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Excitation of whispering gallery resonances




Excitation of whispering gallery resonances




Excitation of whispering gallery resonances




Outline

Localized resonances & guided wave excitation

e Whispering gallery modes

e Hybrid analytical / numerical coupled mode theory
e Benchmarks, micro-ring and -disk

e Supermode analysis, perturbations

e CROW

e Three-ring molecule



Micro-ring, resonances

= 0.75 pm,

d

TE,
Ng

= 1.5, np, = 1.0.
n €C, melZ,

C
n,

WGM(n, m):
W

R [um]

(

)

=
Q) = Rew®/(2Im w°),

(7,0

C
n,

Ar/ Q.

outgoing radiation, FWHM: A\

2wc/Rew¢,

r:

A
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Micro-ring, resonances

WGM(O, 39), E,

WGM(O, 39), [E,|

X [um]

TE, R = 7.5 um, d = 0.75 um,
ng — 1.5, ny — 1.0

-5 0 5 -5 0 5
z [um] z [um]

WGM(0, 39): A\ = 1.5637 um, Q = 1.1-10°, AX=1.4-10"° um.






-disk, resonances




Micro-disk, resonances

WGM(0, 39), E,

WGM(O, 39), |E,|

X [um]

TE, R = 7.5 um,
ng = 1.5, np = 1.0.

-5 0 5
z [um]

z [um]
WGM(0, 39): A\, = 1.6025 um, Q = 5.7-10%, AX =2.8-107° um.



Micro-disk, resonances

WGM(L, 36), E,

WGM(1, 36), |E |

X [um]

TE, R = 7.5 um,
ng = 1.5, np = 1.0.

-5 0 5
z [um]

z [um]
WGM(1,36): A\; = 1.5367 um, Q = 2.2-10%, AN =7.0-10"% um.



Ringresonator

TE, R=75pum, w=0.6um, d=0.75pum, g =0.3um, ng = 1.5, n, = 1.0, A = 1.55 um.



Ringresonator, field template

e Frequencyw given, ~ exp(iwt).

e Bus channels:

~

2 \0P _
W) = () e
e Cavity, WGMs:

S (r,0) = (g)c(r) om0

J
ijZ.

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

(59 = £ 9. + D) 62, + 3 050,0).

r=r(x,z), 0 =0(z,z2). fib,cj: ?
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Ringresonator, HCMT procedure

Channels: 1-D FEM discretization,

o
Q) o QN
1
—

0l ZIO 21 ZIQ | IZ]V—l ZIN <
N

f(z) = ij a;(z),
j=0

)(x,2)+ Z b; (ozﬂ,b?) (x,2)+ Z ¢j ' (x,2)

k € {channels, modes, elements, resonahces;, € {f;,bj,c;}. ax: ?
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Galerkin procedure

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

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

where

K(F.G;E,H)=F*-(Vx H)—G"-(V x E) — iwege F* - E —iwpuoG* - 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) drdz =0 for [ € {u},

e compute K = ///C(EZ,HZ;Ek,Hk) dx dz .

Z Kjar =0, ZE{U},

retnel (Kuu Kug) (Z) =0, o Kyuay=
g
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Further issues

plenty.
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Single ring filter, spectral response
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Single ring filter, spectral response

06| ||
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Single ring filter, benchmark

o8| |
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Single ring filter, benchmark
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Single ring filter, benchmark
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Single ring filter, benchmark
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Single ring filter, WGM amplitudes
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Single ring filter, WGM amplitudes

Ic|, Re ¢, Im ¢ [a.u.]

....... WGM(O,41)

..... WGM(O,40)
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Single ring filter, transmission resonance

BM-HCMT
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Single ring filter, transmission resonance

BM-HCMT

WGM(0,39)

S
=
>

X [um]




Single ring filter, transmission resonance

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




Single ring filter, resonance positions |
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1.58 1.60
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Single ring filter, resonance positions |

1.54

1.56
A [um]

1.58 1.60
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Supermodes

Look for w® € C where the system

V x H—i1weelE =0
—V X FE—iwuH =0

permits nontrivial solutionsk, H.

& boundary conditions: “outgoing Wave%”
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Supermodes

Look for w® € C where the system

V x H—i1weelE =0
—V X FE—iwuH =0

permits nontrivial solutionsk, H.

V x H—1w’epeE = () F ' //
—V X FE — in,uOH =0 G| comp. domain

e

& boundary conditions: “outgoing Wave%”

//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)=ieeF* - E+iuG"-H.
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HCMT supermode analysis

e Insert (E[) = Zak (gi)

e require

//A(EZ,HZ;E,H)da:dz—wS//B(El,Hl;E,H)d:de:0 forall [,

e cCoOompute Alk = //A(EZ,HZ;Ek,Hk) dx dz,

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

Z Alkak — wSBlkak =0 forall I, or Aa=w"Ba.
k
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HCMT supermode analysis

e Insert (E[) = Zak (gi)

e require

//A(EZ,HZ;E,H)da:dz—wS//B(El,Hl;E,H)d:de:0 forall [,

e cCoOompute Alk = //A(EZ,HZ;Ek,Hk) dx dz,

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

Z Alkak — wSBlkak =0 forall I, or Aa=w"Ba.
k

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

S
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Further issues

plenty.
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WGMs, small uniform perturbations

10915 Q

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

ny = 1.0. _
3
Em <> WGM(wy,; E., Hy,),

Ezem—l—Ae - WGM(wm—I—AW, %EmamHm)a
wme()/ A€|E,,|? dz dz

Aw = — :
// (emeo|Em|2 + ,u0|Hm|2) dx dz
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WGMs, small uniform perturbations
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Single ring filter, resonance positions Il
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Single ring filter, resonance positions Il

WGMSs only
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Single ring filter, resonance positions Il
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Single ring filter, resonance positions Il
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Single ring filter, unidirectional supermodes
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Single ring filter, unidirectional supermodes
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Single ring filter, unidirectional supermodes

WGM(0,39), E,

WGM(0,37-41) & bus core, E
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X [um]

-5 0 5 -5 0 5
z [um] z [um] z [um]
Ar = 1.5637 um, Ar = 1.5651 um, Ar = 1.5622 um,
Q=1.1-10°, Q=1.1-10°, Q =4.3-107,
AN =1.4-10"2 um. AN =1.4-1072 um. AN = 3.7-1073 um.
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Single ring filter, bidirectional supermodes

X [um]

X [um]

-5 0 5
Z [um]

Ar = 1.56219 pum,
Q = 4.3-107,
AN = 3.7-1073 um.
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Single ring filter, bidirectional supermodes

WGM(0,+37-+41) & bus fields, E WGM(0,+37-+41) & bus fields, E
S S S SSESE S S SEEEEE S S|

0

z [um] z [um] z [um]
Ar = 1.56219 um, Ar = 1.56223 um, Ar = 1.56215 um,
Q = 4.3-107, Q=4.4-107, Q = 4.0 - 107,
AN = 3.7-1073 um. AN = 3.5-1073 um. AN =3.9-1073 um.
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Single ring filter, supermodes vs.

gap

TE, =
R=7.5um, d=0.75um, El
w = 0.6 um, ~1.55

ng — 1.5, np = 1.0,

WGM(0,38)

WGM(0,39)

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

WGM(0,38)

TE, E'
R="7.5pum, d=0.75pm, el — - . . R
w = 0.6 um, < | - WGM(0,40)
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Single ring filter, supermodes vs. gap

R=75um, d=0.75 um,
w = 0.6 pm,
ng = 1.5, np = 1.0.

| — unidirect.
coooooo pidirect. .

WGM(0,38)

WGM(0,39)

0.2 0.4 0.6 0.8
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Single ring filter, transmission, bidirectional template

o8l | S S N S " S -
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Single ring filter, transmission, bidirectional template

R <1074
F < 1074,
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Micro-disk resonator, spectral response
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Micro-disk resonator, spectral response
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Micro-disk resonator, spectral response
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Micro-disk resonator, spectral response
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Micro-disk resonator, spectral response
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Micro-disk resonator, spectral response
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Micro-disk, resonant fields (0)

WGM(0,40), E,
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Ar = 1.56514 pm,
Q = 8.2-10°,
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Micro-disk, resonant fields (0)

WGM(0,40), E,

X [um]
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Q=8.2-10°, Q =6.7-102,
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Micro-disk, resonant fields (0)
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Ar = 1.56514 pm, Ar = 1.56454 um,
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Micro-disk, resonant fields (1)
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Q =1.6-103,

AX=9.2-10"% um.
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Micro-disk, resonant fields (1)
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Ar = 1.57444 pm,
Q =1.6-103,

AX=9.2-10"% um.

X [um]
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Ar = 1.57320 pm,
Q=1.1-103,

AN =1.4-1073 um.
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Micro-disk, resonant fields (1)

X [um]

X [um]

8
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WGM(1,35), E,

-5 0 5
z [um]
Ar = 1.57444 pm,
Q =1.6-103,

AX=9.2-10"% um.

X [um]

X [um]

-5 0 5
z [um]
Ar = 1.57320 pm,
Q=1.1-103,

AN =1.4-1073 um.
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X [um]

z [um]

Ar = 1.57306 um.
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CROW
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CROW, spectral response |
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CROW, spectral response |
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CROW, spectral response |

L.

A [um]
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CROW, supermode pattern

Ic], Re c, Im ¢ [a.u.]

}\r/pm

1.5601

1.5606

cavity #

1.5628

1.5643

1.5658

1.5673

1.5684

1.5692
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CROW, spectral response Il
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CROW, spectral response Il
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Three-ring molecule
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Three-ring molecule
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Three-ring molecule, supermodes

Symmetrles Ce\)‘ C “e‘ C/Eg— C "0‘ C ’e‘

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

4
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Three-ring molecule, supermodes

X [um]

Symmetrles ng- Cefg- C/S%— C "o— C ~e-

Ar = 1.56946 pm,
Q =1.3-10°,

AX=1.1-10"° pum.
0O 5 10 15 20 25 30
z [um]

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

4

37



Three-ring molecule, supermodes

X [um]

Cie-

<
A/<\ \
\ \
1 >TSS N \ -
’ ~ N
’ N A N -
s N\ YR
T A}
e ¥ ‘o .
\ |
[ | | [ |
| Y | F
CA I
Y S
Y L
AL

0 5 10

Tl Bk E

Ar = 1.56715 pum,
Q=1.2-105,

AN =1.3-1072 um.
15 20 25 30
Z [um]
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Three-ring molecule, supermodes

X [um]

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

S \ \ \ \ \ \

R = : &) e @ o, J.) o,
Nl TN -( xe- s @— 20— s O— v e — S 0—
Symmetries: C/e \C/o C/e o) \C/e ) C/o ) C/o )

Ar = 1.56714 pm,
Q = 0.9-10°,

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

X [um]

\
Cge-
/

.
)\’(\ \
B
D prIlies 3 O \ -
. ~ N
), N N v -
Tor A}
, ‘
to \ i [ i

0 5 10

Tl Bk E

Ar = 1.56235 pum,
Q =1.0-105,

AX=1.6-10"2 um.
15 20 25 30
Z [um]
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Three-ring molecule, supermodes

X [um]

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

[ 2 < \ \ \ \ \

A e ) e ) Q‘ ) J.) d.)

VN AN - . - e— - e— n=-0— = O— - @—
bt G ) Symmetries: C/e ) \C/o ) C/e ) C/e ) C/o )

Ar = 1.56234 pum,
Q =1.0-105,

AX=1.5-10"2 um.
0 5 10 15 20 25 30
Z [um]

s
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Three-ring molecule, supermodes

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

Symmetrles Cej- C we- C C "o— C *e— C *o—

N

15

10

(3]

X [um]
o

-10 Ar = 1.55988 pm,

Q=1.2-105,
AN =1.3-1072 um.

-15

O 5 10 15 20 25 30
Z [um]
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Three-ring molecule, excitation

WGMs only

0.8

0.6
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A [um]




Three-ring molecule, excitation

T, R

WGMs only

WGMs & bus fields

1

0.8

0.6

0.4

0.2

1.555

1.56 1.565
A [um]

1.57
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ng molecule, excitation

-l

Three

WGMs only

d U

1

[%2]
=)
@

[7)]

>
o]

o

[%2]
=
O
=

1.565 1.57
A [um]

1.56

1.555
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HCMT for circuits of circular resonators

WGM-HCMT:
e an ab-initio, quantitative, quite general CMT varianteaiatively
e a numerical (FEM) approach with highly specialized basetions,
e configurations with localized resonances: demonstrated
e extension to 3-Dtpdo):. numerical basis fields, still moderate effort,
e reasonably versatile:

_  _ 0|0
00 @ @ O [CO loooooo000|



Fast evaluation of spectral properties

Time

consuming: evaluation of modal “overlap&7;. in K:

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

All properties of the modal basis fields change but slowlynwxit

rapid

A

spectral variations are due to gsotution of the linear system involving.
InterpolateK(\):
. 3 1 1 3
Interval of interest\ € [A\,, \p], Ao := 1)\“ + Z)\b’ A1 = Z)\a + Z)\b’
compute onlyKy = K(A\g) andK; = K(A;) directly,
. A—A
interpolateK;(\) = Kg + L (K1 — Kp),
A — Ao

solve fora(\) with K;(\).
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Computational window

— e —
T

D

—

R="7.5pum

41



Computational window
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Computational window

o4 \f H TR oo TN SR Y .

o2l [ S - A S S Y R -

— e —
T

D

—

1 . . . .
R=7.5pm R Y
08 ........... .......... ........... ....... .......... ........... ......... .......... .........

06 ........... .......... .......... __________ ,,,,,,,,, 21.8 um x 20 pm
= = === 36.8um x 35 pm

‘=i=i== 46.8 um x 45 pm

1.54 1.56 1.58 1.60
A [um]
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