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Content

= Last week
= Young’s single/double slit experiment

= Today
Review on material properties
= Waveguide
= Motivation
= Theory
= COMSOL
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Last Week: Young’s Slit Experiments

One Slit | | Two Slits

Interference of Waves

Taichiro Fukui fukui@ief.ee.ethz.ch
Maximilian Bosch bosch@ief.ee.ethz.ch
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Review: Material Relations

= |n order to analyze an EM problem we need to define the material properties involved

= Materials are defined by their refractive index n which is defined as
" n=./u.&., forvacuumn =1

= n is a complex number n =@+ i@
/

Influences wavelength Influences losses

n=1 n=3 n=3+2i

“F Vacuum
I

Air Glass

Lossy Dielect

Medium 1: n, = 1.0 Medium 2: n,= 3.0
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Material Properties

= Whatis the meaning of n(w)?
= Newton discovered that it changes with wavelength!
= This phenomena can be mathematically modelized

Taichiro Fukui fukui@ief.ee.ethz.ch | 14.10.2025 | 5
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Material Properties

= Whatis the meaning of n(w)?
= Newton discovered that it changes with wavelength!
= This phenomena can be mathematically described using the Lorentz Oscillator Model

POLARIZED STATE mx +I'x + kx = —eE < (ja))zx + jowx + kx = —eE
P==-Yp;withp; = —ex(w) P = gy yE(w)

la, o
e ;
>§ 7 P I P D=¢gFE+P=¢gpeP

> applied polarization
< electric field
< () =1+—27
== . Er\W) = ;
o) 2wk _jal
displaced

mass

T T W

EU' (UP

o
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Waveguiding: Motivation

= How does the internet work?

Data centers

= Data transfer

Electrical (copper) or optical (glass fiber)

= By cable

Taichiro Fukui fukui@ief.ee.ethz.ch |

Maximilian Bosch bosch@ief.ee.ethz.ch 14.10.2025 l 7
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Waveguiding: Motivation
= Data transfer with an optical fiber

(a) Radio-over-Fiber link ? RrAU
— Fiber-optic network
1) MMW/THz

Inn
" AR . = P

Submarine Cable Map

;

[1] B. Bitachon et al. , "Deep learning based digital backpropagation demonstrating SNR gain at low complexity in a 1200 km transmission link," Opt. Express 2020

[2] Y. Horst et al., "Transparent Optical-THz-Optical Link at 240/192 Gbit/s Over 5/115 m Enabled by Plasmonics," in Journal of Lightwave Technology 2022

Taichiro Fukui fukui@ief.ee.ethz.ch
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Waveguiding

= QOptical data transmission = in the future maybe also in electronic devices (smartphones
etc.)

= Qur goal: learn how to simulate optical components used on-chip

Cladding

How can we make this happen?

= QOptical fiber often used terms:
= Core
= Cladding https://www.ednasia.com/a-new-step-towards-photonic-chips/

Taichiro Fukui fukui@ief.ee.ethz.ch |
Maximilian Bosch bosch@ief.ee.ethz.ch
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Waveguiding: Theory
= What happens at the boundary between two materials?

Snell’s law

n, sin6; = n, sin 6, Air
,// n,
E /
‘ — -

Taichiro Fukui fukui@ief.ee.ethz.ch |
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Waveguiding: Theory Snell’s law
= What happens at the boundary between two materials? n, sin; = n, sin 6,
Air i E :
: . Total internal
| Cr|t|cal: angle reflection
n, : : :
n,
6,
Water :

= Whatifsinf, > 1?7
= There is critical angle 6. = arcsinn, /n,!
= n>n,
= Light prefers to stay in higher index material!
= Almost everything is reflected - total internal reflection!

Taichiro Fukui fukui@ief.ee.ethz.ch
Maximilian Bosch bosch@ief.ee.ethz.ch
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Waveguiding: Theory

= EM field in between two perfect metallic mirrors
= After each reflection, there is m phase shift

YA / X Mirrors

Q,
N
~NY

Taichiro Fukui fukui@ief.ee.ethz.ch |
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Waveguiding: Theory

= EM field in between two perfect mirrors
» |nterference after second reflection!
= Self consistency: after second reflection, wave duplicates itself

—_ d —_— —_—
AC = — ,AB = AC cos(20)
XB ___ sin(®)
ST " AC — AB = 2d sin(0)
Y AR \\ 5k )\\( Original
A AP e VN RY ANy wave
T A\ L Constructive interference
2T
d \ — Ago=n17(AC—AB)=27Tm
| Twice- . Am
l (AL reflected Sln(gm) = —
C wave 2d
Institute of Electromagnetic Fields (IEF) Taichiro Fukui fukui@ief.ee.ethzch |

Maximilian Bosch bosch@ief.ee.ethz.ch
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Waveguiding: Theory

= EM field in between two perfect mirrors
» |nterference after second reflection!
= Self consistency: after second reflection, wave duplicates itself

B T
kly ‘/(\ﬂ\ (\\ \\\ k1 A
y AR LA LY Original
/9 \ \\ \ \ \\ \ \ PN )\\( wave kly — kl Sin Hm
X “' " W|th kl - konl
Am..A B = klz k. =k cos0,
-‘ -—2—
l Twice- , : L
(KL reflected Propagation constant Effective refractive index

C wa‘/’/
2Am

2T
Pm = kqcosby, = kl\‘ 1- (T) — Tneff,m

Taichiro Fukui fukui@ief.ee.ethz.ch |
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Waveguiding: Theory

= EM field in between two perfect mirrors
» |nterference after second reflection!
= Self consistency: after second reflection, wave duplicates itself

' ;
L L 2d -k ;sin@ =27zm
Y ,((\‘\ LT Original
A .40\ TR R wave . aTm
“‘ ‘\\\\\ sinf, =—<1
dk,
d
dk,  2d __o/m
l \\\\ wace— m < = 1 n We =T d
: Vel reflected T
C wave C
Number of modes: 2d 2d Je =
umber of modes: M <7n Cut-off frequency: 1 = A_nl = A, = 2dn, 2dn,
c
Institute of Electromagnetic Fields (IEF) Taichiro Fukui fukui@ief.ee.ethz.ch 4y 45005 | 15
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Waveguiding: Theory

= EM field in between two perfect mirrors
= Discrete number of solutions: Helmholtz equations

V?E + ke, E = 0

Assuming y direction: 2% + (ke —B?) E=0
y " 0y2 \"0 ‘I" ) ’

fO=r(9=0,

y
yi

dl 2 ‘ .
2 im-_-]' 2 3 6 '/errors

0 ' FE LR

d

2

Institute of Electromagnetic Fields (IEF)

Definition: EM fields which
satisfy this equation, we call
(eigen)modes!

E(x,y,7) = Ep(x,y)e/P?
With
r

mm
Acos (7 y) m odd

mrit

E,,1
A . ( )
\ Sin d Y] meven

Taichiro Fukui fukui@ief.ee.ethz.ch
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Waveguiding: Theory

= Planar dielectric waveguide
= Core (n;,n; >ny,)
= Cladding (n,)

= TE and TM modes

VA X

TE mode : no electric field in the propagation direction
TM mode: no magnetic field in the propagation direction

. - Taichiro Fukui fukui@ief.ee.ethz.ch
Institute of Electromagnetic Fields (IEF) MaximEilIIi;r:rgoslz:hu;)ouscuhlg:ef.ee.eth;ch |
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Waveguiding: Theory

Planar dielectric waveguide
= Core (n;,n; >ny,)
= Cladding (n,)

02%E

W + (kO Ecore — ,B ) E=0
azE 2 _
ay + (kogcladdmg ,8 )E =0

Ecore (i g) — Eclac)lr/(i %)

A A5

y
A

Ncladdin gK

Weakly confined
Wave leaks into cladding

nl : 5 \\\
> 0 : (7] | o3

n, XX Guided ray <
Unguided ray

NI © NI

Institute of Electromagnetic Fields (IEF)

Ny

( > X
y
N
ncladdingk
Strongly confined
Neore > E,(¥) Wave mostly in the core
ncladding ¢
> X
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Waveguiding in COMSOL

Out-of-plane In-plane .

Propagation

Mode analysis

cea
cea
.......
c~ea
e

e
cea
ceae
cea
cea
.......
ceae
cea
cea
cea
-
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Waveguiding in COMSOL

= Propagation
= Qut-of-plane: Ports are not defined (eigenvalue solution to the whole geometry)
= In-plane: Ports need to be defined (eigenvalue solution to the defined port)

toar i o220 Excitation -
P ¥ Electromagnetics
Next week | — ) Out-of-plane  «——  from surface ~— .. NOQPORT
sio, plane
": 2um >
TODAY In-plane Excitation Electromagnetics

from boundary node: TE or TM

E Port
/

Taichiro Fukui fukui@ief.ee.ethz.ch |
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Set up Environment Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results
Select Physics

Home Definitions Geometry Materials Physics Mesh Study Results

NEW .G:' Recently Used
¥ AC/DC
Model ")) Acoustics
:.': Chemical Species Transport
1 I Electrochemistry
Mol == Fluid Flow
Wizard Heat Transfer
Il Optics
ﬁl Flazma
5 | == Radio Frequency I
Elank Model 25 Semiconductor

E;' Structural Mechanics
Mo Mathematics

Help e Cancel  [¥] Show on startup

Select Space Dimension

Added physics interfaces:

ma - |9
2D 1D

L Axisymmetric 2l Axisymmetric al i

° Space Dimension Study

Help g Cancel ET Done Help e Cancel EI/ Done
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Set up Environment

Home Definitions Geormnetry Materials Physics
Select Physics

J:.T') Recently Used
¥ AC/DC
) Acoustics
<'2¥ Chemical Species Transport
1T Electrochermistry
=== Fluid Flow
Heat Transfer
I optics
@ Plasra

el ::'#wilul Radic Frequency
|i:'_m~«‘—f|I Electromagnetic Waves, Frequency Dormain (emw) I
inm Clectromagnetic Waves, Time Explicit (ewte,
IMJ;;JJI Electromagnetic Waves, Transient (temw)
Transmission Line ([
'?.ﬂ Semiconductor

[3' Structural Mechanics
Au Mathernatics

Add

Added physics interfaces:

iﬁ? Electromagnetic Waves, Frequency Domain (emw)

° Space Dimension e Study

Help e Cancel |E,\/ Done

Institute of Electromagnetic Fields (IEF)

Mlesh

Study Results

Flectromagnetic Waves, Frequency
Domain

The Radio Frequency, Electromagnetic Waves, Frequency Domain interface is used to solve
for time-harmonic electremagnetic 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 memaory 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,

Taichiro Fukui fukui@ief.ee.ethz.ch

Maximilian Bosch bosch@ief.ee.ethz.ch
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Set up Environment

* Parameters

b

MName Expression Value

lambdal 1550[nm] 1.535E-6 m M cladding k

n_core 1.5 1.5

n_cladding 1 1 Meore E)
h_core 2.5[um] 2.0E-bm

h cladding  7[um] 7E-6 m st [

w_slab 50[um] S5E-5m

O c_const/lambdal 1.9341449E14...

Institute of Electromagnetic Fields (IEF) Maxi;ﬁ;g:rgo';“cﬁui)gus?h'g:g?gg:2;2;22 | 14102025 | 24
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Define: Mesh & Port Definition & Study

= Port Definition
= Left «excitation» port
= Right «collection» port
= Type of port: Numeric
= Mesh
= Cladding: finer
= Core: Custom - Maximum element size - lambda0/n_core/6

= Study

= Study Steps - Boundary Mode Analysis ( Has to be Step 1)
= Set frequency
= Port number: 1
= Desired number of modes : 1
= Search for modes around: n_core

= Study Steps - Boundary Mode Analysis for Port 2 (port number changed to 2)

Taichiro Fukui fukui@ief.ee.ethz.ch
Maximilian Bosch bosch@ief.ee.ethz.ch
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Single Mode Waveguide

Both images show the electric
field’s norm

Which wave is propagating?
Which wave is standing?

Institute of Electromagnetic Fields (IEF)
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Single Mode Waveguide

Line Graph: Electric field, z component (V/m) e
20000+ ! ! ' !
_ 18000 -
Which one would
16000
correspond to the _
=
. . = 14000}
highest core index? 2
[y
The lowest? £ 12000/
e
S 10000}
™
~ 8000}
2
=)
§ 6000}
w
4000}
2000+
0 -
0 1 2 3 4 5 6 x107°
Arc length (m)
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Multimode waveguide

|
Which one will have the 08
highest neff? The Lowest? 06
How can one 0.4
increase/decrease the ol
number of modes in a
waveguide? i

-0.2¢

-0.4¢

-0.61

-0.8¢

0 1 2 .irc ength (m% 5 6 x107°
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