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Outline
• Theme for the meeting “CEM for EMC”

• Introductory part – elaborate, compare and contrast 
• Experimental work (or lab work in EMC)
• Theoretical work (or computational work by CEM)

• Describe two courses at Chalmers
• SSY200 – Computational electromagnetics
• EEN230 – Electromagnetic environment, health and compatibility

• How to sign up for courses at Chalmers
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Some comparisons between 
computations and experiments
• Quotes (unknown origin, to me…)

• No one believes the computational result except 
the person that performed the computations
(Maybe the same applies to theory as well?)

• Everyone believes in the experimental result 
except the person that performed the experiment

• Some questions
• What is right and wrong?
• How do we know if it is right or wrong?
• What to do when in doubt?
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Computational (and theoretical) work
• Every underlying circumstance/quantity in the 

computation can be controlled in detail

• Do the results agree with “reality”? 
(”reality” = experiments)

• The same result for different computations 
(e.g. performed different days)

• Easy to make parameter studies

• The model can be “compared with itself” to give 
relative results – absolute results are more difficult to 
get right
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Experimental work
• Difficult or impossible to know and control all 

underlying circumstances/quantities involved the 
experiment

• The results agree with ”reality”!
(assume that the experiment is correctly conducted)

• Different results for “the same experiments”
• Stochastic errors
• Systematic errors (may drift wrt time)

• Difficult to make parameters studies for some 
parameters (and others very easy)
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Workflow for computational work
(applies also for theoretical work)
1. Real-world problem/system/situation

(often modified/simplified for experimental work)

2. Model the problem by physics and mathematics
(involves simplifications)

• Electric circuit – non-linear behavior, temperature, …
• Maxwell’s equations – geometry, materials, …

3. Calculate/compute the solution given the model
• Analytical methods – highly limited but very informative

• Exact answer (for a rather small number of models)
• Numerical methods (CEM) – less limited but “only for 

one case”
• Approximate answer (always…)
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Illustration of the different error 
contributions for quantity “q”
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Courses
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Computational electromagnetics
Course code: SSY200 

About 15 participants per year

• MSc-students (year 4 or 5 from many programs)

• PhD-students (not only Chalmers)

• Industry

Given in study period 3 
(= first half of the spring semester)

Examination: 4 hand-in assignments (one is optional) and 
oral exam (7,5 credits)
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Introduction to CEM (from the course)
• Computers get more and more powerful but 

improved algorithms are equally important!

• Finite resources for computations
• The computer has finite memory
• The user has finite time (and energy/money/…)

• Usually, the user don’t want to wait for the results 
more than one week

• feedback from the computation is needed to be able to 
make iterations

• the program may crash – in particular for complicated 
computations

• there may be “blunders” in terms of wrong input data, 
bugs or other problems
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Introduction to CEM (from the course)
Finite resources (memory and time) impose limitations on 
the problems that can be solved

• Electromagnetic field model (with infinite number of 
degrees of freedom) must be limited to a finite number of 
degrees of freedom (use them well…)

• Implies approximate results – the exact result can never 
be achieved

• The approximation can be improved by increasing the 
resolution

• Points per wavelength
• Inclusion of geometrical details
• Material variations
• etc11
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Finite-difference (FD) schemes
• Introduce grid points xi

(uniform in space typically)

• Assume that the field f(x) takes 
one value fi at each grid point

• Unknown between grid points

• Approximate derivatives with 
“finite-difference stencils” in 
differential-equations 
(slope of straight line…) 
⇒ numerical error

• Staircase approximation 
(can be mitigated by cut cells)
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Finite-difference (FD) schemes
• Numerical error

• Electromagnetic wave propagates at the wrong 
speed (= numerical dispersion)

• Applied to time as well – the FDTD scheme
⇒ Explicit time-stepping (no matrices)
(“Courant condition” limits time step)

• Resolution “rule of thumb” – about 20 points 
per wavelength (small number of wavelengths)

• Double the frequency and keep the absolute 
phase error constant

• Memory requirements increase by factor 29/2 = 22.6
• Computational time increases by factor 26 = 64
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5.1 The 1D Wave Equation 67

such a wave propagates in a dispersive medium, the different sine waves prop-
agate with different velocities, and the shape of the wave will change as it
propagates. The 1D wave equation can be time-stepped using selected parts
of the MATLAB function Wave1D given in Section 4.4.2. Figures 5.3–5.5 show
the propagation of a square wave for three different values of R.
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Fig. 5.3. Propagation of a square wave when ∆t is equal to the magic time-step,
R = c∆t/∆z = 1. There is no dispersion: the shape of the pulse stays the same as
it propagates.
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Fig. 5.4. Propagation of a square wave when ∆t is smaller than the magic time-step,
R = c∆t/∆z = 1/

√
3 ≈ 0.58. In this case, there is significant numerical dispersion:

the shape of the pulse changes as it propagates.
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Fig. 5.5. Propagation of a square wave when ∆t is slightly greater than the magic
time-step, R = c∆t/∆z = 1.01. The scheme is unstable and the wave amplitude
increases rapidly in an unphysical way.
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Finite Element Method (FEM)
• Divide the domain into finite 

elements

• Assume that the field is piecewise 
linear inside the finite elements

• approximate ansatz function
• numerical error

(similar effects as for FDs)

• Derive weak form – a compromise 
to make the differential equation 
fulfilled (as good as possible…)

• Body conforming (triangles in 2d 
and tetrahedrons in 3d)
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6.3 2D Finite Element Analysis 101

Analogously to the 1D model problem, there are many physical situations
that can be modeled by (6.11). Let us consider a specific example where
we wish to compute the resistance between the left and bottom edges of
the conducting plate shown in Figure 6.3. In this case, f is the electrostatic
potential, α the conductivity, β = 0, and s = 0. The electric potential along
the thick solid line on the boundary is set to 10 V, i.e., a Dirichlet boundary
condition f = 10. Along the thick dashed line the potential is set to 0 V. The
remaining part of the boundary is an insulating material. On this part of the
boundary, we use a Neumann boundary condition, n̂·∇f = 0, which means no
flux of charge across the boundary. We now continue with the derivation based
on the general model problem, and at the end of this section, we will show
the solution for the specific example concerning the resistance computation.
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Fig. 6.3. A 2D conducting plate. The computational domain S, i.e., the plate, is
divided into triangular elements. Automatically, the boundary of S is discretized
into line segments. This boundary divides into the two parts, denoted by L1 and
L2, with different types of boundary condition according to (6.12) and (6.13).

We multiply (6.11) by a test function wi and integrate over S:
∫

S
wi [−∇ · (α∇f) + βf ] dS =

∫

S
wis dS.

Next, integrate by parts using the identity

∇ · [wi(α∇f)] = α∇wi ·∇f + wi∇ · (α∇f) (6.14)

and Gauss’s theorem in 2D:
∫

S
∇ · F dS =

∫

L1+L2

n̂ · F dl,
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Finite Element Method (FEM)
• Meshes of unstructured triangles 

or tetrahedra allow for
• Complicated geometry
• Space varying resolution and 

adaptive mesh refinement

• Sparse matrices
• Direct solvers for 2d problems
• Iterative solvers for 3d problems

• Time-domain methods
• Work well with implicit time-stepping 

(no Courant condition)
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6.4 Adaptivity 113

3. Refine the mesh by splitting the elements with largest errors into smaller
elements.

Algorithms for splitting selected elements into smaller elements may be quite
complicated (see, e.g., [10]). However, software for mesh generation often in-
cludes this functionality.

To illustrate the advantages of adaptivity, we return to the capacitance
calculation that we have already used as an illustration in Sections 3.1 and
6.3 (see also Appendix A.3). For uniform meshes, this singularity reduces the

convergence from O(h2) = O(1/Nn) to O(h4/3) = O(N−2/3
n ), where Nn is

the number of nodes in the mesh. By using FEM with adaptively generated
meshes it is possible to restore quadratic convergence so that the error scales
as O(1/Nn) despite the singularity. We use the code shown in Section 6.3.3 and
two sets of meshes. The first set of meshes is generated by uniform refinement
(all elements are split into smaller elements), and the second set is generated
by adaptive refinement (only selected elements are refined). A close-up of one
of the adaptively refined meshes is shown in Figure 6.11.
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Fig. 6.11. The mesh after adaptive mesh refinement at one of the corners of the
inner conductor where the potential changes rapidly. The smallest triangles at the
corner measure approximately 40 µm.

The relative error of the computed capacitance is shown in Figure 6.12
for both uniformly and adaptively refined meshes. The horizontal axis shows
the total number of nodes Nn in the mesh. The circles show the relative
error |C(Nn) − C0|/C0 of the computed capacitances for different Nn. The
exact value of C0 is unknown in this case, but a sufficiently accurate refer-

114 6 The Finite Element Method

ence solution (C0 = 90.6145 pF with 6 correct digits) is obtained by careful
extrapolation of the computed values.
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Fig. 6.12. The relative error in the capacitance as a function of the number of
nodes in the mesh.

The solid curves in Figure 6.12 fit the error model e(Nn) = α/Np
n to

computed values of the capacitance C(Nn). With uniform mesh refinement we
find that the capacitance converges as N−0.7

n ∝ h1.4. This is quite close to the
theoretical asymptotic convergence rate h4/3. With adaptive mesh refinement
we find that the convergence rate is restored to N−1 ∝ h2, which is the rate
we get for uniformly refined meshes when the solution is smooth (sufficiently
regular).

Review Questions

6.4-1 Why and when is adaptivity useful? List advantages and disadvantages
of adaptivity. Write down a general formulation, in words, for the objective
of an adaptive computation. How could you achieve this objective?

6.4-2 Can adaptivity restore the nominal order of convergence even if the
solution is singular? What implications does this have for the error as a
function of the number of degrees of freedom?

6.5 Vector Equations

In this section, we will discuss a vector equation: the curl-curl equation of elec-
tromagnetics. However, as an intermediate step, we will first see how to choose
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Method of Moments (MoM)
• Integral equation instead of differential equation

• Sources (currents and charges) are the unknowns
• Enforce boundary conditions for the electromagnetic field
• Use the FEM to compute the sources

• Advantages
• Good for problems with “small wires/surfaces with sources” and large 

volumes for the fields (free-space with infinite and homogeneous space)
• Fast methods available (almost linear scaling with frequency)

• Drawbacks
• Full matrices (=requires very much computer memory) for basic version
• Difficult to evaluate the matrix elements (singularity from Green’s function)

16
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Electromagnetic environment, health 
and compatibility
Course code: EEN230

Estimated number of BSc-students per year: 50-60

• Biomedical Engineering, Year 3 (compulsory)

• Electrical Engineering, Year 3 (compulsory elective)

• Automation and Mechatronics Engineering, Year 3 (elective)

Given in study period 4
(= second half of the spring semester)

Examination: one project (1,5 credits) and written exam (6,0 
credits)
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Contents overview
• Define environment and sustainable development 

• particular focus on electrotechnical equipment and 
electromagnetic fields. 

• The electromagnetic environment is described in terms of 
different perspectives 

• electromagnetic spectrum
• categorization of the electrotechnical equipment/system 
• sources, victims and coupling paths for electromagnetic 

disturbances.

• Biological effects on humans given low-frequency magnetic 
fields, high-frequency electromagnetic fields and ionizing 
radiation.

18

Health

WHO Constitution (1946) states that
health is a state of complete physical,
mental and social well-being and not
merely the absence of disease or infirmity.

I Biological e↵ect: Any physiological
response to EMF exposure

I Health hazard: A biological e↵ect
that has health consequences that
the human body cannot compensate
for and is detrimental to health or
well-being

Blistered face after “facelift”
based on radiofrequency
treatment patented by a

company – the patient su↵ered
second-degree burns

https://www.thesun.co.uk/news/
8919577/botched-facelift-blisters-

burned-inside-out/

9 / 31
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Contents overview (cont.)
• Legal regulations and requirements 

in different contexts: international, 
EU, national and local.

• Bettina Funk (Svensk Elstandard) gave 
a lecture on standardization

• Analysis, design and testing of 
electrotechnical equipment

• both theory and experiment

• Possibility to participate in a study 
visit at a local hospital, institute or 
company. 

• Project work. 
19

Swedish requirements – Arbetsmiljöverket

Arbetsmiljöverkets föreskrift 2016:3

I Syftet med dessa föreskrifter är att
skydda arbetstagare mot s̊adana
hälso– och säkerhetsrisker som
uppst̊ar eller kan uppst̊a vid
exponering för och förekomst av
elektromagnetiska fält under arbetet.

I Bygger p̊a EUs Direktiv 2013/35/EU

I Tv̊a olika krav: (i) gränsvärden i fri
rymd; och (ii) gränsvärden i kroppen

I Gränsvärden i kroppen kräver
numeriska beräkningar med korrekt
geometri och materialdata för
kroppen

Arbetsmiljöverkets föreskrifter
om elektromagnetiska fält och
allmänna r̊ad om tillämpningen

av föreskrifterna

11 / 34

Swedish recommendations – Str̊alsäkerhetsmyndigheten

Str̊alsäkerhetsmyndighetens
författningssamling 2008:18

I Syftet med dessa allmänna r̊ad är att
skydda individer ur allmänheten fr̊an
akuta skadliga biologiska e↵ekter vid
exponering för elektromagnetiska fält
i frekvensomr̊adet 0 Hz - 300 GHz

I De allmänna r̊aden bygger p̊a
rekommendationer fr̊an Europeiska
unionens r̊ad (EU recommendation
1999/519/EC). R̊aden avses vara
vägledande vid tillämpningen av 6 §
str̊alskyddslagen (1988:220)

Str̊alsäkerhetsmyndigheten (SSM) kallas
ocks̊a “the Swedish Radiation Safety
Authority”

Str̊alsäkerhetsmyndighetens
allmänna r̊ad om begränsning av

allmänhetens exponering för
elektromagnetiska fält

12 / 34

CE marking

CE abbreviates “conformité européenne”,
i.e. “European conformity” in French

I Signifies that products sold in the
European Economic Area (EEA)
have been assessed to meet high
safety, health, and environmental
protection requirements – not cause
harm to anyone

I Manufacturer and importers add the
CE marking to their products and,
then, guarantees compliance with all
regulatory requirements

I It is criminal to use the CE marking
on products that are not compliant
with the regulatory requirements

CE marking logotype

7 / 34
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Study visits
• RISE in Borås

• Full anechoic chambers
• Semi-anechoic chambers
• Reverberation chambers (including VIRC)

• Volvo Cars Corporation
• Semi-anechoic chambers
• Outdoor test site under tent

• Sahlgrenska University Hospital
• Test lab (no chambers)
• Presentation with motivational challenges from 

a hospital environment

20

By Binarysequence - Own work, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=23428710
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Pedagogical challenges and 
approaches
• Most students did not study electromagnetic field theory

• No good book given the broad range of topics
• Slides that present the material in a summarized manner
• Prerecorded video lectures on electromagnetic field theory 

(from the pandemic)
• Suggested reading list for in-depth studies

• Course material developed
• Slides
• Tutorial problems
• Project
• Table of formulas – no derivations based on Maxwell’s 

equations
21
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Pedagogical approach and technical 
contents – overview
• Electromagnetic field theory

• Review of vector analysis
• Static phenomena based (mainly) on infinitely long line sources
• Quasi-static phenomena – based on the static cases
• Electromagnetic plane waves

• Transmission line theory (continuation of “line sources” from 
EM theory)

• Differential-mode and common-mode currents
• Transmission lines with N+1 conductors (matrices L, C, R and G)
• Special cases – low-frequency situation and 2 conductors
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Pedagogical approach and technical 
contents – overview
• Filters and non-ideal component behavior

• Review of Fourier analysis
• Differential-mode and common-mode filters
• Resistor, capacitor and inductor at (too) high frequencies

• Conducted emissions and susceptibility
• Crosstalk based on transmission line theory
• LISN

• Antennas (mainly wires)
• Electric and magnetic (elementary) dipoles
• Radiation characterization
• Half-wave dipole, array antennas, antenna factor and Friis 

transmission formula
23
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Pedagogical approach and technical 
contents – overview
• Radiated emissions and susceptibility

• Based on array antennas (two parallel wires) for 
emissions

• Similar model for susceptibility/immunity

• Measurements 

Lectures supported by some experiments in front of 
the entire group of students in the lecture hall – no 
(physical) experiments conducted by the students 
themselves.

Course ends with a written exam.
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How to sign up?
You apply via universityadmissions.se or 
antagning.se for the spring or autumn 
semester:

• Deadline in October 15 for spring semester
(passed for spring semester 2025…)

• Deadline in April 15 for fall semester

Send an email to me at
rylander@chalmers.se

to get more information.
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