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ABSTRACT 

 

This master thesis consists of the exploration of periodic structures, compatible with 
additive manufacturing fabrication techniques and complex synthesized materials, and 
their application in the design of microwave absorbers. Two different methodologies are 
proposed with the aim of controlling the absorption level over a large range of 
frequencies (2-20 GHz). The first one consists of the study of the resonant phenomena 
of lossy dielectric resonators with dispersive material properties, whereas the second 
one relies on evolutionary optimization techniques to design multi-material structures. 
Finally, a prototype is designed, fabricated, and characterized. This demonstrator is 
obtained from the combination of two commercial materials and provides an absorption 
level above 90% over the 2-12 GHz frequency band for the TM polarization. 
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ΠΕΡΙΛΗΨΗ 

 

Η παρούσα μεταπτυχιακή διατριβή συνίσταται στη διερεύνηση περιοδικών δομών, 

συμβατών με τεχνικές κατασκευής προσθετικής κατασκευής και σύνθετα συνθετικά 

υλικά, και στην εφαρμογή τους στο σχεδιασμό απορροφητών μικροκυμάτων. 

Προτείνονται δύο διαφορετικές μεθοδολογίες με στόχο τον έλεγχο του επιπέδου 

απορρόφησης σε ένα μεγάλο εύρος συχνοτήτων (2-20 GHz). Η πρώτη συνίσταται στη 

μελέτη των φαινομένων συντονισμού απωλεστικών διηλεκτρικών αντηχείων με ιδιότητες 

υλικών διασποράς, ενώ η δεύτερη βασίζεται σε τεχνικές εξελικτικής βελτιστοποίησης για 

τον σχεδιασμό δομών πολλαπλών υλικών. Τέλος, σχεδιάζεται, κατασκευάζεται και 

χαρακτηρίζεται ένα πρωτότυπο. Αυτός ο επιδεικτικός εξοπλισμός προκύπτει από το 

συνδυασμό δύο εμπορικών υλικών και παρέχει επίπεδο απορρόφησης άνω του 90% 

στη ζώνη συχνοτήτων 2-12 GHz για την πόλωση ΤΜ. 
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Exploration of 3D structured artificial materials using additive manufacturing for microwave applications

1. INTRODUCTION

This work states the finalisation of my studies under the Smart Telecom and Sensing
Networks (SMARTNET) Erasmus Mundus Joint Master Degree (EMJMD) programme at
Institute Polytechnique de Paris (IP Paris) and University of Athens (UoA). This master’s
thesis is the result of a sixmonths internship at Thales Research & Technology (TRT) on
the topic ”Exploration of 3D structured artificial materials using additive manufacturing for
microwave applications”.

Thales is a French company whose activity is divided into 5 main areas: Aerospace,
Space, Defence, Security and Transportation. TRT constitutes the research section, and
collaborates with the rest of Thales divisions. This work is carried out within the Laboratory
of Components and Technological Demonstrators (LCDT, from French ”Laboratoire de
Composants et Démonstrateurs Technologiques”), which is a part of the Technology and
Characterisation Research Group (GRTM, from French ”Groupe de Recherche Technolo
gies et Mesures”). Its main activities include microwave engineering, antennas, photonics,
and microelectromechanical systems (MEMs).

1.1 Motivation

Recently, ambitious target specifications have been set for radiofrequency devices oper
ating in the microwave range (1100 GHz). These include achieving a robust performance
over a large bandwidth for large incident angles and multiple polarizations. Among the
functionalities of such devices, the absorption and/or filtering of waves is necessary for a
large number of applications. Microwave absorbers are used nowadays, for example, as
isolator in anechoic chambers, enabling the testing and characterization of antennas and
other radiofrequency devices. Another application of this kind of devices is found in the
integration of a (communication) system. In such an environment, metallic components
might produce wave reflection and thus interference, and absorbers constitute a practi
cal solution to avoid this phenomenon. Microwave absorbers are also used on stealth
applications, with the function of ”hiding” some object from a scanning device.

This master thesis consist on the study of several architectures / design techniques for
the conception of absorbing devices in the microwave range.

17 Pablo H. Zapata Cano
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1.2 Objectives of the internship

The main objectives of this master thesis can be synthesized as follows:

• Perform a deep study on resonating structures, using electromagnetic theory in addi
tion to full wave simulation to understand the relations between the resonating mode
distribution, frequency and resonator geometry.

• Delve deep into periodic structures, with an emphasis on the ones formed by the
arrangement of 3D resonators, and their applications for wave absorption / manip
ulation.

• Review the recent progress on artificial materials, focusing on 3D printable com
posite and their applications for the design of microwave absorbers.

• Define some guidelines / methodology for the design of broadband microwave ab
sorbers playing both with the geometry and the material of the structure to control
the level of absorption.

• Gain expertise in the simulation and modeling of periodic structures, both through
analytical / numerical methods and fullwave simulation.

• Become familiar with different material characterization techniques and methodolo
gies, and conduct some practical experiments in the laboratory.

• Perform some characterization measurements to evaluate the performance of an
absorber at normal and oblique incidence. This includes the familiarization with the
set up and equipment, the protocol of the measurement and the postprocessing
and interpretation of the obtained results.

• Develop some synthesis and critical analysis competences that allows to correctly
interpret the obtained results and build reports where the most determining informa
tion is highlighted.

1.3 Outline

This document is structured as follows: First, Chapter 2 introduces some theoretical con
cepts that will be necessary to analyse the structures proposed in this work. Then, Chapter
3 is devoted to provide a definition of microwave absorption, as well as to contextualize
this work in the state of the art of the literature. The main software and hardware tools
and procedures used for this work are presented in Chapter 4. Next, Chapter 5 presents
two methods of design of broadband microwave absorbers with controlled absorption lev
els using periodic structures. Using some of these principles, a demonstrator has been
designed, manufactured and characterized. The results associated to this part are pre
sented in Chapter 6. Finally, Chapter 7 contains some conclusions and final remarks, as
well as some ideas for future research lines.

Pablo H. Zapata Cano 18
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2. MOTIVATION, BACKGROUND

This chapter is devoted to provide the theoretical base necessary for the analysis of the
structures studied in this work. Thus, an overview of the interaction of electromagnetic
waves with an interface is given, starting from Maxwell equations and reflection/trans
mission principles and converging into the particular case of periodic structures made of
resonators.

2.1 Reflection and transmission of electromagnetic waves

In order to model and analyse the structures investigated in this work, the basic reflection
and transmission principles of electromagnetic waves in a material interface should be
understood. We start by considering uniform plane waves incident normally on material
interfaces. The electric and magnetic fields of a wave propagating along the zdirection
in a lossless, homogeneous, and isotropic dielectric are given by the Equation 2.1. The
electric field is considered to be linearly polarized in the xdirection, which implies E(z) =
x̂Ex = x̂E(z) and H(z) = ŷHy(z) = ŷH(z).

E(z) = E0+e
−jkz + E0−e

jkz = E+(z) + E(z)
H(z) = 1

η
[E0+e

−jkz − E0−e
jkz] = 1

η
[E+(z)− E−(z)]

(2.1)

E+ andE− (H+ andH−) are the forward and backward electric (magnetic) fields. Two use
ful quantities in interface problems are the wave impedance (Z) and reflection coefficient
(Γ), defined as:

Z(z) = E(z)
H(z)

Γ(z) = E−(z)
E+(z) (2.2)

For plane waves, the wave impedance is equal to the intrinsic impedance of the medium
η, that depends exclusively on the material parameters of the medium. Having η as the
intrinsic impedance of the incident medium, and η′ as the one of the transmitted medium,
one can stablish the following relationships

η′ = η 1+Γ(z)
1−Γ(z)

Γ(z) = η′−η
η′+η (2.3)

Moreover, for some structures, it results particularly useful to calculate the impedance by
applying transmission line theory. In this case, the expression of the impedance is given
by the input impedance Zin of a transmission line as

Zin(z) = η
η′ + jη tanh(kz)
η + jη′ tanh(kz)

(2.4)

19 Pablo H. Zapata Cano
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In the case of oblique incidence, we differentiate between Transversal Magnetic (TM, hor
izontal) and Transversal Electric (TE, vertical) polarizations. As depicted in Figure 2.1, in
the case of TM polarization, the electric fields lie on the plane of incidence and transverse
to the zdirection, whereas in TE polarization, the electric fields are perpendicular to the
plane of incidence and transverse to the zdirection.
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Figure 2.1: Oblique incidence for TM and TE polarized waves.

Applying Snel’s law of refraction and some maths, the transverse fields on the left side of
the schematic can be expressed as:

ET (z) = x̂ETM(z) + ŷETE(z)
HT (z) = ŷHTM(z)− x̂HTE(z)

(2.5)

Using the transverse impedance and summarizing both polarizations in a compact form,
where ET (HT ) stands either for ETM or ETE (HTM or HTE), we obtain:

ET (z) = ET+e
−jkzz + ET−e

jkzz

HT (z) = 1
ηT
[ET+e

−jkzz − ET−e
jkzz]

(2.6)

where the transverse impedance ηT is defined for TM and TE polarizations as:

ηT =

{
η cos(θ), TM (horizontal) polarization

η
cos(θ) , TE (vertical) polarization

(2.7)

Similar equations can be found for the right side of the interface [1].

Pablo H. Zapata Cano 20
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2.2 Electromagnetic waves in periodic structures

Before delving into periodic structures, it is worthwhile to briefly introduce the theoretical
basis that describe all (classical) electromagnetic phenomena: Maxwell’s equations.

∇× E = −∂B
∂t

∇× H = J+ ∂D
∂t

∇ • D = ρ
∇ • B = 0

(2.8)

The first is Faraday’s law of induction, the second is Ampère’s law, whereas the two last
correspond to the Gauss’ laws for the electric and magnetic fields. The quantities E and
H are the electric and magnetic field intensities, measured in V/m and A/m, respectively.
D ( C/m2) refers to the electric flux density (or electric displacement), and B ( W/m2) to
the magnetic flux density (or magnetic induction), whereas ρ (C/m3) and J (A/m2) stand
for the volume charge density and electric current density of any external charges.

Periodic structures can be defined as an assembly of identical elements arranged in a
one(multiple)dimension(s) infinite array. When this periodic array is excited by an incident
plane wave, we talk about passive arrays. In this case, the incident plane wave will be
partly transmitted through the surface and partly reflected by it. In order to properly analyse
the interaction of electromagnetic waves and periodic structures, some considerations
should be made first. Among them, it is crucial to determine the scale at which periodicity
occurs.

λ>>p
Atomic scale

Magnetics, dielectrics, 

mixtures, absorbers

Effective media, 

mixing theory 

λ>p
Resonances at scatterer level

Left-handed materials, 

bi-materials, 

anisotropy 

Dispersive effective 

media

λ~p
Resonances at lattice level

Band gap, dispersion 

engineering, non-

linearities

Floquet-Bloch theory

FREQUENCY

ORDINARY 

MATERIALS
METAMATERIALS

PHOTONIC 

CRYSTALS

Figure 2.2: Characteristic regions of a periodic composite material.

For instance, periodic structures at the atomic scale form crystal lattices, and they are
analysed under the laws of solid state physics, which leads us to talk about ”solid state

21 Pablo H. Zapata Cano
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electromagnetics”. In this work we will mainly deal with structures that present a peri
odicity in a much larger scale. However, at microwave frequencies and depending on
the dimensions of the structure, it might be still seen as a subwavelength composite. A
classification with three different characteristic regions, attending to the ratio between the
period of the structure and the wavelength, is proposed in Figure 2.2. This will allow us to
differentiate bulk materials from dispersive materials, photonic crystals or metamaterials,
as well as to delimit the theoretical toolkits needed to analyse each one of them.

2.2.1 Ordinary materials

The lowest frequency region corresponds to the quasistatic region, in which material and
effectivemedium properties can be determined using classical mixing formulas and theory.
Conductors like graphene or gold, dielectrics like teflon or FR4, magnetics such as iron or
nickel, and absorbers like salt water or graphite are some of examples of materials within
this category. Combination of such ordinary materials, known as mixtures, also form part
of this group. Recently, a wide range of nanomaterials with promising performances in the
microwave range has been developed. Among them, we find carbons, oxides, sulfides,
phosphides, polymers or metals/alloys.

In order to examine the interaction of electromagnetic fields and materials, we need to add
to the Maxwell’s equations (Equations 2.8) the socalled constitutive relations, that relate
the electric and magnetic flux densities D, B to the field intensities E and H:

D = εE B = µH J = σE (2.9)

They depend on the material in which the fields exist, which is described by its funda
mental parameters ε, µ and σ (permittivity, permeability and conductivity). The permittivity
ε = εrε0 (F/m) is a measure of how well a medium stores electric energy, whereas the
permeability µ = µrµ0 (H/m) indicates how well a medium stores magnetic energy. ε0 and
µ0 are the vacuum permittivity and permeability, while εr and µr are defined as the relative
permittivity (or dielectric constant) and permeability. The characteristic impedance η can
be expressed in terms of the vacuum impedance η0 =

√
µ0/ε0 and the material permittivity

and permeability as

η = η0

√
µr

εr
(2.10)

The conductivity σ (1/Ω· m) describes the degree to which a material conducts electricity.
If we classify materials by their conductivity, we find three main groups: insulators, that
oppose current (σ ≪ 1, most dielectrics belong to this group); conductors, that easily
conduct current (σ ≫ 1, like most metals); and semiconductors, known to have interesting
applications due to their tunable conductivity.

If we substitute the constitutive relations (Equations 2.9) into Ampère’s law (Equations 2.8)

Pablo H. Zapata Cano 22
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in the phasor domain, we obtain

∇× H = σE+ jwεE (2.11)

Interestingly, the total current is the sumof a realvalued conduction current and an imaginary
valued displacement current. Using the angle δ defined by both real and imaginary vectors,
we have

tan δε =
σ

wε
=

ε′′

ε′
(2.12)

where the quantity tan δε depicts the dielectric loss tangent, that quantifies the effect of
loss on the electromagnetic field within a material. Thus, it is zero for a lossless (σ = 0)
material, and it increases with increasing loss. However, the expression on the left part
of Equation 2.12 presumes only ohmic (conduction) loss. The loss tangent can be equiv
alently calculated by means of the real and imaginary part of the permittivity (right side of
Equation 2.12), where no distinction is made between ohmic loss and losses caused by a
delayed response of D to changing E. An analogue reasoning can be made for magnetic
losses, obtaining that the magnetic loss tangent is given by tan δµ = µ′′/µ′.

2.2.2 Metamaterials

When the period approaches the wavelength (until reaching values around λ/10), the
scatterers forming the periodic structure might resonate themselves. Metamaterials and
metasurfaces (twodimensional arrangement of scatterers) belong to this region. How
ever, electromagnetic metamaterials in which nothing resonates or scatters from unit cells
are also realizable within this group. When these conditions are fulfilled, effective medium
theory can be applied to extract the effective electromagnetic permittivity and permeabil
ity. In that case, the characteristic impedance of (complex, multimaterial) structures can
be calculated from the scattering parameters by applying effective medium theory [2].

Metamaterials are famous for presenting some properties that are not attainable with ordi
nary materials. These ”magical” properties are derived from their physical structure, and
not form their chemical composition. For example, artificial electrical [3] and/or magnetic
[4] responses analogue to the ones of some ordinary materials can be achieved by a suit
able structure design. This gives multiple extra degrees of freedom, since geometrical
parameters are easier to tune than chemical ones. In this way, simply tuning some geo
metrical parameters of the unit cell would allow to shift the resonance of the metamaterial,
thus changing its effective electromagnetic response. The same principle can be applied
to create ”nonphysical” responses, as in the case of negative parameter metamaterials.
Doublenegative metamaterials are a recognized example of this practice. They are char
acterized by having a negative permittivity and permeability, and a negative refractive
index, which can lead to some interesting phenomena like negative refraction.

23 Pablo H. Zapata Cano
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2.2.3 Photonic Crystals. BlochFloquet theory

When the wavelength becomes comparable to or smaller than the period of the composite,
the structure is no longer seen as an effective medium, and the field inside the structure
takes on the same symmetry and periodicity of the structure. In this case, the Floquet
Bloch theory can be applied. If we substitute the constitutive relations (Equation 2.9) into
the Faraday’s and Ampère’s laws (Equations in 2.8), we get

∇× E = jwµH ∇× H = εE (2.13)

These are known as the Maxwell’s curl equations. Combining sourcefree Faraday’s and
Ampère’s laws at a fixed frequency ω, the following wave equation is obtained for the
magnetic field H:

∇× 1

εr
∇× H =

(w
c

)2

H (2.14)

Floquet’s theorem, due to Gaston Floquet (1883), gives a canonical form for each fun
damental matrix solution of a periodic linear system. The study of wave propagation in
threedimensionally periodic media was first developed by Felix Bloch in the 20s. Applying
Floquet’s mathematics, Bloch proved that waves in such a medium can propagate without
scattering, with their behaviour being governed by a periodic envelope function multiplied
by a plane wave:

E(r) = A(r)ejβ•r (2.15)

The overall field E(r) is the combination of the envelope A and the plane wave term, where
β is the Bloch wave vector. If a structure is periodic, then its material properties repeat.
This is expressed in terms of lattice vectors as

ε(r) = ε(r+ ti) A(r) = A(r+ ti) (2.16)

where ti represents some primitive lattice vectors (i = 1, 2, 3 for a threedimensional pe
riodic crystal). If Equation 2.16 holds, then the Bloch theorem can be applied and the
solutions to Equation 2.14 can be chosen of the form

H(r) = Hn,k(r)ejk•r (2.17)

with eigenvalues ωn(k), being Hn,k(r) a periodic envelope satisfying the wave equation

(∇+ jk)× 1

εr
(∇+ jk)× H =

(
ωn(k)
c

)2

Hn,k (2.18)
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This yields to an eigenvalue problem whose solutions are called Bloch modes. They are
discrete and orthogonal solutions, which implies that electromagnetic fields in periodic
structures can only exist as integer combinations of the Bloch modes of the lattice.

The number of existing propagating Bloch modes is correlated to coefficient ratio between
the period of the structure (p) and the wavelength (λ). When p/λ starts approaching 1,
diffracted modes start to appear. The number and direction of diffraction orders θ(m)
vary according to p/λ, the incident angle θinc, and the incident and transmission refractive
indices ninc and ntr. Diffraction orders will appear first and will be more numerous in media
with higher refractive indices. These quantities are related together through the grating
equation:

ntr sin[θ(m)] = ninc sin θinc −m
λ0

p
(2.19)

Adopting the free space as incident medium (ninc = 1), we can calculate the total number
of possible diffracted modes M as

M =
2p

λ
(sin θinc + ntr) + 1 (2.20)

Figure 2.3a depicts the maximum possible number of diffraction orders with respect to
the coefficient p/λ for different values of refractive index n. As it was expected from the
formula, the number of diffracted mode increases for higher values of n. Similarly, Figure
2.3b shows how wider incident angles lead to a larger number of diffracted modes.
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Figure 2.3: Diffraction orders for different refractive indices n and incidence angles θinc.

It is important to remark that the grating equation informs us about the number of possi
ble diffracted modes, as well as their directions, for normal and oblique incidences, but
it does not say anything about the amplitude and polarization of these modes. In order
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to determine the diffraction efficiency and polarization of the diffraction orders, Maxwell’s
equations must be solved. Depending on the nature of the scatterers forming constitut
ing the unit cell, specific analytical tools can be used to analyze the periodic structure.
Throughout the following section, a focus will be made on structures formed by a periodic
arrangement of resonators.

2.3 Periodic arrangement of dielectric resonators

2.3.1 Resonating principle

The notion of a resonator implies the existence of eigenmodes localized in space. In a
closed resonator without dissipation, eachmode is characterized by its resonant frequency
(energy level) ωres and spatial structure of the field χ(r). The eigenmode field Φ can be
factorized as Φ(r, t) = Φ(t)χ(r), where Φ is a solution of the harmonicoscillator equation
[5],

d2Φ

dt2
+ w2

resΦ = 0 (2.21)

Depending on whether the modes are localized in all spatial dimensions or not, the result
ing spectrum can be either discrete or continuous. The resonator can be nonconservative
due to internal dissipation of energy. Furthermore, the barriers can allow small energy
leakage either from or to the cavity, e.g., due to “underbarrier” tunnelling via evanescent
waves. In such cases, one has to consider the resonator as an open system with quasi
modes characterized by fuzzy energy levels of a finite width. The time dependence of the
fields is not purely harmonic anymore and can be described as an oscillator with damping,

d2Φ

dt2
+ wresQ

−1dΦ

dt
+ w2

resΦ = 0 (2.22)

Here, the quality factor Q characterizes the total losses in the resonator, and it can be
decomposed as follows:

Q−1 = Q−1
diss +Q−1

leak (2.23)

where Qdiss and Qleak are the quality factors responsible for the dissipation and leakage,
respectively.

The type of structures we deal with in this work consist on a periodic arrangement of
strongly coupled resonators made of a lossy material, as shown in Figure 2.4. Thus, the
dissipation of energy (Qdiss) will be effectuated by means of material losses, represented
by the material quality factor Qd. If the resonator is made of a single material with permit
tivity εr and permeability µr, then the energy dissipation by material losses is given by the
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h

r

p

Figure 2.4: Periodic structure made of cylindrical resonators. Geometrical parameters.

material quality factor as

Qdiss = Qd =
1

tan δ
=

1

tan δε
+

1

tan δµ
=

ε′

ε′′
+

µ′

µ′′ (2.24)

where tan δε and tan δµ state for the dielectric and magnetic loss tangents, as defined
in Section 2.2.1. On the other hand, the energy leakage from the resonator cavities is
represented by the radiative quality factor Qleak = Qrad, that describes the coupling of
resonators with free space. The total resultant quality factor Qtot of the resonator model
is given by

Qtot = (Q−1
d +Q−1

rad)
−1 (2.25)

The introduction of Qrad and Qd allows to reformulate the definition of reflection coefficient
previously given in Equation 2.3 as

Γ =
Q−1

d −Q−1
rad

Q−1
d +Q−1

rad

(2.26)

using the definition of resonant reflection coefficient given in [6]. This provides a useful
way of calculating Γ at the resonant frequency of resonating structures.

Since the resonators will be arranged in a periodic manner, it is interesting to analyze the
impact of the proximity of resonators on the coupling between them, that will determine the
value of the radiative quality factorQradat the resonance. In order to study the dependency
of period variations on the radiative quality factor of a resonating mode of a cylindrical
resonator, the same resonator geometry (l = h = 10 mm) is preserved and the period of
the unit cell is varied.

The obtained distribution of Qrad is showed in Figure 2.5. For p > 30 mm, a quadratic
dependence of Qrad on the period is observed. In this way, the radiative quality factor
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Figure 2.5: Dependency of period variations on radiative quality factor Qrad.

tends to infinity when the resonators are very distant from each other. This is logical, given
that when the period is much larger than the length of the resonators, they are almost not
coupled. On the other hand, when p < 30 mm, the coupling between resonators strongly
increases and it modifies the total quality factor Qtot. The same analysis is performed for
three different levels of loss tangents: 0.01, 0.05, 0.1. One can clearly observe that Qrad

is very similar for all levels of losses, which will allow us in the future to assume Qrad to be
independent of material losses.

2.3.2 Resonator geometry

The resonant frequency depends on the resonator size and geometry, as well as on its
material properties. This information is contained for a specific field distribution in the
characteristic equation of the resonating mode, that is obtained after solving Maxwell’s
equations applying boundary conditions at the interface of the resonator cavity. On the
following, we consider a cylindrical resonator shape, and theHEM11 as the excited mode.
Here, the nomenclature proposed by Kajfez [7] is adopted, using cylindrical coordinates
(ρ,θ,ϕ), where the HEM11 mode presents an hybrid nature with respect to the axis of
rotation. The expression of the resonant frequency of the HEM11 mode in the cylinder is
given by [8]

k0r =
6.324√
εr + 2

[
0.27 + 0.36

( r

2h

)
+ 0.02

( r

2h

)2
]

(2.27)

where r and h state for the radius and height of the cylinder, respectively, as indicated in
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Figure 2.4. The the E and H field distributions of the HEM11 mode are shown in Figure
2.6. One can observe how the far field radiation of such a mode is equivalent to the one
of a magnetic dipole orientated in the radial direction.

(a) Electric Field. (b) Magnetic field.

Figure 2.6: Field distribution of HEM11 mode excited in a cylindrical resonator.

Figure 2.7a illustrates the dependence between theHEM11 mode resonant frequency and
the size and material properties of the resonator. The radius r and the permittivity εr (it
should be noted that a purely dielectric material is adopted, hence µr = 1) are varied, and
the resonant frequency is calculated in simulation using the Eigenmode solver of CST.
The period of the unit cell is set to be p = 2r + 2 mm, aiming to keep a similar coupling
level for all simulated configurations. It can be observe that, for every value of r, the
resonant frequency curve fits into a potential distribution of the type y = kxexp, where
exp < 0. Moreover, the curves are shifted towards lower frequencies as the radius of
the cylinder increases. Such an analysis can result to be very useful when choosing the
adequate resonator geometry given the desired frequency band of operation and material
properties.
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Figure 2.7: Field distribution of HEM11 mode excited in a cylindrical resonator.
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Similarly, the quality factor at the resonance is extracted from simulation for the same
permittivity and radius values in Figure 2.7b. Since the material losses remain the same
for all curves (tan δ = 0.2, which gives a fixed material quality factor Qd of 5), Qrad can be
derived from the total quality factor (dashed lines on the Figure) using Equation 2.25. It is
observed how Qrad linearly augments with permittivity, which means that resonators are
less coupled when permittivity increases.

The same analysis can be carried on for hemispherical resonators. In this case, the ex
cited mode is named as TE111 (equivalent to theHEM11 mode for cylindrical coordinates),
in which the electrical field is transverse to the normal vector of the surface of the hemi
sphere. The resonant frequency fres of such a mode is obtained from the following char
acteristic equation [9]:

k0r
√
εrJ1(k0r

√
εr)[

k0r
√
εrJ1(k0r

√
εr)

]′ = √
εr

k0rH(2)
1 (k0r)[

k0rH(2)
1 (k0r)

]′ (2.28)

as

fres(GHz) =
4.7713Re(k0r)

r(cm)
(2.29)

where J1 andH(2)
1 refer to firsttype spherical Bessel functions and spherical Hankel func

tion of the second kind, respectively, and r corresponds to the radius of the hemisphere.
The electric and magnetic field distributions inside the resonator when the TE111 mode
excited are illustrated in Figure 2.8

(a) Electric field. (b) Magnetic field.

Figure 2.8: Field distribution of TE111 mode excited in a hemispherical resonator.

Figure 2.9 shows a comparison of the mode resonant frequency for both the cylindrical
and hemispherical resonators. The parameter r on the figure states for both the radius of
the hemisphere and the radius of the cylinder. Moreover, the height of the cylinder has
also been set to be equal to its radius (i.e. h = r).

One can observe how the distributions are very similar, being the one of the cylinder slightly
shifted towards lower frequencies. This can be explained by the fact that the volume of the
hemisphere is lower than the one of the cylinder. In fact, if the same analysis is conducted
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Figure 2.9: Resonant frequency vs permittivity for cylindrical and hemispherical resonators.

for resonators of equivalent volumes, the resonant frequencies of the cylinder and the
sphere would be identical.

2.3.3 Functionalities of periodic structures made of dielectric resonators

Periodic structures composed by the arrangement of dielectric resonators result to be of
great interest for practical applications that imply wave manipulation and/or filtering or
absorption. Moreover, they present large design flexibility and reduced space.

Among the possible functionalities of this kind of structures, Frequency Selective Surfaces
(FSS) can be used as spatial filters to transmit or reflect electromagnetic (EM) waves with
different operating frequencies, polarizations and incident angles [10]. By using dielectric
resonators to build FSS, the physical properties of such materials (relative permittivity,
loss level...) can be used to modulate the EM transmission performance in an artificial
route. Furthermore, alldielectric materials result to be very suitable for highpower and
hightemperature applications [11]. With the aim of meeting design demands, multiple
materials and shapes can be explored [12], being possible to achieve artificial effective
material properties, such us a negative permittivity and/or permeability.

In [13], a highpermittivity (εr > 100) ceramic material is used together with a flexible spa
tial arrangement to design an easily reconfigurable FSS in the X and Ku bands. As it
is depicted in the Figure 2.10, four cubes made of a dielectric material are strategically
arranged in space to modulate the resonance and thus achieve reconfigurable pass/stop
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(a) First structure. (b) Second structure.

Figure 2.10: Design reconfigurability of the 3D printed FSS proposed in [13].

band effects by tuning the material permittivity and/or the parameters a, b or d. Then, a
support is fabricated using 3D printing to provide the structure with mechanical consis
tency. In fact, 3D printing supports cost efficient design, precise modelling and easy non
planar manufacturing, plus an additional degree of freedom when it comes to structural
design. This can also be exploited to explore multiple resonator shapes [14] or geomet
rically complex and nonintuitive designs of FSS. The later strategy is adopted in [15] to
design a large bandwidth and field of view FSS by means of a genetic algorithm, utilizing
all of the geometric freedom 3D printing offers.

Microwave absorbers constitute another attractive application of such structures. In a
similar way to FSS, the disposition, shape and material characteristics of the resonators
are manipulated to meet design requirements, that can include broadband absorption,
reduced thickness, and wideangle or polarization robustness, among others. In fact, the
main focus of this work relies on the realization of 3D printed absorbers made of dielectric
resonators. Thus, the next section of the manuscript is devoted to introduce the principle
of absorption and present a deeper insight of the state of the art in this field.
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3. ABSORBERS

This chapter contains the principles from which the absorptive capacities of the structures
presented in this work are deduced. The adopted design strategy consists of using a
periodic arrangement of scatterers with a determined geometry to artificially control the
surface impedance, which subsequently means controlling the amount of energy that can
be dissipated within the resonators, and hence the absorption level. This problem can
be reformulated in several ways, with the aim of identifying and isolating the parameters
playing a crucial role on the modification of the impedance. On top of that, the freedom
given by the utilization of 3Dprinting techniques is exploited to tune the material prop
erties of the resonators, as well as the coupling between them, accordingly to control the
absorption level.

3.1 Absorption principle

Electromagnetic waves incident on a medium can either be reflected, transmitted or ab
sorbed by the medium. Figure 3.1 depicts a basic schema of a structure composed by a
single material (with electromagnetic properties εr and µr) on top of a PEC (Perfect Elec
tric Conductor) plate. The presence of the metallic plate allows us to neglect transmission,
being able to define the power absorption coefficient A as

A = 1−
M∑

m=1

|Γm|2 (3.1)

where Γm stands for the reflection coefficient of the m diffracted order. The total number
of modes M is given by the grating equation (Equation 2.20). Considering the definition
of the reflection coefficient, provided in Equation 2.2, it is straightforward to state that the
impedance matching between the two interfaces is crucial to achieve full absorption.

A perfect absorber is defined as the one that does not reflects any of the incident wave
energy into its origin medium, i.e. all energy is dissipated in the absorbing medium. If the
origin medium is the air (with an impedance η0 ∼ 377Ω), the perfect absorption condition
is fulfilled if η = η0, being η the impedance of the absorbing medium. This, attending to
the definition of characteristic impedance given in Equation 2.10, implies εr = µr.

3.2 Derivation of the absorption level

As it was developed in Section 2.1, the calculation of the characteristic impedance η of the
absorbing medium (and hence the derivation of an expression for the absorption level) is
often not that intuitive, and depend on many factors such as the frequency of operation,
the geometry of the structure or the angle of incidence of the wave. For example, if we
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θ

Incident wave

Reflected wave

Figure 3.1: Incident and reflected waves on a material on top of a PEC plate.

consider a resonator with a geometry like the one depicted in Figure 3.1, transmission
line theory can be applied to calculate the impedance of the structure. The general ex
pression of Equation 2.4 becomes the one of a shortcircuited line [16], in which the load
impedance is 0 and the characteristic impedance of the medium is η. Then, Equation 2.3
gives us the correspondent reflection coefficient, that results into the following expression
for the absorption level using Equation 3.1 (normal incidence of waves at the interface is
considered):

A = 1−

∣∣∣∣∣∣
√

µr

εr
tanh

(
j 2πfd

c

√
εrµr

)
− 1√

µr

εr
tanh

(
j 2πfd

c

√
εrµr

)
+ 1

∣∣∣∣∣∣
2

(3.2)

However, obtaining an analytical expression for the characteristic impedance can result
to be really challenging for more complex (layered, multimaterial) structures and oblique
incidence angles. In those cases, other approaches like the derivation of material prop
erties using effective medium theory (when applicable, see Section 2.2.2) can be of great
interest.

An equivalent analysis, considering the resonant behavior of the structure, can result to be
very convenient in some cases when the periodic structure is formed by an arrangement
of resonators. Adopting the material and radiative quality factors previously introduced in
2.3.1, and using the expression of the reflection coefficient of Equation 2.26, the absorption
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level can be expressed as [17]

A = 1−
[
Q−1

d −Q−1
rad

]2[
Q−1

d +Q−1
rad

]2 (3.3)

If we define the coefficient α as the ratio of both radiative and material quality factors
(α = Qrad/Qd), it is straightforward to state that the absorption will be maximum (unitary
absorption coefficient) when α = 1 (i.e. Qrad = Qd). This formulation also allows us to
express the absorption in terms of α for any target absorption level Atarget:

Atarget = 1−
(
α− 1

α + 1

)2

(3.4)

Using this expression, α can be deduced for any target absorption level as

α− 1

α + 1
= ±

√
1− Atarget, α =


α+ =

1+
√

1−Atarget

1−
√

1−Atarget
⇒ Qrad ≥ Qd

α− =
1−
√

1−Atarget

1+
√

1−Atarget
⇒ Qrad ≤ Qd

(3.5)

When the absorption coefficient is not unitary, i.e. Qrad ̸= Qd, we distinguish two possi
ble scenarios: domination of material losses (material quality factor lower than radiative
quality factor) or domination of coupling losses (coupling quality factor lower than mate
rial quality factor). Given the type of structures we deal with in this work, in which the
resonators are strongly coupled, coupling losses will dominate, and hence α = α−. In
that case, and assuming that coupling (Qrad) is independent of variation of material losses
(Qd), an equivalent Qdtarget for a given target absorption level Atarget can be obtained from

Qdtarget =
Qrad

α
, where α = α− =

1 +
√

1− Atarget

1−
√

1− Atarget

(3.6)

This will allow us to control the absorption level for a fixed resonator structure, just by
changing the losses of the material from which the resonators are made.
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3.3 State of the art. Microwave absorbers

In this work, periodic arrays made of lossy resonators are used for the conception of struc
tures capable of controlling the absorption level of energy over a broad frequency band.
However, other techniques have been used in the literature for the design of microwave
absorbers. Among them, Salisbury [18] and Jauman [19] screens utilize resistive losses
for energy dissipation, while the Dallenbach screen [20] follows a similar principle exploit
ing dielectric losses. Several materials with different chemical properties are employed
with the aim of adequately tuning the imaginary portions of the electric permittivity and the
magnetic permeability to achieve the desired absorption level. However, these solutions
suffer from a narrow bandwidth and poor mechanical robustness. In order to tackle that,
periodic structures are largely employed in the literature. Compared to a resistive sheet,
the added value of periodic surfaces is that their impedance is not purely real but complex,
which can be exploited to generate additional resonant behaviours [21].

Periodic structures consisting on the arrangement of resonators allow to achieve absorp
tion by means of energy dissipation inside the resonating structures and the coupling
between them. In this line, multiple solutions have been explored in terms of resonator
shapes and materials. Dielectric [22] and magnetic [23] resonators, often configured on a
layered topology, have been used to achieve broad band absorption. Moreover, disper
sive material properties can be exploited to broaden the frequency bandwidth. Following
this principle, a >90% absorption over the 440 GHz band is achieved in [24]. Further
more, the concatenation of multiple mode resonances can also contribute to achieve a
broadband behaviour. This principle has been exploited in [25], achieving a reflectivity of
less than 20 dB in the Xband.

Recent advances of nanomaterial engineering [26] has contributed to the exploration of
new materials, that can also be used for microwave absorption applications [27]. For ex
ample, flexible graphene composites are used in [28], reaching more than 97% absorption
over a 62.73 GHz bandwidth. Furthermore, 3D printing [29] provides lowcost and mono
lithic manufacturing process as well as other interesting design characteristics such as
mechanical strength, modularity and conformability [30]. In addition, the combination of
additive manufacturing with the synthesis of newmaterials through the utilization of loaded
composites and polymers [31] providesmany degrees of freedom for the design in terms of
material properties and geometry. This has been exploited to build stacked structures [32],
in which multiple materials are combined [33]. Wideangle and polarizationrobustness
is still a challenge for microwave absorbers operating over a large bandwidth. In order to
tackle this, some of the techniques introduced above have been put together in the design
of metamaterial absorbers [34] [35]. However, they are still very narrowband.

In Table 3.1, three microwave absorbers from representative works in the literature are
compared. In order to do so, three performance indicators are defined, aiming for a wide
band, thin and wideangle robust absorber. These are:

• Bandwidth of operation fmin−fmax, complemented by the fractional bandwidthFBW =
2(fmax − fmin)/(fmax + fmin), for an absorption level above 0.9 (90%).
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• Thickness of the structure with respect to wavelength at lowest frequency fmin

• Performance at oblique incidence: Maximum angle for which an absorption level of
0.8 (80%) is reached over the operation band. Correspondence between TM and
TE polarizations.

Work Specifications Details 3D

Zhou, Yin et. al. [23]
Ô FBW = 175% (from

2.64 to 40 GHz)

Ô Above 80% absorption
reached for all angles
until 45◦

Ô Thickness of 0.048λ at
lowest frequency

3 Ultrabroadband
absorption

3 Thin thickness

7 Hard to control ab
sorption level

7

Shi, Han et. al. [34]
Ô FBW = 61% (from 2.07

to 3.89 GHz)

Ô Above 80% absorption
reached for all angles
until 60◦

Ô Thickness of 0.09λ at
lowest frequency

3 Dispersion and dissi
pation analysis

3 Polarization
Independent

7 Very narrowband
(1.78 GHz bandwidth)

7

Ren, Yuan et. al. [31]
Ô FBW = 102% (from 3.9

to 12 GHz)

Ô Above 83% absorption
reached for all angles

Ô Thickness of 0.12λ at
lowest frequency

3 Cheap and easy man
ufacturing

3 Resonance modelling
by dielectric resonator

7 Only unitary absorp
tion level

3

Table 3.1: Comparison of selected microwave absorbers in the literature.

37 Pablo H. Zapata Cano



Exploration of 3D structured artificial materials using additive manufacturing for microwave applications

As it can be deduced from the table, these three designs present promising solutions
that achieve very good performances in terms of operating bandwidth, structure thickness
or wideangle robustness, depending on the case. Nevertheless, it is still challenging to
accomplish good levels for all performance indicators at the same time. For example,
absorber presented in [34], despite of showing very competitive figures of merit regard
ing polarization invariance and wideangle robustness, exhibits a bandwidth of 1.79 GHz,
which is still very far from the one targeted by the structures developed in this work. Also,
the arduous and costly manufacturing of some of the presented absorbers is sometimes a
constraint to consider for some specific applications. To this regard, 3Dprintedabsorbers
state as a rising alternative which provides design flexibility and a simple and cheap man
ufacturing. Finally, it should be remarked that all these devices are conceived with the
aim of reaching a unitary absorption level. However, sometimes the goal is to control the
amount of energy that is absorbed. This implies a deep understanding of the absorp
tion mechanism of the device, as well as of the physical phenomena causing the energy
dissipation. With respect to that, structures formed by the concatenation of resonators
(scatterers) give the degrees freedom needed to perform this control, achieved through
geometric variations of the structure or profiting from the wide range of available materials
accessible by 3Dprinting.
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4. SIMULATION AND MEASUREMENT SETUPS

In this chapter, the software and hardware tools, as well as some procedures adopted for
the development of the solutions proposed on this work, are listed and presented.

4.1 Full wave simulation of periodic structures

For the simulation of the structures studied in this work, the commercial software CST Mi
crowave Studio Suite is used. The configuration of boundaries chosen to simulate periodic
structures with resonators is depicted in Figure 4.1.

Figure 4.1: Simulation configuration of a periodic structure composed of cylindrical res
onators in CST Studio Suite.

Unit cell boundaries are chosen to emulate an infinite array of resonators along the x and
y directions. For the z axis, open cell boundaries are chosen on the side of the resonators,
whereas a PEC plate together with electric boundary conditions avoid any transmission
on the other side. With this configuration, Floquet ports are considered, each of which
corresponds to a direction of propagation of a plane wave incident to the structure. The
number of Floquet modes to contemplate must be set to the simulator, and it is determined
through a convergence test, keeping in mind the considerations made in Section 2.2.3. In
this way, a number of modes large enough to include all diffracted energy in the calculation
of the absorption is found, trying to reduce the simulation time as much as possible.

Sometimes, when studying the resonant behaviour of a structure, the Eigenmode solver
of CST is used instead of the frequency solver, which permits to calculate the frequency
and quality factors of the excited mode, and study the nature of the electromagnetic fields
in the cavity by observing the field distribution. In order to do that while considering a
periodic structure, periodic boundary conditions are set along the x and y axis, and the
”Eigenmode Lossy” option of the solver is selected.
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4.2 Bistatic characterization at normal and oblique incidence

The characterization of the fabricated absorbers is done in a semianechoic environment.
As shown in Figure 4.2, bistatic measurements are performed to measure the reflection
of the structure at normal and oblique angles of incidence. Two wide band horn antennas
(Satimo QR2000) operating in the 218 GHz frequency are installed at the extremes of two
articulated arms. As showed in the picture, the position of the antennas is symmetrically
varied at the same time that the sample is rotating, which allows to conduct measurements
for incident θi angles ranging from 0 to 70 ◦.

Figure 4.2: Characterization set up (for θi = 45◦ and an absorber used as a sample).

Although classical pyramidal absorbers are placed around the equipment to mitigate any
interference, a calibration operation is performed in order to eliminate the effect of the en
vironment on the measurement [36]. Thus, the reflection coefficient is deduced as follows:

RLdB = 20 log10
(
RLabsorber −RLfreespace

RLfreespace −RLmetal

)
(4.1)

where RLabsorber, RLmetal, RLfreespace correspond to the transmission coefficients from one
antenna to the other when the absorber, a metallic plate and the air is used as the sample,
respectively. Moreover, two lens are incorporated between the antennas and the structure
in order to focalise the radiated fields towards the sample, augmenting the directivity of
the antenna.

Figure 4.3 illustrates the influence of the distance between each lens and its respective an
tenna on the transmission. It shows the transmission coefficient between the two aligned
antennas that are symmetrically positioned with respect to the central point (where the
sample will be positioned afterwards). It can be clearly appreciated that almost 20 dB is
gained when the lens is separated more than 7 cm from the antenna. This is especially
relevant at high frequencies of operation.

Also, it is worth mentioning that a time domain postprocessing is sometimes applied to
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Figure 4.3: Impact of the positioning of the lenses. d corresponds to the distance between
the lenses and the antennas.

the characterization results. It consist on a temporal Hammingwindowshaped filter that
is applied to the measured signal, with the objective of isolating only the useful signal and
eliminate any other reflection/multipath replica of the transmitted signal.
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4.3 Material characterization

Through the material characterization process, the electromagnetic properties of a mate
rial are determined. In the microwave range, several methods based on reflection, trans
mission or transmission/reflection are used. All these methods work in free space, coaxial
line, waveguide, or resonant cavity. The choice of the technique of measurement and the
retrieving methods depend on the sample to characterize. The material characterizations
presented in this work are conducted using a coaxial line cell equipped with a containment
area. Then, the material relative permittivity εr = ε′ − jε′′ and permeability µr = µ′ − jµ′′

are extracted from the scattering parameters of a sample via the NicolsonRoss method
as described in [37].

Figure 4.4: Setup for material characterization.

Figure 4.4 shows the material characterization setup. The sample to characterize is in
serted inside on the cavity of the EpsiMu toolkit. This makes a sort of coaxial line configu
ration, the ends of which are connected to two different ports of a Network Vector Analyser
(VNA), used to extract the Sparameters that will be processed.
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5. BROADBAND ABSORPTION CONTROL

Understanding the physical phenomena that produce absorption is an essential step for
the development of design and analysis procedures of structures with absorbing capabil
ities. Through this chapter, some of the theoretical basis previously introduced in Section
3.1 are applied to build a design procedure that allows for the control of the absorption level
over a large range of frequencies. Two main approaches are adopted: On the one hand,
artificially generated materials with particular dispersion behaviours are used in Section
5.1. Following this principle, broadband absorption is achieved through the prolongation
of the excited mode in the resonator cavity. On the other hand, Section 5.2 presents a
method in which optimization is used as a design engine to combine multiple materials in
a stacked geometry, always with the same goal of controlling absorption.

5.1 Extended mode excitation through material dispersion

In this section, a periodic structure formed by the concatenation of hemispherical res
onators is adopted. The combination of this geometry with 3Dprinting manufacturing
provides a number of degrees of freedom that make it possible to develop a designmethod
in which both the dissipation of energy in the resonators and the coupling between them
are tuned to regulate the absorption level. In this work, this is done by the design of a
single material with special dispersive properties, that is integrated into an hemispherical
resonator design.

The result is a periodic architecture in which absorption is controlled by changing the
properties of the material used for manufacturing. This benefits of both the geometrical
and electromagnetic (material properties) degrees of freedom provided by 3D printing
additive manufacturing.

5.2 Multimaterial absorber design via optimization

In this section, an optimizationbased strategy is presented for the design of wideband
absorbers through the combination of multiple materials on a stacked structure.

Since the early 90s [38], optimization techniques have been applied to the design of
absorbing structures. Among them, genetic algorithms [39] and other advance meta
heuristics are widely used to address problems like improving the absorption capability
at normal and/or oblique incidence or reducing the thickness of the structure. These ob
jectives are often jointly formulated [40] in a single function, which allows to avoid the long
and resourceconsuming multiobjective approaches.

Optimization is also widely applied together with fullwave simulators, resulting very useful
for the final stage of the design, in which multiple parameters are tuned to find an optimal
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solution. Nevertheless, this can be extremely timeconsuming when the number of iter
ations is high, specially for broadband applications, where many frequency points need
to be evaluated. In order to tackle that, analytical or numerical methods are a powerful
tool that allows to reduce drastically the overall simulation time. Among them, the Fourier
Modal Method (FMM) [41, 42] constitutes a rigorous solution providing competitive compu
tational cost to simulate the interaction of electromagnetic waves with periodic interfaces.
In [43], the FMM is used for modeling pyramidal absorbers.

On the following, the FMM is used to model periodic structures made of stacked layers,
whose optimal geometry and material properties are determined through optimization.
Thus, a stacked geometry containing by five squared layers with decreasing size from
the base to the top is adopted, constituting a pyramidal shape. Each of the five layers is
made of a different dielectric material. The principle behind this arrangement is to exploit
the multilayer geometry to create multiple resonances, with the aim of concatenating them
to achieve broadband absorption. In order to do so, the physical dimensions and mate
rial properties of each layer are tuned to reach a certain absorption level over the whole
frequency band. In this way, absorption is controlled over a large band of frequencies,
and the simulation time is drastically reduced thanks to the utilization of the FMM, if we
compare it with the one provided by full wave simulators.
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6. FABRICATED 3DPRINTED BROADBAND ABSORBER

This chapter is devoted to the design, fabrication and characterization details of a demon
strator consisting of a microwave absorber made of commercial materials. HanoiTower
shaped resonators, fabricated using additive manufacturing with a 3Dprintable dielectric,
are deposited on a magnetic elastomeric material to form the final structure. Exploiting
the resonating modes in the hemispherical cavities, broadband absorption is achieved.
The magnetic base helps in absorbing oblique incidence angles, especially for the TM
polarization, and benefits from high magnetic losses to improve the impedance matching.

The results obtained in this chapter are synthesized on a scientific paper that is submitted
to the 16th European Conference on Antennas and Propagation (EuCAP), that will be held
in 2022 in Madrid (Spain).
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7. CONCLUSIONS AND FUTURE WORK

This section summarizes the main results of this work, and provides some insights for
possible future lines that might be exploited on the future.

Some of the most remarkable achievements of this Master Thesis includes:

• Two different approaches to design absorbers with a controllable absorption level
using periodic structures have been proposed, based on the study of stateofthe art
existing solution and theoretical analysis of this kind of structures.

• Absorption control over a large bandwidth is achieved with periodic structures made
of dielectric resonators with dispersive properties. However, the performance of the
design for wide oblique angles of incidence can still be improved

• Absorption control over a large bandwidth is achieved with periodic structures using
a multilayer architecture. The design is obtained via optimization, using the FMM as
an alternative to full wave simulators to reduce the evaluation time.

• A prototype has been designed, manufactured and characterized. It consists on a
microwave absorber in which commercial materials are combined, profiting from the
degrees of freedom given by 3D printing.

Some of the possible future lines to explore are:

• Analytical and physical study of the coupling between resonators, and its depen
dence to the incidence angle and polarization state.

• Adaptation of the proposed method to magnetodielectric materials (up until now,
only dielectric losses and a permittivity dispersive profile was considered).

• Exploration of new optimization algorithms and/or specific operators to achieve bet
ter and/or less consuming optimization results.

• Conception and manufacturing of new prototypes in which new, more complex, syn
thesized materials are used instead of the commercial ones to enhance the perfor
mance of the proposed absorber.
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