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Ringresonator: Abstract model

e Ringresonator ~ 2 couplers + 2 cavity segments



Ringresonator: Abstract model

e Ringresonator ~ 2 couplers + 2 cavity segments

e CW description: E, H ~ eiwt, w=kc, k=2nm/\.



Couplers: Scattering matrices

Uniform polarization,
single mode waveguides.

Linear, nonmagnetic
(attenuating) elements.

Backreflections are negligible.

Interaction restricted to the couplers
— “port” definition.



Couplers: Scattering matrices

Uniform polarization,
single mode waveguides.

Linear, nonmagnetic
(attenuating) elements.

Backreflections are negligible.

Interaction restricted to the couplers
— “port” definition.

C» Symmetric coupler scattering matrices :
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Ay, B4, a4+, by : Amplitudes of waves traveling in 4-z-direction.
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Coupler symmetries

Symmetry z — —z:
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Coupler symmetries
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Cavity segments

Field evolution ~ e~ 179
along the cavity core,
propagation distance s.

Y = 6 o iOé,
3 : phase propagation constant,
| «v: attenuation constant.




Cavity segments

Field evolution ~ e~ 179
along the cavity core,
propagation distance s.

v =03 —1aq,
3 : phase propagation constant,
| «v: attenuation constant.

C» Relations of amplitudes at the ends of the cavity segments :

¢ —b, e 1BL/2 —al/2 0, =d_e—iBL/2 ¢—aL/2,
I Cy e—lﬁL/z e—Cl(L/Z’ d_|_ — a._ e—lﬁL/z e—Cl(L/Z.



Output amplitudes

Coupler scattering matrices
+ Cavity field evolution
+ External input amplitudes

A—i—:\/Pin,
B.=C_=D,=0



Output amplitudes

Coupler scattering matrices
+ Cavity field evolution
+ External input amplitudes

A—I—: \/Pina
i B.=C_=D, =0

External output amplitudes :

A—:Oa C_|_:O, D_ = i A-i-a B_|_:(,0‘|— I{T]; Q)A—i—a

1 — 72p?
b —iBL/2 o—aL/2



Power transfer

Power drop:  Pp = |D_|?,

Transmission: Pr = |B_|?.
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Power transfer

Power drop:  Pp = |D_|?,

Transmission: Pr = |B_|?.

‘Kﬁe—aL

Pp = P
1+ |r|te—2al —g|r)2e—al cog(BL — 2¢)

pI2(1 + |7]2d? e 2L — o) r|de =L cos(BL — ¢ — o))

PT — Pin
1+ |r|te—2al —9|r)2e—al cog(BL — 2¢)

deV =7 — k?/p, L #2rR.



Spectral response

AlE
D n, s C
Ny :;,g
~ R=50um, b=s=1.0um, g = 0.9 pum,
ny = 1.45, ng = 1.60; 2D, TE.
A B AX = 5.0nm, 26\ = 0.17 nm,
F =30, Q =9400, Pp res = 0.44.
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Resonances
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Resonances

Pp =P e|te—0 (\)
P L rfte—2aLl _ 97 2e—aL cos(BL — 20)
po_ p PP+ [rPd 200 — 2)r|de™F cos(BL — ¢ — v))

1+ |r|te—2al — 9|72 e—L cos(BL — 2¢)

(A)
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Resonances

. . ‘/{‘46_0‘1;
D — I3
1+ |r|te—2al — 9|72 e—L cos(BL — 20)
po_ p PP+ [rPd 200 — 2)r|de™F cos(BL — ¢ — v))

1+ |r|te—2al — 9|72 e—L cos(BL — 2¢)

e ~ Resonances:
Singularities in the denominators of Pp, Pr, origin: G(\).
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Resonances

. . ‘/{‘46_041;
D — I3
1+ |r|te—2al — 9|72 e—L cos(BL — 20)
po_ p PP+ [rPd 200 — 2)r|de™F cos(BL — ¢ — v))

e ~ Resonances:

1+ |r|te—2al — 9|72 e—L cos(BL — 2¢)

Singularities in the denominators of Pp, Pr, origin: G(\).

e Correction for finite coupler length [ :
BL =290 = [Lcav — ¢, ¢ =200+ 20,

Lcav = 21 R, 8)\¢ ~ 0.
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Resonances
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D — I3
1+ |r|te—2al — 9|72 e—L cos(BL — 20)
po_ p PP+ [rPd 200 — 2)r|de™F cos(BL — ¢ — v))

1+ |r|te—2al — 9|72 e—L cos(BL — 2¢)

e ~ Resonances:
Singularities in the denominators of Pp, Pr, origin: G(\).

e Correction for finite coupler length [ :
BL —2p = (Lecayv — @, ¢=20l4+2p, Leaw =21R, 0)\¢ = 0.

e Resonance condition: cos(GLcay — ¢) = 1, or
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Resonances

. . ‘“FC_QL
D — I3
1+ |r|te—2al — 9|72 e—L cos(BL — 20)
po_ p PP+ [rPd 200 — 2)r|de™F cos(BL — ¢ — v))

1+ |r|te—2al — 9|72 e—L cos(BL — 2¢)

e ~ Resonances:
Singularities in the denominators of Pp, Pr, origin: G(\).

e Correction for finite coupler length [ :
BL —2p = (Lecayv — @, ¢=20l4+2p, Leaw =21R, 0)\¢ = 0.

e Resonance condition: cos(GLcay — ¢) = 1, or
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Free spectral range

e Resonance next to (3, :

20m — 1)m+ ¢ B
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Free spectral range

e Resonance next to (3, :
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Free spectral range

e Resonance next to (3, :

20m —1)mr+¢ 2m 00
O A YN

ﬁm—l —

e O\3=7

gj : waveguide parameters with dimension length,

ﬁ(a)‘a CLC]J) — ﬁ()‘a QJ)/CL’ aa ‘azl
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Free spectral range

e Resonance next to (3, :
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Free spectral range

e Resonance next to (3, :

C2m—-1)mr+¢ 2m
e e Y
o O\3=7
gj : waveguide parameters with dimension length,
ﬂ(a)‘a CLC]j) — 6()‘7 Qj)/a, aa ‘azl
C 98__1 o8\ _ P
oN A(ﬁ+;qﬂaq) TN
2w (003 -1 )2
FSR: AN = — — ~ = B/k.
Leay (8)\' ) Nt Leay |, ner = B/
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Spectral width of the resonances

‘Rﬁe_aL

® PD — Pin
1+ |74 e—20L _ 2|72 e—oL cos(3 Lcay

PD‘ﬁm — PD,res~

— )

Y

12



Spectral width of the resonances
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Spectral width of the resonances

‘Rﬁe_aL

® PD — Pin
1+ |74 e—20L _ 2|72 e—oL cos(BLcay

PD‘ﬁm — PD,res-

L PD‘,Gm—i—(Sﬁ:PDareS/z' 56:?

e Expansion of cos-terms
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Spectral width of the resonances

‘Rﬁe—aL

e Ppb=2~H

PD‘ﬁm — PD,res-
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e Expansion of cos-terms
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Spectral width of the resonances
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L PD‘,Gm—i—(Sﬁ:PDareS/z' 56:?

e Expansion of cos-terms
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Finesse & Q-factor

AN |re—od/2
= — =177 .

Finesse :
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Finesse & Q-factor

o A r|e— /2
inesse : = =7 .

\ Lcav —OzL/Z)
Q-factor : Q=—"—= 7 eff 7le

20\ A 1— |7 e—alL

_ Neff Leay

A
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Finesse & Q-factor

Finesse :

Q-factor:

or

AN rle—L/2
- — 7"' .
20\ 1 — |r|2e—al

— 7T =
20\ A1 |r)2e—

() = ERneg for Leow = 27R.
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Performance versus coupling length & losses

Assumption: Lossless coupler elements, |p|? =

C, o \/1 %[2) —aL/Q

1—(1—|Ry ye—al ”
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T(1 - (1 |k[2)e—aly?
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Performance versus coupling length & losses

Assumption: Lossless coupler elements, |p|? = |7 =1 — |&|*.

o WIZTrPe oL/

‘R‘zle—a[/

(1= (1~ sy e~y

:Pin

) PD r
L= (- epeal P
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Tuning

e Resonance condition: 3 = (2mm + @)/Leay = B>
apeak at A\, : B(A\m) = Om.
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Tuning

e Resonance condition: [ = (27m + ¢)/Lcay = Bm,
apeak at A, : B(Am) = Bm.
e Influence of an external (small) parameter p: G(p,A); B(0, A\pn) = Bm.
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e Tuning 0 — p: Resonance shifts to A, with 5(p, Am) = Bim.



Tuning

e Resonance condition: 3 = (2mm + @)/Leay = B>
apeak at A\, : B(A\m) = Om.

e Influence of an external (small) parameter p: G(p,A); B(0, A\pn) = Bm.

e Tuning 0 — p: Resonance shifts to A, with 5(p, Am) = Bim.

G B(p, ) ~ B0, A ob =) L g,
6(177 m) 6(07 m)"’p Op O,Am‘|‘( m m) X o Bm

m
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Tuning

e Resonance condition: [ = (27m + ¢)/Lcay = Bm,
apeak at A\, : B(A\m) = Om.

e Influence of an external (small) parameter p: G(p,A); B(0, A\pn) = Bm.

e Tuning 0 — p: Resonance shifts to A, with 5(p, Am) = Bim.

Co B(p.3,) ~ B(0. A op U WA B
6(177 m) 5(0, m)"’p ap O,Am‘|‘( m m) X o ﬁm

m

Wavelength shift effected by the perturbation :

98 Am

, 8 0B Az,
op Bm

b Op 2T Neft.m

Aphy, = or Aphy, =
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Tuning, specific

e Electrooptic tuning,
an external field strength E; changes the cavity permittivity :
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Tuning, specific

e Electrooptic tuning,

an external field strength E; changes the cavity permittivity :

e Approximation: Bend — straight waveguide,
mode profile F = (E,,E,,iE,), H = (H,,H,,iH,)

a_ﬁ_ e / E"eFE dxdy
Oy 2 / / (E.H, — E,H,)dzdy
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Tuning, specific

e Electrooptic tuning,
an external field strength E; changes the cavity permittivity :

e Approximation: Bend — straight waveguide,
mode profile F = (E,,E,,iE,), H = (H,,H,,iH,)

a_ﬂ_ e / E"eFE dxdy
Oy 2 / / (E.H, — E,H,)dzdy

Wavelength shift effected by the electrooptic tuning :

\ - // E*¢éFE dxzdy
ApA= By —,/ L .
fefl Y KO / / (E,H, — E,H,)dzdy
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* Bent slab waveguides & examples




Bend mode properties

K
ny, ng\ o Homogeneity along 6
,
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Bend mode properties

K

nbxg\ o Homogeneity along § ™~ bend mode ansatz

,
£ L (EQ\,\ iwt — 7RO

0 _ = iwt —ivR
SO B (32) 0.0 = 5re (F e |
- R / profile EY, HY,

propagation constant v = 3 —iq.




Bend mode properties

K
nbxg\ o Homogeneity along § ™~ bend mode ansatz
,
£ L (EQ\,\ iwt — 7RO
0 _ = iwt —ivR
SO B (32) 0.0 = 5re (F e |
- R / profile EY, HY,
propagation constant v = (3 — ia.
- d*¢ 1dg 5 o VAR?
o 190 (e 214,
az T rar T ( " r2 ¢

n(r): piecewise constant, ¢ = Ef  (TE), ¢ = Hj, (TM).
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Bend mode properties

K
nbxg\ o Homogeneity along § ™~ bend mode ansatz
,
£ L (EQ\,\ iwt — 7RO
0 _ = iwt —ivR
SO B (32) 0.0 = 5re (F e |
- R / profile EY, HY,
propagation constant v = (3 — ia.
- d*¢ 1dg 5 o VAR?
o 190 (e 214,
az T rar T ( " r2 ¢

n(r): piecewise constant, ¢ = Ef  (TE), ¢ = Hj, (TM).

Bend modes: e Nonzero solutions,

e bounded at the origin, ~ J,r(nLkr) for r < R — b,

e outgoing exterior fields, ~ H g%(nbkr) for r > R,

e continuity at interfaces: ¢ & d,¢ (TE), ¢ & (d,¢)/n* (TM).

18



Bend modes, examples

AZ

Ny ng Np
T
0
—
0 =3 T
b 2D, TE,
— R np = 1.45, ng = 1.60, b = 1.0 um, A = 1.55 um,
/ R = 1000 pm.

Ll /\ R = 1000 um
B/k=1.540

3
S 0.5 o/k=0
£>\

0=, . :

(r—=R) / um
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Bend modes, examples

AZ

nb ng nb
T
0
—
0 =3 T
b 2D, TE,
~ R np = 1.45, ng = 1.60, b = 1.0 um, A = 1.55 um,
/ R = 50 pm.

N R =50 um '
=) B/k=1.526
. 0.51 o/k=23410"}
£>\
0+=— |
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Bend modes, examples

AZ

nb ng nb
T
0
—
0 =3 x
b 2D, TE,
— R ny = 1.45, ng = 1.60, b = 1.0 pm, A = 1.55 pm,
/ R =10 pm.

& R=10pum
> B/k=1.488
0. / o/k =0.0166

(r—=R) / um
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Propagation constant vs. bend radius

B/k

Iogm(oc / K)

b 2D, TE,
np = 1.45, ng = 1.60, b = 1.0 um,
R € [2,200] pm.

1.6f

1.5F

1.4F

0 25 50 75 100 125 150
R/um

175

200

A = 1.55 um,
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Propagation constant vs. bend radius

AZ

b 2D, TE,
B R np = 1.45, ng = 1.60, b = 1.0 um, A = 1.55 um,
/ R € [2,200] pm.

1.6F J
______________________________ e Alternative definition :

1.5-ﬁ - R'=R-0b/2
1.4r | Identical physical fields

G R =R,

B/k

, R
R

0 25 50 75 100 125 150 175 200
R/um



Propagation constant vs. bend radius

B/k

1.6f

1.5F

1.4F

2D, TE,
np = 1.45, ng = 1.60, b = 1.0 um, A = 1.55 um,
R € [2,200] pm.

Alternative definition :

R =R-1/2.
Identical physical fields

G R =R,

o/K, o'/k

R

25

50

75

100
R/um

125

150 175 200

I __
R

22
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Coupler model & examples
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Coupler modeling, CMT ansatz

5 Known: Modes of the bent and straight cores
b \.-
Zo- O\ -2
...... i E, Ep .y o—ivn R
()< : 0 7;}?2‘“[1‘”% Nk . (Hb)(ra ‘9) — (H%>(T)e b ;
EBTeTs
2 a .

At <g>(“) _ (E%

H%)(x) e 1057,
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Coupler modeling, CMT ansatz

5 Known: Modes of the bent and straight cores
_ b\.— LBl
<0
..... ' En, _ (E} —iv, RO (x, 2)
0, ! ) Ani np |ng| b (Hb)(x’z) = (H%>(r(:v,z))e :
ERTas
..... Es S
2 5 A ....... (HS>(£E, Z)

24



Coupler modeling, CMT ansatz

5 Known: Modes of the bent and straight cores
b \.-
2ot O\ -2
,,,,, \ E Ep —iy, RO
0 4 0 7;}73 np |ng| (Hl;)(x,z) = (H%)(r(x,z))e b (m,z))
SR T E 5 &
A A T S Nz, 2) = 0 )(z)e 1Ms*
. i A (7)o = (R

Coupled mode ansatz:

(ft)(x’z’t) - %Re {Ab(z) (5‘;)@,@ + Ag(2) (ES)(%Z)} dwt
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Coupler modeling, CMT ansatz

Z
i 5 Known: Modes of the bent and straight cores
b \.-
2o+ O\ -2
————— ' E EP —iv.RO
; r - 7;}73 o gl mp (Hl;))(x,z) = (H%)(r(x,z))e 17Yp (%Z),
— R N <b?<g><8> X E .
- _ —10g%2

s Skl (B)eo= ()

Coupled mode ansatz:

(,ft)(x,z,t) _ %Re

Ab(z), AS(Z) = ?

{Ab(z) (52)(90,2) + A(2) (g)(xz)} it

24



Coupled mode equations

I E
s D\ .. Bl..
s nb g | 1y | Mg | b r ny \Ne | 7y
0 [ g g - o 0 0 g
R RpTels] * = R B
Zit ) B
(E,H,G) (Eb,Hb,Gb)

s

AZ

0 iy

ng

Wy

(E87 H87 6S)

s
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Coupled mode equations

i N NZ
Zor- - B
0 . 0 nb g | b |"Pg| b 0 / o ™ \ng|nb 0
— L : —
R RTeTs| 0 = R b S
e a o
(E,H,¢) (Ey, Hy, €p) (Es, Hg, €5)

Suitable integral form of Maxwells equations (“reciprocity theorem”)
. (0 bb Obs\ 9 (Ab) _ (b cbs) (Ab
Osh Oss) dz \ As Csb  Css Ag )
1 ES ES * ES
Tpg = 7 /(prqu —E, Hye + Hy Eq — Hj Eyy) do,

Cpg = _j=0 /E* ) Eqdz, p,q = b,s.

<




Coupled mode equations

\? \? \?
PR AR AN
R NNAE x — R D v + S X
2 a TR
(E,H,e¢) (Eyv, Hy, €) (Eg, Hg, )

Suitable integral form of Maxwells equations (“reciprocity theorem”)
. (0 bb Obs\ 9 (Ab) _ (b cbs) (Ab
Osh  Oss ) dz \ As Csb  Css Ag )
1 ES ES * ES
Tpg = 7 /(prqu —E, Hye + Hy Eq — Hj Eyy) do,
Cpg = _j=0 /E* ) Eqdz, p,q = b,s.

Numerical evaluation ~>  Ap(z), As(2)
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Coupled mode equations

\? \? \?
PR AR AN
R NNAE x — R D v + S X
2 a TR
(E,H,e¢) (Eyv, Hy, €) (Eg, Hg, )

Suitable integral form of Maxwells equations (“reciprocity theorem”)
. (0 bb Obs\ 9 (Ab) _ (b cbs) (Ab
Osh  Oss ) dz \ As Csb  Css Ag )
1 ES ES * ES
Tpg = 7 /(prqu —E, Hye + Hy Eq — Hj Eyy) do,
Cpg = _j=0 /E* ) Eqdz, p,q = b,s.

Numerical evaluation ™~ Ay(z), As(z) ~> ... ™~ p, K, T.
25



CMT coupler model, examples

20T
r
0 0
R 2D, TE,
vl -~/ .1 . np = 1.45, ng =1.60, b =s=1.0um, A = 1.55 um,
1 &y A R =50 pum, g = 0.90 pm.

R=50um g=0.90 um

p|? = 0.93, |k|? = 0.07, |7]* = 0.92.
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CMT coupler model, examples

20T
T
0 6
R 2D, TE,
vl -~/ .1 . np = 1.45, ng =1.60, b =s=1.0um, A = 1.55 um,
1 aj/- A R =50pum, g = 0.12 ym.

R=50um g=0.12um

p|? = 0.16, |k|* = 0.83, |7]* = 0.16.
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CMT coupler model, examples

20T
T
0 0
R 2D, TE,
vl -~/ .1 . np = 1.45, ng =1.60, b =s=1.0um, A = 1.55 um,
1 aj/- A R =200 um, g = 0.12 pum.
204
R=200pum g=0.12um
202
e
3.
= 200

198

-20

p|? = 0.93, ||* = 0.07, |7]* = 0.93.
28



Coupling coefficients vs. coupler geometry

2D, TE,
ny = 1.45, ng = 1.60, b = 1.0 um, A = 1.55 pm.
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Coupling coefficients vs. coupler geometry

2D, TE,
ny = 1.45, ng = 1.60, b = 1.0 um, A = 1.55 pm.

0.2 0.4 0.6 0.8 1.0
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Circular traveling wave resonators

Rectangular standing wave resonators
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Rectangular Resonator: Abstract model
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Rectangular Resonator: Abstract model

e Resonator ~ central cavity segment + 2 facets
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Rectangular Resonator: Abstract model

e Resonator ~ central cavity segment + 2 facets

o CW description: E,H ~ €% w=kc, k=21/\

31



Central coupler segment: Basis fields & transfer matrix

l

32



Central coupler segment: Basis fields & transfer matrix

> l

C
m>

\

e Basis: Guided fields 4], v)5,, and propagation constants [;,
of port and cavity cores.
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Central coupler segment: Basis fields & transfer matrix

> l

C
m>

\

e Basis: Guided fields 4], v)5,, and propagation constants [;,
of port and cavity cores.

e F', B: Amplitudes of forward and backward copies of the basis modes.
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Central coupler segment: Basis fields & transfer matrix

> l

e Basis: Guided fields 4], v)5,, and propagation constants (;, (5,
of port and cavity cores.

\

e F', B: Amplitudes of forward and backward copies of the basis modes.

e Propagation along the cavity segment:
F(L)=TF(0), B(0) =T B(L),
T : Cavity transfer matrix.

32



Facets: Multimode reflection

Facets:

~ no effect on 1)},
strong effect on ;..

() o=

B
B

p

C

)
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Facets: Multimode reflection

@) D)

C» Guided wave reflection at the facet:

B.(L) =RF.(L),

R: Facet reflectivity matrix.

Facets:

~ no effect on 17,
strong effect on ;..

-

F(0)

FP —
r) 5=

R B.(0),

B
B

p
C

)

33



Output amplitudes & power

Cavity transfer matrix

T T
T = pp ! pc
( Tcp ch )

+ Facet reflectivity matrix R
+ External input amplitudes

34



Output amplitudes & power

Cavity transfer matrix

D e
________ : — T _ ( Top Tpe )
(D) (1) Tep Tee

+ Facet reflectivity matrix R

+ External input amplitudes

External output amplitudes :

FP(L) — (Tpp + TPCRQ_lTCCRTCp)FP(O)’

B,(0) = TpcRQ 1T, Fp(0), () =1- TeRTeR.
Py =|Bp,1(0)|*, P =|Fpa(L)]>, Po=|Fp2(L)*, Ppb=|Bp2(0)

34



Spectral response

D fw | C
YRR
" e TW _ W =2.524 ym, L = 5.738 um,
| 2 w = 0.112 um, g = 0.450 pm,
ny, = 1.45, ng = 3.40; TE.
A 3 B
T 3 _ CMT,

Rigorous simulations (BEP).

0.6F
o
<
o
0.4F
— Pa Pa
0.2F ERE I R N A "o
""" - Po l mmme Py
1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.545 1.55 1.555
A [um] A [um]

1.56
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Resonant field pattern

z [um]
A=155pum, T'=5.17fs.

36



Detaching the cavity

e Resonances <« Singularities in €.
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Detaching the cavity

e Resonances <« Singularities in €.

e The cavity amplifies a field F'.(L) = v that corresponds to a large
eigenvalue a of Q71: Q7 lv = awv, Qv = (1/a) v, amplification A = |a|?.

Resonant configurations:
o ()=1-—T.,RT.R has a zero eigenvalue.

e T..RT..R hasan eigenvalue 1:

Fo(2) R Bo(1) T By0) R Fo0) T8 Fy(r).

e T[..R hasaneigenvalue y = +1 or y = —1.

Amplification for a field v with T,.Rv = pv, p=relX:

N 1
w2 =12 1474 —2r2cos(2x)

37



Detaching the cavity

e Resonances <« Singularities in €.

e The cavity amplifies a field F'.(L) = v that corresponds to a large
eigenvalue a of Q71: Q7 lv = awv, Qv = (1/a) v, amplification A = |a|?.

Resonant configurations:
o ()=1-—T.,RT.R has a zero eigenvalue.

e T..RT..R hasan eigenvalue 1:

Fo(2) R Bo(1) T By0) R Fo0) T8 Fy(r).

e T[..R hasaneigenvalue y = +1 or y = —1.

Amplification for a field v with T,.Rv = pv, p=relX:

N 1
w2 =12 1474 —2r2cos(2x)

e [solated cavity:
OO . .
Tec g;» diag (e_lﬁfl’, e e_lﬁfVL) :
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Resonant configurations, CMT model

[ [ [ [
Am, Am,l: Ag J l
A
m or m&l° ./LAAX3 A A A A AL A A A AL_A MLlllJA A A A A _A_
[ [ [ [ [ [
C» classification Ay
.\ D\ G Y G, G, W Y\ G | G . Y . G | G, G | G | G /. G | G | GV, G | U
of resonances. . . . . . .

A-D




* Abstract model & examples

* Waveguide facets
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Multimode facet reflectivity

K4
Ty,
1 n, kn, . o in 0 o 2/ 9
7 | Sin Ocrit = /Mg, SN Omax = 1/1 —n; /03,
W B 0 <
\i
ecrit : : max :
1t : : -
0.8 | ° : _
e T TE, TE, |
0.6f ! > TE, | i
o ¢ @ e Single mode reflectivity
Ar | | .
0 .TES I I
i ° ! ! ] ny = 1.45,
0-2 -'_-I_E'—-'— ------------- R eI E I B T EAE e . ng = 3.40,
0 i TEmT W = 2.524 um,
OO 10 20 30 40 50 60 70 A = 1.55 pm.



Multimode facet reflectivity

K
Ty,
1 n kn . . 2 /02
: -7 SiN Ocrit = Np/Ng,  SINOmax = \/1 —ng/n;,
|4 3 0 z
\
ecrit max
1 1 I 1 1 1 1 I 1
1r L e——— . : T
‘ * i
! ) !
0.8f : ® : -
—2 3 TE, TE, TE, i
| |
0.6} v & -
° |
o .. | e Single mode reflectivity
0.4k TE : : i e——e Two mode superposition,
— o 3! ! maximum reflectivity
| |
0'2__._..._.._ ............. L e . 2 b_340
TE | ' g T ot
0 i TEmT W = 2.524 um,
% 10 20 30 40 50 60 70 A = 1.55 pm.



Single- and bimodal reflections

Rg = 0.79
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Single- and bimodal reflections

Rg = 0.79
Rg = 0.78
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Single- and bimodal reflections

Reg = 0.79
Rg = 0.78
R@)g > 0.99

41



Waveguide facets

*
%

Slab mode resonances

Aw

{9
Ty TW
l Z
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Resonances, slab mode reasoning

x (A) (B) x

Fieldin —W/2 <z <W/2, —L/2 < z< L/2:

(A) Ey(z,z) = Ey d(z)(e 107 1 pellz), p(z) = e 107 L gl

B) Ey(z,2) = Eg1h(2)(e 10T 4 del0T) y(z) = e 107 & ¢l

(A)=B): b==+1, d = +1.
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Resonances, slab mode reasoning

x (A) (B) x

Fieldin —W/2 <x <W/2, —L/2 < z < L/2:

(A)  Ey(z,2) = Egd(z)(e 192 4 pelB?), ¢(z) = e 107 4 el
B) Ey(z,2) = Egih(2)(e 10T 4 delOT) y(z) = e 7107 £ £l
(A)=B): b=+1, d = +1.

C» Resonant configurations W, L for given A = 27 /k, Ng, Np'

The slab waveguide of thickness W supports a mode with angle 6,
while the slab of thickness L guides a field with angle 7/2 — 6.
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Resonances, slab mode reasoning

|z (A) T (B) T
- L > ﬁ - % L -
A | ‘
kn, kn, » kn,
‘ﬁ & ~ A > L L
W" /8 T, 44 /8 T, g | T

Fieldin —W/2 <2z <W/2, —L/2 <z < L/2:

(A)  Ey(z,2) = Eyd(z)(e 192 4 pelB?), ¢(z) = e10% 4 el
B) Ey(z,2) = Egih(2)(e 10T 4 delOT) y(z) = e 7107 £ £l
(A)=B): b=+1, d = +1.

C» Resonant configurations W, L for given \ = 27 /k, Ng, Mt
The slab waveguide of thickness W supports a mode with angle 6,
while the slab of thickness L guides a field with angle 7/2 — 6.

Bimodal resonance: Two pairs of modes with proper symmetry
(« facet edges) satisfy the conditions simultaneously.
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Looking up resonant configurations

... 1n a plot
mode angle 6
vs. slab thickness ¢ :

44



Slab mode resonances

Extensions

Aw

{9
Ty TW
l Z
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Filter device based on rectangular cavities

K
" : : ‘
D N Jw ¢
Y9 ‘
tw
0 i Z
3 3 w = 0.20 pm, g = 0.29 pm,
A | | | B W =L =154um, d=0.72 um,
L .4, ny = 1.0, ng = 3.2; 2D, TE.
I I I I I I I
1k -
0.8 -
1 06} .
o
0.4 -
0.2F -
O ] ] ] ] ] ] ]
1.526 1.528 1.53 1.532 1.534 1.536 1.538 1.54
A [um]
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Filter: Resonant field pattern

A = 1.532 um,
T =5.11fs.

Pp =0.02, Pc = 0.68,
Py =0.02, Pg = 0.03.
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Grating assisted resonator

I
e

w=10pum,g=1.6 um,

W = 9.955 um, L = 79.985 um,

B —— p=1538um, s =0.281 um, N, = 40,
np = 1.45, ng = 1.60; 2D, TE.

0.6f
o
<
o
0.4f
-« /.6 NM
0.2f
P p 0.18 nm
A,C,D A,C,D - ~
0 1 1 1 A AlL 1 e 1A ] ] ] ] L L
151 152 153 154 155 156 1.57 158 1.59 1.5485 1.549 15495 155 15505 1.551 1.5515

A [um]

A [um]
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Grating assisted resonator: Resonant field pattern

X [um]

X [um]

X [um]

X [um]

T T
I lllll lllllllll|I||I|I|!|li|lilll|||||“|H|IFIIF1IHIllIIlIIlll“l“““”lllHlIHIHHI ll
LR LR ARR R AR AR PH!HIH|N\ |
LERLELLRLLED) L HIHIHlHlHlHIHIHUHIHIHIHIHIHINIHIHIHIHIHJH!HII 1L EELLELERLLARL
il \'INII'Illllllll|l||l|ll|ll||||l|llll||H|Il|lHIl1ll|Hl||lIHIINIHIHIIllIllIlIlHIH LR

LR P A

0 20 40 60 80

100

120

140

A = 1.55 um,
T = 5.17fs.

Pp = 0.21, Po = 0.21,
Py = 0.21, Pg = 0.28.
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Resonator with perpendicular ports

@ g

Ty ng
w
Tl | [
Wi 0 Z
P A 49:_1(] W — 1-786 Mm, w = 1.0 ,Ll,m,
— s — gn = q = 0.355 um, gy = 0.385 pm,
P P np = 1.0, ng = 3.4; 2D, TE.
A=155um: Pr =022 Pr=0.22, Py =0.46.

PR, T, U

1.53 1.54 1.55 1.56 1.57 1.58 1.59
A [um]
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Concluding remarks

Analytical approaches to optical microresonators:

Circular traveling wave resonators

e Alternative viewpoint:
Time-domain gallery modes

4
v
A

AS
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Concluding remarks

Analytical approaches to optical microresonators:

Circular traveling wave resonators

e Alternative viewpoint:
Time-domain gallery modes

e Extension to 3D:
Straightforward, if . . .
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Concluding remarks

Analytical approaches to optical microresonators:

Circular traveling wave resonators

e Alternative viewpoint:
Time-domain gallery modes

e Extension to 3D:
Straightforward, if . . .

Rectangular standing wave resonators

e Speculative.
So far 2D models exist.

Ng s C
ny ,:;,g
Z
B
A X
lw C
‘9
ny TW
0 i Z
B
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Concluding remarks

Analytical approaches to optical microresonators:

Circular traveling wave resonators

e Alternative viewpoint:
Time-domain gallery modes

e Extension to 3D:
Straightforward, if . . .

Rectangular standing wave resonators

e Speculative.
So far 2D models exist.

e Standing wave phenomena
... In small rings ?

Ng s C
ny ,:;,g
Z
B
A X
lw C
‘9
ny TW
0 i Z
B
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