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Outline for Today

= General organization
= Presence check
= Learning objectives

= Why do we need simulations?
= Electromagnetics in our daily life
= EM Simulation
= What will you be able to do...
= Examples

= Tutorial
= |ntroduction to the Software
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Learning Objectives

= |n this course, we aim to teach you the process of optical component design

= You will learn to:
.. develop a component idea into a specific design problem
.. create the correct simulation environment (model the photonic device)
.. analyze simulation results and interpret different physical effects involved
.. evaluate the design according to initial specifications and recommend improved solution

.. summarize the results and report them
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Semester Outline

=  Simulation concept
= EM review
= 2D EM simulation

= Intro to COMSOL tools
= \Wave optics
= Mode solver
= Boundary mode solver

= Project
= Presentation
= Report
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Semester Outline

= Simulation concept 3\
= EM review
= 2D EM simulation

= Intro to COMSOL tools > 6 weeks
= \Wave optics
= Mode solver

= Boundary mode solver Y,
= Project
_ 6 weeks
" Presentation Final presentation: Monday, 15.12.2025
= Report Report : Monday, 22.12.2025

If there is a conflict, please let us know early
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Projects

= Design a passive optical structure for given specifications
= |n pairs or individually
= Alist of possible projects will be given / implement own idea
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Projects

= Design a passive optical structure for given specifications
= |n pairs or individually

= Alist of possible projects will be given / implement own idea

=  Steps of Project

Build model

Set physics and boundary conditions
Simulate

Evaluate preliminary results
Optimize

Analyze and report

o0k wN -
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Projects

= Design a passive optical structure for given specifications
= |n pairs or individually
= Alist of possible projects will be given / implement own idea

=  Steps of Project

Build model

Set physics and boundary conditions
Simulate

Evaluate preliminary results
Optimize

Analyze and report

o0k wN -

= Evaluation

1. Presentation (12 minutes talk and 3 minutes questions, 15.12.2025)
2. Written report (<10 pages with pictures and references, 22.12.2025)
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Practical Information — Administrative

= Time: Mondays from 13:15h to ~16:00 h
= Location: CHN D29

= Qur availability: office hours ETZ K-floor

(Send email to schedule a meeting)

Taichiro (ETZK 77) - fukui@ief.ee.ethz.ch
Maximilian (ETZK 77) - bosch@ief.ee.ethz.ch
Institute of Electromagnetic Fields (IEF) Taichiro Fukul fukul@ief.eeethzch | o9 09 5095 | 10

Maximilian Bosch bosch@ief.ee.ethz.ch


mailto:fukui@ief.ee.ethz.ch
mailto:bosch@ief.ee.ethz.ch
mailto:fukui@ief.ee.ethz.ch
mailto:bosch@ief.ee.ethz.ch

Practical Information — Online Material

=  Online material

= https://blogs.ethz.ch/ps_comsol/

= Presentations
= Exercises

= Literature

= Literature

= B. Salah and M. Teich, Fundamental of Photonics, 2nd ed., 2007.
= K. Okamoto, Fundamentals of optical waveguides, 2nd ed., Elsevier, 2006.

. . . i i i i i
Institute of Electromagnetic Fields (IEF) Maxi:ne;:glllrgozu;u'm}sm@&t&ﬂhz&h@[ | 29002025 | 11


mailto:fukui@ief.ee.ethz.ch
mailto:bosch@ief.ee.ethz.ch
https://blogs.ethz.ch/ps_comsol/
https://blogs.ethz.ch/ps_comsol/

About us

= Taichiro Fukui
= Integrated photonic devices and systems
= Integrated photonic phased array
= THz free space communication

= Maximilian Bosch
= [ntegrated photonic devices and systems
= Passive and THz radar
= Optical antenna simulation
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Questions?
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Electromagnetics in Our Daily Life

< Increasing Frequency (V)

10% 1922 1(|)2° 1?'8 19‘6 19‘4 19‘2 19‘0 '.08 1|06 1|04 102 10° v (Hz)

Y rays X rays uv IR Microwave |FM AM Long radio waves

Radio waves

| | | | | | | |
2

| | 1
1071 gt gt g a0 | hg 107 1072 10° 10° 10* 10° 108 A (m)
1

— R Increasing Wavelength (A) —

Ay

! Visible spectrum !

I
400 500 600 700

Increasing Wavelength (X) in nm —

\_/' V4 ./ \_/

Institute of Electromagnetic Fields (IEF) Maxi;?:g:}"go';”cﬁu' et | 20002025 | 14


mailto:fukui@ief.ee.ethz.ch
mailto:bosch@ief.ee.ethz.ch

Electromagnetics in Our Daily Life
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Electromagnetics in Our Daily Life

< Increasing Frequency (V)
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Electromagnetics in Our Daily Life

< Increasing Frequency (V)
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Electromagnetics in Our Daily Life
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Electromagnetics in Our Daily Life
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Electromagnetics in Our Daily Life
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Electromagnetics in Our Daily Life
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Electromagnetics in Our Daily Life

< Increasing Frequency (V)
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Photonics

= Photonics — studying the properties of light

A
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Photonics Today
= Photonics — studying the properties of light

= Where do we use it today?
= Biology — Lab-on-Chip
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Photonics Today
= Photonics — studying the properties of light

= Where do we use it today?

= Biology — Lab-on-Chip
= Quantum effects

Laser Pointer

Electron
Upper energy level -
A
Photon
Energy ° |
PR ] e
\ e AV _
- e
\J ]
Lower energy level {7 @ L
Pumping (Excitation) Spontaneous emission Stimulated emission
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Photonics Today
= Photonics — studying the properties of light

= Where do we use it today?

= Biology — Lab-on-Chip
= Quantum effects

= Telecommunications

= Fiber replaces traditional copper wires
= 5G

Source: Intel

. . . i i i i i
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Communication: From Radio to Fiber

= Radio waves

= Copper wires (TV/Phone)
= Broadcasting
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Communication: From Radio to Fiber

= Radio waves

= Copper wires (TV/Phone)
= Broadcasting

= Fiber optics (NIR)

= Advantages | |
= Large bandwidth e
= Low losses
= Fiber deployment

= Long distances: Submarine Cables AN g = =
. o '__': = ‘”‘ i o
= Short distances: Server NN L= g8
: 4 / e L
" Submarine Cable Map
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Photonics for Communications: Basic Principles

1: Light generation
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Photonics for Communications: Basic Principles

1: Light generation

. . . Modulator:
2: Light modulation for data encoding L0 Data-Encoder

LD Modulator: Modulator:
Pulse-Carver Data-Encoder

. . . i i i i i
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Photonics for Communications: Basic Principles

Fiber guides light
1: Light generation

2: Light modulation for data encoding

3: Light guiding, waveguides and optical fibers

. . . i i i i i
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Photonics for Communications: Basic Principles

Frontend \

1: Light generation o Opt Hybrid PDs Amplifiers |
|

o[& J|~_ ~—8 |

i |

|

2: Light modulation for data encoding

3: Light guiding, waveguides and optical fibers

4: Light detection and data demapping

Detector: From

Institute of Electromagnetic Fields (IEF)

i

to electrical data
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Why do we need
simulations?

. . . i i i i i
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Why Simulate?

= Implementation of devices
= Devices need a design!
= Fabrication & characterization (test) |
= Improvement of the design ]' Time & money

FUTURE
Monolithic?

Integration: silicon
devices into hybrid

Level of integration
Determined by

Application/cost

. . . i i i i i
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Why Simulate?

= Implementation of devices
= Devices need a design!
= Fabrication & characterization (test) |
= Improvement of the design ]' Time & money

=  We perform simulations to...

= Shorten the developing time

Work flow
= Fast
_ 1. ldea
= Cost effective ‘ 2. Design & Simulate
= Test physical models 3. Optimize
_ _ 4. Fabricate
= Confirm experimental data 5. Characterize

= |nvestigate ideas

Taichiro Fukui fukui@ief.ee.ethz.ch | 29.09.2025 | 38
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What you will be able to simulate...

= Anti — reflection coating

Air

6F . .
5 5_‘.: — Quarter-Quarter |
'5 1 — Quarter-Half-Quarter
4.5) |
= 4t
@
1=
— c
©
o
3
S :
o
R = min

Without anti-reflection With anti-reflection

ok R - — gl ]
400 500 600 700 800
Vacuum wavelength (nm)
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What you will be able to simulate...
= Beam Splitter

2. & 3.
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What you will be able to simulate...

= Silicon waveguide

" 2.&3.

W
a-Si:H & P

$i0,
L
substrate
(a)
. . . i i i i i
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What you will be able to simulate...
= Optical add-drop filters

Input Through R
— — - B bus waveguide
Ey K, Eq I < 2
( R:5um
Ep —=— = K
Drop 2pm
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What you will be able to simulate...

=  Multi-mode interferometer

1. 2.&3.

2060um /

Bum 23um

Optical Field

100pm

75um

23pum
. '—\ 100um

0.8 1.5 2.3
Distance (mm)
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What you will be able to simulate...

= Grating coupler

2. & 3.

Institute of Electromagnetic Fields (IEF)

Taichiro Fukui fukui@ief.ee.ethz.ch
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What you will be able to simulate...

= QOptical Antennas

1. 2. & 3.

e

?:g “"\
Bow-tie -
antenna E/
(conductor) !

= S
f | o
4 555"«5"’ ;

};

\
Peak field
concentrated

Light spot in feed gap
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What you will be able to simulate...

= Scattering from metallic nanoparticle

60nm
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Questions?

. . . i i i i i
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Tutorial

. . . i i i i i
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COMSOL Installation

« Installation guide and license file sent by email last week.

* Licenses are shared within whole ETH. Please avoid using COMSOL during the following time slots to
not block other lectures:
 08:00-12:00 Mondays
 14:00-18:00 Wednesdays
« 08:00-12:00 Thursdays

Please share the guide and license
file outside this class.
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Tutorial 1 — Single Point Source

x107 7

 Radiation of a single point source in infinitely large space i _ w
 Electric dipole -— 1
 Line current | -

 Plot functions - :
» Electric field and different components . I
« Radiation pattern .

| o . | fukui @ief
Institute of Electromagnetic Fields (IEF) MaxiLail:iZ\r:rgoFsuckhuLg_sgh@iﬂ.e_e&mz.gh !
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Definitions Geometry Materials Physics Mesh Study Results Developer

Home Definitions Geometry Materials Physics Mesh Study Results Developer 2]

Blank Model

Select Space Dimension

| 1
1 & = S
I 1
2D 1D
2D Axisymmetric PAxisymmetric I 9

n Help e Cancel Show on startup

Help gCancel E,/Done

750 MB | 891 MB
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Materials Mesh Results

Definitions  Geometry Physics Study Developer

“mph
Model Wizarg

Home Definitions Geometry Materials

PR
Blank Model

Select Space Dimension

! |
G =
I 1
D 2D 1D
Axisymmetric Jxisymmetric

n Help e Cancel Show on startup

Help gCancel MDone

Institute of Electromagnetic Fields (IEF)

Physics

Select Physics

Mesh Study Results Developer

Definitions

Recently Used

AC/DC

Acoustics

Chemical Species Transport
Electrochemistry

4 Fluid Flow

Heat Transfer

Optics

Geometry

Materials Physics

Search

y Domain (emw) >

+ Transmission Line (tl)
Semiconductor
Structural Mechanics
Mathematics

b Au

Added physics interfaces:

° Space Dimension

nHelp QCancel &/Done

Electromagnetic Waves, Transient (temw)

Remove

Study

Mesh

Study Results Developer

Electromagnetic Waves, Frequency
Domain

The Radio Frequency, Electromagnetic Waves, Frequency Domain interface is used to solve for
time-harmonic electromagnetic field distributions.

For this physics interface, the maximum mesh element size should be limited to a fraction of
the wavelength. The domain size that can be simulated thus scales with the amount of
available computer memory and the wavelength. The physics interface supports the study
types Frequency Domain, Eigenfrequency, Mode Analysis, and Boundary Mode Analysis. The
Frequency Domain study type is used for source driven simulations for a single frequency or a
sequence of frequencies. The Eigenfrequency study type is used to find resonance frequencies
and their associated eigenmodes in resonant cavities.

This physics interface solves the time-harmonic wave equation for the electric field.
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The Radio Frequency, Electromagnetic Waves, Frequency Domain interface is used to solve for
time-harmonic electromagnetic field distributions.

For this physics interface, the maximum mesh element size should be limited to a fraction of
the wavelength. The domain size that can be simulated thus scales with the amount of
available computer memory and the wavelength. The physics interface supports the study
types Frequency Domain, Eigenfrequency, Mode Analysis, and Boundary Mode Analysis. The
Frequency Domain study type is used for source driven simulations for a single frequency or a
sequence of frequencies. The Eigenfrequency study type is used to find resonance frequencies
and their associated eigenmodes in resonant cavities.

This physics interface solves the time-harmonic wave equation for the electric field.
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[Feb 25, 2025, 10:36 AM] Opened file: D:\Xinzhi\PointSource.mph

[Feb 25, 2025, 11:00 AM] Formed union of 1 selid object and 1 point object.

[Feb 25, 2025, 11:00 AM) Finalized geometry has 1 domain, 4 boundaries, and 5 vertices.
[Feb 25, 2025, 11:02 AM] Number of degrees of freedom solved for: 44375,

[Feb 25, 2025, 11:02 AM] Solution time (Study 1): 6 5.
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PointSource.mph - COMSOL Multiphysics

[Feb 25, 2025, 10:56 AM] Opened file: D:\Xinzhi\PointSource.mph

[Feb 25, 2025, 11:00 AM] Formed union of 1 solid object and 1 point object.

[Feb 25, 2025, 11:00 AM] Finalized geometry has 1 domain, 4 boundaries, and 5 vertices.
[Feb 25, 2025, 11:02 AM] Number of degrees of freedom solved for: 44375.

[Feb 25, 2025, 11:02 AM] Selution time (Study 1): 6 5.
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COMSOL Multiphysics 6.2.0.278
[Feb 25, 2025, 10:56 AM] Opened file: D:\Xinzhi\PointSource.mph
[Feb 25, 2025, 11:00 AM] Formed union of 1 solid object and 1 point object.

[Feb 25, 2025, 11:00 AM] Finalized geometry has 1 domain, 4 boundaries, and 5 vertices.

[Feb 25, 2025, 11:02 AM] Number of degrees of freedom solved for: 44375.
[Feb 25, 2025, 11:02 AM] Selution time (Study 1): 6 5.
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COMSOL: Boundary Condition

* Purpose of boundary conditions - define simulation domain

. Types of boundary conditions in COMSOL
Perfect Electric Conductor (PEC)
» Perfect Magnetic Conductor (PMC)
Scattering Boundary Condition
Periodic Boundary Condition (PBC)
Perfectly Matched Layer (PML)

Scattering Boundaries
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PEC Boundaries
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PML Boundaries
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