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Hybrid Coupled Mode Modelling in 3-D

Hybrid coupled mode theory (HCMT)
o Field template

o Amplitude discretization

e Solution procedure

Basis fields, 3-D

Single straight channels

Parallel waveguides

Waveguide crossings



Hybrid Coupled Mode Modelling in 3-D

Hybrid coupled mode theory (HCMT)
¢ Field template Frequency domain,
e Amplitude discretization ~ exp(iwt),

e Solution procedure Y % H — iwencE — 0
—iwegeE = 0,

e Basis fields, 3-D -V X E —iwppH =0,
e Single straight channels w = kc = 2mwc/\ given,
e Parallel waveguides e=n% n(xy,z2).

Waveguide crossings



A waveguide crossing

o =» Dac



A waveguide crossing

... local coordinates x’,y', 7/, per channel, per mode.

o =» Dac



Field template, local

/ Guided mode with profile (E, H),
propagation constant 5 = k e :

/> E .oy




Field template, local

/ ) Guided mode with profile (E, H),
Loz propagation constant 5 = k e :

A - ) N
@/@/ ﬁ (f,) «,y.7) = a(@) <g> (,y)e 157,




Field template, local

Guided mode with profile (E, H),
propagation constant 5 = k e :

(Ilfl) &y, 7) =~ a(d) <§> (.y) 187




Field template, global

e [ ocal ansatz for all channels, modes,

z ® (x,7y,>zl) T (X,y, Z)’

{—
| . Z (local contributions)
| E E
/ C> <H>(xayvz) = Zak (Hlli> (xvyaz)a
k
Yy

w-9




Galerkin procedure

V x H — iwegeE = 0 (F *
—V X E —iwugH =0 G)’
- ///K(F,G;E,H)dxdydzzo forall F, G,

where

K(F,G:E,H) =F* - (V xH) — G* - (V x E) — iwegeF* - E — iwpgG* - H .



Galerkin procedure, continued

E\ E;
Insert <H> = zk:ak (Hk>’

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

require ///IC(E;,H;;E,H)dxdydz =0 for [ € {u},

compute Ky = ///K(EI,HI;Ek,Hk)dxdde.

Z Kjpar =0, le {u}, (Kuu Kug) <Zu> =0, or
g

ke{u,g}

Kuutty = —Ky et .



Further issues

plenty.



Basis modes

A = 1.55 um,
ny = 145,
ng = 1.99,

w = 1.0 um,
h = 0.4 pm;

X € [—2,2] pum,
y € [-2,2] pm;

Neff TE = 1.63554
[JCMwave].

X [um]

X [um]




Basis modes
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X [um]

A = 1.55 um,
np = 145,

ng = 1.99,

w = 1.0 um,

h = 0.4 pm;

X € [—2,2] pum,
y € [-2,2] pm;

X [um]

et ™M = 1.56809
[JCMwave].




A single channel

]

z € [0, 10] um,
Az = 0.5 um.

0.5
c OF

-0.5F

10




A single channel

Ny Ih

z € [0, 10] um,
Az = 0.5 um.
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A single channel

. |n

z € [0, 10] um,
Az = 0.5 um.
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A single channel

Ny Ih

z € [0, 10] um,
Az = 0.5 um.
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A single channel

Ih TE

TE ™

fig, @ _Z —L/2

P

0.5

© OfF--

-0.5F

(TE,f) Re

(TE,f) Im; (TE,b) Re,Im; (TM,,b) Re,Im




A single channel

ny, ' ",
n, Ih % TE ™ n, .
fx y~ w 2 —LJ2 L/2
z€ [_Sa 5] pm, T T T
Az =0.5um. 1 TV Re
0.5F
o of - 1M Im; (IM.b) Re,Jm; (TEfb) Re,m__ _|
-0.5F




A single channel

z € [0, 10] um,
Az = 0.5 um.

1P 7,0
e L a(z) e 1KTegZ
a(z) ~ Anegy = ngg — ngy.
TE, An=0.1 ‘ Anegt

HCMT | 0.075
JCMwave | 0.078
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A single channel

z € [0, 10] um,
Az = 0.5 um.

1P 7,0
e L a(z) e 1KTegZ
a(z) ~ Anegy = ngg — ngy.
TE, An=0.2 ‘ Anegt

HCMT | 0.154
JCMwave | 0.162
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A single channel

z € [0, 10] um,
Az = 0.5 um.

1P 7,0
e L a(z) e—lkneffz,
a(z) ~ Anegy = ngg — ngy.
™, An=0.1 ‘ Anegr

HCMT | 0.049
JCMwave | 0.051
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A single channel

z € [0, 10] um,
Az = 0.5 um.

1P 7,0
e L a(z) e 1KTegZ
a(z) ~ Anegy = ngg — ngy.
™, An=0.2 ‘ Anegr

HCMT | 0.100
JCMwave | 0.110

Ty,
T™
N H
z 0 L
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1
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Parallel channels, horizontal coupling

T T T T T
I
Zf”y w g -
TE, A = 1.55 um, n,, = 1.45, ng = 1.99,
w=1.0um, 7 =04pm, g = 0.2 um.

X [um]

1
Y [um]

X [um]
y [um]

z[um]



Parallel channels, horizontal coupling

L
T T T T T
L 1SS
fﬁ y.o w g
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TE, A = 1.55 um, n,, = 1.45, ng = 1.99, NE
w=10um, 2= 0.4um, g = 0.2 um. 0 WG2
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X [um]

Parallel channels, vertical coupling

z [um]




Parallel channels, vertical coupling

WG2 T T T T T
TE, 1
A = 1.55pum,
ny = 1.45, o 09F ]
ng = 1.99, s 0
w = 1.0 um, WGH
h = 0.4 um, -0.5F E
s = 0.2 um.
1+ -
1 1 1 1 1
0 10 20 30 40 50 60

z [um]

X [um]
X [um]

X [um]
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Parallel channels, coupling length

L/ym | g=02um | g=03um | g = 0.4 um
M,

-l TE T™ | TE T™ | TE TM
m T HCMT | 19.8 16.8 | 28.2 22.8 | 39.5 304
JCMwave | 19.5 169 | 28.2 225|404 29.8

o, L/pm | s =02um | s=04pum | s =0.6um | s = 0.8 um

,) TE T™™ TE T™ | TE T™ | TE TM

;['h HCMT | 49 4.9 10.5 8.2 | 214 144|427 252

ﬁg v JCMwave | 5.1 50 | 106 84 |214 148|425 258

HCMT: a(z) ~~> L.,
JCMwave: L. = w/|Bs — [al.




Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular

(0] —_—
g 0.5[ 41 £
o
s O
[an
0.5} i
1k ™, « .
1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3

, 0
z [Hm] z [um]



Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular

(0] —_—
g 0.5[ 41 £
)
s 0
o
-0.5F -
-1} TE, « .
1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3

s 0
z [Hm] z [um]



Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, perpendicular
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Waveguide crossing, oblique
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Waveguide crossing, oblique
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Waveguide crossing, oblique

T T T T
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Waveguide crossing, oblique

a = 9.44°,
TE input,
s = 0.3 um.

x =0.3um
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Waveguide crossing, oblique
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Waveguide crossing, oblique
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Waveguide crossing, oblique
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s = 1.2 um.

T T T T
1_,‘ /’\l—\ l’\\ =TT
O WGT,TE
1
1 —
L 06F', i NS we2, TE
I. ! . - - - WG1,TM
0'4: "| i R N -=-=-WG2,T™M |
0.21-:“| N \ ’ S —
b by ) M 'II \|~ =~
0
0 0.5 1 1.5 2
s [um]
T T T T T T T3
s=1.2um —— WG1, TE
— WG2, TE
2 -===-WG1, TM
o -=-=--WG2,T™M
<
Ifpmmmm e e - _
ol—L I n -‘I'_---I-- L L
-15 -10 -5 0 5 10 15



Waveguide crossing, oblique

a = 9.44°,
TM input,
s = 0.9 um.

y [um]

X =0pm

y [um]

T T T T
1_,‘ dacy 7 N e
08 T ' WG1, TE
1
1 —
- 0.6—‘,“.' \ PR WG2, TE |
\ L N - - - WG1, TM
0.4F | B foN === WGE2,TM ]
0.2fr iy S .
- f) LY ’ ~
y by o~ AN AN T
0
0 0.5 1 1.5 2
s [um]
FT T T T T T LI
$=0.9um — WG1, TE
— WG2, TE
ok -=-=--WG1,TM
o -=-=--WG2, T™
<
fp==mm=mm--= PP LR E T
0 1 L J.-" L 2~ L L
-15 -10 -5 0 5 10 15



Waveguide crossing, oblique

a = 9.44°,
TM input,
s = 0.6 um.
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Waveguide crossing, oblique
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Waveguide crossing, oblique

a = 9.44°,
TM input,
s = 0.0 pm.
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Waveguide crossing, oblique
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Waveguide crossing, oblique

TE input.
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WGH $=0.75um
WG2
1 1 1
60 70 80 90



Waveguide crossing, oblique
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Waveguide crossing, oblique

TE input.
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Waveguide crossing, oblique

TE input.
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Waveguide crossing, oblique

TE input.
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Waveguide crossing, oblique

TE input.
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Waveguide crossing, oblique

TE input.
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Waveguide crossing, oblique

TE input.
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Waveguide crossing, oblique

TE,
s = 0.6 um,
a = T70°.
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Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 50°.
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Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 40°.

y [um]




Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 30°.
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Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 25°.
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Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 20°.
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Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 16°.
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Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 14°,

y [um]




Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 12°.

y [um]




Waveguide crossing, oblique

TE,
s = 0.6 um,
a = 10°.




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,
e alternatively: a numerical (FEM) approach with highly specialized base functions,
e extension to 3-D possible, numerical basis fields, still moderate effort (in progress),

e benchmarking required (in progress).

x =0.6um
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