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Thesis subject

Simulation of electromagnetic wave propagation into electrically
large sites.

Actual subject of the simulations: anechoic chambers used in
electromagnetic compatibility measurement and testing.

Notoriously difficult problem: most numerical schemes (even in
commercial software) fail on huge propagation simulations like this.
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Why this kind of simulations is useful?

Electromagnetic compatibility is a central topic in the development
of every electronic product.

Two actors in EMC, facing different issues:

The manifacturer:
Must comply with
regulations
No recipes to meet
required standards
Lab time to debug the
products is very costly

The test lab:
Must be sure about the
efficiency of the
measurement chain
Must be confident about
the correctness of the
procedures

Simulation can help dealing with these issues.
Actual demand of simulation tools by the industry.
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Work areas

The thesis deals mostly with issues faced by the laboratory.

Accurate EMC measurements are not easy at all: simulation can
help to check correctness. This is why industry demands it.

The work consists in
a theoretical part: novel numerical tools developed
a numerical code implementing the developed numerical tools
an experimental part to validate the numerical tools
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Simulation tools

Simulation tools developed in this thesis are based on the Discrete
Geometric Approach, which allows to write Maxwell’s equations in
an algebraic form suitable for computers.

Space is discretized in two grids: primal grid G and dual grid G̃

U =
∫
L
e · dl

Ψ =
∫
S̃
d · ds

Circulations and fluxes of EM quantities are associated to lines and
surfaces of the grids.
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Faraday–Neumann law

With this discretization writing the Faraday–Neumann law is easy.
Sum of voltages on the edges around a face = flux across the face
multiplied by −iω
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n0
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u1 + u5 − u4 = −iωΦ0.

u2 + u5 − u3 = −iωΦ1.

u0 + u4 − u3 = −iωΦ2 .

u0 + u1 − u2 = −iωΦ3.

Or, using the face-edge incidence matrix C:

CU = −iωΦ.

We just obtained the Discrete Geometric Faraday–Neumann law!
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Ampère–Maxwell law

Doing same on the dual mesh, the Discrete Geometric
Ampère–Maxwell law is obtained.

Magnetomotive forces Fi on dual
edges
Electric fluxes Ψk on dual faces

CTF = iωΨ.
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Constitutive relations

Faraday–Neumann and Ampére–Maxwell laws work on a single grid.

The two grids need to be “connected” and this is done using
constitutive relations:

d = ε e which becomes Ψ = MεU
h = ν b which becomes F = MνΦ

The discrete constitutive relations are obtained using the Energetic
Approach.
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Wave propagation in frequency domain

Combining the equations and the constitutive relations we get

(CTMνC− ω2Mε)U = 0,

where the unknowns are the electromotive forces U on the edges.

Equation is solved subject to usual boundary conditions.
Dirichlet: enforced by fixing values of the entries of U
corresponding to boundary edges (Ub)
Neumann: requires a little trick.
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Neumann BCs

We need to introduce the boundary dual grid.

Dual boundary edges allow us to rewrite the
Ampère–Maxwell law as:

CTF− Fb = iωΨ.

We re-derive the wave equation and we get

(CTMνC− ω2Mε)U = −iωFb.

Entries of Fb, which correspond to dual
boundary edges, allow us to impose Neu-
mann BCs.

Moreover, introducing a matrix MY between primal and dual
boundary edges such that Fb = MYUb, we obtain the admittance
boundary condition.
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Simulation of anechoic chambers

We want to solve our equation in the domain depicted in the photo.

State-of-the-art Intel MKL Pardiso direct solver & 32 GB of RAM:
no more than 1.3M equations.
Definitely unacceptable, but we must live with this.
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Simulation of anechoic chambers

Simulating an entire anechoic chamber is challenging

Discretization of the equation leads to a “bad” indefinite
matrix: only direct solvers!

Anechoic chambers are big: lots of elements
Frequencies are high: more elements
There are antennas inside the chamber, which have fine
geometric details: too many elements

State-of-the-art Intel MKL Pardiso direct solver & 32 GB of RAM:
no more than 1.3M equations.
Definitely unacceptable, but we must live with this.
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Limiting computational requirements

How to limit computational requirements?

One of the objectives of the thesis was to develop strategies for this.
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First equivalent model: anechoic walls

A wall is composed by cones and the ferrites. Idea: remove them
and substitute them with an impedance boundary condition!

To do this we only need to study the
basic unit of an anechoic wall, the uni-
tary cell.

2 × 2 cones
3 × 3 ferrite tiles
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The paper presents how a port boundary condition could be modeled in the context of the Discrete Geometric Approach (DGA).
The port allows to apply a plane wave excitation to a specific boundary of the computational domain, a capability that DGA was
lacking. A methodology for the construction of an equivalent model of an anechoic wall is then presented as an application of the
developed theory. The advantages of the resulting model are twofold: taking into account all the geometric details of the anechoic
material requires more computational resources. Moreover, when an entire anechoic chamber is to be modeled, it is easier to deal
with a flat wall rather than one covered with cones and ferrite tiles. The proposed equivalent model allows for a great semplification,
while maintaining a good degree of accuracy.

Index Terms—Anechoic wall, Discrete Geometric Approach, Port Boundary Conditions

I. INTRODUCTION

THE aim of this work is to formulate a Port Boundary
Condition (PBC) for the Discrete Geometric Approach

(DGA), a numerical method useful to solve a wide class of
problems, in particular the full electromagnetic wave propa-
gation problem [1]. The PBC allows to apply a plane wave
excitation to the simulation domain boundaries but also per-
mits to the reflected waves to exit. An application of the port
aimed to construct an equivalent electromagnetic model of a
real anechoic wall is then presented, since numerical modeling
of anechoic chambers is a very actual topic [4], [5].

An anechoic wall is composed by a number of basic
elements which we call unitary cells (Fig. 1). A cell consists of
four distinct regions: from left to right, the first one represents
the air in front of the wall, the second accommodates the
absorbing cones, the third is air again and the fourth is where
the ferrite tiles are placed. The leftmost surface ⌃ represents
the port, where a plane wave of angular frequency ! and wave
vector normal to ⌃ is forced. The study of an entire wall
reduces essentialy to the study of that unitary cell, which is
also the computational domain ⌦ where the numerical problem
is defined. Then, the wave impedance is calculated on a plane
⇧ (Fig. 3) parallel to ⌃ internal to ⌦ and far enough from
cones so that their perturbation effect is negligible. Finally,
using standard formulae from transmission line theory, the
impedance Z⇧ calculated on ⇧ is de-embedded to the right
side of the unitary cell, obtaining Z⇧0 . In this way, the original
model with cone-ferrite assembly can be replaced by an
equivalent one made of an empty volume terminated with the
de-embedded impedance Z⇧0 . Such an equivalent model will
enable us to simulate an entire anechoic wall and not just an
unitary cell, with quite good accuracy, reduced computational
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⌃

Ferrite tilesCones

Fig. 1. The unitary cell, which consists of the port ⌃, air (light gray), cones
(dark gray) and ferrites (surface at the right).

effort and ease of modeling, since the required number of mesh
elements is much smaller and only flat surfaces are involved.

The article starts with a brief review of the continuous wave
propagation problem, together with its discrete counterpart; in
addition the admittance boundary conditions are recalled, both
in the continuous and discrete setting. In section IV the article
goes through the details behind the port boundary condition.
Finally the application is described and numerical results are
presented.

II. THE ELECTROMAGNETIC PROBLEM

The electromagnetic wave propagation problem in the fre-
quency domain at angular frequency ! is obtained directly
from the Maxwell’s equations

r⇥ e(r) = �i!b(r), (1)
r⇥ h(r) = i!d(r) + js(r), (2)

together with the constitutive relations

d(r) = ✏(r)e(r), (3)
h(r) = ⌫(r)b(r), (4)

where d, e, h, b are complex-valued vector functions of
the position vector r 2 ⌦, representing respectively electric
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First equivalent model: anechoic walls

In particular:
apply a plane wave on Σ (plane
wave source not available in
DGA before this thesis [1])

calculate wave impedance on a
plane far away from cones
translate impedance on the
rightmost end of the cell
substitute cones and ferrites
with that equivalent impedance
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This last formula establishes a relation between the tangential
components of the electric and magnetic fields exiting ⌦: they
are proportional to each other by the factor Y , the wave
admittance of ⌃. The direct implication is that only waves
exiting ⌦ with normal incidence will experience no reflection.

According to (12), boundary condition for the exiting com-
ponent of the field are written as

Fb+
= MY U+, (20)

where Fb+ and U+ are the magnetomotive and electromotive
forces due to the exiting wave. Moreover, MY satisfies (20)
exactly when the tangential components of the electric field
are piecewise uniform on each element of ⌃.

B. Tangent electric field entering ⌦

A similar reasoning can be carried out for the field compo-
nent entering ⌦. In this case (17) is considered, yielding

h�
t ⇥ n = �Y e�

t . (21)

Again, (21) can be directly translated in discrete form

Fb� = �MY U�, (22)

where Fb� and U� are the magnetomotive and electromotive
forces due to the entering wave. This second equation, as will
be shown below, involves known quantities and is used to
impose the exitation on the port. Again, it relates exactly the
tangential components of the electric and magnetic fields, so
it permits to apply a plane wave with normal incidence to ⌃.

C. Obtaining the linear system

Since the fields are decomposed in entering and exiting
components, it holds that

Fb = Fb+
+ Fb�, (23)

U = U+ + U�. (24)

The array U is formed by two contributes. The electromotive
force due to the imposed exitation, which is fully known, is
expressed by U� and is nonzero only in correspondence of
the entries of the primal boundary edges of ⌃. The array U+,
on the other hand, is unknown and in correspondence of the
primal edges of ⌃ it accounts for the electromotive force due
to the wave exiting ⌦. Starting from (23) and using (20) and
(24), discrete port boundary conditions are deduced

Fb = Fb+
+ Fb� = MY U+ + Fb�

= MY (U � U�) + Fb�

= MY U + 2Fb�.

(25)

Finally, by substituting Fb from (25) in (13) we obtain

(CT M⌫C � !2M✏)U + i!MY U = �2i!Fb�, (26)

which allows to apply a magnetic field excitation, computing
the entries F b�

i of Fb� as

F b�
i =

Z

ẽbi

h� · dl. (27)

⇧⌃ Cones
+z

z = 0

Ferrite tiles ⇧0

Fig. 3. Sectional view of the cone-ferrite assembly (not to scale). The port ⌃,
the impedance calculation plane ⇧ and the impedance de-embedding plane
⇧0 are indicated.

where ẽbi are the auxiliary dual edges of ⌃. Otherwise, if an
electric field excitation is wanted, (22) can be used to obtain

(CT M⌫C � !2M✏)U + i!MY U = 2i!MY U�, (28)

and computing the entries U b�
i of U� as

U b�
i =

Z

ebi

e� · dl, (29)

where ebi are the primal edges of ⌃.

V. EQUIVALENT MODEL

The original model of the unitary cell represents the cone-
ferrite assembly in full detail. Material parameters of ferrites
and cones were obtained from vendor datasheets. Such detailed
modeling requires a very fine discretization that implies the
need of more computing and memory resources. For this
reason, when a full anechoich chamber has to be simulated, the
number of elements could become prohibitive, so a simplified
model is wanted.

A. Wave impedance calculation
Once the problem (26) is solved, wave impedance can be

calculated everywhere in ⌦. In our application it is calculated
on a plane ⇧ placed at z = 0, parallel to the boundary wall
(Fig. 3). A grid of 20⇥20 points was defined on the plane
⇧ and then the tetrahedrons containing these points were
identified. For each tetrahedron T1, . . . , Tn wave impedance
values Z1, . . . , Zn were calculated. Finally, wave impedance
on ⇧ is obtained from

Z⇧ =
1

n

nX

i=1

Zn. (30)

B. Equivalent wall model
The calculated impedance Z⇧ must now be de-embedded

to the boundary ⇧0 at the back of the ferrite tiles, obtaining
a new impedance Z⇧0 . Impedance Z⇧0 is calculated using a
standard formula from transmission line theory [3]

Z⇧0(z) = Zc
Z⇧ � iZc tan(�z)

Zc � iZ⇧ tan(�z)
, (31)

where Zc =
p

µ/✏ is the characteristic impedance of the space
where the wave propagates. Z⇧0(z) is a function of z, the
distance of ⇧0 from ⇧.

ZΠ′(z) = Zc
ZΠ − iZc tan(βz)

Zc − iZΠ tan(βz)
,
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⌃

+z

⇧0

Air

Fig. 4. Sectional view of the equivalent model (not to scale). The whole
volume of the equivalent cell is made of air and the de-embedded impedance
condition is applied on the plane ⇧0
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Fig. 5. Electric field compairson between full and equivalent model.

VI. NUMERICAL RESULTS

Two models of the unitary cell were developed, one with
full details and one composed entirely by air and terminated by
an impedance calculated as in (31). Simulation was performed
on the first model, imposing a plane wave excitation on ⌃ with
an incident electric field of 1 V/m. Then wave impedance was
calculated on the plane ⇧, sampling ⇧ on 400 evenly spaced
points distributed on a 20⇥20 grid. Impedance Z⇧0 was then
calculated according to (31) and used as boundary condition
on the simplified model. Finally the port boundary condition
was used again to impose a plane wave with the same
characteristics of the previous experiment on the boundary ⌃
of the simplified model. Numerical results (Fig. 5, 6) confirm
the good quality of the equivalent simplified model since the
error was below 5% in most of the zone of interest, despite
the drastic reduction (20 times) of the number of elements.

Experiments were made with EMT, a new, general pur-
pose DGA workbench written in C++11. The simulations
were performed on MacOS X 10.9.2 running on a Core i7
3615QM with 16GB of RAM, Clang/LLVM 3.4 compiler
and MKL PARDISO solver. The full model mesh included

about 446000 tetrahedrons, which gave rise to a problem of
485572 unknowns. Problem assembly took 8.34s, while the
solver took 55.22s. The simplified model consisted of about
22000 tetrahedrons, which gave rise to a problem of 26624
unknowns: assembly time was 0.45s while the solver took
0.48s.
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Fig. 6. Percent relative error made by the equivalent model compared with
the full one.

VII. FINAL REMARKS

A novel port boundary condition was developed in the
framework of the Discrete Geometric Approach. The new
tool was used to study a piece of an anechoic wall in full
detail, with the goal of obtaining an equivalent model of the
real anechoic wall. In the context of the DGA the developed
port boundary condition is a wide generalization of the wave
propagation problem since it collects in a single equation a
number of other important boundary conditions.
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Experiments were made with EMT, a new, general pur-
pose DGA workbench written in C++11. The simulations
were performed on MacOS X 10.9.2 running on a Core i7
3615QM with 16GB of RAM, Clang/LLVM 3.4 compiler
and MKL PARDISO solver. The full model mesh included

about 446000 tetrahedrons, which gave rise to a problem of
485572 unknowns. Problem assembly took 8.34s, while the
solver took 55.22s. The simplified model consisted of about
22000 tetrahedrons, which gave rise to a problem of 26624
unknowns: assembly time was 0.45s while the solver took
0.48s.
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Fig. 6. Percent relative error made by the equivalent model compared with
the full one.

VII. FINAL REMARKS

A novel port boundary condition was developed in the
framework of the Discrete Geometric Approach. The new
tool was used to study a piece of an anechoic wall in full
detail, with the goal of obtaining an equivalent model of the
real anechoic wall. In the context of the DGA the developed
port boundary condition is a wide generalization of the wave
propagation problem since it collects in a single equation a
number of other important boundary conditions.
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First equivalent model: anechoic walls

In particular:
apply a plane wave on Σ (plane
wave source not available in
DGA before this thesis [1])
calculate wave impedance on a
plane far away from cones
translate impedance on the
rightmost end of the cell

substitute cones and ferrites
with that equivalent impedance
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This last formula establishes a relation between the tangential
components of the electric and magnetic fields exiting ⌦: they
are proportional to each other by the factor Y , the wave
admittance of ⌃. The direct implication is that only waves
exiting ⌦ with normal incidence will experience no reflection.

According to (12), boundary condition for the exiting com-
ponent of the field are written as

Fb+
= MY U+, (20)

where Fb+ and U+ are the magnetomotive and electromotive
forces due to the exiting wave. Moreover, MY satisfies (20)
exactly when the tangential components of the electric field
are piecewise uniform on each element of ⌃.

B. Tangent electric field entering ⌦

A similar reasoning can be carried out for the field compo-
nent entering ⌦. In this case (17) is considered, yielding

h�
t ⇥ n = �Y e�

t . (21)

Again, (21) can be directly translated in discrete form

Fb� = �MY U�, (22)

where Fb� and U� are the magnetomotive and electromotive
forces due to the entering wave. This second equation, as will
be shown below, involves known quantities and is used to
impose the exitation on the port. Again, it relates exactly the
tangential components of the electric and magnetic fields, so
it permits to apply a plane wave with normal incidence to ⌃.

C. Obtaining the linear system

Since the fields are decomposed in entering and exiting
components, it holds that

Fb = Fb+
+ Fb�, (23)

U = U+ + U�. (24)

The array U is formed by two contributes. The electromotive
force due to the imposed exitation, which is fully known, is
expressed by U� and is nonzero only in correspondence of
the entries of the primal boundary edges of ⌃. The array U+,
on the other hand, is unknown and in correspondence of the
primal edges of ⌃ it accounts for the electromotive force due
to the wave exiting ⌦. Starting from (23) and using (20) and
(24), discrete port boundary conditions are deduced

Fb = Fb+
+ Fb� = MY U+ + Fb�

= MY (U � U�) + Fb�

= MY U + 2Fb�.

(25)

Finally, by substituting Fb from (25) in (13) we obtain

(CT M⌫C � !2M✏)U + i!MY U = �2i!Fb�, (26)

which allows to apply a magnetic field excitation, computing
the entries F b�

i of Fb� as

F b�
i =

Z

ẽbi

h� · dl. (27)

⇧⌃ Cones
+z

z = 0

Ferrite tiles ⇧0

Fig. 3. Sectional view of the cone-ferrite assembly (not to scale). The port ⌃,
the impedance calculation plane ⇧ and the impedance de-embedding plane
⇧0 are indicated.

where ẽbi are the auxiliary dual edges of ⌃. Otherwise, if an
electric field excitation is wanted, (22) can be used to obtain

(CT M⌫C � !2M✏)U + i!MY U = 2i!MY U�, (28)

and computing the entries U b�
i of U� as

U b�
i =

Z

ebi

e� · dl, (29)

where ebi are the primal edges of ⌃.

V. EQUIVALENT MODEL

The original model of the unitary cell represents the cone-
ferrite assembly in full detail. Material parameters of ferrites
and cones were obtained from vendor datasheets. Such detailed
modeling requires a very fine discretization that implies the
need of more computing and memory resources. For this
reason, when a full anechoich chamber has to be simulated, the
number of elements could become prohibitive, so a simplified
model is wanted.

A. Wave impedance calculation
Once the problem (26) is solved, wave impedance can be

calculated everywhere in ⌦. In our application it is calculated
on a plane ⇧ placed at z = 0, parallel to the boundary wall
(Fig. 3). A grid of 20⇥20 points was defined on the plane
⇧ and then the tetrahedrons containing these points were
identified. For each tetrahedron T1, . . . , Tn wave impedance
values Z1, . . . , Zn were calculated. Finally, wave impedance
on ⇧ is obtained from

Z⇧ =
1

n

nX

i=1

Zn. (30)

B. Equivalent wall model
The calculated impedance Z⇧ must now be de-embedded

to the boundary ⇧0 at the back of the ferrite tiles, obtaining
a new impedance Z⇧0 . Impedance Z⇧0 is calculated using a
standard formula from transmission line theory [3]

Z⇧0(z) = Zc
Z⇧ � iZc tan(�z)

Zc � iZ⇧ tan(�z)
, (31)

where Zc =
p

µ/✏ is the characteristic impedance of the space
where the wave propagates. Z⇧0(z) is a function of z, the
distance of ⇧0 from ⇧.

ZΠ′(z) = Zc
ZΠ − iZc tan(βz)

Zc − iZΠ tan(βz)
,
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Fig. 4. Sectional view of the equivalent model (not to scale). The whole
volume of the equivalent cell is made of air and the de-embedded impedance
condition is applied on the plane ⇧0
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VI. NUMERICAL RESULTS

Two models of the unitary cell were developed, one with
full details and one composed entirely by air and terminated by
an impedance calculated as in (31). Simulation was performed
on the first model, imposing a plane wave excitation on ⌃ with
an incident electric field of 1 V/m. Then wave impedance was
calculated on the plane ⇧, sampling ⇧ on 400 evenly spaced
points distributed on a 20⇥20 grid. Impedance Z⇧0 was then
calculated according to (31) and used as boundary condition
on the simplified model. Finally the port boundary condition
was used again to impose a plane wave with the same
characteristics of the previous experiment on the boundary ⌃
of the simplified model. Numerical results (Fig. 5, 6) confirm
the good quality of the equivalent simplified model since the
error was below 5% in most of the zone of interest, despite
the drastic reduction (20 times) of the number of elements.

Experiments were made with EMT, a new, general pur-
pose DGA workbench written in C++11. The simulations
were performed on MacOS X 10.9.2 running on a Core i7
3615QM with 16GB of RAM, Clang/LLVM 3.4 compiler
and MKL PARDISO solver. The full model mesh included

about 446000 tetrahedrons, which gave rise to a problem of
485572 unknowns. Problem assembly took 8.34s, while the
solver took 55.22s. The simplified model consisted of about
22000 tetrahedrons, which gave rise to a problem of 26624
unknowns: assembly time was 0.45s while the solver took
0.48s.
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Fig. 6. Percent relative error made by the equivalent model compared with
the full one.

VII. FINAL REMARKS

A novel port boundary condition was developed in the
framework of the Discrete Geometric Approach. The new
tool was used to study a piece of an anechoic wall in full
detail, with the goal of obtaining an equivalent model of the
real anechoic wall. In the context of the DGA the developed
port boundary condition is a wide generalization of the wave
propagation problem since it collects in a single equation a
number of other important boundary conditions.
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First equivalent model: anechoic walls

In particular:
apply a plane wave on Σ (plane
wave source not available in
DGA before this thesis [1])
calculate wave impedance on a
plane far away from cones
translate impedance on the
rightmost end of the cell
substitute cones and ferrites
with that equivalent impedance
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This last formula establishes a relation between the tangential
components of the electric and magnetic fields exiting ⌦: they
are proportional to each other by the factor Y , the wave
admittance of ⌃. The direct implication is that only waves
exiting ⌦ with normal incidence will experience no reflection.

According to (12), boundary condition for the exiting com-
ponent of the field are written as

Fb+
= MY U+, (20)

where Fb+ and U+ are the magnetomotive and electromotive
forces due to the exiting wave. Moreover, MY satisfies (20)
exactly when the tangential components of the electric field
are piecewise uniform on each element of ⌃.

B. Tangent electric field entering ⌦

A similar reasoning can be carried out for the field compo-
nent entering ⌦. In this case (17) is considered, yielding

h�
t ⇥ n = �Y e�

t . (21)

Again, (21) can be directly translated in discrete form

Fb� = �MY U�, (22)

where Fb� and U� are the magnetomotive and electromotive
forces due to the entering wave. This second equation, as will
be shown below, involves known quantities and is used to
impose the exitation on the port. Again, it relates exactly the
tangential components of the electric and magnetic fields, so
it permits to apply a plane wave with normal incidence to ⌃.

C. Obtaining the linear system

Since the fields are decomposed in entering and exiting
components, it holds that

Fb = Fb+
+ Fb�, (23)

U = U+ + U�. (24)

The array U is formed by two contributes. The electromotive
force due to the imposed exitation, which is fully known, is
expressed by U� and is nonzero only in correspondence of
the entries of the primal boundary edges of ⌃. The array U+,
on the other hand, is unknown and in correspondence of the
primal edges of ⌃ it accounts for the electromotive force due
to the wave exiting ⌦. Starting from (23) and using (20) and
(24), discrete port boundary conditions are deduced

Fb = Fb+
+ Fb� = MY U+ + Fb�

= MY (U � U�) + Fb�

= MY U + 2Fb�.

(25)

Finally, by substituting Fb from (25) in (13) we obtain

(CT M⌫C � !2M✏)U + i!MY U = �2i!Fb�, (26)

which allows to apply a magnetic field excitation, computing
the entries F b�

i of Fb� as

F b�
i =

Z

ẽbi

h� · dl. (27)
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Fig. 3. Sectional view of the cone-ferrite assembly (not to scale). The port ⌃,
the impedance calculation plane ⇧ and the impedance de-embedding plane
⇧0 are indicated.

where ẽbi are the auxiliary dual edges of ⌃. Otherwise, if an
electric field excitation is wanted, (22) can be used to obtain

(CT M⌫C � !2M✏)U + i!MY U = 2i!MY U�, (28)

and computing the entries U b�
i of U� as

U b�
i =

Z

ebi

e� · dl, (29)

where ebi are the primal edges of ⌃.

V. EQUIVALENT MODEL

The original model of the unitary cell represents the cone-
ferrite assembly in full detail. Material parameters of ferrites
and cones were obtained from vendor datasheets. Such detailed
modeling requires a very fine discretization that implies the
need of more computing and memory resources. For this
reason, when a full anechoich chamber has to be simulated, the
number of elements could become prohibitive, so a simplified
model is wanted.

A. Wave impedance calculation
Once the problem (26) is solved, wave impedance can be

calculated everywhere in ⌦. In our application it is calculated
on a plane ⇧ placed at z = 0, parallel to the boundary wall
(Fig. 3). A grid of 20⇥20 points was defined on the plane
⇧ and then the tetrahedrons containing these points were
identified. For each tetrahedron T1, . . . , Tn wave impedance
values Z1, . . . , Zn were calculated. Finally, wave impedance
on ⇧ is obtained from

Z⇧ =
1

n

nX

i=1

Zn. (30)

B. Equivalent wall model
The calculated impedance Z⇧ must now be de-embedded

to the boundary ⇧0 at the back of the ferrite tiles, obtaining
a new impedance Z⇧0 . Impedance Z⇧0 is calculated using a
standard formula from transmission line theory [3]

Z⇧0(z) = Zc
Z⇧ � iZc tan(�z)

Zc � iZ⇧ tan(�z)
, (31)

where Zc =
p

µ/✏ is the characteristic impedance of the space
where the wave propagates. Z⇧0(z) is a function of z, the
distance of ⇧0 from ⇧.

ZΠ′(z) = Zc
ZΠ − iZc tan(βz)

Zc − iZΠ tan(βz)
,
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Fig. 4. Sectional view of the equivalent model (not to scale). The whole
volume of the equivalent cell is made of air and the de-embedded impedance
condition is applied on the plane ⇧0
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Fig. 5. Electric field compairson between full and equivalent model.

VI. NUMERICAL RESULTS

Two models of the unitary cell were developed, one with
full details and one composed entirely by air and terminated by
an impedance calculated as in (31). Simulation was performed
on the first model, imposing a plane wave excitation on ⌃ with
an incident electric field of 1 V/m. Then wave impedance was
calculated on the plane ⇧, sampling ⇧ on 400 evenly spaced
points distributed on a 20⇥20 grid. Impedance Z⇧0 was then
calculated according to (31) and used as boundary condition
on the simplified model. Finally the port boundary condition
was used again to impose a plane wave with the same
characteristics of the previous experiment on the boundary ⌃
of the simplified model. Numerical results (Fig. 5, 6) confirm
the good quality of the equivalent simplified model since the
error was below 5% in most of the zone of interest, despite
the drastic reduction (20 times) of the number of elements.

Experiments were made with EMT, a new, general pur-
pose DGA workbench written in C++11. The simulations
were performed on MacOS X 10.9.2 running on a Core i7
3615QM with 16GB of RAM, Clang/LLVM 3.4 compiler
and MKL PARDISO solver. The full model mesh included

about 446000 tetrahedrons, which gave rise to a problem of
485572 unknowns. Problem assembly took 8.34s, while the
solver took 55.22s. The simplified model consisted of about
22000 tetrahedrons, which gave rise to a problem of 26624
unknowns: assembly time was 0.45s while the solver took
0.48s.
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VII. FINAL REMARKS

A novel port boundary condition was developed in the
framework of the Discrete Geometric Approach. The new
tool was used to study a piece of an anechoic wall in full
detail, with the goal of obtaining an equivalent model of the
real anechoic wall. In the context of the DGA the developed
port boundary condition is a wide generalization of the wave
propagation problem since it collects in a single equation a
number of other important boundary conditions.
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Equivalent model for anechoic walls: results

The proposed equivalent model gave very good results
number of elements reduced by 20 times
in the area of interest (away from cones) the relative error was
below 5%
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The problem given by the details of the walls is solved...
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Second model: equivalent radiating elements

...however there are the antennas. Idea: introduce a simple object (a
sphere) that radiates a field equivalent to the one radiated by a complex
antenna:

Simulate the real antenna with NEC/HFSS/FEKO

Calculate the field on the reference sphere

Insert the sphere (that radiates the calculated field) in the simulated
environment

Modelling of equivalent source done via a
total field/scattered field decomposition de-
veloped in this thesis [2].

it allows to compute also field
scattered by environment

useful (and used) to model waveguide
ports [4]

(CTMνC− ω2ε)U = 0

(CTMνC− ω2ε)Us = 0

Ua,Fa
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Equivalent radiating elements: results

Equivalent model for antennas appear to have a good performance.

Real half-wave dipole field vs. equivalent model:
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Also the problem of the antennas appears to be solved.

However, do these models work on real-world problems?
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Validation

The models were validated against real-world meausurements [2]

Extensive measurements made at Emilab SRL, an EMC laboratory. Two
experiments were of particular significance:

Receiver 
(5)

Transmitting 
dipole (2)

Receiving
antenna (4)

Comb
generator (1)

Anechoic
chamber (3)

CE room, 558 comparison points Automotive room, 30 comparison points
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CE room experiment: description

Receiver 
(5)

Transmitting 
dipole (2)

Receiving
antenna (4)

Comb
generator (1)

Anechoic
chamber (3)

Some preliminary steps required:

Comb generator characterization

TX antenna characterization

Antenna current measurement

About the setup:

RX at h = 1m, 1.5m, 2m

TX at h = 1m, 1.5m, 2m

Horizontal and vertical
polarizations

From 90 to 390 MHz at 10
MHz steps

A total of 558 comparison points!

Large discrepancies initially found on some points: analyzing the data, it turned
out that I had a problem in the measurement setup.

Simulation allowed to discover measurement problems already in this early
validation phase!
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CE room experiment: results

TX and RX @ 1m, horizontal
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Automotive room experiment: description

Second experiment made inside an automotive test compliant room.

Inside the room: table as prescribed by regulations

Aim: evaluate its effect

Experimental procedure almost equal as the previous one.

Used a small dipole as receiving antenna =⇒ required careful characterization.

A transmitting dipole was placed at 1 meter in front of the table, in horizontal
polarization.
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Automotive room experiment: results

An “unexpected” standing wave under
the table was predicted by simulation:
measurements confirmed its presence!

Automotive room is very busy, I had
time for just 30 measurements.

Precise measurements in this setup
were rather difficult.

Despite the huge approximations introduced, the models we developed have a
great predictive power. Moreover, simulation of large anechoic chambers

become accessible on mid-range workstations.
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Domain decomposition

Idea:
1 split Ω in multiple subdomains Ωi

2 couple them, solve smaller problems in Ωi and iterate

Ωi Ωj

Σij Σji

We have a new equation to solve in each subdomain:

(CTMνC− ω2Mε)Uj + iωMYUb
ji = −iωGb

ji ,

where
Gb

ji = Fb+
ij −MYUb+

ij .

In plain english: we solve on each Ωj but with an (additional)
source, which represents the radiation coming from Ωi .
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Adaptive mesh refinement

Frequency domain wave propagation can be described
mathematically in two ways

the E-formulation
∇× µ−1∇× E− ω2εE = 0

⇓
CTMµ−1CU− ω2MεU = 0

the H-formulation
∇× ε−1∇×H− ω2µH = 0

⇓
CTMε−1CF− ω2MµF = 0

Continuous formulations are
equivalent, discrete ones are not!
Solve both problems on a coarse
mesh, compare them, refine only
where needed [3]
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Conclusions

Electromagnetic wave propagation is a difficult problem from the
numerical point of view.
This thesis:

extended DGA with previously unavailable features
plane wave, TF/SF, DomDec

proposed techniques to alleviate computational effort to
simulate electrically large environments

equivalent models, adaptive refinement, DomDec

validated the proposed techniques against real-world problems
confirmed the viability of the proposed approach
addresses an increasing demand of simulation tools in EMC
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Contributions (1)

Journal papers:

[1] S. Chialina, M. Cicuttin, L. Codecasa, R. Specogna, and F. Trevisan, “Plane

Wave Excitation for Frequency Domain Electromagnetic Problems by Means of

Impedance Boundary Condition”, IEEE Trans. Magn., vol. 51, no. 3, 2015.

[2] SC, MC, LC, G. Solari, RS, and FT, “Modeling of anechoich chambers with

equivalent materials and equivalent sources”, IEEE Trans. EMC, in press

[3] MC, LC, RS, and FT, “Complementary discrete geometric h-field formulation

for wave propagation problems”, IEEE Trans. Magn., vol. 52, no. 3, 2016.

[4] MC, LC, RS, and FT, “Excitation by scattering/total field decomposition and

UPML in the geometric formulation”, IEEE Trans. Magn., vol. 52, no. 3, 2016.

Proceedings:

[5] A. Affanni, MC, RS and FT, “Fast uncertainty quantification of fields and

global quantities” [COMPUMAG2015]
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Contributions (2)

A brand new code for the DGA method was developed.
Commercial codes don’t allow customization, impossibile to
test reseach with them

The main features of the new code are
Modern: it is written in C++14
Modular, expandable and understandable
Fast and highly parallel
General: it is a framework for DGA, not only for frequency
domain wave propagation
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Further research

The work started with this thesis led us to more topics that need to
be investigated. We’re currently working on:

efficient preconditioning techniques for the wave propagation
problem (CEFC2016 conference)
complementarity and adaptive refinement applied to eigenvalue
problems (CEFC2016 conference)
model order reduction and fast frequency sweeps
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Thank you!

Thank you for your attention!

matteo.cicuttin@uniud.it
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