COMSOL ® Design Tool:
Simulations of Optical Components
Week 6: Waveguides and Propagation 3 — S Parameters
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= Revision wave propagation
= Waveguide
= Confinement

= Modes

= S-parameters — Theory
= Theory

= Projects
= Qutline

= Short overview projects

= COMSOL examples

" Taper — Tutorial
= Waveguide bend
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Revision Wave Propagation

= Dielectric slab waveguide

=  What we want
= Propagationincore -----______
= Decay (exponential) in sub/superstrate{:
= High confinement

= \What we don’t want »

= Propagation in sub/superstrate
= Low confinement (except in certain application - e.g. couplers)
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Revision Wave Propagation

= Confinement

Ncladding Ncladding

)
Ncladding Ncladding
> X >
| I *
Strongly confined Weakly confined
Wave mostly in the core Wave leaks into cladding
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Revision Wave Propagation

In-plane - Out-of-plane

Propagation Mode analysis

[
..........
.....
-
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Revision Wave Propagation: Ridge Waveguide

= Multimode silicon ridge waveguide

\ '<—>' Given:

A h=3i20”m e 1 =1550 nm

ol 00 EmTTTTTT * Ngj = 3.47

% - """"""""" ? SI0; ngior = 1.444 .
Si0, ISl ns = 3.4757 " Sltteight = 220 nm

SiO, cladding v Air ng, =1 ° SiWidth = [350,1000] nm
< >
2um

Qutput:

« E-field (guided modes)
« Effective refractive index nq¢f
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Revision Wave Propagation: Ridge Waveguide

= Single-mode ridge
= Solution 1: n4=2.2719

= Solution 2: n4= 1.5422

Institute of Electromagnetic Fields (IEF)

nSiOZ = 1.44
Nair = 1

Multi-mode ridge (increased geometry)

= Fundamental mode

= Higher order mode

.. O
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Content

= S-parameters

= Theory
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S-Parameters: Motivation

=  What happens with systems for multiple inputs and multiple outputs (MIMO)?
= How can it be described mathematically?

SIMIT 1.0kV 7.8mm x4.00k SE(M) 10.0um

= 2> We use the S-matrix
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S-Parameters for Photonics

= How to characterize our photonics system as whole?
= Scattering matrix (so called S-matrix)

b2 \ b%
3 as

", r ition:
input Superpositio
bi = 2 Sl]a]
Ay —p Jj=1.n
bl - 'b - 'a -
1 1
bz B 511 S%n a2
s s ||
-bn_ ni nn a,
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S-Parameters for Photonics

= How to characterize our photonics system as whole?
= S-matrix
= Unitary in lossless systems
= Diagonal S;; terms are complex valued amplitude reflection coefficients

Superposition:
bi = E Sl]a]
j=1.n
01] s s, 1%
11 in
bz . az
a) —- . = . :
e b Snl Snn a
L Un "N
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S-Parameters for Photonics

= How to characterize our photonics system as whole?
= S-matrix
= Unitary in lossless systems
= Diagonal S;; terms are complex valued amplitude reflection coefficients

Two input/output ports:

b1] _ [S11 S1z] lall e SN T G2
b, S21 S2llaz > :
b b
T — 1 R 2
R =
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S-Parameters for Photonics

= How to characterize our photonics system as whole?
= S-matrix
= Unitary in lossless systems
= Diagonal S;; terms are complex valued amplitude reflection coefficients

Two input/output ports:

b1] _ [S11 S1z] lall et SN T G2
b, S21 S2llaz > :
b b
T = |52 : R 2
R = |S1]?
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S-Parameters for Photonics: COMSOL

= Can COMSOL help?
= S-matrix
= Luckily, COMSOL has built-in calculation of these!

These are the ports we define in COMSOL!

Two input/output ports: /\

A
S
—_
A
>y
N
v

COMSOL
calculates this
matrix!
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Content

= Projects

= Qutline
= Short overview projects
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Projects — Outline

Date Content

Mar 315t Description of all projects - Group Forming and start of projects
Apr 7t Individual work on projects

Apr 14t Individual work on projects

Apr 215t EASTER BREAK - no lecture

Apr 28t SECHSELAUTEN - no lecture

May 5t Individual work on projects

May 12t Individual work on projects / How to do presentations

May 19th Working on projects & presentations

May 26t Presentations
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Projects Overview

= Directional coupler * Ring resonator
= 2-3 students = 2-3 students
= Goal = Goal
= Analyze the Mode in 1D and 2D, discuss * Find the resonant behavior at 1550 nm

the difference
= Wavelength: 1550 nm (C-Band)
= Fix power ratio (to 50/50 and 90/10)
= Minimize bending losses

= Maximize Q factor and minimize losses
= Cascaded ring resonators for 60/40 ratio

Input

—V —» —

@ ©

o NG, E
< 4— ——

mdingo
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Projects Overview

= Delay interferometer = Bragg mirror
= 3 students = 2-3 students
= Goal = Goal
= Wavelength = 1550 nm = QOperating wavelength: 1550 nm
= Minimize bending losses = Incoming wave should be reflected, R>0.9
= Find delay line for %,n, 21 phase shift at 1550_ nm-o
= Directional coupler or MMI for 50:50 ratio ) Eriflectlon coefficient >3 dB for 1450-1650

— [ =
N\

Institute of Electromagnetic Fields (IEF) X'nzg'jgi’g;?;gj;;ggg:EI':EEE;'EE |

31.03.2025 | 21



mailto:xinzhi.zhang@ief.ee.ethz.ch
mailto:zajac@ief.ee.ethz.ch

Projects Overview

= Multimode interferometer
= 2-3 students
= Goal

= Find geometry such that output ratio is
50/50 and also 10/90

-

Institute of Electromagnetic Fields (IEF)

Grating Coupler
= 3 students
= Goal

= Simulate a grating coupler using the Bragg
condition for a fiber incident angle of 10°.

= QOperating wavelength: 1550 nm

= Maximize coupling efficiency from fiber to a
certain mode inside the waveguide < 3 dB

ATy
H -
/% Vair .~

) -

e
-

: — ile*i Lo *' Sio, TOX
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Projects Overview

= Waveguide Crossings = Metamaterial Perfect Absorber
= 3 students = 3 students
= Goal = Goal
= Minimize transmission losses = Design metamaterial perfect absorber
= Total losses < 0.3 dB based on the metal-insulator-metal layer
stack
) = Analyze absorption spectra with respect to
(@) ’ the peak position and FWHM
= Analyze the polarization dependance
S = QOperating wavelength: 2700 nm
eatl]] s perating g
wz, e I Metal cross

W34 w5 wibe
wi2

L=4.5um

L.

resonator

Dielectric ;*
spacer |

Metal
backplane
(Cu)
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Projects Overview

= Your own ideas
= They are WELCOME!

= Please put together your ideas and make a small sketch by next week and let’s
have a look together
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Content

= COMSOL examples 7
" Taper _ Tutorial
= Waveguide bend
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COMSOL Examples: Taper

= “Tapering”
=  Sometimes, photonics design requires that waveguide also changes its width...
= Example is Multi — Mode — Interference coupler (one of the projects)

SIMIT 1.0kV 7.8mm x4.00k SE(M) 10.Cum
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COMSOL Examples: Taper

= Tasks:

= Plot transmission curve for different taper lengths
= (Note: you can add trapezoid or polygon in COMSOL)
" Liaper greater then 100 nm....

clad: SiO, _ wg_length _ ‘
“ s
nglwidth = Ltaper . wg2| width §
~ wg_length core: Si =
« domain_x :

Xinzhi Zhang xinzhi.zhang@ief.ee.ethz.ch |

Institute of Electromagnetic Fields (IEF) Guillaume Zajac zajac@ief ee.ethz ch

31.03.2025 | 28



mailto:xinzhi.zhang@ief.ee.ethz.ch
mailto:zajac@ief.ee.ethz.ch

bE
Mame Expression Value Description -
larni 1550[nm] 1.553E-6 m wavelength

fo c_const/lamD 1.8341E14 1/s | frequency
n_core 3.47 3.47 index of Silicon
n_clad 1.44 1.44 index of Silicon Dioxide
Ltaper 2[urn] 2E-6'm taper length
wgl_width | 300[nm] 3E-7m 1st wg width
wgd_width | 2[um] 2E-Bm 2nd wg width
wg_length | 2[um] ZE-bm waveguide straight lengths
domain_x | 2%wg_length+Ltaper oE-6 m domain size Iin x
demain_y | 3*wgd_width 1E-3m domain size in y
wg_length |
clad: SiO, « >
Q.
| Ltaper wg2| width |5
nglWIdth < > %.
" wg_length core: Si | <
Institute of Electromagnetic Fields (IEF) domal n_X »29
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Next Steps

= Define Materials
= Cladding
= Core

= Define Ports
= Don't forget : Numeric

= Define Mesh
= Not to small - computationally intensive 5 x10™°m
= To coarse —> false results

= Select correct Study
= Choose only one mode
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Next Steps: Analyze S- Parameters

= Parameter sweep taper length

0

= S- Parameters can be used to plot 13
= Reflection ol

= Transmission 23
-30r

= Losses -3
-40}

-45}

= Hint: 150_

. . || = Reflection (dB)
= Derive desired S-parameter values Sxx -60}| > Transmission (dB)

-65r| * Loss
= Make a 1D- plot

107! 10° 10t
Taper Length (um)
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Waveguide bending

Tapers
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S-Parameters for Photonics: COMSOL Waveguide Bend

Port 1

= WG bend with a circular segment with

a radius bend_r

= bend_r goes to the center of the WG
= We collect the power at port 2

= We calculate the transmission

Port 2
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b
Marme

bend _r
Chx

Dy
ALY
n5i
n5102
whi

larm0
f0

Expression

0.5[um]
bend_r+2*s1_in
bend_r+2%s1_in
2lum]

.47

1.46

450[nrm]

1550 [nm]
c_const/lam

Institute of Electromagnetic Fields (IEF)

Value
3E-7 m
4.5E-6 m
4.5E-6 m
2E-6m
347

1.46
4.5E-T m
1.35E-6 m

1.9341E14 1/=

racius of bent

width domain
height domain
straight length
51 index

5104 index
width of wg

wavelength F_)OH 1

frequency | SIO,

Si

Bending
radius
bend r

Port 2
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Qa

Next Steps

0
-0.1
-0.2
. -03
. = 04
= Assign 5 s
= Materials 3 :g-j
= Mesh 5
& 09 bend_r =10 um .
= -1 0
12 -0.05 e
_1:3 -0.1
= Run simulation ; 4“;15,
benas
-0.25
0.3
= Evaluate transmission depending on 0
= Radius 04 bend r=5um
-0.55
= Wavelength Py
-0.65
-0.7
-0.75
-0.8
-0.85
1460 1480 1500 1520 1540
lamO (nm
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