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Recap

= |Last Time
= |ntroduction to COMSOL
= Point Source model

= Today

= More on Boundary Conditions
Perfect Electric Conductor (PEC) ol

-14

Perfect Magnetic Conductor (PMC) st

Scattering Boundary Conditions el

12

Perfect Electric Conduction (PEC) 10}

Scattering Boundary Condition
Periodic Boundaries Condition (PBC)
Perfectly Matched Layer (PML)
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Motivation

= Wave behavior in nature
= But electromagnetic waves are (usually) invisible

= > COMSOL visualizes them!
= - Intuitive approach to understand mathematics

= Mathematics will be treated extensively in EM
lectures
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Electromagnetics: Maxwell’s Equations

= Physical phenomena and laws

Gauss’s law:;

f DdA=jpdV
)4 14

Electric displacement Field D
(Free) charge density p

Gauss’s law (Magnetism):

f BdA =0
av

Magnetic Flux Density B
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Faraday’s law:

) S
34 Eds=——JBdA et O
0A ot J, ey,
\
Electric Field H E-ds

Ampere’s law:

jﬁaAH dl = fA <]+aa—lz) dA _i
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Electromagnetics: Maxwell’s Equations

= Not Really

= One needs a model that captures the impact of

fields on the material
ANDGOD SAID

—

B =0 = Electric Case

x E=——F

9 H=25+] D = &E + P(E) ~ £oE + gox"E
ANDTHEN THERE WAS LIGHT.

= Magnetic Case

1
B = uoH + M(H) ~ poH + poxyy

& = 1+)(,§1)
e =1+ 30

Nonlinear Optics: 227-0655-00L
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Electromagnetics: Materials Relations

In 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.g., forvacuumn =1

& =1+ )(,gl)
= nis acomplex numbern + 1 _ (1)
pr =1+ xy
A
Inﬂuences Wavelength |nf|uence5 |OSS€S
n=1 n=3 n=3+2i
’: Vacuum ‘ [ Lossy Dielect
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Electromagnetics: Maxwell’s Equations

= Wave Equation from Maxwell’s Equations

= Homogenous, Isotropic, linear Material,

= No Sources 9%E, 1 92E,

N =0
dx? c2 dt?
= Solution E,(x,t) =F(x —ct) + G(x + ct)
Fixed time Fixed Location
Short Wavelength E(x,,t High ffquency
E(x,tp) -~ (%0, t) —
- t
Low Frequency
‘E(X tO) Long Wavelength (XO, ) ‘
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Electromagnetics: Wavelength and Frequency
0%°E, 1 0%E, _

= Plane wave Solution: y

E,(x,t) = Eje~Wte~tkx

dx? c? dt?

= Proof:
. . w? .
_kze—lwte—lkx 4 _Ze—la)te—lkx =0
C
= With
2 2
w w _jw
2 = ~ = znz e L
C Co

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

i4 Vacuum

il

) l -

Lossy Dielect
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Boundary Conditions

= Maxwell’'s Boundary Conditions

t
€ O € 0, Boundary Conditions
En Et1—Ei,=0
& En 1 — &E, 2 = pr (surface charge density at the interface)
Material | Material 2 Hyy —Hep =) (surface current density at the interface)
.ulHn,l - #ZHn,Z =0
t
€ O Y W, €, O,
227-0160-00L: Fundamentals of Physical Modeling and Simulations
Hn 227-2037-00L: Physical Modelling and Simulation
. - 227-0110-00 G : Electromagnetic Waves: Materials, Effects, and
Material | | Material 2 Antennas: J
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COMSOL: Boundary Conditions

= 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 Boundaries Condition (PBC)

Perfectly Matched Layer (PML)

Scattering Boundaries

PEC Boundaries

PML Boundaries
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COMSOL: Boundary Conditions

= Perfect Electric Conductor (PEC) E, —E,, =0
= Properties o

= Equivalent to infinite electric conductivity
= lim j = lim oF = o0 => E = 0: No Electric fields inside

0 —C0 0 —C0

= E = 0: Constant magnetic field inside

:Et,l == 0

d
f EFds=—— | BdA
9A at J,

= Examples
= Microwave planar structures
Metallic substrates
Short circuit interface
To implement some certain symmetry

S000»

»
0
o
A

000 »
W\ T 1./,
L LA AL
SEs
PFprean
FPHPaN
J000%
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COMSOL: Boundary Conditions

= Perfect Magnetic Conductor (PMC) pHp1 — poHp2 =0
= Properties

= Equivalent to infinite magnetic conductivity (large w)
* lim B = lim uH =00 =>H = 0.

U—>0 U—>00

= Examples
= To account for certain symmetry
= [nterface between dielectric and air
= QOpen circuit interface
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COMSOL: Boundary Conditions

= Scattering Boundary Condition

= Properties
= Electric field is absorbed = no reflection

freq(1)=4.996541E14 Hz Surface: Electric field norm (v/m)
T T T

= Examples
= To simulate an “infinite” domain
= As we did last time with the point source
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COMSOL: Boundary Conditions

Periodic Boundary Condition
= For repeating structures
= Use a unit cell for the analysis

= Simulates systems expanding infinitely in 1D/2D
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Periodic Boundaries
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COMSOL: Boundary Conditions

= Perfectly Matched Layer (PML)
= Scattering Boundary
= Properties
= Absorbing boundary
= Truncates EM space in numerical simulations.
= Possible to simulate open boundary problems.
= Reduce scattered/reflected waves. I

|u] [m], t=0.115sec

x,[m]

-300F

= Examples
= Antennas
= Reflectors
= Absorbing structures
= Metamaterials sl

0 i | ! | S g Ty
3 4 5 6 7 8 9 10 n
Wavelength(um)

Real life absorber
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Starting COMSOL

« Every Student has access to Linux Server

Connection to Linux Server

1) Download and install Cisco Anyconnect: https://ethz.ch/content/dam/ethz/special-interest/hest/isg-
hest-dam/documents/pdf/vpn-de.pdf
Available for MS,MAC & Linux

2) Connect to ETH network using Ciso Anyconnect

3) Connect to Linux Server
* Linux & Mac: using terminal type «ssh username@itet-ief-l0.ethz.ch -X» (I0 = L null)
* Windows, Linux, Max: using any remote desktop with xserver capability (e.g. Remmina)

4) Enter Username and Password

5) Start COMSOL
type: «comsol &» into the terminal
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COMSOL: Last Time

Command to start Comsol: COmSOI Home  Definitions  Geometry  Materials _ Physics
Select Physics

Mesh Study Results

Home Definitions Geometry Materials Physics Mesh Study Results

NE W D Recently Used
¥ AC/DC
")) Acoustics
2% Chemical Species Transport
1T Electrachemistry

“= Fluid Flow
Heat Transfer
I Optics
o Radio Frequency

Blank Model = = a1a1818 (455
‘J;-' Structural Mechanics
Au Mathematics

Help 8 Cancel Show on startup

Added physics interfaces:
AL !
) & N :
1 1
2D 1D . .
el Axisymmetric Axisymmetric gu ot ° Space Dimension Study

Help g Cancel D\/ Done
Help e Cancel E’l Daone
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COMSOL: Last Time

Definitions Geometry Materials Physics

Home
Select Physics

(5 Recently Used

% AC/DC

W)} Acoustics

:": Chemical Species Transport
1T Electrochemistry

== Fluid Flow

Heat Transfer
I Optics

QG Electromagnetic Waves, Frequency Domain (emw)
s ectron oy T TR = ETTE
=7 Electromagnetic Waves, Transient (termw)
Transmission Line (tl)

% Semiconductor

E=A Structural Mechanics

Au Mathernatics

Added physics interfaces:
iﬁ? Electromagnetic Waves, Frequency Dermain (emw)

Remove

° Space Dimension e Study

Help @ Cancel E Done

Institute of Electromagnetic Fields (IEF)

IMesh

Study Results

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 Dorain, 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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COMSOL: Last Time

Geometry Materials Physics

Q° &

Component Add

Home Definitions

A " Model Data Access
® Record a Mew Methed

Application .
Builder » Test Application 1~ Component ~
Application Model
Model Builder  Selection List
= » =t =

4 & Untitled.mph (root)
4 () Global Definitions
= Materials
4 9 Compenent1 (compl)

]
= Electromagnetic Waves, Frequency DD@

Wavetouatom=-seetried
23 Perfect Electric Conductor 1
& Initial Values 1
au.

ation View

Ep 1: Eigenfrequency
[Pre Solver Configurations
',.?J Job Configurations

@ Results
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Mesh
P; Parameters
a= Variables -
fix) Functions All

Definitions

Study Results

I-i-i = Import .
] .i

Build Add

Material

Geometry Materials

{58 Build All

[yl
Electromagnetic Wawves,
Frequency Domain -

Physics

e

U
Add
Physics

7] = "R R
Build  Mesh Compute Study Add
Mesh 1~ 1~ Study
Mesh Study |

Label: | Geometryl

* Units

[] Scale values when changing units

Length unit:

[ m

Angular unit:

[ Degrees

* Advanced

Default relative repair tolerance:
1E-6

[¥] Automatic rebuild
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COMSOL: Last Time

=  Define simulation domain

= Build geometry

Institute of Electromagnetic Fields (IEF)
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COMSOL: Last Time

= Discretization of simulation domain
= Build mesh
= Mesh size determines accuracy of solution
= Too large mesh = wrong results .
= Accuracy vs. simulation time |
= Today: Optimization by manual refinement
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COMSOL: Last Time

x1077

12

10

freq(1)=499654.1 GHz Surface: Electric field norm (\V/m)

T T T T

1 1 1 1

x10°

-15

-10 -5 0 5 10

Scattering Boundaries
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freq(1)=499654.1 GHz Surface: Electric field norm (\V/m)

x1077

12

x10°

1.2

0.8

PEC Boundaries
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COMSOL: Today

= Mirror effect by using boundary conditions

= Double Source ]
10+
8_
6_
X10_7 - T T T ] ar
m i ] x10° 2r
0_
12 I~ 2+
10 - 4+
8| or
_8_
oI 10k
41 12}
2F 14k

O -
2r x107
4+ m 1
6 2
3
8k K
10k 5
-6
12t ;
14k -8
-9
16k 410
11
12
13
-14
.15
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