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Wave il ion in p g circuits
o Basis fields

o Straight channels
« Curved waveguides
* Localized resonances

Frequency domain,

V x H —iweeE = 0, }

~V x E —iwpoH =
Hybrid coupled mode theory VX lwho 0,

* Field templates w = ke =2mc /A given,
o Amplitude discretization _ 2 n

« Solution procedures e=n’ nlxy.2),

« Supermode analysis
Coupled straight waveguides 2-D examples & specifics,
Channel crossing 2-D (3-D) formalism.

Micro-ring circuits

Wave il ion in circuits
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Straight dielectric waveguide

TE. my = 1.5, ny = 2.0, d = 1.0pm, A= L5 um,
Bo/k =1.924, Bi [k = 1.697.




Straight dielectric waveguide

Waveguide bend
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dpe = 0, w given, v = 3 —ia € C eigenvalue,
=z E _(E —ivRO
(R)eo=(5) e

TE, my = 145, ny = 1.6, d = 1.0um, A = 1.55um.
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Whispering gallery resonances

Dpe =0, m e Z, w e Ceigenvalue,
E _(E —imd
(7)o =)o

Ar = 2mc /Rew’,

Q =Rew®/(2Imw*),

{WGM(z_m)}

outgoing radiation, FWHM: AX = A /Q.



Whispering gallery resonances

Localized resonances

(s)

A waveguide crossing

Jge =0,

m e Z, w e Ceigenvalue, {wf, (g)}
E i

(r,0) = (Z) (r)yeim.

TE, R = 7.5um,
ne =15 m=10.

WGM(1,36):

Field ansatz

Basis elements:

* modes of the horizontal WG

PP(xz) = (g) () e¥i8",

* modes of the vertical WG
BN e
>) (z)eFibnx
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D du@)eh(x.2)
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)93, 2) + b)Y 2) + Y un(¥) i (v,2) +

Coupled Mode Model ?



Ambli " " o Galerkin procedure

x 1-D linear finite elements
. “ ag a; ay
(L 7 —V x E —iwpoH = 0 G)’ |
N .
z0 . @) =3 "fo2). - /// K(F,G;E,H)dxdydz=0 forall F, G,
t } =0
I o B(2), ttn(3), du(x) analogous. where
£ E, KC(F,G;E,H) = F* - (V x H) — G* - (V x E) — iweoeF* - E — iwpG* - H.
G (ea-Ya(eow)wo = Ya(g ) wo.
k k
k € {waveguides, modes, elements}, ax € {fj, bj, tm dm} a: 9
Galerkin procedure, continued Further issues

E E;
o Insert (H) = ;ak (HL)'
e select {u}: indices of unknown coefficients,
{g}: given values related to prescribed influx,

[ plenty.
® require ///}C(E,,H,;E,H)dxm dz=0 for [ € {u},

e compute Ky = ///}C(E,,H,;Ek,Hk)dxd‘ dz.

Z Kpap =0, 1€ {u}, (Kuu Kug) (Z“) =0, or Kuuay = —Kypag .
kefug) ¢



Straight waveguide

o) A=155um Basis element: forward TEq mode, fo = 1,

L w=02um FEM discretization z € [~20,20] um, Az =2pm,
fonal domain 2 € [< —20, > 20] um, x € [~3.0,3.0] pm.
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Two coupled parallel cores

T A=155um g =025um:
l 1
> ©
{
{ g
[0)
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5 E
asis:
R T o 0 ) )
forward TEy modes of the individual cores, 2fum)

input amplitude fy = 1,
FEM discretization:
2€[~20,20] um,
computational domain:

2 € [~20,20] pm, x € [~3.0,3.0] pm.

0.5 um,

0
2{um)

Two coupled parallel cores

r A= 155 pm

g=025um:

Basis:

forward TEg modes of the individual cores,
input amplitude i, = 1,

FEM discretization:

2 € [~20,20] pum,
computational domain:

2 € [~20,20] pm, x € [3.0,3.0] pm.

0.5 um,

Two coupled parallel cores

v A= 1.55um
{
>} ©
I
{
> ©
1

Basis:

forward TEy modes of the individual cores,
input amplitude fy = 1,

FEM discretization:

2 €(~20,20] um, Az
computational domain:

2 € [~20,20] pm, x € [3.0,3.0] pm.

0.5 um,

Coupling length versus gap:

™

o o000 HCMT
——— exact
— — —— conv. CMT




Waveguide crossing Waveguide crossing, fields

v = 0.45 pum, bimodal vertical WG:

ﬁ reference
F 34, my =145, A = 155 um, 8
= 0.2 um, v variable, TE polarization. HCMIl9
Ty Ty
£ Basis elements:
P, directional guided modes
== F — of the horizontal and vertical cores. = =
b — 7 s 2
® FEM discretization: = B
2 € [v/2— LS um,v/2 + 1.5 pm], Az = 0.025 um,
o X € [w/2 = 1.5um, w/2 + 1.5 um], Ax = 0.025 um. -
Computational window:
J}Pu z€[~4pum, 4pm], x € [~4pm, 4pm).
0
z [um]
Waveguide crossing, i i Waveguide crossing, power transfer
v = 0.45 pum, bimodal vertical WG: .
| = B
N R i

PR‘T u.0

B,

QUEP: reference
e eee HCMT
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Ringresonator

D +

TE. R=7.5um, w=06um, d=075um, g=03pum, ny = 1.5, my = 1.0, A~ 1.5 um.
Ringresonator, HCMT procedure
+
wj : o
_=+

- (g)(x‘z):;a,(“ (-)w)(x,z) ::2&@(51)(;:.2)‘

k € {channels, modes, elements}, a € {f;. bj. ¢j}.

1-D FEM discretization:

1@ =6},
b(z) = {bj},

(0) = {e},

identify nodes 0 and N,
r—r(xz), 0 = 0(x,z).

G- HOMT solution as before.
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Single ring filter, spectral response

Basis elements:
* bus WGs:

o) -

® cavity:

Ve

S

w0 = ().
AR — floor(ReyR + 1/2),
o & further terms.

)9 (x,2) + b(2) YO (x,2) + c(0) ¥ (. 0),
r=r(xz), 0 =0(x,z).

f,b,c:?

152 154 156 158 1.6 1.62
A [um]

155 1.555 1.56 1.565 1.57 1.575
A [um]



Single ring filter, resonance

x[am]

Ringr field

0
2fum]

(o) =r@ i) +

* Frequency w given, ~ exp(iwr),
® bus channels:
) E f.b
W = () W
o cavity, WGMs:
B\
s (r,0) = (H)(r)e""’/a. m; € L.
I

* & further terms.

+2L, (r,0),

r=r(x, L), 0= 0(x.2). fobig: D

of whispering gallery resonances

Zf, ) (x

< (e

C» HCMT solution as before.

Channels: 1-D FEM discretization,

fz) = {hh
b(z) = {bj}.

)+ Zb (o) (x.2) + Zc/ P(x
=) q (x,2),
b k<m>

a € {fj,bj; i}



Single ring filter, spectral response Single ring filter, benchmark

o 06 WGM(O, 39) - 08 WGM-HCMT
0.4 WGMs(0, 37-41)
0.2]
154 1 1.58 1.80
A fum]

WGM(0,41)

WGM(0,40)

Rec,Imc [au]

WGM(0,37)

158 1.60



Single ring filter, resonance positions Supermodes

Look for w® € C where the system
{ V x H —iw'ceE = 0
—V xE —iw'uglH =0

permits nontrivial solutions E, H.

& boundary conditions: “outgoing waves” }

S| ®
- ///A(F,G;E,H)dx~‘dz—w‘///B(F.G:E.H)dN»‘dz:g forall F.G.

where  A(F,G;E,H) =F"-(V xH) - G*-(V xE) ,
B(F,G;E.H) = icoeF* - E +ipnG* - H.

HCMT supermode analysis Further issues

. (E\ _ E;
o Insert (H) = Xk:u; (H)'

o require /// A(E;, H;; E,H) dx &y dsz‘/// B(E,, H;; E,H)dxdydz =0
forall 7,

[ plenty.
e compute Ay = A(E;,H;;E Hy) dx dydz,
P

Bu= ///3<EI.HJ;Ek,Hk)dx\<xdz.

ZA"“‘ —w'Bpap =0 forall I, or Aa=w'Ba.
k A {w. A 0, AX; (E,H)}“.



WGMs, small uniform perturbations Single ring filter, resonance positions

v !
2 T 03|
, o - 0.6

g 0.4]
02
TE,R = 7.5um, d = 0.75 um, ny = 1.0.
WGMs only
En = WGM(wn; E», Hy)
ot Ac =~ WGM(wn + Aw; En,Hy), WGMs
& bus cores
o
R WGMs
wnco [ [ Ackenfasoa: & bus fields
] (extlbel + ol v ac
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2 fum]

Single ring filter, unidirectional supermodes
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T ° Foim ? im
Ar = 1.5651 um, A = 1.5622 pm, Ar = 1.56219 pm, Ar = 1.56223 pm, A = 1.56215 pm,
=1.1-10°, 0=43-10° 0 3107, 0=44-10°, 0=40-10°,
AX=14-107% um. AN AX=3.7-10" pm. AX=3.5-10"" pm. AX=3.9-10"" pum.



Single ring filter, supermodes versus gap Coupled resonator optical waveguide

4
o
g 3
—— unidirect,
2, e000000 bidirect,
; WGM(0.38)
g WGM(0.
TE, <155 WGM(0.40)
R=75pum, d=075um, WGM(0,41)
w=0.6pum, 1.5 000
ny =15, m =10, 02 0.4 06 08
g [um]
CROW, spectral response CROW, supermode pattern
o A jum
15601
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0.8|
06| _ 1.5615
= S
04 = 15628
02| E
< 1.5643
LL.LWL L] =
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Three-ring molecule

Three-ring molecule, supermodes

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

0
Symmetries: C ‘c’ "°’ Ce
%,_/

Ar = 1.56715 pm,
0=12-10°,
AXN=13-107 pm,

Three-ring molecule, supermodes

Template: 3 x WGM(0, £39) ~~=

Symmetries: Ce“’ C/ Ceof
NSRS

6 supermodes.

W)
Ci ¢ ¢
NSRS

Ar = 1.56946 pum,
0=13-10°,
AX=1.1-107" pm,

6 supermodes.

D)

Ar = 1.56714 pum,
0=09-10°,
AXN=1.7-107" pm,



Three-ring molecule, supermodes

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

Symmetries: C “’ C"“’ C e“’ C C “’ C ‘“’
O SO

B

e

xpum]

Ar = 1.56235 pm,
0=10-10°,
AX=1.6-10" pm,

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

0
Symmetries: C ‘c’ "°’ Ce

Ar = 1.55988 pm,
0=12-10°,
AXN=13-107 pm,

Three-ring molecule, supermodes

g

Template: 3 x WGM(0.

Symmetries: Ce“’ C/ Ceof
NSRS

,£39) ~e

C C

6 supermodes.

o

Ar = 1.56234 pum,
0=10-10°,
AXN=15-10" pm,

TR

WGMs & bus fields

T

g




Concluding remarks

Hybrid Coupled Mode Theory:

e an ab-initio, quantitative, quite general CMT variant,
very close to common ways of reasoning in integrated optics,

alternatively: a numerical (FEM) approach with highly specialized base functions,

reasonably versatile:

= =um
0CSes B |°8 60 |000000000|

o extension to 3-D: numerical basis fields, still moderate effort expected (in progress).




