm:

reference

z [um]

X [um]

HCMT basis fields:
guided modes

-+ 4 Gaussian beams,
outgoing along the diagonals.

7= - &N
' 5

24



Waveguide crossing, power transfer (1)

Py
[ (]
B R P T O
-
P, 0"
QUEP, reference
oo 0o ¢ HCMT,
incl. templates _
for radiated fields °
.“:_)
o

25



Ringresonator

TE, R=7.5pum, w=0.6um, d=0.75pum, g = 0.3 um, ng = 1.5, n, = 1.0, A = 1.55 um.

26



Ringresonator, field template

Basis elements:
e bus WGs:

7\ P .
¢f’b(m7 Z) — (ﬁ) (CU) e:FIBZ’
e cavity:
ve(r.0) = ( B (r)eFir R
J H J
vR — floor(RevyR + 1/2),

e further terms:
bidirectional propagation, higher
order modes, other channels, etc. .

(5 )2) = 11902+ 6 9000, 2) +0) 900,
r=r(z,z2), 0 =0(z,z). f, b, c: ?

27



Ringresonator, HCMT procedure

|7
% 1-D FEM discretization:
ar f(z) = {f3}
» b(z) — {b;},

—

c(0) = {c;}, identify nodes 0 and Ny,

E n r—r(z,z), 0 —0(x, 2).

- (EI)(C’%Z) =D _a (Oé-(')?,bi) (z,2) =: Zak(ﬁ’;> (2, 2),

k k
k € {channels, modes, elements}, ay € {f;,b;,¢c;}.

C» HCMT solution as before.

28



Single ring filter, spectral response

o SN S
R \-,_-—// Z\~—1/’

0 .
152 154 156 158 1.6 1.62
A [um] A [um]

29



Single ring filter, resonance

E,, A= 1.5623um

E,|, A = 1.5623um

30



Excitation of whispering gallery resonances

31



Excitation of whispering gallery resonances

Ng > Ny, , W

31



Excitation of whispering gallery resonances

31



Ringresonator, field template

wb

f(z) ¥ (2, 2) + b(z)

r=r(x,

Frequency w given, ~ exp(iwt).

Bus channels:

o f.b .
P 0(x,2) = (H) (x) 102
Cavity, WGMs:
c E\, \ —im,
win) = ( ﬁ)jme imj6,
Further terms:

bidirectional propagation, higher
order modes, other channels, etc. .

:c z —|—ch

z), (9:9(56,2). f.b,cj: ‘)

ijZ.

32



Ringresonator, HCMT procedure

Channels: 1-D FEM discretization,

f(z) = A{fi}
b(z) — {b;}.

(B ) = )@+ b e+ Y6 vi.:)

J J J

C» HCMT solution as before.

33



Single ring filter, spectral response

— —— |
T

D

| —

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

———--_-~

e e ey o o e
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Single ring filter, spectral response

0.8 ||

06|11

- - = - - WGM(0, 39)

— WGMs(0, 37-41)

1.56

1.58 1.60

34



Single ring filter, benchmark

0.8 ||

35



Single ring filter, benchmark

1.54

1.56

A [um]

1.58

1.60
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Single ring filter, benchmark

0.6 1

0.2

oal ]

o N N

0.8

06§\

; NGM-HCMT

='='=1= BM-HCMT

- = === conv. CM
' il

1.54

1.56

1.58 1.60
A [um]
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Single ring filter, benchmark

0.8[

0.2

04| :

0.8}

06|41

‘= ='=1= BM-HCMT

G

M-HCMT

1.54

1.56

A [um]

1.58

1.60
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Single ring filter, WGM amplitudes

36



Single ring filter, WGM amplitudes

Ic|, Re ¢, Imc [a.u.]

36



Single ring filter, transmission resonance

BM-HCMT

37



Single ring filter, transmission resonance

BM—HCMT WGM(0,39)




Single ring filter, transmission resonance

BM—HCMT WGM(0,37) — WGM(0,41) WGM(0,39)




Single ring filter, resonance positions I

1.54

1.56

A [um]

1.58

1.60
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Single ring filter, resonance positions I

1.54

1.56

A [um]

1.58

1.60

38



Supermodes

Look for w® € C where the system

V x H—1iw’ege E =0
—V X FE—iwugH =0

permits nontrivial solutions E, H.

& boundary conditions: “outgoing waves” }

39



Supermodes

Look for w® € C where the system

{ V x H—1iw’ege E =0

& boundary conditions: “outgoin ”?
V% E —iwoH =0 u y utgoing waves }

permits nontrivial solutions E, H.

V x H —iw’egeE = () F ' //
—V X FE — in,LLOH =0 G|’ comp. domain

e

//A(F,G;E,H)dxdz—wS//B(F,G;E,H)dxdz:O forall F, G,

where A(F.G;E,H)=F*- (VxH)-G"-(VxE),
B(F,G;E H)=ieyeF* - E+iuG" - H.

39



HCMT supermode analysis

E\ E,
e Insert (H) — Zak (Hk>,

e require

//A(EZ,HZ;E,H) drdz — //B(EZ,HZ;E,H) drdz =0 forall I,

e compute Alk://A(EZ,HZ;Ek,Hk)da;dz,

By, = //B(Ez,Hz;Ek,Hk)dxdz-

Z Apar —w”Bjrap =0 forall I, or Aa = w"Ba.
k

40



HCMT supermode analysis

E\ E,
e Insert (H) — Zak (Hk>,

e require

//A(EZ,HZ;E,H) drdz — //B(EZ,HZ;E,H) drdz =0 forall I,

e compute Alk://A(EZ,HZ;Ek,Hk)dxdz,

By, = //B(Ez,Hz;Ek,Hk)dxdz-

Z Apar —w”Bjrap =0 forall I, or Aa = w"Ba.
k S

G {w, A Q. AX: E. H}

40



Further issues

plenty.

41



WGMs, small uniform perturbations

Iong

TE, R="7.5pum,d = 0.75 um

ny = 1.0. _
€
Em <> WGM(wy,; E.,Hy,,),

€=¢€n+ Ae <= WGM(w,, + Aw; ~ E,,,
wme()/ A€e|E,,|? dz dz

Aw = — :
// (emeo|Em|2 + ,u0|Hm|2) drdz

42



WGMs, small uniform perturbations

Iong

TE, R="7.5pum,d = 0.75 um

ny = 1.0. _
€
Em <> WGM(wy,; E.,Hy,,),

€=¢€n+ Ae <= WGM(w,, + Aw; ~ E,,,
wme()/ A€e|E,,|? dz dz

Aw = — :
// (emeo|Em|2 + ,u0|Hm|2) drdz

42



Single ring filter, resonance positions 11

1.54

1.56

A [um]

1.58

1.60
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Single ring filter, resonance positions 11

WGMs only

1.54

1.56

A [um]

1.58 1.60

43



Single ring filter, resonance positions 11

—— e —
T

D

—

WGMs only

WGMs
& bus cores

1.54 1.56
A [um]

1.58 1.60

43



Single ring filter, resonance positions II

—— e —
T

D

—

WGMs only

WGMs
& bus cores

WGMs
& bus fields

1.54 1.56

A [um]

1.58 1.60

43



Single ring filter, unidirectional supermodes

WGM(0,39), E,

z [um]
Ar = 1.5637 pm,
Q=1.1-10°,
AN =1.4-10"° pum.
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Single ring filter, unidirectional supermodes

WGM(0,39), Ey WGM(0,37-41) & bus core, E

o M O~ OO

X [um]

Z [um] Z [um]
Ar = 1.5637 pum, Ar = 1.5651 pum,
Q=1.1-10°, Q=1.1-10°,
AN =1.4-10"° pum. AN =1.4-10"° um.
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Single ring filter, unidirectional supermodes

WGM(0,39), Ey WGM(0,37-41) & bus core, E

o M O~ OO

X [um]
X [um]
X [um]

X [um]
X [um]
X [um]

-5 0 5 -5 0 5
z [um] z [um] Z [um]
Ar = 1.5637 pum, Ar = 1.5651 pum, Ar = 1.5622 pum,
Q=1.1-10°, Q=1.1-10°, Q =4.3-107,
AN =1.4-10"° pum. AN =1.4-10"° um. AN =3.7-1073 pum.
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Single ring filter, bidirectional supermodes

Z [um]

Ar = 1.56219 pm,
Q = 4.3-10?,
AN = 3.7-1073 pum.

45



Single ring filter, bidirectional supermodes

WGM(0,£37—+41) & bus fields, E

X [um]
X [um]

X [um]
X [um]

Z [um]

Z [um]
Ar = 1.56219 pm, Ar = 1.56223 pum,
Q = 4.3-102, Q=4.4-102
AN = 3.7-1073 um. AN = 3.5-1073 um.

X [um]

X [um]

WGM(0,+37—+41) & bus fields, E

Z [um]
Ar = 1.56215 pum,
Q =4.0-107,

AN =3.9-1073 um.
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Single ring filter, supermodes vs. gap

WGM(0,38)

TE, =
R="7.5pm, d=0.75 pm, = ss| 5,,,,..”,, o o o T -
w = 0.6 um, < . WGM(0,40)

WGM(0,39)

= 1.5, = 1.0. . . . . . . : : .
e Bl WeMO41)

0.2 0.4 0.6 0.8
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Single ring filter, supermodes vs. gap

1.6
TE, €
R=7.5um, d=0.75 um, = 155
w = 0.6 um, <
ng — 1.5, np = 1.0.

1.5

WGM(0,38)

WGM(0,39)

WGEM(0,40)

WGM(0,41)

0.8
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Single ring filter, supermodes vs. gap

TE,

R=75um, d=0.75 um,
w = 0.6 um,

ng = 1.5, np, = 1.0.

[um]

(<L

| — unidirect.
©o00000 bidirect. |

WGM(0,38)

;  WGM(0,39)
Cacaiid : : E : : : :

0.2 0.4 0.6 0.8
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CROW
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CROW, spectral response 1
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CROW, spectral response 1

L L L

’
0.8
6
4

0
0
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CROW, spectral response 1
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CROW, supermode pattern

Ic|, Rec, Imc [a.u.]

cavity #

K/un1

1.5601

1.5606

1.5615

1.5628

1.5673

1.5684

1.5692
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Three-ring molecule
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Three-ring molecule
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Three-ring molecule, supermodes

D, 2D D, Yol
\  Symmetries: Cﬁ:_) Cf} \) Ce \) Cg \_) & \)

\  Template: 3 x WGM(0, +£39) ~~ 6 supermodes.

Cxo

)
20
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Three-ring molecule, supermodes

Template: 3 x WGM(0, +39) ~~ 6 supermodes.

Symmetries: CES C\eq Ceq CZ,’ \_) 03

Ar = 1.56946 pm,
Q =1.3-105,

0 5 10 15 20 25 30
z [um]

AX=1.1-10"2 um.

Cxo

)
20
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Three-ring molecule, supermodes

- Template: 3 x WGM(0, £39) ~~ 6 supermodes.

\eq C eq C eq C O Oq

Symmetries: C/é::_e)‘ ;e)' \) ¢ \_) \)

Ar = 1.56715 pm,
Q=1.2-105,

0 5 10 15 20 25 30
z [um]

AN =1.3-107° um.

Cxo

)
20
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Three-ring molecule, supermodes

Template: 3 x WGM(0, +39) ~~ 6 supermodes.

Symmetries: CES CEQ_ Cn CO Of) WD

20 O w o) Cey

X [um]

Ar = 1.56714 pm,
Q = 0.9-105,

AN =1.7-1072 pum.
0 5 10 15 20 25 30
z [um]
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Three-ring molecule, supermodes

Template: 3 x WGM(0, +39) ~~ 6 supermodes.

Symmetries: C§8 C§3 C€3 Cg\_) 03

Ar = 1.56235 pm,
Q =1.0-105,

0 5 10 15 20 25 30
z [um]

AN =1.6-10"2 um.

Cxo

)
20
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Three-ring molecule, supermodes

Template: 3 x WGM(0, +39) ~~ 6 supermodes.

\eq C eq C eq C O Oq

Symmetries: C/é::_e)‘ \'_e)‘ \) 6 \_) \)

Ar = 1.56234 pm,
Q =1.0-105,

0 5 10 15 20 25 30
z [um]

AX=1.5-10"2 um.

Cxo

)
20
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Three-ring molecule, supermodes

~f N Template: 3 x WGM(0, +39) ~~ 6 supermodes.

D) AD D CORS
. Symmetries: CE \-) C/(-)\,-e)— Cg\) Cg\_) O\) Cgi)

15

10

(6]

X [um]
o

-10 Ar = 1.55988 pm,

Q=1.2-105,
AN =1.3-107° um.

-15

0 5 10 15 20 25 30
z [um]
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Three-ring molecule, excitation

WGMs only

0.8

0.6

0.4

T,R

0.2

0 A A A A
1.555 1.56 1.565 1.57
A [um]




Three-ring molecule, excitation

WGMs only

WGMs & bus fields

1 !

0.8

©
(o)}
T

o
~
1

©
N
T

1.555

1.56 1.565
A [um]

1.57
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ecule, excitation

|

ng mo

i

Three-r

WGMs only

WGMs & bus fields

1.56 1.565 1.57

1.555

A [um]

52



Concluding remarks

Hybrid analytical / numerical Coupled Mode Theory, HCMT:

an ab-initio, quantitative, quite general CMT variant, alternatively

a numerical (FEM) approach with highly specialized base functions,
configurations with localized resonances: demonstrated,

extension to 3-D (todo): numerical basis fields, still moderate effort,
very close to common ways of reasoning in integrated optics,

reasonably versatile:

EEEE
=
HEEE

NN M= DH
—— Ein

—— O O ——
00 @ ® OB [C3 OO 1000000000
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supplementary material
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Fast evaluation of spectral properties

Time consuming: evaluation of modal “overlaps” K in K:

Ky, = //K(Ez,Hz;Ek,Hk)dxdz-

All properties of the modal basis fields change but slowly with A;
rapid spectral variations are due to the solution of the linear system involving K.

~~ Interpolate K(\):

3 1 1 3
e Interval of interest A € [y, \p|, Ag := Z)xa + Z)\b’ A = 1)\@ -+ Z)\b’
e compute only Kg = K()\g) and K; = K(\1) directly,
A—A
e interpolate Kij(\) = Kg + L (K1 — Kp),
A1 — Ao

e solve for a(\) with K;(\).
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Computational window

0.8[

0.6

0.2|

02| ||

08| ||

06 ||

o4l ||
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Computational window

1.54

1.56

A [um]

1.58

1.60
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Computational window

oa V4 A\

o2l | S - A S S Y R -

— e —
T

D

—

1 . . . .
R=17.5um R Y
08 ........... .......... ........... ....... .......... ........... ......... .......... .........

06 ........... .......... .......... .......... ......... 18um><20um
- == -- 36.8umx35um

=== 46.8 um x 45 um

1.54 1.56 1.58 1.60
A [um]
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Abstract scattering problem

AL Y -
_______ R (2: domain of interest,
(SIS |
. V x H —1iwegel =0 ,
\ , in ()
- \ —V X E —1wugH =0
K\k S : for given frequency w, permittivity € = n?,
I
—t = N S: an exemplary port plane,
O__ ~ o waveguides enter ) through S.
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Abstract scattering problem

_______ R (2: domain of interest,
(SIS |
. V x H —1iwegel =0 ,
\ , in ()
- \ —V X E —1wugH =0

K\k S : for given frequency w, permittivity € = n?,

I
—t = N S: an exemplary port plane,
O__ ~ o waveguides enter ) through S.

Variational form including suitable boundary conditions ?
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Boundary conditions

Ingredients: (3 O
e Complete set of normal modes on S5, %>
(Ep, £H,,)(z,y) <> propagation along =+z. K\k S
| 2 /!

e Producton S: (A, B) = //S(A x B)-e,dxdy. Toee -

e Modal orthogonality properties <El, I~{k> — 01N, N = <Ek, I~{k>

“Any” electric field EZ and magnetic field H on S can be expanded as

1 1 -

E:ZGmEma em:N—<E7ﬁm>a H:thﬁma hm:N—<Em7H>a
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Boundary conditions

Ingredients: (3 O
e Complete set of normal modes on S5, %>
(Ep, £H,,)(z,y) <> propagation along =+z. K\k S
| 2 /!

e Producton S: (A, B) = //S(A x B)-e,dxdy. Toee -

e Modal orthogonality properties <El, I~{k> — 01N, N = <Ek, I~{k>

“Any” electric field EZ and magnetic field H on S can be expanded as

1

E:ZGmEma em:N—<E7ﬁm>a H:thﬁma hm:N—<Em7H>a

E Em Em Jm = (em + hm)/27
— m ot bm o )
o (5)-zm(E) s (F) Rl
(transverse components only).
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Transparent influx boundary conditions (TIBCs)

AiU, Y o
(S
... on S for inhomogeneous exterior, incoming waveguides: %> Y
. J N K\k S :
E = Em: OF E,, — Em: N—m<Em, H)E,, Sk .,
. 1 . IRREEPET -
H = 2F ., H,, — — E,Hm Hm§
2 im0, gy, (50 ) ~
F,,,: influx, given coefficients of incoming waves; By _ Z F, Em
m- > & g ; H)| — m I:Im -
Inc m
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Transparent influx boundary conditions (TIBCs)

... on S for inhomogeneous exterior, incoming waveguides: %>
1 - . K\k S
_>

- e - ™

E = Y 2FuBp— Y~ (B, H)Ey, S /
H = Zszﬁm—ZNiw,ﬁImmm; L ‘
b,

. . y — E E,,
: influx, given coefficients of incoming waves; (H) = Z F, ( > :

inc m

E E E
F 1 field of the f — = by, m
or a general field ot the form ( H) Zm: f ( Hm> + Z (_ Hm>

the TIBCs require f,,, = F},,, while b,,, can be arbitrary.
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Frequency domain Maxwell equations, variational form

Consider the functional

L(E,H) = // {E- (VX H)+H-(V x E)—iwepe E* +iwpgH? }dx dy dz
Q
(cf. e.g. C. Vassallo. Optical Waveguide Concepts. Elsevier, Amsterdam, 1991).
First variation:

OL(E,H;/E,0H) = // {25E (V x H — iwepeR)
Q
+20H - (V x E +iwpoH) }dzdydz

- / {((nx E)-0H + (n x H)-5E} dA.
o1

Stationarity 6 L(FE, H;0E,0)H) = 0 for arbitrary 6 E/, ) H implies
e that F/, H satisfy the Maxwell equations in

e and that transverse components of £ and H vanish on 0f2.
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Variational form of the scattering problem

... based on the functional: Toeee .
F(E,H) = // {E-(VxH)+H-(VxE)—iweeE” +iwugH?* }dz dy dz
Q
- 2R, {<Em,H> - <E,ﬁm>}

~

T Z ﬁ {<EmvH>2 o <E7H’m>2}
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Variational form of the scattering problem, first variation

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

+20H - (V x E + iw,uOI—I }d:z: dydz

AN Y 7
(et " 25:2}? 7n_FjE: o, OH)
K\ki’ — (0E, H — ZZF m+z E. H,, ﬁm>
_0_>Z )/

_ // {(nx E)-6H + (n x H) - 0E} dA.
HO\S
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Variational form of the scattering problem, first variation

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

+20H - (V x E + iw,uOI—I }d:z: dydz

A9 7
(3 S N EE:Qf? 7n_FEE: B, 0H)
K\ki’ — (0E, H — ZZF m+z E. H,, ﬁm>
_O_>Z )/

_ // {(nx E)-6H + (n x H) - 0E} dA.
HO\S

Stationarity 6 F (E, H; 6 E,0H) = 0 for arbitrary 0 E, 6 H implies
e that F/, H satisfy the Maxwell equations in 2,
e that FE/, H satisfy TIBCs on S,

e and that transverse components of £ and H vanish on 002\ S.
62



Variational HCMT scheme

(E.H) =) ay(Ey Hy)
k

F(E,H)

= . (a)
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Variational HCMT scheme

(E,H) = Zak(EkaHk)
F(E. H) : - Z.(a)

Restricted functional:

Frla) = Z aFipar + Z Ria; + Y aBiay .

Lk
sz—///{Ez (VxHg)+H;-(V x Ey)
—1wegel) - By +1wuoH - Hk}dxdydz,
- Zsz {(By, H) — (B H) |

B = Z v { B (B HY) — (BL HL) (B Ho)

+ contributions R, B from other port planes.
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Variational HCMT scheme

(E,H) = Z ax(Ey, Hy,)
k

F(E,H)

Restricted functional:

Fi(a)=a-Ma—+ R-a.

= . (a)
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Variational HCMT scheme

(E,H) = Zak(EkaHk)
‘F(EaH) - — fr(a)

Restricted functional:

Fi(a)=a-Ma—+ R-a.

C» Require 0F; = da - ((I\/I + MT) a + R) = 0 forall Ja,

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

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

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

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

X [um]

Alternative functional:

C(E, H) :///Q{E*- (V x H) — H" (V % E)

— iwege B E + iwpuoH™ H}d:c dy dz.
Extend C by boundary integrals such that

e the boundary terms in 0C cancel ---» the Galerkin scheme could
be viewed as a variational restriction of C.
|

e TIBCs are satisfied as natural boundary conditions if C becomes
stationary ---» variational scheme with complex conjugate fields.
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Waveguide Bragg reflector

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

AZC
Ny } | 1 ‘ Np
o e
S — 0
R l
T

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

5 1.52 1.54 1.56 1.58 1
A [um]

—— BEDP, reference,
— — — — HCMT.

.6
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Grating-assisted rectangular resonator

K
ng = 1.60, np, = 1.45,
P, M N FPe w=1.0um, g = 1.6 um,
— —— W =9.955 pm,
L = 79.985 pum,
p = 1.538 um,
s = 0.281 pm,
Ny = 40.
I
== [




Grating-assisted rectangular resonator

ng = 1.60, ny, = 1.45,
w=10pum,g=1.6 um,
W = 9.955 um,

L = 79.985 pum,

p = 1.538 pm,

s = 0.281 pum,

Ny = 40.
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Grating-assisted rectangular resonator

AZC
e I ... N, ng = 1.60, ny, = 1.45,
Py R Fe' w=1.0pum,g = 1.6 um,
v 9 - I S R L = 79.985 yum,
TSI
0 ~ s = 0.281 pm,
OO0, v SIILG Ny =40
P .
<:% A i B B ——
P, I “F g 1y —— BEDP, reference,
— — — — HCMT.

0.2f 1t 'I
P,P_,P L P,P,PA
. L | i JL 5 AN C D

1.5 1.52 1.5 1.56 1.58 16 15485 1549 1.5495 1.55 1.5505 1.551 1.5515
A [um] A [um]
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Single ring filter, transmission, bidirectional template

o8l | T T N J— N - T
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Single ring filter, transmission, bidirectional template

R < 1074,
F <1074

0.8 [

02| ||

06|11

; GM(0, 37-41)

WGM(0, +37—-+41)

1.54 1.56

1.58 1.60
A [um]
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Micro-disk resonator, spectral response

e —
T

D

—

WGMs only
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Micro-disk resonator, spectral response
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WGMs only
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Micro-disk resonator, spectral response

— |
T
D ot R

WGMs only 1 n _ . .
o8l It .......... ........... .
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Micro-disk resonator, spectral response

e —
T

D

—

WGMs only

0.8

0.6

L..ON

— WGM-HCMT

0000 FDTD
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Micro-disk resonator, spectral response

e —
T

D

—

WGMs only

WGMs
& bus cores

0.8

0.6

L..ON

— WGM-HCMT

0000 FDTD
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Micro-disk resonator, spectral response

e —
T

D

—

WGMs only

WGMs
& bus cores

WGMs
__________________________________ o B o000 FDTD

& bus fields O'zj _
0 scoessesesasescecest? W

2,
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Micro-disk, resonant fields (0)

WGM(0,40), E,

Z [um]
Ar = 1.56514 pm,
Q =8.2-10°,
AN =1.9-107% ym.

70



Micro-disk, resonant fields (0)

WGM(0,40), E,

Z [um] Z [um]

Ar = 1.56514 pm, Ar = 1.56454 pm,
Q=8.2-10°, Q =6.7-102,
AN =1.9-107% ym. AN =2.3-1073 pum.
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Micro-disk, resonant fields (0)

WGM(0,40), E,

o M O~ OO

X [um]
X [um]

X [um]
X [um]

Z [um] Z [um]
Ar = 1.56514 pm, Ar = 1.56454 pum,
Q =8.2-10°, Q =6.7-102,
AN =1.9-107% ym. AN =2.3-1073 pum.

X [um]

X [um]

Z [um]

Ar = 1.56456 um.
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Micro-disk, resonant fields (1)

WGM(1.35), E,

Z [um]
Ar = 1.57444 pym,
Q =1.6-103,
AX=9.2-10"4 pm.
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Micro-disk, resonant fields (1)

WGM(1.35), E,

Z [um] Z [um]

Ar = 1.57444 pm, Ar = 1.57320 pm,
Q= 1.6-103, Q=1.1-103,
AX=9.2-10"4 pm. AN =1.4-10"3 pum.
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Micro-disk, resonant fields (1)

WGM(1.35), E,

Z [um] Z [um]
Ar = 1.57444 pm, Ar = 1.57320 pm,
Q= 1.6-103, Q=1.1-103,

AX=9.2-10"4 pm. AN =1.4-10"3 pum.

X [um]

Z [um]

Ar = 1.57306 yum.
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CROW, spectral response 11

0.8

0.6

0.4

0.2

......... ---g--WGM(O,39)
5 jz | 5

1.560 1.564
A [um]
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CROW, spectral response 11

1.564

1.560

A [um]
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