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General introduction

Context

Nanosatellites and Unmanned Aerial Vehicles (UAVs) are emerging areas of research in

aerospace and aeronautical engineering for the last two decades. For instance, more and

more communication networks involving navigation and observation systems, integrate UAVs

and nanosatellites to ensure a reliable connectivity in terms of coverage and efficiency for

both rural and urban areas [1].

Over the past couple of years, the deployment of such solutions has been investigated in or-

der to provide an efficient and secure on-demand network coverage. However, the deployment

of this wireless network has several mechanical and electromagnetic constraints. The small

volume of the platforms onboard represents an important challenge when designing antennas

for UAV and nanosatellite applications [2, 3], as shown in Fig. 1. Small satellites are often

classified based on their weights. For instance, femto (less than 0.1 kg), pico (0.1 − 1 kg),

nano (1 − 10 kg), micro (10 − 100 kg), and mini (100 − 1000 kg). Among these, nano- and

pico-satellites can be called CubeSats, and they are particularly interesting for the aforemen-

tioned applications. Regarding the volume of these platforms, the basic unit for a CubeSat

has dimensions of 10 cm × 10 cm × 10 cm [4].

(a) Nanosatellite. (b) UAV.

Figure 1: Small platforms onboard.

One of the key elements to ensure the wireless communication onboard for small satellites

and UAVs is indeed the antenna. Antennas are important components that allow small satel-

lites and UAVs to receive and transmit electromagnetic signals from/to ground and space.

Considering the limited surface onboard, an antenna with low mass and small volume with-

out the use of any ground plane or metallic reflectors is mainly required. Regarding their

communication capabilities, compact-size antennas are generally demanded with broadside

properties. For instance, reflector antennas, metasurface antennas, and reflect arrays have

1
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been used at higher frequency bands such as the X- and Ka-band [5]. On the contrary,

compact and low profile antennas, microstrip patches, monopoles, loops, and helical antennas

have been mainly used for low-gain communication, for instance, in the ultra high frequency

(UHF) and ISM band [6–8].

Due to the small size of the platforms onboard, small and compact antennas with cardioid

radiation patterns are also particularly interesting to investigate. They are often referred to

as Huygens sources. As shown in Fig. 2, such a cardioid pattern has improved radiation prop-

erties in the forward direction, namely +z-direction in Fig. 2, and low backward radiation.

In the literature, it is also very common to call these type of antennas as magnetoelectric

or complementary sources. Their operating principle rely on the combination of elementary

electric and magnetic dipoles with equal radiation patterns in the E- and H-planes [9–13].

In addition to that, magnetoelectric sources generally provide a wide impedance bandwidth

and a stable radiation pattern with low cross-polarization and back radiation levels [14].

However, in order to achieve either cardioid or end-fire radiation, both magnetoelectric and

complementary antennas usually incorporate metallic structures, large ground planes and/or

metallic reflectors, which make them unsuitable to be mounted on small platforms as UAVs

and nanosatellites.

Figure 2: Radiation pattern of a Huygens source with improved radiation properties along
the +z-direction and low backward radiation.

An original technique to achieve a Huygens source pattern relies on the combination

of pairs of orthogonal elementary electric and magnetic dipoles. In addition to that, both

collocated dipoles must satisfy certain conditions in amplitude and phase to achieve cardioid

radiation patterns with equal properties in the E- and H- planes without the use of reflectors

or large ground planes.

In this Ph.D. thesis, several Huygens sources made up of dielectric resonators are studied.

Such dielectric resonator antennas (DRAs) rely on high permittivity ceramics, which are of

particular interest to overcome space constraints.
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Objectives and originality

The main objective of this Ph.D. thesis is to design compact antennas to be integrated on

small-size platforms, i.e., UAVs and nanosatellites, with strong constraints both in terms of

size and radiation properties.

The design of dielectric resonator antennas exhibiting Huygens source properties, and

more specifically, using additive manufacturing, represents the main goal of this work to

overcome the aforementioned constraints.

Objectives

In this thesis, three main research axes are investigated:

I) Theoretical analysis of resonant modes in a 3-D dielectric resonator.

• Analyze the properties of TE and quasi-TM modes, i.e., resonance frequency and quality

factor, in a rectangular dielectric resonator with isotropic and anisotropic permittivities.

II) Design and manufacture a Huygens source antenna using dielectric resonators.

• Propose solutions to satisfy the mechanical and radiation constraints in antenna design

for UAV and nanosatellite applications.

III) Design and manufacture a Huygens source antenna using engineered dielectric anisotropy

within additive technologies.

Originality

The originality of this work resides in two distinct levels:

I. Few DRAs exploiting anisotropy have been studied in the literature [15–19]. Most of

them exhibit anisotropic dielectric properties using multilayer structures. These properties

have been mainly used to modify the electrical properties of resonant modes in a dielectric

resonator for gain enhancement applications. However, none of them have taken advantage of

additive technologies to achieve circular polarization in a square-based DRA fed by a single

probe. As a contribution of this work, an original single-fed circularly polarized DRA has

first been designed, manufactured and measured to demonstrate the possibilities offered by

3-D-printing of anisotropic ceramics.

II. The use of additive technologies have also been exploited to modify the shape and

dielectric properties in DRAs to control, for instance, the impedance bandwidth and radiation
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properties. Even if few DRAs have been studied to control the radiation pattern, none have

taken advantage of additive technologies to design anisotropic DRAs with Huygens source

properties. In this work, a compact Huygens source antenna made up of a uniaxial anisotropic

dielectric resonator has thus been designed in the 2.45 GHz ISM band. The anisotropy has

here been used to generate a pair of orthogonal electric and magnetic dipoles, with certain

conditions in amplitude and phase, to realize a cardioid radiation pattern.

Outline

This dissertation is structured as follows:

Chapter 1 presents the necessary background information about Huygens source anten-

nas. This chapter first covers the operating principle of Huygens sources in linear and cir-

cular polarizations. Furthermore, the state-of-the-art of Huygens source antennas based on

complementary and magnetoelectric sources is presented. Afterwards, an overview of di-

electric resonator antennas is presented for broadband, circular polarized, dual-band, and

dual-polarized applications. This background is significantly important to identify what has

been proposed in the literature, and propose new challenges for DRA design exploiting their

numerous degrees of freedom in shape and material properties. For this, the properties of res-

onant modes in a rectangular dielectric resonator with isotropic permittivity are then studied

based on the dielectric waveguide model. Finally, this chapter presents the state-of-the-art of

DRAs with Huygens source properties.

Chapter 2 presents the design of two Huygens source antennas in linear and circular po-

larizations. First, a single-fed Huygens source antenna made up of two stacked dielectric

resonators with isotropic dielectric permittivities is presented. Moreover, the analysis of the

spherical mode expansion is here performed in order to identify the resonant modes which

contribute to the half-space radiation. Finally, a Huygens source antenna formed by two

stacked cross-shaped dielectric resonators is proposed in circular polarization. The antenna

is fed by two feeding probes with certain conditions in amplitude and phase to generate two

pairs of equivalent electric and magnetic dipoles, required to achieve a cardioid radiation

pattern.

Chapter 3 presents the state-of-the-art of additive manufacturing technologies used to

fabricate devices with complex shapes and/or homogeneous/heterogeneous materials. After-

wards, the state-of-the-art of additive manufacturing for microwave materials, circuits, and

antenna applications is presented. It is shown that several 3-D-printed circuits, waveguides,

filters, and indeed antennas, have been proposed in the literature in order to enhance their

performances, reduce their volume, and reduce their prototyping time and costs with respect

to conventional manufacturing techniques. It is also demonstrated that 3-D printing also
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offers the possibility to create heterogeneous/anisotropic dielectric materials, which are par-

ticularly interesting for DRA applications since a new degree of freedom can be used to control

polarization and radiation pattern. Finally, a methodology to design a uniaxial anisotropic di-

electric material using additive manufacturing of ceramics is presented by designing a periodic

structure of several unit cells at sub-wavelength scale.

Chapter 4 presents the design of a single-fed dielectric resonator antenna in circular po-

larization using a uniaxial anisotropic material. The first part of this chapter covers the

operating principle of circularly polarized antennas. Afterwards, a theoretical model is pre-

sented in order to compute the DRA dimensions and its permittivity tensor to achieve circular

polarization. This model relies on the adjustment in amplitude and phase of two fundamental

TE modes resonating in a rectangular dielectric resonator with uniaxial anisotropic proper-

ties. The theoretical model is then validated to design and manufacture a single-fed circularly

polarized DRA. Finally, measurements are performed in anechoic chamber and then compared

with those obtained in simulations, in order to validate the possibilities offered by 3-D print-

ing technologies to create anisotropic dielectric materials, which are particularly interesting

in this Ph.D. thesis to control the radiation properties of DRAs.

Chapter 5 presents the design of a single-fed Huygens source antenna using engineered

dielectric anisotropy. This chapter covers the antenna principle to design a compact Huygens

source using an anisotropic dielectric resonator. This antenna is from a single resonator

so that a reduced volume is obtained when comparing with the previous Huygens source

design formed by stacked resonators. In addition to that, a uniaxial dielectric material is also

engineered based on a periodized structure of unit cells at sub-wavelength scale. Finally, a

3-D-printed Huygens source antenna using a single anisotropic dielectric resonator is designed

to demonstrate the possibilities offered by 3-D-printing of anisotropic ceramics to achieve a

cardioid radiation pattern.

Conclusions are presented from the results obtained in this Ph.D. thesis. This includes

new perspectives for research work topics that can be addressed in the future.





Chapter 1

Overview of Huygens Source

Antennas using Dielectric

Resonators
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The interest in small-size autonomous platforms is growing rapidly. UAVs have been, for

instance, widely used in the past 20 years in the fields of media, agriculture, and industry.

Another example concerns the space industry where nanosatellites could yield a significant

reduction in the launching and operation costs. These two applications share the common

constraint of embedding complex systems on small platforms onboard. This constraint rep-

resents an important challenge for antenna design in terms of size and radiation properties

since small antennas with cardioid radiation patterns are highly demanded.

In order to achieve cardioid radiation with equal E- and H- planes, two orthogonal ele-

mentary electric and magnetic dipoles must be combined with certain conditions in amplitude

and phase. Such antennas are known as Huygens sources, but it is very common to find dif-

ferent terminology to define these antennas e.g., magnetoelectric sources or complementary

antennas, as will be detailed in the state-of-the-art.

An original technique to satisfy the aforementioned mechanical and radiation constraints

relies on the design of compact Huygens sources using dielectric resonators. This chapter

is organized as follows. The operating principle and the state-of-the-art of Huygens sources

are first presented. Afterwards, dielectric resonator antennas (DRAs) are studied. More

specifically, their ability to generate both equivalent electric and magnetic dipoles required to

7
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achieve Huygens source performances is discussed. For this purpose, the properties of resonant

modes in a rectangular dielectric resonator are analyzed. The analysis of the resonant modes

provides an important background in order to understand how the various degrees of freedom

in the DRA design can be exploited to control, for instance, its bandwidth and radiation

properties. Finally, the state-of-the-art of DRAs with Huygens source properties is presented

in order to identify and define new challenges when designing DRAs for UAV and nanosatellite

applications.

1.1 Huygens source antennas

This chapter involves the operating principle of Huygens source antennas in linear and circular

polarizations with improved radiation properties along the +z-direction and low backward

radiation by combining pairs of elementary electric and magnetic dipoles.

1.1.1 Operating principle

1.1.1.1 Linearly polarized Huygens source

The concept of Huygens source was first proposed by Chlavin in 1954 [9]. The design of

a linearly polarized Huygens source antenna with low backward radiation along the -z axis

relies on the combination of two collocated and orthogonal infinitesimal y-directed electric

and x-directed magnetic dipoles, as shown in Fig. 1.1.

Figure 1.1: Configuration of the orthogonal magnetic and electric dipoles.

The far fields of the complementary dipoles can be obtained by superimposing their in-

dividual contributions. Note that there are two ways of characterizing elementary dipoles,

using either the product of the current and dipole length Iℓ, or dipoles moments p. The link

between the current source and dipole moment is given by p = Iℓ
jω p̂ [20].

Analyzing the E-fields of a infinitesimal y-directed electric dipole Ee of moment pe, and

x-directed magnetic dipole Em of moment pm = ζ0pee
jδ, the following expressions can be

found in the harmonic domain [21, 22]
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Emθ = −k2
0c0

4πr
pm sin(φ)e−jkr

Emφ = −k2
0c0

4πr
pm cos(θ) cos(φ)e−jkr (1.1)

Eeθ =
k2

0c0

4πr
ζ0pe cos(θ) sin(φ)e−jkr

Eeφ =
k2

0c0

4πr
ζ0pe cos(φ)e−jkr

where ζ0 =
√

µ0/ǫ0 is the free-space wave impedance, δ is the phase difference between both

dipoles, k0 = ω
√
µ0ǫ0 the free-space wavenumber, c0 the speed of light in vacuum, and µ0

and ε0 the free-space permeability and permittivity, respectively. Then, the total electric field

magnitude E can be expressed as

E =
√

|Eθ|2 + |Eφ|2 (1.2)

with

Eθ = Eeθ + Emθ (1.3)

Eφ = Eeφ + Emφ. (1.4)

Defining A =
k2

0
c0

4πr , and assuming an amplitude balance between both electric and magnetic

sources, namely |pm| = ζ0|pe|, the following expression can be obtained

E = A |pm|
√

1 + cos2 θ − 2 cos θ cos δ. (1.5)

Fig. 1.2 illustrates the elevation field pattern of the resulting antenna when varying

the phase difference between both electric and magnetic dipoles. Note from (1.5) that the

electric field is independent of the φ-variation. As observed in Fig. 1.2, a quasi-isotropic

radiation pattern can be achieved by imposing δ = 90◦. On the other hand, an antenna

with a cardioid radiation pattern with improved properties along the +z-direction can be

obtained by choosing δ = 180◦. The direction of the backward radiation can also be switched

by modifying the phase difference to δ = 0◦.
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Figure 1.2: Radiation patterns due to the combination of two collocated and orthogonal
electric and magnetic dipoles assuming |pm| = ζ0|pe|, and for various phase differences δ
between them.

The superimposition of a x-directed magnetic and a y-directed electric dipoles for δ = 180◦

can be summarized in Fig. 1.3. It is possible to note that the radiation pattern of both electric

and magnetic dipoles have complementary characteristics. The resulting radiation pattern

then corresponds to that of a linearly polarized Huygens source with maximum radiation

properties along the +z axis and low backward radiation.

Figure 1.3: Orthogonal design concept of a linearly polarized Huygens source antenna radi-
ating with cardioid direction.

It is important to note that an amplitude unbalance between both electric and magnetic

sources can produce a distortion of the radiation patterns in the E- and H-planes, i.e., for

φ = 0◦ and 90◦. Fig. 1.4 shows for instance, that a lack of symmetry can be imposed for

both planes when pm

pe
6= ζ0.
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(b) φ = 90◦.

Figure 1.4: Radiation patterns due to the combination of two collocated and orthogonal
infinitesimal electric and magnetic dipoles, assuming a phase shift δ = 180◦ and varying the
amplitude of their dipole moments.

1.1.1.2 Circularly polarized Huygens source

It has been demonstrated by Wheeler [23] and Kraus [24], that a method to design a Huygens

source antenna in circular polarization consists in combining pairs of collocated and aligned

infinitesimal dipoles. The complementary antennas are then formed by two x-directed mag-

netic and electric dipoles and two y-directed magnetic and electric dipoles. Regarding the

phase conditions to achieve a Huygens source pattern in circular polarization, two sources in

phase quadrature must be considered to satisfy the required phase difference between the two

pairs of dipoles [25, 26].
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1.1.2 State-of-the-art of Huygens source antennas

In this section, practical implementations of antennas with such cardioid radiation proper-

ties are discussed. Few antennas with cardioid radiation properties have been proposed in

the literature based on complementary antennas and magnetoelectric sources. For instance,

Chlavin in 1954 [9] demonstrated that two complementary sources made up of an electric

dipole and the open-ended coaxial line carrying the TE11 mode can be used to generate a

cardioid radiation pattern with equal E- and H-planes.

Afterwards, the interest of Huygens source antennas has been particularly investigated

by Luk et al. in 2006 [10]. The authors have shown that a complementary antenna formed

by a planar dipole and a vertically-oriented quarter-wavelength patch antenna can generate

two elementary electric and magnetic dipoles, respectively. Note that the proposed antenna

has a metallic ground plane which reduce the backward radiation. In addition to that, it is

fed by a Γ-shaped probe, as illustrated in Fig. 1.5a. As a result, the antenna achieves wide

bandwidth of 43.8%, low cross polarization, and symmetrical cardioid radiation patterns in

the E- and H- planes. The same authors have also designed a 45◦ dual-polarized dipole

antenna formed by four square metallic plates, a ground plane, a box-shaped reflector, and

two orthogonal Γ-shaped probes, as depicted in Fig. 1.5b [11]. It exhibits high input port

isolation, wide bandwidth, low cross-polarization level, and cardioid radiation due to the effect

of the box-shaped reflector. Moreover, the antenna can operate in circular polarization using

a broadband 90◦ phase shifter and a power divider.

(a) Wideband complementary antenna
with ground plane [10].

(b) Magnetoelectric dipole in dual
or circular polarization [11].

Figure 1.5: Huygens sources based on complementary and magnetoelectric antennas.

It has been shown in the previous antennas, that magnetoelectric and complementary

antennas usually have large volumes and involve metallic structures in order to achieve half-

space radiation properties [10, 11]. These properties indeed do not satisfy the mechanical

constraints demanded for the requested applications. In 2010 and 2011, Alitalo et al. [12, 27]
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have proposed some Huygens source antennas made up of two chiral particles, as depicted

in Fig. 1.6a. Each chiral particle generates a pair of electric and magnetic dipoles with

equal magnitudes. Both particles are excited using two coaxial probes with 90◦ phase shift

to achieve circular polarization. The radiation pattern of the proposed antenna presents

directive properties, with a significant reduction of the backward radiation. However, due

to the lack of symmetry of the prototype, the equivalent dipoles are not well collocated and

the polarization and radiation pattern of the antenna are affected. Similarly, in 2012, the

same authors have presented a dual omega-particle antenna in linear polarization [13]. The

antenna is made up of a feed structure and a pair of radiating elements. The radiating

elements consist of two omega particles (see Fig. 1.6b) that are able to generate two electric

and two magnetic dipoles with equal amplitudes. Besides, the antenna has been numerically

optimized to achieve a good matching and good isolation between both radiating elements.

(a) Two chiral particles in circular
polarization [12].

(b) Dual omega-particle antenna [13].

Figure 1.6: Huygens sources based on complementary antennas.

The complementary antennas presented in [12, 13] do not achieve good symmetrical radi-

ation properties since they generate non-collocated elementary dipoles. In order to overcome

these constraints, Huygens sources have also been proposed in 2010 and 2015 using helical-

ring antennas [25, 26]. The authors have presented a compact helical-ring antenna with a

cardioid radiation pattern in circular polarization. The helix configuration is composed of a

ring of short turns and a metallic plate, as illustrated in Fig. 1.7. The length of each turn

is small compared to the wavelength to ensure a uniform current. In addition to that, the

helical ring is excited by means of in-quadrature capacitive probes. As a result, two sets of

collocated electric and magnetic short dipoles are obtained. The proposed antenna has also

been miniaturized by increasing the number of turns of the helical-ring structure.
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Figure 1.7: Circularly polarized Huygens source based on a helical-ring antenna [25].

(a) Huygens source for wideband appli-
cations [28].

(b) Low-Profile Huygens Source [29].

(c) Huygens source with pattern-
reconfigurability [30].

Figure 1.8: Low profile, electrically small, Huygens source antenna using near-field resonant
parasitic elements.

Recently, Huygens sources have also been proposed based on near-field resonant parasitic

elements and metamaterial-inspired antennas, as shown in Fig. 1.8. In [31], the Huygens

source relies on the combination of a driven dipole, an Egyptian axe dipole (EAD), and a

capacitively loaded loop (CLL) near-field resonant parasitic (NFRP) elements to generate

equivalent electric and magnetic dipoles. Due to this, the antenna achieves a high radiation



1.2. Dielectric resonator antennas 15

efficiency and cardioid radiation patterns. Similarly, a linearly polarized Huygens source

antenna has been presented in [28]. The antenna relies on the combination of two pairs of

NFRP electric and magnetic dipole elements, and non-Foster elements to achieve a stable

cardioid radiation performances and wide impedance bandwidth. Other works have also been

proposed in the literature [29, 30, 32–34] using NFRP elements electrically coupled to their

driven electric dipole sources. However, these antennas are mainly composed of substrates

with glass microfiber reinforced PTFE-based compositions, namely Teflon, which make them

not suitable for nanosatellite applications.

Finally, it is interesting to notice that dielectric resonator antennas have also been in-

vestigated for Huygens source applications. In order to understand their implementation, a

theoretical background on DRA is detailed in the next section.

1.2 Dielectric resonator antennas

DRAs are notably attractive due to the numerous degrees of freedom provided by their shape

and material properties. These capabilities make DRA particularly interesting to control

its radiation properties, and more specifically, achieve Huygens source properties. For this

reason, in this chapter, a general state-of-the-art about DRAs is first presented. Afterwards,

the electrical properties of the resonant modes in a dielectric resonator are studied in order to

generate pairs of equivalent electric and magnetic dipoles. Finally, a state-of-the-art is then

focused on DRAs with Huygens source properties.

1.2.1 Overview of dielectric resonator antennas

A dielectric resonator antenna is a resonant antenna made up of a dielectric material with

low-loss, high relative permittivity, and thus high quality factor. DRA was first introduced

by Long et al. in 1983 [35]. Since then, it has been extensively studied to take advantage

of its reduced size, ease of excitation, high radiation efficiency, and wide bandwidth [36]. It

has numerous degrees of freedom that depend on the antenna shape, i.e., spherical [37–39],

cylindrical [40–42], rectangular [43–46], or even more complex shapes [47–49].

DRA is an attractive alternative to traditional low-gain antennas, such as microstrip

patches, monopoles, and dipoles. First of all, DRAs have a high radiation efficiency, above

90%, since dielectric materials, such as ceramics, present low dielectric losses. In addition

to that, the antenna bandwidth can be controlled by using dielectric resonators with a wide

range of permittivities. Several feeding mechanisms can also be adopted to excite numerous

resonant TE, TM, quasi-TM and hybrid modes in dielectric resonators [50–53]. As shown in

Fig. 1.9, the most common feeding mechanism are probes, slots, microstrip lines, dielectric

image guides, and co-planar lines. This great variety makes DRA compatible with various

fabrication technologies [54, 55].
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(a) Cross-slot-coupled dual-band circularly po-
larized DRA [50].

(b) Ring DRA with annular-
shaped microstrip feed [51].

(c) DRA with feeding probe [21]. (d) Wideband series-Fed lin-
ear DRA array [53].

Figure 1.9: Dielectric resonator antennas with different feed mechanisms.

Several authors have taken advantage of the numerous degrees of freedom in the DRA

design to achieve broadband properties. For instance, in [56], the authors present a broadband

microstrip-fed DRA at the X-band. The hybrid DRA is composed of a square-based dielectric

resonator with electrical dimensions of 0.35λ0 × 0.35λ0 × 0.08λ0, an intermediate substrate,

and a feeding circuit. The feeding circuit is made up of a microstrip line connected to a

stepped patch, as depicted in Fig. 1.10a. It has been shown that the effective dielectric

constant of the DRA decreases while adding an intermediate substrate. This leads to reduce

the quality factor of the dielectric resonator. Consequently, the proposed DRA offers a wide

impedance bandwidth of 50%. Similarly, a broadband DRA composed of a cylindrical bowtie

structure with notches (see Fig. 1.10b) has been proposed in [47]. The cylindrical dielectric

resonator has radius of 0.18λ0 and height of 0.23λ0. It is fed by coaxial probe and placed on a

metallic ground plane. The variation of the probe position and the notch shape are sensitive

parameters which allow the antenna to achieve an impedance bandwidth of about 49% and

broadside radiation patterns. Furthermore, the authors in [48] present a super-shaped DRA

formed by a prism-shaped plastic dielectric resonator with height slightly exceeding λ0, a

circular metallic ground plane, and a coaxial probe, as shown in Fig. 1.10c. The antenna
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offers a great flexibility in design due to the multiple degrees of freedom, which make it

notably interesting to enhance the antenna bandwidth and achieve circular polarization by

combining the proper modes in the dielectric resonator. As a result, the proposed antenna

operates with a wide bandwidth of 70%.

(a) Microstrip-fed DRA [56]. (b) Cylindrical bowtie DRA [47].

(c) Plastic-based super-shaped DRA
[48].

Figure 1.10: DRAs for broadband applications.

Circularly polarized DRAs have also been designed using cross-shaped and stacked struc-

tures. These shapes particularly offer a new degree of freedom for DRA design so that several

TE modes can be excited in a dielectric resonator. In [57], a cross-shaped DRA has been pro-

posed to operate in circular and vertical polarizations, as illustrated in Fig. 1.11a. The DRA

is composed of two notched rectangular slices with lengths of 0.31λ0. The antenna principle

relies on the combination of several TE and quasi-TM modes in a dielectric resonator, with

certain conditions in phase and amplitude to achieve circular polarization with a measured

3-dB axial ratio bandwidth of 6%. In [58], the authors have presented a stacked DRA in

circular polarization. The antenna is formed by four dielectric layers with an overall height

of 1.96λ0, and it is fed by a microstrip line (see Fig. 1.11b). Each layer is here rotated 30◦ in

order to obtain the required phase shift between the two TE modes, which leads to achieve
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(a) Cross-shaped DRA [57]. (b) stacked DRA [58].

Figure 1.11: Circularly polarized DRAs using cross-shaped and stacked configurations.

circular polarization with a measured axial ratio bandwidth of 5%. Hence, the layer rotation

angle offers a new degree of freedom in design for polarization.

Recently, DRAs with multiband or pattern diversity properties have also been studied. In

the literature, these properties have been achieved by exciting fundamental and higher-order

modes using cross-shaped DRAs and complex hybrid-feeding structures. For instance, in

[59], the authors present a dual-band and dual-polarization DRA. The cross-shaped dielectric

resonator has electrical dimensions of a = 0.21λ0 and b = 0.16λ0. A pair of fundamental

and higher-order TE modes are excited to achieve a dual-band response. In addition to that,

each pair of orthogonal modes are used to achieve dual-polarized properties. These modes are

excited using a feeding mechanism formed by two symmetric probes (see Fig. 1.12a), offering

good performances for the two orthogonal polarization over both frequency bands since other

higher-order modes can be suppressed. DRAs with cylindrical shapes have also been proposed

in the literature. For instance, a cylindrical dual-band DRA has been proposed in [40]. The

DRA is made up of a cylindrical dielectric resonator with radius 0.12λ0 and height of 0.15λ0,

a coaxial probe to excite a TM mode, and two orthogonal microstrip lines in quadrature

phase used to excite hybrid modes, as depicted in Fig. 1.12b. As a contribution, the antenna

operates with a vertically polarized monopole-like omnidirectional pattern and a broadside

circularly polarized radiation pattern at separate frequencies. In [60], a cylindrical DRA

centrally loaded by a dielectric layer has been proposed to realize a multiband diversity at

2.4 GHz, as observed in Fig. 1.12c. The proposed dielectric resonator has radius 0.29λ0 and

height of 0.12λ0. The feeding mechanism is composed of a coaxial probe and a rectangular

cross slot, used to excite a unidirectional hybrid mode and an omnidirectional TM mode. Both

modes can operate at the same operating frequency by modifying the electrical properties of

the loading dielectric layer, allowing to use a new degree of freedom for antenna design.

Regarding the impact of the DRA geometry on the properties of its resonant modes, lit-

erature survey shows that cylindrical and spherical shapes usually radiate both degenerate

and hybrid modes, which enhance the cross-polarized radiation of DRAs, limiting its perfor-
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(a) Cross-shaped DRA [59]. (b) Compact DRA with vertically po-
larized omnidirectional and broadside
circularly polarized radiation [40].

(c) Pattern-diversity cylindrical DRA [60].

Figure 1.12: DRAs for multiband and pattern diversity applications.

mances in far-field zone. On the other hand, it has been shown that rectangular shapes offer

particular advantages when designing DRAs since TE modes can radiate by properly select-

ing the three dimensions of the dielectric resonator. In addition to that, rectangular-shaped

DRAs provide more flexibility in antenna design by selecting independently the aspect ratios

(height/length and width/length) to control the electrical properties of resonant modes in the

dielectric resonator [43].

In the next section, the resonant modes in a rectangular dielectric resonator are inves-

tigated. The analysis of the resonant modes provides an important background in order to

understand how they are affected by the numerous degrees of freedom in DRA.

1.2.2 Focus on the rectangular dielectric resonator antenna

As illustrated in Fig. 1.13, a rectangular dielectric resonator is here considered with dimen-

sions a, b, and d along x-, y-, and z-directions, respectively. The rectangular configuration

offers great flexibility since it is possible to take advantage of its two aspect ratios, namely

height/length and width/length, in order to control the electrical properties of resonant modes

in the dielectric resonator.
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Figure 1.13: Rectangular dielectric resonator.

According to Van Bladel, several modes resonate in a dielectric resonator. These modes

can be classified as confined or nonconfined modes [61]. The confined modes can be supported

by spherical and cylindrical resonators. On the other hand, a rectangular resonator can only

support nonconfined modes [43, 62].

These modes in a rectangular dielectric cavity can be divided into transverse electric TE

and transverse magnetic TM modes. It has been demonstrated in [43], that only TE modes

can resonate in a rectangular dielectric resonator. This resonator can support TEx, TEy,

and TEz modes, respectively [55]. Moreover, the electrical properties of these modes are a

function of the dielectric resonator (DR) dimensions. Generally, these modes are noted as

TEmnp, where m, n, and p can take values different that zero. These indices represent the

number of half period made by the field in the dielectric resonator in a given direction.

1.2.2.1 Fundamental TE modes in a rectangular dielectric resonator

In order to calculate the properties of TE modes, dielectric boundary conditions must be

imposed on the walls of the dielectric resonator. An approximation method thus consists

in imposing perfect magnetic conductor (PMC) boundary conditions on all the walls of the

rectangular dielectric cavity, so that the normal component (n̂) of the electric field must be

zero on each wall [43]

E · n̂ = 0 (1.6)

and the tangential component of the magnetic field as well [43]
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n̂ × H = 0. (1.7)

However, this method provides low accuracy while compared with experimental results.

For this, the dielectric waveguide model (DWM) has been widely used in the literature with

reliable results to calculate the resonance frequencies of TE modes [43, 55]. Here, boundary

conditions are defined so that two walls with air-dielectric interfaces are fixed along the

direction of exponential decay of electric field, and four PMC walls along the other directions.

For instance, analyzing the fundamental TEz
111 mode, four PMC walls are fixed along x- and

y-directions, and two walls with air-dielectric interfaces are located along the z-direction.

For the latter, the fields decay exponentially along the z-direction, outside the resonator, as

detailed in [43].

As first step, separation of variables must be applied, so that kz can be computed from

the following expression for the TEz
111 mode

k2
x + k2

y + k2
z = εrk

2
0 (1.8)

where kx = π
a , ky = π

b , k0 = (2πf0)/c0 the free-space wavenumber related to the corresponding

resonance frequency, and εr is the relative permittivity of the dielectric resonator. Afterwards,

the transcendental equation can thus be found applying the DWM [43]

kz tan

(

kz
d

2

)

=
√

k2
0(εr − 1) − k2

z . (1.9)

The resonance frequency of the TEz
111 mode can thus be numerically calculated from (1.8)

and (1.9). The same procedure can be applied to calculate the transcendental equation for

the TEx
111 and TEy

111 modes. As an example, assuming that a = 50 mm, b = a/2, d = a/3,

and εr = 20, the DWM gives 2.48 GHz, 2.33 GHz, and 1.89 GHz for the resonance frequencies

of the fundamental TEx
111, TEy

111, and TEz
111 modes, respectively.

Regarding the field components for the TEz
111 mode in a rectangular dielectric resonator,

they can be written as
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Ex =
A

ε
ky cos(kxx) sin(kyy) cos(kzz)

Ey = −A

ε
kx sin(kxx) cos(kyy) cos(kzz)

Ez = 0 (1.10)

Hx = −j A

ωµε
kxkz sin(kxx) cos(kyy) sin(kzz)

Hy = −j A

ωµε
kykz cos(kxx) sin(kyy) sin(kzz)

Hz = −j A

ωµε
(k2

x + k2
y) cos(kxx) cos(kyy) cos(kzz)

where A is an arbitrary constant and µ the permeability of the dielectric material.

Fig. 1.14 illustrates the theoretical electric and magnetic fields in a rectangular dielectric

resonator for the TEz
111 mode. As observed, the E- and H-fields of the TEz

111 mode are

equivalent to those radiated by an elementary magnetic dipole along the z-direction.

z
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z

y

(a) E-field.

z

x

x

y

z

y

(b) H-field.

Figure 1.14: E- and H-fields in a rectangular dielectric resonator with dimensions a, b, and d
along x-, y-, and z-directions, respectively, and with dimension ratios of b = a/2 and d = a/3
for the TEz

111 mode.

Therefore, the TEz
111 mode radiates as an elementary magnetic dipole of moment pm.

This can also be explained based on the magnetic dipole moment equation detailed in [43].



1.2. Dielectric resonator antennas 23

Note that pm can be written as a function of the volume polarization current density Jp,

which depends on the electric field E inside the resonator, as follows

pm =
1

2

ˆ

V
r × JpdV (1.11)

where V denotes the volume of the DRA, and

Jp = jωε0(εr − 1)E (1.12)

r = xx̂ + yŷ + zẑ. (1.13)

Similarly, the TEx
111 and TEy

111 modes are equivalent to the magnetic dipole moment of

an infinitesimal magnetic dipole along the x- and y-directions, respectively.

1.2.2.2 Quasi-TM modes

The existence of TM modes in a rectangular resonator has been doubted by Mongia in [43]

and [62], since these modes have not been confirmed by experiments. However, in [63–65], the

authors have proved that the superposition of a pair second-order TE modes, i.e., m, n or p

equal to 2, can generate a quasi-TM mode in a rectangular dielectric resonator. For instance,

the quasi-TMy
111 mode is denoted here in reference to the corresponding cylindrical resonator

mode, namely TM011 mode. Hence, the quasi-TMy
111 mode is the degenerated result of the

combination of the TEx
112 and TEz

211 modes in a rectangular dielectric resonator by imposing

a square cross section along the x- and z-directions. This quasi-TMy
111 mode presents similar

E- and H-fields when compared with those generated by an y-directed electric dipole.

The E- and H-fields of the TEz
211 mode and TEx

112 mode are depicted in Fig. 1.15 and

1.16. The TEz
211 mode exhibits two loop patterns in the electric field along the x-direction.

On the contrary, two loop shapes along the z-direction are observed for the TEx
112 mode.

Finally, the superimposed field distribution of the quasi-TMy
111 mode is illustrated in Fig.

1.17. A loop pattern can be observed in the magnetic field distribution along y axis, which is

equivalent to the radiated by a y-directed electric dipole.
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Figure 1.15: E- and H-fields in a rectangular dielectric resonator with dimensions a, b, and
d along x-, y-, and z-directions, respectively, and with dimension ratios of b = a/2 = d/2 for
the TEx

112 mode.
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Figure 1.16: E- and H-fields in a rectangular dielectric resonator with dimensions a, b, and
d along x-, y-, and z-directions, respectively, and with dimension ratios of b = a/2 = d/2 for
the TEz

211 mode.
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Figure 1.17: E- and H-fields in a rectangular dielectric resonator with dimensions a, b, and
d along x-, y-, and z-directions, respectively, and with dimension ratios of b = a/2 = d/2 for
the quasi-TMy

111 mode.

1.2.2.3 Quality factor

In addition to its resonance frequency, each mode can also be described by its quality factor

Q. For instance, a decrease of Q produces an increase of the antenna bandwidth [43]. The

quality factor can be calculated by determining the total stored energy We and power radiated

Prad by the DRA, as detailed in [43]. In addition to that, it is assumed that the DRA has a

purely real input impedance [66]. Therefore, the quality factor can be written as

Qrad =
2ω0We

Prad
(1.14)

where ω0 denotes the angular resonant frequency. Moreover, the time average stored electric

energy in a volume for a lossless isotropic, homogeneous, and linear media is given by [67]

We =
ε

4

ˆ a
2

− a
2

ˆ b
2

− b
2

ˆ d
2

− d
2

(

‖E2‖
)

dxdydz. (1.15)

Analyzing TEz
111 mode (Ez = 0), (1.15) becomes

We =
ε

4

ˆ a
2

− a
2

ˆ b
2

− b
2

ˆ d
2

− d
2

(

|Ex|2 + |Ey|2
)

dxdydz. (1.16)

that is to say
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We =
εrεoabdA

2

32

(

1 +
sin(kzd)

kzd

)

(

k2
x + k2

y

)

. (1.17)

On the other hand, Prad can be calculated by integrating the real part of the Poynting

vector over a spherical surface

Prad =

‹

S
S · ds =

1

2

‹

S
Re(E × H∗) · ds. (1.18)

It has been demonstrated in [43] that the power radiated by an elementary magnetic

dipole can be written as a function of the dipole moment, as follows

Prad = 10k4
0|pm|2 (1.19)

where pm is the magnetic dipole moment of the DRA. Solving (1.11), pm can be written as

pm =
−j8εo(εr − 1)A

kxkykz
sin(kzd/2)ẑ. (1.20)

The final expression of the quality factor for the TEz
111 mode is expressed as

Q =
ω0µ0π

6

2560k6
0abd

[1 + sinc(kzd)]

sinc2(kzd/2)

εr(k2
x + k2

y)

(εr − 1)2
. (1.21)

The previous theoretical analysis can also be applied for rectangular DRAs mounted on

ground planes. In fact, the TE modes in a rectangular DRA of height d (see Fig. 1.13) have

identical electrical properties to those obtained using a rectangular DRA of height d/2 placed

on a metallic ground plane [43].

1.2.3 State-of-the-art of DRA with Huygens source properties

An original solution to generate the required pair of equivalent dipoles to achieve a Huygens

source in a compact structure without the use of reflectors or large ground planes relies on

the excitation of several TE and TM modes in dielectric resonator antennas [68–71].

In the literature, few DRAs exhibiting Huygens source properties have been proposed

using rectangular shapes. These shapes have been employed in order to excite some TE, TM

and/or hybrid HEM modes, which leads to generate a pair of orthogonal elementary electric

and magnetic dipoles. For instance, in [22], a probe-fed rectangular dielectric resonator

antenna (DRA) with a small ground plane has been proposed, as depicted in Fig. 1.18a. The

antenna principle relies on the combination of a pair of equivalent y-directed magnetic and
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z-directed electric dipoles generated by a dielectric resonator carrying the TEy
111 mode and a

probe placed along the z axis, respectively. As a result, the antenna achieves similar E- and

H-planes patterns with cardioid-shaped unilateral radiation pattern along the x-direction. As

shown in Fig. 1.18b, this pattern is oriented transversely with respect to the feed position.

(a) DRA configuration.

(b) Cardioid-shaped unilateral radiation pattern.

Figure 1.18: Laterally radiating rectangular DRA with small ground plane [22].

A unilateral rectangular DRA has also been proposed in [72] with wide beamwidth prop-

erties. The principle relies on the combination of the fundamental TEx
111 and a higher-order

mode, namely TEy
211 mode, which provide cardioid and quasi-omnidirectional radiation prop-

erties, respectively. These modes have been excited using a single feeding probe, as shown in

Fig. 1.19a. As a result, a measured impedance bandwidth of 13.2% has been accomplished.

Moreover, the proposed antenna achieves cardioid-shaped unilateral radiation properties along

the y-direction, with a maximum front-to-back ratio of 36.6 dB at 2.4 GHz and a front-to-

back (F/B) ratio bandwidth of 4.1%, considering F/B ratio > 15 dB. Similarly, a notched

rectangular DRA with a small ground plane (see Fig. 1.19b) has been presented in [71]

to realize a unilateral radiation pattern along the x-direction. The dielectric resonator has

electrical dimensions of 0.23λ0 × 0.17λ0 × 0.29λ0. In order to achieve Huygens source ra-
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diation properties, the equivalent magnetic dipole has been generated by exciting the TEy
111

mode in the DR, whereas the electric dipole is obtained by breaking the symmetry of the

rectangular resonator. This can be done by introducing an arbitrary notch and/or metallic

strips. Furthermore, the notch shape provides a new degree of freedom in design so that it

can be used to tune the amplitude and phase difference between both electric and magnetic

sources, which leads to achieve a half-space radiation pattern. The proposed antenna achieves

a front-to-back ratio above 24 dB at 2.45 GHz.

(a) Rectangular DRA [72]. (b) Notched rectangular DRA [71].

Figure 1.19: Rectangular DRAs with cardioid-shaped unilateral radiation pattern.

DRAs with cylindrical shapes have also been proposed in the literature in order to obtain

Huygens source properties. In [69], the authors have proposed a cylindrical DRA with radius

of 0.19λ0 and height of 0.17λ0, as illustrated in Fig. 1.20a. It is also made up of a modified

Alford loop, comprising a circular patch and four stubs printed on the ground plane, and

a probe at the DR centre in order to excite a pair of fundamental TE and TM modes,

respectively, which produce the first circularly polarized field. The second circularly polarized

field has been obtained using a cross-slot fed printed in the ground plane of the DRA. As

a result, cardioid-shaped unilateral radiation properties in circular polarization along the y-

direction has been accomplished, with a measured F/B ratio of 15.5 dB at 2.44 GHz, and

a F/B ratio bandwidth above 4%, considering F/B ratio > 15 dB. In addition to that,

an impedance bandwidth and a 3-dB axial ratio bandwidth of 9.4% and 4.9% has been

accomplished, respectively. On the other hand, in [68], the authors have presented a compact

ring DRA with unilateral radiation patterns along the y-direction. The antenna is made up

of a dielectric resonator with height of 0.31λ0, and a ground plane of size 0.38λ0 × 0.31λ0,

as shown in Fig. 1.20b. The unidirectional patterns have been achieved by combining a

horizontal magnetic dipole and a vertical electric dipole. These dipoles have been generated by

exciting hybrid modes and using a monopole placed at the DR centre, respectively. Therefore,

the proposed DRA achieves a front-to-back ratio of 15 dB at 2.4 GHz, and a measured

impedance bandwidth of 12.1%.

It has been shown that few DRAs have been studied to achieve a Huygens source pattern.
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(a) Cylindrical DRA with lateral radiation [69].

(b) Ring DRA with unidirectional radiation pat-
tern [68].

Figure 1.20: Cylindrical DRAs with cardioid-shaped unilateral radiation pattern.

However, none have achieved a cardioid radiation pattern with improved radiation properties

along the +z-direction using rectangular dielectric resonators. It is important to note that

it is very challenging to achieve this kind of radiation pattern due to the position of feeding

probe located along the -z axis (see Fig. 1.19a), which may have an impact on the low

backward radiation of the antenna.

1.3 Conclusion

Antennas with half-space radiation patterns, as for instance, magnetoelectric or complemen-

tary source usually share the common constraint of using metallic structures, namely reflectors

and/or ground planes. However, the use of such metallic ground planes or the volume of these

antennas make them unsuitable for UAV and nanosatellite applications due to the small size of

platforms onboard. Huygens source antennas represent original solutions to satisfy the afore-

mentioned mechanical and radiation constraints. Huygens source combines pairs of collocated

and orthogonal electric and magnetic dipoles without the use of ground planes.

For this purpose, the design of a dielectric resonator antenna with capabilities to generate

a pair of equivalent x-directed magnetic and y-directed electric dipoles with certain conditions

in amplitude and phase, represents the main objective of this Ph.D. thesis in order to achieve

Huygens source patterns with a low backward radiation along the -z-direction.
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DRAs are particularly interesting to investigate since numerous degrees of freedom can

be exploited in design to control, for instance, their radiation properties. Furthermore, the

use of ceramic materials for DRA design provides high dielectric permittivities, low dielectric

loss, robustness, and high temperature stability, which are mainly required for the requested

applications in order to survive space environment [3, 6].

It has been demonstrated that several TE and quasi-TM modes can be excited in a

rectangular dielectric resonator antenna in order to generate two orthogonal electric and

magnetic dipoles, required to achieve a Huygens source pattern. The fundamental TE modes

are here interesting since they radiate like magnetic dipoles. Moreover, the combination of

second-order TE modes can generate a quasi-TM111 mode, which presents similar E- and

H-fields as those radiated by an electric dipole.

In the next chapter, two Huygens source antennas in linear and circular polarizations

are presented using stacked dielectric resonators. The stacked configuration is formed by

two resonators with different physical and electrical properties in order to generate a pair of

orthogonal electric and magnetic dipoles, required to achieve cardioid radiation patterns.
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As detailed in Chapter 1, an antenna with a cardioid radiation pattern is often required

for nanosatellite and UAV applications. These applications also demand for antennas without

the use of reflectors or large ground planes which can satisfy their mechanical requirements

due to the small volume of the platforms onboard. An original solution to achieve a cardioid

radiation pattern without a ground plane consists in designing a Huygens source antenna.

It has been shown that a Huygens source antenna is equivalent to two orthogonal electric

and magnetic dipoles radiating the same field in the E- and H-planes. For this purpose,

both equivalent electric and magnetic sources can be generated by exciting TE and quasi-

TM modes in a rectangular dielectric resonator, taking advantage of its numerous degrees of

freedom for the shape and material properties.

However, it has been shown in the literature, that the proposed Huygens source DRAs [22,

68, 69, 71, 72] radiate perpendicular to the feeding probe due to the difficulty to generate a

33
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horizontal equivalent electric dipole, i.e., a y-directed electric dipole, in a rectangular dielectric

resonator using a coaxial probe located along the -z axis.

In order to demonstrate the possibilities offered by DRAs in order to achieve a half-space

radiation pattern, a single-fed linearly polarized Huygens source antenna using rectangular

resonators is first presented. The dielectric resonators are here arranged in a stacked con-

figuration with different isotropic permittivities to generate a pair of orthogonal electric and

magnetic dipoles. As a result, the antenna achieves a cardioid radiation pattern without the

use of a large ground plane. However, the radiation patterns still present slight asymmet-

ric characteristics in the E- and H-planes. In order to demonstrate which modes are the

main contributors, the spherical mode expansion is then performed. It is shown that several

higher-order TE modes have an impact on the symmetry of the radiation patterns. Finally,

this chapter presents a circularly polarized Huygens source antenna made up of two stacked

dielectric resonators arranged in a cross-shaped configuration, and two coaxial probes. By

exciting two pairs of electric and magnetic dipoles, a cardioid radiation pattern in circular

polarization is achieved.

2.1 Linearly polarized Huygens source antenna using stacked

dielectric resonators

This section is intended to demonstrate how a Huygens source antenna in linear polarization

can be designed by combining pairs of orthogonal and collocated dipoles in stacked dielec-

tric resonators in order to achieve improved radiation properties along +z-direction and low

backward radiation.

2.1.1 Operating principle

In order to achieve a Huygens source pattern in linear polarization with improved radiation

properties in the +z-direction and low backward radiation in the -z-direction, the TEx
111

and quasi-TMy
111 modes must be excited in a rectangular dielectric resonator. The electric

and magnetic fields of these modes are equivalent to those radiated by a pair of x-directed

magnetic and y-directed electric dipoles, respectively.

Figure 2.1 depicts the E- and H- field distributions of the TEx
111 mode in a rectangular

dielectric resonator. As observed, the TEx
111 mode have similar fields to those radiated by a

magnetic dipole along x axis since the E-field is circular around the x axis, and the H-field

is vertical and strong along the x axis.

On the contrary, the TEx
121 and TEz

211 modes can be excited with equal amplitude and

phase using a dielectric resonator with square cross section along the x- and z-directions in

order to generate an equivalent quasi-TMy
111 mode. Figure 2.2 illustrates the E- and H- field

distributions of the quasi-TMy
111 mode in a rectangular dielectric resonator. As observed, this
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(a) E-field.

(b) H-field.

Figure 2.1: Field distributions of the TEx
111 mode in a dielectric resonator with dimensions a, b,

and d along x-, y-, and z-directions, respectively, and with dimension ratios of a = b/2 = d/2.

mode radiates like an equivalent electric dipole along y-direction.

Regarding the design of a Huygens source antenna using rectangular dielectric resonators,

it can be shown that a single resonator with a square cross section is insufficient to realize

a pair of orthogonal electric and magnetic dipoles at close enough frequencies to achieve a

cardioid radiation pattern.

Thus, the frequencies of resonant modes in a square-based DR are analyzed using eigen

modes in Ansys HFSS. The analysis consists in performing a parametric analysis of the DRA

dimensions and its relative permittivity. As an example, the properties of the TEx
111, TEx

112

and TEz
211 modes in a dielectric resonator with square section a = d = 39.4 mm, b = 19.6 mm,

and εr = 13 are analyzed, as depicted in Fig. 2.3. Table 2.1 shows the resonant modes in the

dielectric resonator. It possible to note that the TEx
112 and TEz

211 modes resonate at the same

frequency so that their combination generates the quasi-TMy mode. However, a frequency

difference of ∆f = 450 MHz between the TEx
111 and quasi-TMy

111 modes is obtained. This can

also be explained considering that it is not possible to excite a fundamental and a higher-order

mode along the same axis, namely TEx
111 and TEx

112 modes, at the same frequency in a single

dielectric resonator, as observed in Fig. 2.4.
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(a) E-field.

(b) H-field.

Figure 2.2: Field distributions of a quasi-TMy
111 mode in a dielectric resonator with dimensions

a, b, and d along x-, y-, and z-directions, respectively, and with dimension ratios of b = a/2 =
d/2.

TEy
111

TEx
111

TEz
111

TEy
112

TEy
211

TEz
211

TEx
112

Resonance frequency (GHz) 1.95 2.46 - 2.91

Table 2.1: Resonant modes in an isotropic dielectric resonator using eigen mode analysis,
when a = d = 39.4 mm, b = 19.6 mm, and εr = 13.

It is also possible to observe in Fig. 2.4a that the frequency difference between both

TEx
111 and quasi-TMy

111 modes cannot be reduced by varying the relative permittivity of

the isotropic dielectric resonator. The same behaviour is found by varying the square DRA

dimensions (see Fig. 2.4b). Even if the DR is fed using a coaxial probe and its physical

and electrical properties are optimized in order to generate a pair of elementary electric and

magnetic dipoles at nearby frequencies, a Huygens source pattern cannot be achieved due

to the large frequency difference which does not allow the fulfillment of the phase condition.

Therefore, a single isotropic dielectric resonator is insufficient to fulfill the required properties
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Figure 2.3: Exploded view of the square-based DRA.

to obtain a Huygens source pattern.

An original solution to reduce the frequency difference between the two TEx
111 and quasi-

TMy
111 modes consists in using two stacked dielectric resonators with different dielectric per-

mittivities or a single dielectric resonator with anisotropic properties, as will be discussed in

Chapter 5.

This Chapter will focus on the design of a Huygens source antenna using two stacked

dielectric resonators, as depicted in Fig. 2.5. Here, each resonator is supposed to generate

either an electric or magnetic dipole, with the required conditions in amplitude and phase to

achieve a cardioid radiation pattern. However, it is expected that both equivalent dipoles are

not collocated using this stacked configuration, making difficult the achievement of a perfect

Huygens source pattern.

Although both electric and magnetic dipoles are not collocated, a phase shift can be

adjusted to partially compensate the asymmetry of the cardioid radiation patterns. This

antenna is here called ‘Quasi-Huygens source’. Regarding its principle of operation, it relies

on tuning the resonant TEx
111 mode in the lower DR, and both TEx

121 and TEz
211 modes

in nearby frequencies in the upper DR, so that the required phase difference between the

equivalent magnetic and electric dipoles can be satisfied to accomplish a cardioid radiation

pattern.

2.1.2 Antenna Design

A Huygens source antenna is here designed in the 2.4 − 2.5 GHz ISM band. It is made up of

two stacked dielectric resonators with different dimensions and dielectric permittivities, and

it is fed by a single feeding probe, as illustrated in Fig. 2.5.
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(b) Resonance frequency vs. square dimensions a = d, when εr = 13.

Figure 2.4: Variation of the resonance frequency in a single DR as a function of εt and a = d,
when b = 19.6 mm.

Two stacked dielectric resonators with different dielectric constants are used to produce

both TEx
111 and quasi-TMy

111 modes. The dimensions of the dielectric resonator located at

the bottom of the structure, namely DR1, are computed theoretically based on the dielectric

waveguide model, as detailed in section 1.2.2. As first step, εr1 = 18 related to DR1 is fixed.

This value is here chosen since it can be easily obtained using ceramic dielectric materials.

Using the DMW, a = 16 mm, b = 23 mm, and d = 27 mm are found. Regarding the resonant

modes in DR1, it was observed that the required TEx
111 mode resonates at f0 = 2.43 GHz.

Afterwards, the dielectric waveguide model is also used for DR2 by fixing εr2 = 25, in

order to tune the quasi-TM mode at f0. Consequently, e = h = 33 mm, and g = 20.8 mm are

obtained. Table 2.2 shows the resonant modes of DR2. The TEx
112 and TEz

211 modes resonate

at the same frequency.
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Figure 2.5: Exploded view of the stacked Huygens source DRA (a = 16 mm, b = 23 mm,
d = 21 mm, e = h = 26 mm, g = 14.5 mm, εr1 = 18, εr2 = 25, dp = 1.23 mm, lp = 12.8 mm,
lm = 7 mm, xp = 0 mm, and yp = 10.89 mm)

.

Modes TEy
111

TEx
111

TEz
111

TEy
112

TEy
211

TEz
211

TEx
112

Resonance frequency (GHz) 1.56 1.84 2.27 2.43

Table 2.2: Resonant modes in DR2 using the DWM.

In order to excite the TEx
111 mode, DR1 can be fed using a coaxial probe. The probe has a

diameter of dp = 1.23 mm and height of lp = 12.8 mm. The probe is here supported by a small

patch with square dimensions of lm = 0.06 λ0, allowing to achieve the impedance matching.

Afterwards, DR2 is fed using the electric field distribution of the x-directed magnetic dipole.

The goal is to excite the quasi-TMy
111 mode by electromagnetic coupling to generate an

equivalent electric dipole along the y-direction with the required phase difference. The phase

difference can be controlled by optimizing the dimensions d related to DR1 and e = h of DR2,

taking into account that both equivalent dipoles are not collocated due to the relative position

of each resonator. In addition to that, the coupling between both dielectric resonators, using

the stacked configuration, generates a frequency shift that can be corrected by optimizing the

antenna dimensions.

A parametric analysis is then performed on the antenna dimensions in order to compensate

the frequency shift due to the coupling between both dielectric resonators. For this, a and b



40 Chapter 2. Quasi-Huygens Sources using Stacked Dielectric Resonators

are first fixed. Afterwards, the dimensions d, e = h, and g are selected so that they allow the

antenna to maximize the F/B ratio in the ISM band. The F/B ratio, in dB, is here defined

as the mathematical substraction between the total antenna gain found at θ = 0◦ and its

maximum value within 160◦ ≤ θ ≤ 200◦ (based on Fig. 2.10), namely backward radiation, as

expressed in the following equation

F/B ratio = G(θ = 0◦) −max[G(160◦ ≤ θ ≤ 200◦)]. (2.1)

As a result of the optimization process, d = 21 mm and g = 14.5 mm are found. Further-

more, it is possible to observe in Fig. 2.6, that an adjustment of the square dimensions e = h

can improve the F/B ratio. A maximum F/B ratio considering φ = 0◦ at f0 = 2.43 GHz can

be achieved for e = h = 26 mm. Finally, the electrical antenna dimensions are a = 0.13 λ0,

b = 0.19 λ0, d = 0.17 λ0, e = h = 0.21 λ0, and g = 0.12 λ0.
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Figure 2.6: Variation of the dimensions e = h vs. F/B ratio considering φ = 0◦ and 90◦ at
2.43 GHz, when a = 16 mm, b = 23 mm, d = 21 mm, g = 14.5 mm, εr1 = 18, and εr2 = 25.

2.1.3 Simulated results

Table 2.3 shows the resonant modes in the optimized stacked dielectric resonator using eigen

mode analysis in Ansys HFSS. This simulation is performed using perfectly matched layers

(PML) in order to obtain accurate results. Observe that both TEx
111 and quasi-TMy

111 modes

resonate at 2.38 GHz and 2.56 GHz, respectively. The required TE and TM modes are thus

tuned at nearby frequencies so that a proper phase difference between both equivalent electric

and magnetic sources can be achieved at f0.

Figure 2.7 depicts the electric field distribution of the stacked dielectric resonator using

modal simulation in Ansys HFSS at 2.43 GHz. As observed, loops shapes are observed in
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Modes TEx
111 TEz

111 TEy
112

TEz
211

TEx
112

Resonance frequency (GHz) 2.38 2.47 2.52 2.56

Table 2.3: Resonant modes in the optimized stacked dielectric resonator using eigen mode
analysis, when a = 16 mm, b = 23 mm, d = 21 mm, e = h = 26 mm, g = 14.5 mm, εr1 = 18,
and εr2 = 25.

the E- and H-fields so that the confined fields in the stacked DRs are equivalent to those

radiated by two x-directed magnetic and y-directed electric dipoles. Furthermore, it is shown

that both equivalent dipoles are not collocated and not found at the interface between the two

dielectric resonators. This result is indeed expected since each resonator produces a single

equivalent dipole.

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

Figure 2.7: Field distributions of the equivalent dipoles in the optimized dielectric resonator
found at 2.43 GHz.

Fig. 2.8 and 2.9 show the simulated reflection coefficient and the F/B ratio of the proposed

antenna. The antenna has an impedance bandwidth of 9.5% from 2.27 to 2.5 GHz, for a

reflection coefficient of |S11| ≤ −10 dB. Furthermore, the proposed Huygens source DRA has

a maximum F/B ratio of 31.8 dB at 2.43 GHz, considering φ = 0◦ and 90◦, that is to say xz-

and yz-planes on Fig. 2.5, respectively. The F/B ratio bandwidth (F/B ratio ≥ 15 dB) is

3.3%, from 2.39 GHz to 2.47 GHz.

Fig. 2.10 and 2.11 show the simulated results for the total antenna gain, as well as the co-

polarization (Co-pol.) and cross-polarization (X-pol.) gain of the proposed Huygens source

DRA at 2.43 GHz, considering φ = 0◦ and 90◦. Observe that the backward radiation is
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Figure 2.8: Simulated reflection coefficient of the isotropic stacked Huygens source DRA.
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Figure 2.9: Simulated front-to-back ratio the isotropic stacked Huygens source DRA, consid-
ering φ = 0◦ and 90◦.

significantly reduced. Furthermore, the antenna has a maximum gain (θ = 0◦) of 5.86 dBi

at 2.43 GHz. However, both E- and H-planes of the radiation pattern are not perfectly

symmetric. It may be to the fact that both equivalent dipoles are not collocated and they

may have unbalanced amplitudes and phases, as it will be discussed in the next section. The

X-pol. gain at φ = 90◦ is lower than -40 dB. Besides, the X-pol. gain at φ = 0◦ is mainly due

to the lack of symmetry of the stacked dielectric resonators and the use of a single feeding

probe. This latter will be discussed later in Chapter 5.
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Figure 2.10: Simulated gain of the isotropic stacked Huygens source DRA at 2.43 GHz for
θ = 0◦.
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(a) Total gain considering φ = 0◦ and 90◦.

(b) Co-pol. and X-pol. gain considering φ = 0◦.

(c) Co-pol. and X-pol. gain considering φ = 90◦.

Figure 2.11: Simulated gain of the stacked Huygens source DRA at 2.43 GHz.
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2.2 Spherical mode analysis of the proposed DRA

A spherical mode analysis is here performed in order to determine the contribution of the

fundamental TE modes that generate a pair of non-collocated electric and magnetic dipoles

in the proposed stacked DRA. Furthermore, the impact of higher-order modes on the lack of

symmetry of its radiation pattern in the E- and H-planes are analyzed in this section.

2.2.1 Theory of spherical mode expansion

The spherical mode expansion (SME) is an interesting tool to better understand the antenna

behavior. For this, the radiated field by the antenna under test is expanded in electric and

magnetic spherical modes, as detailed in Appendix A. Thus, the expanded electric field can

be written as [73, 74]

E(r) =
∞
∑

n=1

n
∑

m=−n

[

dT E
mnMmn(r) + dT M

mn Nmn(r)
]

(2.2)

where dT E
mn and dT M

mn are the complex spherical (sph) coefficients of the TEsph and TMsph com-

ponents of the radiated field, Mmn(r) and Nmn(r) describes the normalized vector spherical

harmonics in far-field, and m and n are the mode indices (| m |≤ n).

The index m defines the φ-variation of the spherical mode in the interval 0◦ ≤ φ ≤ 360◦

i.e., the number of oscillations along the azimuth. For instance, if m = 1, the variation of

the field occurs from the x axis towards the y axis. Otherwise, the opposite rotation defines

m = −1. On the contrary, n is the multipolar order so that θ-variation depends on the indices

m and n.

In Fig. 2.12, the spherical harmonic modes are represented in a sphere by varying the

indices m and n. For instance, it is shown that an increment of n gives an increase of the

number of oscillations in the radiation pattern. In addition to that, it is possible to observe

that an elementary dipole radiation pattern-like can be obtained for n = 1.

2.2.2 Spherical mode expansion for elementary dipoles

In order to better understand the output of the spherical mode expansion, simulations in

FEKO are performed for elementary electric and magnetic dipoles. For instance, the spherical

coefficients for an elementary electric source placed along y axis (see Fig. 2.13) are calculated

in simulation using FEKO. As a result, note that the fundamental TMsph
−11 and TMsph

11 modes

are the only modes that exist in the SME when the electric source along y axis is placed at

the origin of the coordinate system, i.e. at x = y = z = 0, as shown in Table 2.4. Besides,

the spherical coefficients associated to the TMsph
−11 and TMsph

11 have identical amplitudes and

phases.
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Figure 2.12: Vector pherical harmonics by varying the indices n and m.

Figure 2.13: y-directed electric dipole.

Mode m n Phase (degrees) Rel. power (%)

TMsph -1 1 90 50

TMsph 1 1 90 50

Table 2.4: Spherical coefficients of an electric source located along y axis and at the origin of
the coordinate system.

On the contrary, if the y-directed electric dipole is located outside the origin (see Fig.

2.14), higher-modes exist in the SME. Table 2.5 shows the spherical coefficients for a y-

directed elementary electric dipole located at h = λ/4. As observed, several TE and TM

modes of first and second order now appear at the spherical mode expansion.

Regarding the far-field properties of a x-directed elementary magnetic dipole located at
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Figure 2.14: y-directed electric dipole with an offset of λ/4.

Mode m n Phase (degrees) Rel. power (%)

TEsph -1 1 180 18.5

TMsph -1 1 90 16.1

TEsph 1 1 0 18.5

TMsph 1 1 90 16.1

TEsph -1 2 -180 3.6

TMsph -1 2 90 9.9

TEsph 1 2 0 3.6

TMsph 1 2 90 9.9

Table 2.5: Spherical coefficients of a y-directed electric dipole with an offset of λ/4.

x = y = z = 0, it radiates a pair of fundamental TEsph
−11 and TEsph

11 modes with same

amplitudes and 180◦ out of phase, as shown in Table 2.6.

Mode m n Phase (degrees) Rel. power (%)

TEsph -1 1 0 50

TEsph 1 1 -180 50

Table 2.6: Spherical coefficients of a magnetic source located along x axis and at the origin
of the coordinate system.

Finally, two orthogonal and collocated elementary y-directed electric and x-magnetic

dipoles are analyzed using the SME. Both orthogonal dipoles are defined with equal am-

plitudes and excited in phase quadrature in order to obtain a perfect Huygens source pattern,

as observed in Fig. 2.15. Table 2.7 shows the associated modes of the ideal Huygens source.

As expected, the sum of the spherical TEsph
−11 and TEsph

11 modes radiate with a relative power

of 50%. The remaining power is distributed over the TMsph
−11 and TMsph

11 modes, which also

have same amplitudes. Regarding the phase difference between the TEsph
11 and TMsph

11 modes,

they radiate 180◦ out of phase so that a Huygens source pattern with symmetric radiations

patterns in the E- and H-planes can be achieved.
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Figure 2.15: Combination of two orthogonal x-directed magnetic and y-directed electric
dipoles.

Mode m n Phase (degrees) Rel. power (%)

TEsph -1 1 90 25

TMsph -1 1 90 25

TEsph 1 1 -90 25

TMsph 1 1 90 25

Table 2.7: Spherical coefficients of an ideal Huygens source.

2.2.3 Spherical mode expansion for the proposed DRA

Based on the previous SME analysis, it is shown that spatial location of the electric and

magnetic sources plays an important role to correctly determine the spherical coefficients.

For that reason, in order to perform the SME analysis for the proposed DRA, it is important

to fix the origin of the coordinate system. Arbitrarily, the origin is here located at the

interface between the two dielectric resonators. However, it is expected that higher-order

spherical modes radiate in the proposed antenna.

Fig. 2.16 shows the relative power of spherical coefficients in the proposed DRA as a

function of the frequency. As a matter of simplicity, the relative power of the spherical modes

is calculated so that the TEsph
|±1|1 mode corresponds to the sum of its fundamental TEsph

−11 and

TEsph
11 modes, since their magnitudes are identical. The same procedure is applied to the

TMsph
−11/TMsph

11 , TEsph
−12/TEsph

12 and TMsph
−12/TMsph

12 modes.

The amplitude difference of the fundamental TEsph
|±1|1 and TMsph

|±1|1 modes at 2.43 GHz is

23.58%. Regarding the second-order modes, only the TEsph
12 mode contributes with a relative

power higher than 4%. The other modes, such as the TEsph
22 , TMsph

12 , and TMsph
22 , have a

negligible relative power. The TMsph
01 mode radiates due to the coaxial probe placed along z

axis based on the SME.
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Figure 2.16: Relative power of the spherical modes in the stacked Huygens source DRA.

Fig 2.17 depicts the phase difference between the TEsph
11 and TMsph

11 coefficients. It is shown

that these fundamental TE and TM modes are 168◦ out of phase at 2.43 GHz. This result can

partially satisfy the requirements to achieve a quasi-Huygens source radiation pattern since

the dipoles are not collocated so that higher-order modes also exist in the SME. Therefore,

the compensation of the phase difference and radiation of higher-order modes leads to obtain

asymmetric cardioid radiation patterns in the E- and H-planes.
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Figure 2.17: Phase difference between the fundamental TEsph
11 and TMsph

11 modes in the stacked
Huygens source DRA.

Fig. 2.18a illustrates the normalized total gain patterns of the proposed DRA at 2.43 GHz.

Moreover, due to the fact that equal amplitudes for the TEsph
11 and TMsph

11 modes are found at
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2.45 GHz (see Fig. 2.16), the radiation pattern is also depicted at this frequency in Fig. 2.18b.

A comparison between the radiation patterns obtained with the proposed DRA and an ideal

Huygens source can be performed based on this figure. As observed, the radiation pattern

at 2.43 GHz, considering φ = 90◦, behaves similar to that obtained using an ideal Huygens

source (see Fig. 2.18a). The F/B ratio of the proposed DRA is large enough to satisfy the

radiation constraints for UAV and nanosatellite applications. However, the radiation pattern

at 2.43 GHz is not perfectly symmetric.

(a) f = 2.43 GHz.

(b) f = 2.45 GHz.

Figure 2.18: Normalized simulated gain of the stacked Huygens source DRA.

On the other hand, the antenna performances in far-field at 2.45 GHz presents an opposite
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behavior. The radiation pattern present better symmetry in the E- and H-planes. However,

the F/B ratio is lower than the obtained at 2.43 GHz. As a conclusion, the unbalance

amplitude of the fundamental modes is here compensated by the radiation of higher-order

modes in order to achieve a quasi-Huygens source pattern with asymmetric properties in the

E- and H-planes.

2.2.4 Impact of higher-order modes on the radiation pattern symmetry

The contribution of higher-order modes is here investigated in order to understand the lack of

symmetry of the radiation patterns at φ = 0◦ and 90◦. For this, the spherical mode expansion

is performed at two different frequencies, at 2.43 GHz and 2.45 GHz. The first frequency is

here selected since the antenna radiates with a quasi-Huygens source radiation pattern. For

the latter, a perfect amplitude balance between the TEsph
|±1|1 and TMsph

|±1|1 modes is found at

2.45 GHz. As an objective of the SME, the impact of higher-order modes on the radiation

pattern is analyzed in this section by imposing certain properties in phase and amplitude on

the fundamental spherical TE and TM modes.

2.2.4.1 Higher-order modes at 2.43 GHz

Fig. 2.19 shows the radiation patterns of the original antenna (as shown Fig. 2.18a) and

antenna under test by keeping all the modes found in Fig. 2.16 and imposing artificially (a)

just a phase difference of 180◦ between the fundamental TEsph
11 and TMsph

11 modes, and (b)

ideal Huygens source properties, i.e., phase difference of 180◦ and same amplitudes. As a

result, almost symmetric patterns can be achieved for both cases. However, the F/B ratio

decreases, as observed in Fig. 2.19.
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Figure 2.19: Normalized simulated gain of the stacked Huygens source DRA at 2.43 GHz
with specific conditions on fundamental modes.

Then, considering far-field radiation of the proposed antenna by suppressing all the higher-

order modes (TEsph
|±1|2, TMsph

|±1|2, and TMsph
01 ), the radiation patterns are obtained as depicted

in Fig. 2.20a. It is observed that both planes at φ = 0◦ and 90◦ now have symmetric shapes.

However, the F/B ratio only achieves 15 dB, that is to say a lower value than that obtained

with the proposed antenna. On the other hand, it is shown that the TEsph
12 mode has a

significant impact on the F/B ratio and the symmetry of the radiation patterns at 2.43 GHz.
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(a) Radiation pattern suppressing all the higher-order modes.

(b) Radiation pattern suppressing only the TEsph
12 mode.

Figure 2.20: Normalized simulated gain of the stacked Huygens source DRA suppressing
higher-order modes at 2.43 GHz.

Fig. 2.21 illustrates the far-field radiation of the proposed antenna by suppressing the

TMsph
12 and TMsph

01 modes. As observed, the TMsph
12 mode also has an impact on the far-field

radiation properties of the DRA. In addition to that, the F/B ratio of the antenna decreases

about 15 dB by suppressing the TMsph
12 mode with respect to that obtained in absence of

higher-order modes. On the contrary, a negligible impact occurs when suppressing the TMsph
01

mode. Here, an identical behavior is obtained while comparing the original radiation pattern

and that produced by the antenna under test.
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(a) Radiation pattern suppressing only the TMsph
12 mode.

(b) Radiation pattern suppressing only the TMsph
01 mode.

Figure 2.21: Normalized simulated gain of the stacked Huygens source DRA suppressing the
TMsph

12 and TMsph
01 modes at 2.43 GHz.

2.2.4.2 Higher-order modes at 2.45 GHz

The spherical mode expansion is also performed at 2.45 GHz since the fundamental TEsph
|±1|1

and TMsph
|±1|1 modes present a balanced amplitude, which is required to achieve a perfect

Huygens source radiation pattern. However, the impact of higher-order modes is here analyzed

since the equivalent electric and magnetic dipoles are not collocated.

Fig. 2.22 shows the radiation pattern of the proposed antenna by suppressing (a) all

the higher-order modes, and (b) only the TEsph
12 mode. For case (a), a perfect symmetry of

the radiation patterns at φ = 0◦ and 90◦ is achieved. Furthermore, the antenna achieves a
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F/B ratio of 23 dB, which is a reasonable value when designing Huygens source antennas.

Comparing these results with the radiation pattern of the original antenna, it is possible

to conclude that the radiation of higher-order modes affects the symmetry of the radiation

patterns at 2.45 GHz. For case (b), the suppression of the TEsph
12 mode has an important

impact on the symmetry of the radiation patterns and the F/B ratio. In addition to that,

similar F/B ratios and far-field radiation are achieved at φ = 90◦ when comparing Fig. 2.22a

and Fig. 2.22b.

(a) Radiation pattern suppressing all the higher-order modes.

(b) Radiation pattern suppressing only the TEsph
12 mode.

Figure 2.22: Normalized simulated gain of the stacked Huygens source DRA suppressing
higher-order modes at 2.45 GHz.

A new test is finally performed using the SME by suppressing only the (a) TMsph
12 or (b)

TMsph
01 modes, as shown in Fig. 2.23. It is possible to observe that similar far-field radiation

is found when comparing with the original antenna at 2.45 GHz.
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(a) Radiation pattern suppressing only the TMsph
12 mode.

(b) Radiation pattern suppressing only the TMsph
01 mode.

Figure 2.23: Normalized simulated gain of the stacked Huygens source DRA suppressing only
the TMsph

12 mode and TMsph
01 mode at 2.45 GHz.

It is shown that fact of not having collocated dipoles in the stacked DRA leads to the

radiation of higher order modes. More specifically, the TEsph
12 and TMsph

12 modes have an

important impact on the the asymmetry of the radiation patterns in the E- and H-planes, at

2.43 GHz. On the other hand, the unbalance amplitude between the fundamental modes is

here compensated with the radiation of higher-order modes in order to achieve quasi-Huygens

source properties.
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2.3 Circularly polarized quasi-Huygens source antenna using

stacked DRs

In the previous section, a single-fed linearly polarized quasi-Huygens source antenna was

presented based on stacked dielectric resonators. In this section, its possible extension to

circular polarization is presented. It consists of a cross-shaped antenna made of two stacked

dielectric resonators.

2.3.1 Principle of operation

The Huygens source in circular polarization relies on the orthogonal combination of two

linearly polarized Huygens sources. According to the coordinate system shown in Fig. 2.24,

the first Huygens source which is linearly polarized in the xz-plane, is due to the TEx
111 and

quasi-TMy
111 modes in the dielectric resonators. The second Huygens source which is linearly

polarized in the yz-plane, is generated by the TEy
111 and quasi-TMx

111 modes. Finally, two

ports with phase quadrature are used to achieve circular polarization.

2.3.2 Antenna design

The proposed antenna concept is designed to obtain a quasi-Huygens source in the 2.45 GHz

ISM band. Given the previous linearly polarized quasi-Huygens source antenna detailed in

section 2.1, a new structure is designed by duplicating the stacked dielectric resonator and

rotating it 90◦ along the z axis to form a stacked cross-shaped resonator, as shown in Fig. 2.24.

The proposed dielectric resonator is fed using two coaxial probes 90◦ out of phase to excite the

TEx
111 and TEy

111 modes with the required phase difference to achieve circular polarization. In

addition to that, the quasi-TMx
111 and quasi-TMy

111 modes are excited using the electric field

distribution of the x-directed and y-directed magnetic dipoles, respectively. Here, a proper

frequency shift between TE and quasi-TM modes allows to satisfy the requirements to obtain

a cardioid-like radiation pattern. This frequency shift is accomplished by setting the electrical

and physical properties of the stacked dielectric resonator.

Firstly, considering the same dimensions for the DRA as the one used for the linearly

polarized Huygens source, the resonance frequencies of the eigen modes in the stacked cross-

shaped dielectric resonator are found, as reported in table 2.8. The required TE and quasi-TM

modes resonates at frequencies below f0 = 2.45 GHz. This frequency shift downwards of the

resonant modes may be due to the cross shape of the dielectric resonators. It can be corrected

by optimizing the dimensions and electrical properties of the stacked cross-shaped dielectric

resonator.

A parametric analysis is then performed on the antenna dimensions in order to adjust the

frequency shift between TE and quasi-TM modes and tune the antenna at f0 = 2.45 GHz.

As a result, the electrical and physical properties of the dielectric resonators are a = 13 mm,
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Figure 2.24: Exploded view of the stacked cross-shaped Huygens source DRA (a = 13 mm,
b = d = 31 mm, e = h = 20 mm, g = 13.5 mm, εr1 = 11.5, εr2 = 18, lp1 = 15.5 mm,
lp2 = 15 mm, and lm = 10 mm).

Modes
TEx

111

TEy
111

TEz
111

quasi-TMx
111

quasi-TMy
111

Resonance frequency (GHz) 1.85 2.02 2.20

Table 2.8: Resonance frequencies of the eigen modes in the stacked cross-shaped dielectric
resonator with a = 16 mm, b = 23 mm, d = 21 mm, e = h = 26 mm, g = 14.5 mm, εr1 = 18,
and εr2 = 25.

b = d = 31 mm, e = h = 20 mm, g = 13.5 mm, εr1 = 11.5, and εr2 = 18. Similarly,

the total electrical antenna dimensions are d + h = 0.41λ0, and b = 0.25λ0. The probes

have a diameter of dp = 1.23 mm, and heights of lp1 = 15.5 mm, and lp2 = 15 mm. They

are supported by small metallic plates with square dimensions of lm = 0.08 λ0 to ensure the

impedance matching. Table 2.9 shows the computed resonance frequencies of the eigen modes

for the stacked cross-shaped DRA.

2.3.3 Simulated results

Fig 2.25 shows the simulated reflection S11 and coupling S21 coefficients. The antenna has an

impedance bandwidth of 21.2% from 2.26 to 2.78 GHz, for a reflection coefficient of | S11 |≤
−10 dB. Furthermore, a low coupling, lower than −15 dB, between the two coaxial probes
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Modes
TEx

111

TEy
111

TEz
111

Quasi-TMx
111

Quasi-TMy
111

Resonance frequency (GHz) 2.35 2.70 2.72

Table 2.9: Resonance frequencies of the eigen modes in the optimized stacked cross-shaped
dielectric resonator with a = 13 mm, b = d = 31 mm, e = h = 20 mm, g = 13.5 mm,
εr1 = 11.5, and εr2 = 18.
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Figure 2.25: Simulated reflection S11 and coupling S21 coefficients of the stacked cross-shaped
Huygens source DRA.

ensures a good orthogonality between the two combined quasi-Huygens sources.

The simulated front-to-back ratio and axial ratio (AR) of the antenna as a function of the

frequency is shown in Fig. 2.26 and 2.27, respectively. The Huygens source antenna achieves

a maximum F/B ratio of 26.3 dB at 2.45 GHz. The F/B ratio bandwidth (F/B ratio ≥
15 dB) is 4.9%, from 2.39 GHz to 2.51 GHz. On the other hand, the axial ratio bandwidth

(AR ≤ 3 dB) is 22.9%, from 2.22 GHz to 2.78 GHz.

Fig. 2.28 depicts the simulated axial ratio as a function of θ at 2.45 GHz, considering

φ = 0◦ and 90◦. The simulated axial ratio of the Huygens source antenna is below 3 dB for

−15◦ ≤ θ ≤ 49◦, considering φ = 0◦. In addition to that, the axial ratio covers −62◦ ≤ θ ≤ 11◦

and 51◦ ≤ θ ≤ 80◦, considering φ = 90◦, respectively.

Fig. 2.29 illustrates the simulated radiation patterns of the proposed antenna. It corre-

sponds to a Huygens source pattern. Furthermore, the DRA operates in left-hand circular

polarization at 2.45 GHz, with a maximum simulated gain at boresight of 5.93 dBi. Right-

hand circular polarization can be obtained by changing the sign of the phase shift between

the two feeding probes.
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Figure 2.26: Simulated front-to-back ratio of the stacked cross-shaped Huygens source DRA.
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Figure 2.27: Simulated axial ratio vs. frequency of the stacked cross-shaped Huygens source
DRA, considering θ = 0◦ and φ = 0◦.
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Figure 2.28: Simulated axial ratio vs. θ of the stacked cross-shaped Huygens source DRA,
considering f0 = 2.45 GHz.
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2.4 Conclusion

A stacked DRA has been designed to achieve a cardioid radiation pattern with no backward

radiation, i.e., a quasi-Huygens source. The antenna principle of operation relies on the com-

bination of two electric and magnetic dipoles generated by two stacked rectangular dielectric

resonators with different physical and electric properties.

The combination of TEx
111 and quasi-TMy

111 modes contributes to achieve a cardioid ra-

diation without ground plane. However, it has been shown in the spherical wave expansion

analysis that the equivalent electric and magnetic dipoles are not perfectly collocated within

the DRA, which leads to achieve a radiation pattern with asymmetric planes at φ = 0◦ and

90◦.

The proposed stacked Huygens source antenna has a F/B ratio of 31.8 dB and a maximum

simulated gain of 5.86 dB at 2.43 GHZ. Furthermore, the impedance and F/B ratio bandwidth

of the stacked DRA are 9.5% and 3.3%, respectively.

Besides, a stacked cross-shaped DRA fed by two coaxial probes has also been designed

with a cardioid radiation pattern in circular polarization and an impedance bandwidth of

21.2%. It achieves a 3-dB axial and F/B ratio bandwidth of 22.9% and 4.9%, respectively.

Its maximum simulated gain is 5.93 dBi at 2.45 GHz.

Finally, in this chapter, a stacked configuration made up of two dielectric resonators

has been proposed to generate a quasi-Huygens source pattern. The lack of symmetry in

the radiation pattern has represented the main difficulty since the equivalent electric and

magnetic dipoles are not collocated in the stacked resonators. In order to overcome this

problem, another degree of freedom can be needed to be able to use only one dielectric

resonator in which both TE and quasi-TM modes can be tuned almost independently. It

will be shown in Chapter 5 that it can be done using an anisotropic dielectric resonator.

But prior to that, the next Chapter will discuss how to create such engineered anisotropic

dielectric material exploiting the capabilities of additive manufacturing of ceramics.
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In the previous chapter, two Huygens sources made up of stacked dielectric resonators

have been proposed in the ISM band. The electrical properties of the proposed dielectric

resonators have been selected in order to achieve a half-space radiation pattern. However,

the use of dielectric materials with isotropic dielectric constants does not allow for a more

compact Huygens source antenna.

Recently, it has been shown that 3-D printing technologies are opening up new perspectives

in antenna design [75–77]. Regarding DRA applications, in addition to allow for complex

shapes, additive manufacturing provides also a new way to control the effective permittivity

of the 3-D-printed materials such as its value, homogeneity, or isotropy.

This chapter covers the state-of-the-art of additive manufacturing techniques used to cre-

ate complex materials with homogeneous/heterogeneous properties. Afterwards, it is shown

65



66 Chapter 3. Engineering Anisotropy using Additive Manufacturing

how 3-D printing can be exploited for microwave and antenna applications. Finally, an en-

gineered anisotropic dielectric material made up of several sub-wavelength unit cells and

suitable for DRA applications is proposed and studied.

3.1 Additive manufacturing technologies

Additive manufacturing (AM) has been defined by the American Society of Testing and

Materials (ASTM) as a printing process for joining materials layer upon layer to make 3-D-

printed objects [78]. Since the late 1980s, additive manufacturing has been investigated and

used to create models and prototype parts. It provides a higher mechanical accuracy than

conventional technologies and prevents excessive material wastage, which leads to enhance

time/cost efficiency. These capabilities make it useful for designing structures with complex

and/or heterogeneous properties [79].

Over the past 20 years, additive manufacturing has been applied to several applications.

In the aerospace field, it has been used to create complex components for satellites, helicopters

and engines [80]. In the medical sector, AM has been used to fabricate 3-D-printed medicine,

tissues and organs, medical devices, and prosthetics [81]. And in the last decade, additive

manufacturing has been particularly interesting for microwave and radio frequency (RF)

applications to build filters [82, 83], lenses [84–86], or antennas [15–17, 87].

Different 3-D printing technologies have been developed in the past two decades. Stere-

olithography apparatus (SLA), fused deposition modeling (FDM), Polyjet, laminated object

manufacturing (LOM), selective laser sintering (SLS), selective laser melting (SLM), lami-

nated engineered net shaping (LENS), and electron beam melting (EBM) are the most com-

mon methods used in the industry. Each technology involves several distinct processes and

materials for printing 3-D objects [78], [79]. Several materials such as polymers, thermo-

plastics, ceramics, metals, and composites can be used. Inspired by [88], Table 3.1 includes

the most important categories and technologies currently used to manufacture 3-D-printed

structures. These technologies are described in the following sections.

3.1.1 Stereolithography apparatus

The stereolithography apparatus (SLA) is a 3-D printing process used to fabricate complex

pieces with high level of accuracy. SLA relies on the solidification of a liquid photosensitive

resin by applying a laser beam [89]. Fig. 3.1 illustrates the photopolymerization process

used to manufacture dielectric pieces using SLA [89]. The process begins when the building

platform is lowered and an ultraviolet laser is applied to cure the resin in order to solidify the

liquid polymer. Afterwards, a scan mirror is employed to focus the ultraviolet laser on the

layer surface with a specific thickness [78, 88]. Finally, the solid dielectric sample must be

cleaned using a chemical bath for removing wet resin, and it is exposed again to the ultraviolet

light in order to polish the dielectric sample [89].
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Categories Technology Materials

Vat Photopolymeriza-
tion

Stereolithography, Digital
Light Processing

Photopolymers,
ceramic materials

Material extrusion Fused Deposition Mode-
liong

Polymers

Binder Jetting 3-D printing, Ink-jetting
S-print, M-print

Metals, polymers,
ceramic materials

Direct Energy Deposi-
tion

Direct Metal Deposition,
laser Deposition, Laser
Consolidation, Electron
Beam Direct Melting

Metals: Powder
and wire

Material Jetting Polyject, Ink-jetting,
Thermojet

Photopolymer

Powder bed fusion Selective Laser Sintering,
Selective Laser Melting,
Electron Beam Melting

Metals, polymers,
ceramic materials

Table 3.1: Additive manufacturing technologies, inspired by [88].

Figure 3.1: Stereolithography setup [88].

Stereolithography is currently the most used technique in 3-D printing. It usually employs

photopolymers or ceramic materials to create 3-D-printed shapes. The main advantage of

SLA is its capability to manufacture structures with smooth properties and high accuracy.

Moreover, a good resolution of about 50 µm along x, y- and z axis, and low surface roughness

below 10 µm can be achieved with this technology [90].
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3.1.2 Fused deposition modeling

Fused deposition modeling (FDM) is a 3-D printing technology consisting in the extrusion

and deposition of a polymeric material. Fig. 3.2 depicts the setup of the FDM process.

Firstly, a thin filament of polymer is softened and melted at very high temperature by means

of electrical resistances. After, the structure is pushed and forced using a nozzle in order to

extrude the material and form the desired shape. The nozzle is used to press the extruded

material on the building platform [88].

Figure 3.2: Fused deposition modeling setup [88].

The main advantage of this process is that no chemical process is needed. However, the

resolution of the machine on the longitudinal axis i.e., z axis in Fig. 3.2, is limited to 0.25 mm

[89]. This is an important constraint while designing complex shapes since the manufacturing

process can take long and its accuracy is compromised.

3.1.3 Selective laser melting

Fig. 3.3 shows the manufacturing setup of the selective laser melting (SLM) technique. The

SLM consists in putting a dielectric or metallic powder into a substrate plate in a building

chamber. Afterwards, a high power laser is employed to melt and fuse selected areas along

the cross-section. During this process, the material is exposed under a controlled oxygen

environment using an inert gas or nitrogen, due to the high temperatures to melt the dielectric

or metallic powder [88]. SLM generally employs polymers, metallic, or ceramic materials to

create 3-D-printed samples.

SLM technology provides a mechanical accuracy ranging from 0.03 mm to 0.1 mm [82].

It is useful to create complex 3-D-printed structures and it is mainly used in the aircraft and

aerospace industry given the suitable mechanical properties provided by this technology.
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Figure 3.3: Selective laser melting setup [88].

3.1.4 Material Jetting

Material jetting uses a movable inkjet print head that ejects droplets selectively on the building

area, as illustrated in Fig. 3.4. The process begins curing the selected material by applying

an ultraviolet light to convert it into a layer of a solid material. The jetting printers has

a resolution of about 10 − 30 µm and it is usually employed to 3-D print materials with a

viscosity that can form drops as photopolymers [88].

Material jetting is widely employed in aerospace applications to develop printed parts of

aircraft due to the high accuracy of the process to manufacture 3-D-printed structures and

the versatility to built parts of multiple colors. However, this technology fabricates weaker

structures than SLA [89].

Figure 3.4: Material jetting setup [88].
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3.2 Additive manufacturing for microwave applications

This section presents a state-of-the-art of additive manufacturing for microwave applications.

It will be shown that 3-D printing allows great flexibility in the design of microwave materials,

circuits, and antennas, by modifying their shapes or electromagnetic properties.

3.2.1 AM for microwave materials

Over the last two decades, additive manufacturing has been widely used to 3-D print mi-

crowave materials by controlling their electromagnetic properties, for instance, dispersion,

anisotropy, or inhomogeneity.

3.2.1.1 General properties of 3-D-printed materials

One of the first applications of additive manufacturing for microwave applications has been

dedicated to the control of the properties of artificial materials, namely their conductivity,

permittivity, or permeability. For instance, AM has been used to control the effective permit-

tivity of dielectric materials by incorporating nanoparticles and high-permittivity polymers.

In [91], 3-D-printed materials using FDM and SLA technologies have been created by incor-

porating higher concentrations of different ceramic nanoparticles that have a high relative

permittivity and low loss. These capabilities represents an alternative way for certain RF and

microwave devices which generally use industry-standard FR-4.

3.2.1.2 Control of the permittivity

3-D printing can take advantage of their degrees of freedom to create multiple-material objects

in order to affect the properties of a host material. Fig. 3.5 illustrates different air-filling

percentages in a dielectric substrate [92]. It has also been shown in [92–94], that the effective

permittivitty of a dielectric material can be controlled by modifying its air volume fraction.

Figure 3.5: Examples of a dielectric material with different different infill percentages [92].
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Similarly, 3-D printing has been exploited to create thermoplastic materials with high

dielectric properties. More specifically, it has been shown in [95], that the adjustment of the

infill factor of a composite material made up of polymers and nanoparticles can be used to

control its effective dielectric constant of 3-D-printed structures, as shown in Fig. 3.6. It is

shown that the reduction in the material infill (increase of the percentage of air gaps) leads

to decrease the relative permittivity and modify the material losses.

(a) Examples of test samples
with variable infill.

(b) Material infill.

Figure 3.6: 3-D-printed materials with variable infill factor. [95].

3.2.1.3 Control of the dispersion

The capabilities of 3-D-printed has also been exploited to fabricate new artificial and low-loss

composite and inhomogeneous structures for electromagnetic bandgap (EBG) applications.

For instance, in [96], these artificial structures are formed by macroscopic inclusions in order

to control the dispersion of a periodic lattice substrate. Furthermore, in [97], the authors

have designed 3-D submillimeter-wave EBG crystals from an artificial periodic structure of

unit cells, as depicted in Fig. 3.7. It has been demonstrated that the fact of increasing the

amount of dielectric in the unit cell leads to reduce the bandgap edges and centre frequencies.

3.2.1.4 Control of the anisotropy

Over the last couple of years, the capabilities of additive manufacturing have been exploited

to 3-D-print anisotropic materials using FDM Technology. In [94], it has been proposed to
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Figure 3.7: 3-D-printed periodic lattice for EGB applications. [97].

control the effective permittivity of dielectrics by structuring the 3-D-printed material, as de-

picted in Fig. 3.8a. In that case, sub-wavelength unit cells consisting of both air and dielectric

metamaterial are periodically printed so as to obtain a material which effective dielectric per-

mittivity is controlled by the volume fill rate of its unit cells. The proposed unit cells included

arrays of holes, dielectric rods, and different shaped holes and rods. Furthermore, in order to

ensure a homogeneous macroscopic behavior of the final material, the unit cell must remain

small with respect to the wavelength.

In [98], the use of AM has also been exploited to produce an artificial anisotropic dielectric

material. Several layers made up of a single polymer and a mix of polymer plus inorganic

particles have been used in order to alternate low and high dielectric constant materials,

respectively. As a result, the resonance frequency of the dielectric samples are controlled

using the numerous degrees of design freedom offered by 3-D printing. Another example

relies on the design of an artificial anisotropic material formed by dielectric layers and metallic

inclusions (see Fig. 3.8b), also called meta-atoms [99]. The size of these metallic inclusions

are smaller than the wavelength of operation. In addition to that, this structure is arranged

in a cubic regular and irregular lattice so that the relative permeability and permittivity of

the artificial dielectric can be controlled to achieve heterogeneous metamaterial properties.

3.2.1.5 Control of the inhomogeneity

Inhomogeneous or heterogeneous structures have been investigated in the literature by in-

cluding several dielectric and metallic elements which are spatially distributed into a host

material. For instance, [100] presents a heterogeneous substrate with local variations of the

dielectric permittivity. The relative permittivity has been controlled by including cubes and

spheres in the host material using additive manufacturing techniques, as shown in Fig. 3.9.

SLA technology has been used to vary the air cavity size and spacing in order to adjust

the local electric properties of the substrate. As observed, the size of the inclusions is not

homogeneous. A range size from 100 µm to 200 µm, and 50 µm to 500 µm have been ap-
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(a) Artificially anisotropic metamaterial
[94].

(b) Anisotropic dielectric with different pe-
riodicities of metallic inclusions [99].

Figure 3.8: 3-D printed artificial anisotropic dielectric materials.

plied to the cubes and spheres, respectively. Measurements have been performed using 23%,

30%, and 40% air volume fractions employing air cubes with length 2 mm, obtaining relative

permittivity values of 2.65, 2.50 and 2.32, respectively.

Figure 3.9: Heterogeneous substrate with spherical and cuboid inclusions [100].

Another practical implementation to create heterogeneous materials relies on spatially

vary a lattice of several unit cells, without affecting the symmetry of unit cell [101]. The

orientation of the unit cells, lattice spacing, air-filling ratio, symmetry of the inclusions and

material properties are then studied using self-collimating photonic crystals, band gap mate-

rials, and anisotropic metamaterials.

3.2.2 AM for microwave circuits

One of the most attractive applications to demonstrate the capabilities of additive manufac-

turing relies on the design of microwave circuits. Waveguides, transmission lines, filters, and
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RF passive and active devices are examples of microwave circuits that can take advantage of

the possibilities of 3-D printing to improve their performances.

3.2.2.1 AM for waveguides and transmission lines

In microwave circuits, 3-D printing has been used to manufacture waveguides. For instance,

in [90], the authors have proposed an air-filled metal-pipe rectangular waveguide (MPRWGs)

using 3-D printing techniques, as illustrated in Figure 3.10. FDM and SLA technologies

have been employed to 3-D print a waveguide at high frequencies. As a result, the 3-D-

printed waveguide using FDM technology achieves better performances in terms of dissipative

attenuation when compared with a commercial waveguide. Besides, it has been proved that

FDM presents low-cost but a low-resolution for microwave applications, whereas SLM provides

a high-cost and a high-resolution for millimeter-wave applications.

Figure 3.10: Metal-pipe rectangular waveguide [90].

In addition to that, additive manufacturing based on polymer jetting technology has been

used to create microwave passive components such as waveguides, couplers, and filters in the

Ka-band [102]. These microwave elements have been fabricated using complex geometries,

as depicted in Fig. 3.11a, and applying a metallization technique based on the application of

a low-cost silver paint on all inner faces of a waveguide in order to evaluate the robustness

of the 3-D printing approach as a proof-of-concept. On the other hand, in [103], the authors

have proposed complex millimeter-wave waveguides (see Fig. 3.11b) by combining a digital

light processing and 3-D printing technologies. As a part of the manufacturing process,

a metallized curved corner design has been proposed instead of a straight one in order to

obtain low insertion losses in the W -band.

Other studies analyze the applicability of additive manufacturing for waveguide compo-

nents using SLA and SLM technology. It has been shown in [104], that 3-D-printed elliptical

and circular waveguide sections offer promising results to reduce losses with respect to con-

ventional rectangular waveguides in the Ku-band. Similarly, a dual-polarization waveguide

operating Ka-band has been design in [105] using metallic parts with a better surface rough-

ness when compared with conventional machining process.
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(a) Bended waveguide [102]. (b) Metallized millimeter-wave
waveguide [103].

Figure 3.11: 3-D printed waveguides with metallized inner walls.

3.2.2.2 AM for filters

In the literature, AM has also been widely used to create 3-D filters using SLA and SLM

technologies. For instance, in [106], SLA technology has been exploited to create narrow

filtering devices with high unloaded quality factor. As a novelty, a periodic structure formed

by high-permittivity ceramics has been used to create a high quality factor resonant structure

needed for narrow filters with enhanced insertion and return losses. Moreover, high unloaded

quality factors can be achieved by combining dielectric resonators and/or a ceramic metal-

lized cavity [107]. In addition to that, the geometrical and manufacturing requirements to

create multipole filter have been successfully satisfied using SLA technology. Lately, additive

manufacturing has been envisaged in [108], as a solution to overcome mechanical and assem-

bly problems in TM dielectric resonator filters such as poor contact between ceramic and

metallic interfaces, and misalignment of dielectric parts. 3-D printing has thus been exploited

to create a monoblock ceramic dielectric resonator and a metallic enclosure in order to reduce

the overall volume of the filter [108].

It has also been demonstrated in [83], that an improvement of the surface roughness in

complex-shaped filters can be overcome using SLM technology, as depicted in Fig. 3.12a. For

this purpose, circular/elliptic cross-section irises has been used in order enhance the overall

filter quality factor for a given far-out-of-band response and reduce the surface currents on

the filter. As a result, the insertion losses in the Ku-band can be reduced. On the other

hand, it has also been shown in [109], that additive manufacturing provides a new degree

of freedom in the filter design using 3-D resonators made up of complex shapes (see 3.12b).

More specifically, the increase of the height of the rings which form each resonator conducts

to enhance the coupling for designing bandpass filters with a wider fractional bandwidth.
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(a) Third-order filter [83].

(b) Square split ring resonator bandpass filter
[109].

Figure 3.12: 3-D printed filters.

3.2.2.3 AM for RF passive and active devices

RF circuits and systems at microwave and millimeter (mm)-wave frequencies has also been

designed and manufactured using 3-D printing. For instance, in [110], AM has been exploited

to fabricate RF passive elements, such as capacitors and inductors (see Fig. 3.13a), reducing

cost and time in comparison with traditional technologies. As a novelty, the authors have

used two technologies based on metal adhesive laminate and multilayer inkjet using a RF

metal-insulator metal (MIM), and a flexible substrate made up of a cellulose-based paper in

order to fabricate several passive elements for a variety of IoT applications. In [111], active

and passive devices have been designed and fabricated using a multilayer 3-D printing process,

as shown in Fig. 3.13b. The RF system is composed of a T-line resonator, a metamaterial

phase shifter, and a patch antenna. The use of additive manufacturing has been very useful

to simplify the difficult embedding process of the RF system by merging and encapsulating

the electronic elements into a substrate, reducing the size of the circuit, prototyping time and

cost.
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(a) 3-D-printed inductor made up of
metal-insulator metal materials [110].

(b) 3-D-printed RF circuit made up of ac-
tive and passive elements [111].

Figure 3.13: 3-D-printed RF circuits.

3.2.3 AM for antennas

Recent advances in Additive Manufacturing (AM) pave the way for new antennas. AM

progress allows new capabilities in complex-shaped antennas and heterogeneous material man-

ufacturing by controlling the effective permittivity of the dielectric medium. Such properties

are particularly interesting for designing new wire, aperture, patch, lens, reflectarray, and

dielectric resonator antennas.

3.2.3.1 Wire antennas

Over the last decade, 3-D printing has been widely studied to take advantage of its numerous

degrees of freedom for the shape and material properties for wire antennas. For instance,

in [112], a quarter-wavelegth monopole above a finite ground plane has been proposed. The

antenna is placed surrounded by a 10×10 array of unit dielectric cells. The effective permit-

tivity of the dielectric material is adjusted by combining a 3-D-printed polymer material and

air gaps inside a unit cell. Besides, the authors have designed three different antennas with

different patterns (see Fig. 3.14), using a genetic algorithm to obtain maximum radiation at

θ = 60◦. Results have proved that there is an increment of the antenna gain with a continuous

variation of the relative permittivity. Another interesting example has been proposed in [113].

A biconical antenna has been designed by introducing a complex-shaped inhomogeneous di-

electric lens in the aperture (see Fig. 3.15) in order to reduce the level of lateral radiation

and enhance the antenna gain and bandwidth.
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Figure 3.14: 3-D radiation patterns at 15 GHz of the (a) one-beam antenna, (b) two-beam an-
tenna, and (c) three-beam antenna. The dielectric constant distributions around the monopole
of the (d) one-beamantenna, (e) two-beam antenna, and (f) three-beam antenna [112].

Figure 3.15: Biconical antenna with dielectric lens.

3.2.3.2 Aperture antennas

Other examples evidence the great potential and versatility of additive manufacturing for

building aperture antennas. In [114], a dual-polarized leaky-wave directive antenna formed by

a dual-mode perforated waveguide and an orthomode transducer has been proposed for higher-

gain array applications, as depicted in Fig. 3.16a. The use of SLA allows the integration of the

transducer with the antenna structure. As a result, good performances in terms of antenna

matching and high isolation between polarization and ports have been achieved. In addition

to that, several waveguides and horn antennas have been designed in the Ku-band in order

to improve the electromagnetic performances of the printed elements and achieve stabilised-

pattern and dual-polarized properties, respectively [115, 116]. Similarly, a 3-D printed single-
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fed circularly polarized horn antenna operating has been designed in [117]. The complex

shape of this structure made up of a pair of twisted ridges (see Fig. 3.16b) has been selected

in order to convert the linearly polarized fields intro circularly polarized fields, and achieve a

wide impedance bandwidth.

(a) Dual-polarized leaky-wave antenna [114].

(b) Wideband twisted-ridge an-
tenna [117].

Figure 3.16: 3-D-printed aperture antennas.

3.2.3.3 Patch antennas

Additive manufacturing has also been recently employed to build patch antennas. In [94], the

authors have presented a bulk substrate formed by several metallic layers placed in a stacked

configuration. Here, three top dielectric solid layers under the top metal foil (see Fig. 3.17)

have been implemented with individual thickness of 100 µm and 2 bottom dielectric layers

over the bottom metal foil with thickness of 200 µm and 100 µm. These layers have been used

to reduce the porosity and roughness of the structure. Additionally, 6 inner layers made up
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of a flexible NinjaFlex substrate of 100 µm have been implemented and its infill percentage

has been adjusted to modify the effective dielectric constant of the host material.

(a) Stacked dielectric material made up of sev-
eral printed layers with different infill percent-
ages.

(b) Square patch antenna on NinjaFlex sub-
strate with 100% infill.

Figure 3.17: 3-D-printed patch antenna made up of a NinjaFlex substrate [94].

Another example relies on the use of a inhomogeneous substrate and superstate to design

a stacked patch antenna, as shown in Fig. 3.18. In [118], the new degree of freedom provided

by AM in the patch design has been used to achieve dual-band and dual-circularly polarized

properties. In addition to that, the impact of the inhomogeneous structure has been used to

achieve a good isolation between the left-hand and right-hand circular polarization.
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Figure 3.18: 3-D printed antenna made up of an inhomogeneous substrate and superstrate
[118].

3.2.3.4 Lens antennas

Developments in lens antennas using additive technologies have been investigated in the last

two decades. For instance, SLA technology has been exploited to 3-D print a monolithic

sub-wavelength periodic lattice made up of a ceramic material [119], as shown in Fig. 3.19a.

As a novelty, the integration of this structure with good isolation and proper field localization

properties of the dielectric photonic crystals leads to a periodic lattice with low-loss charac-

teristics. Afterwards, a 3-D-printed elliptical monolithic lens antenna has been designed using

SLA [120], as depicted in Fig. 3.19b. Linear corrugations have been integrated on the lens

surface in order to reduce the losses produced by the internal reflections at the dielectric/free

space interface, and improve the antenna performances.

Other works based on 3-D printed lens antennas have been presented in the literature with

circular polarized and gain enhanced properties. For instance, in [121], it has been demon-

strated that the Fresnel lens can operate in circular polarization by integrating a dielectric

anisotropic metamaterial and using a linearly polarized open-ended waveguide feeding. More-

over, a planar Fresnel lens made up of 16 annular rings has been designed and manufactured

using FDM in [122], as depicted in Fig. 3.20. The capabilities of AM has been exploited

to reduce the undesired cross-polarization and enhance the co-polarization gain by using an

asymmetric design in the direction of the cross-polarization, and properly adjusting the orien-

tation of the Fresnel lens to the receiving antenna. In addition to that, mechanical details in

the manufacturing process such as step heights, surface roughness, and radii of each cylindrical

ring have been analyzed, showing good improvements in the antenna performances in com-

parison with conventional designs using Fresnel lenses. Recently, Gradient index (GRIN) and

hyperbolic flat lenses have also been studied in the literature to achieve wideband properties

[123, 124].
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(a) Monolithic lens design [119]. (b) Synthesized elliptical in-
tegrated lens antenna [120].

Figure 3.19: 3-D-printed lens antennas.

Figure 3.20: 3-D printed Fresnel lens [122].

3.2.3.5 Reflectarrays antennas

Numerous challenges have been addressed for the design of reflectarray antennas using 3-D

printing. Polymer-jetting technology has been used, for instance in [125], to manufacture a

dielectric reflectarray antenna formed by low dielectric-constant slabs. It has also been shown

that AM represents an interesting solution to reduce conductor losses at THz frequencies,

and achieve low-cost and high-gain properties. Reflectarray antennas manufactured using

the FDM technology have also been proposed in the literature. For instance, a reflectarray

composed of 625 3-D-printed dielectric resonator elements has been presented in [126], as

shown in Fig. 3.21a. The reflectarray has been manufactured using FMD for millimetre wave

(mm-wave) applications. A high-gain reflectarray of 28 dBi at 30 GHz with pencil beam
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properties have been achieved. In addition to that, it has been demonstrated that the use

of the 3-D printing approach can be deployed for high-gain mm-wave antenna fabrication

with significantly reduced labour time and material costs. Similarly, a wideband circularly

polarized dielectric reflectarray composed of a cross-shaped dielectric elements operating in

the Ka-band has been proposed in [127], as depicted in Fig. 3.21b. The antenna has been

fabricated using 3-D-printing technologies, achieving a maximum gain of 24.2 dBi.

(a) Millimetre wave dielectric resonator re-
flectarray [126].

(b) Wideband circularly polarized di-
electric reflectarray [127].

Figure 3.21: 3-D-printed dielectric reflectarrays.

3.2.3.6 Dielectric resonator antennas

As mentioned in section 3.2.1, 3-D printing has been investigated to control the effective

permittivity of dielectric materials by structuring a dielectric host in several unit cells at

sub-wavelegth scale. The engineered sub-wavelength unit cells are made up of both air and

dielectric, these latter periodically printed, so as to obtain a material which effective relative

permittivity is controlled by their volume fill rate. Such control is interesting in designing

dielectric resonator antennas. For instance, a wideband DRA made up of four concentric

dielectric rings (see Fig. 3.22) with decreasing effective dielectric constants in the radial

direction has been studied and printed using the FDM technique [128]. It is fed by a coaxial

probe to excite several fundamental and higher-order TE modes, which leads to achieve a

wide impedance bandwidth with omnidirectional radiation patterns.

Recently, several 3-D-printed DRAs have been manufactured using SLA [76, 77]. The

antennas are formed by a homogeneous ceramic material, which effective permittivity is con-

trolled by the 3-D-printed lattice. For this purpose, the proposed DRAs have been designed

and manufactured using a high performance zirconia dielectric material, as depicted in Fig.

3.23. The same technique has been successfully applied to design a circularly-polarized ellip-

tical DRA using SLA of ceramics [77].
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Figure 3.22: 3-D-printed wideband multi-ring DRA [128].

(a) DRA with permittivity controlled
by a 3-D-printed lattice [76].

(b) Elliptical DRA in circular polariza-
tion [77].

Figure 3.23: 3-D-Printed DRAs using SLA technology.

Another examples relies on the design of DRAs based on complex shapes. For instance,

in [129], antennas with complex shapes have been designed using super-shaped dielectric

resonators and manufactured using photopolymer SLA, as depicted in Fig. 3.24. As a con-

tribution, the potential of the SLA technique has been demonstrated to manufacture DRAs

for 5G applications. The proposed antenna is based on a cross-star shape geometry with

different twist angles that make the structure complex and difficult to fabricate using con-

ventional manufacturing techniques. Hence, the proposed super-shaped DRAs achieves good

performances in terms of bandwidth exploiting the capabilities of additive manufacturing,

considering a volume reduction of the proposed antenna of about 85% compared to classic

DRAs.

In [130], it has been demonstrated that 3-D-printed ceramics offers several degrees of

freedom to design dielectric resonator antennas for space applications. More specifically, AM

has been used to obtain circularly polarized and dual-band properties, required for CubeSat

applications. Similarly, in [131], a 3-D-printed hemispherical DRA has been proposed using

a metallic cap, as shown in Fig. 3.25. The use of a dielectric material with different infill
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Figure 3.24: Super-shaped DRAs for 5G applications using Stereolithography [129].

percentages and the variation of the metallic structure leads to reduce the effective dielectric

constant of the DRA, and therefore, its resonant frequencies.

Figure 3.25: Hemispherical DRA with different metallic cap dimensions [131].

The capabilities offered by 3-D printing can also be exploited to design heterogeneous/anisotropic

dielectric materials by structuring several sub-wavelength unit cells [75, 132]. Then, in the

next section, the use of anisotropy in dielectric resonators is discussed, and a methodology

to design a sub-wavelength unit cell for uniaxial anisotropy compatible with the process of

additive manufacturing is presented.
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3.3 Additive manufacturing of uniaxial anisotropic ceramics

3.3.1 Anisotropic materials

By definition, an anisotropic material has different relative permittivities depending on the

direction of the polarization or magnetization, respectively [133]. Thus, the relative permit-

tivity εr and/or permeability µr can be expressed as tensor quantities. For instance, for

a dielectric anisotropic material, the relative permeability is expressed as a scalar and the

relative permittivity as a tensor given by

εr =







εxx εxy εxz

εyx εyy εyz

εzx εzy εzz






. (3.1)

On the contrary, for a magnetic anisotropic material, the relative permittivity is an scalar

and the relative permeability can be written as a tensor given by

µr =







µxx µxy µxz

µyx µyy µyz

µzx µzy µzz






. (3.2)

3.3.1.1 Symmetrical properties of anisotropic media

Anisotropic materials can be classified as reciprocal or nonreciprocal media. In order to obtain

their permittivity and permeability tensors, the complex Poynting vector is then analyzed in a

source-free and nonconducting medium [134]. The divergence of the average Poynting vector

is expressed as

▽ · S = ▽ ·
[

1

2
ℜ (E × H∗)

]

=
1

2
ℜ [jω (E · D∗ − B · H∗)] (3.3)

where D = ε · E, B = µ · H, ε = ε0εr, µ = µ0µr, and for an arbitrary complex quantity

ℜ(z) = 1
2(z + z∗). Then, (3.3) becomes

▽ · S =
jω

4
[E · ε∗ · E∗ − µ · H · H∗ − E∗ · ε · E + µ∗ · H∗ · H] . (3.4)

Applying the conjugate transposed tensor, (3.4) can be written as

▽ · S =
jω

4

[

E∗ · (ε† − ε) · E + H∗ · (µ† − µ) · H
]

(3.5)
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where ε∗ and µ∗ are the conjugate tensor of ε and µ, respectively, and the conjugate transposed

tensor ε† = ε∗T and µ† = µ∗T.

In a source-free and nonconducting media, ▽ · S = 0, so that ε† = ε, µ† = µ; or εT = ε∗,

µT = µ∗.

If εij and µij values are real in (3.1) and (3.2), the tensors ε and µ are symmetrical tensors,

namely εT = ε and µT = µ, so that the anisotropic medium is known as a reciprocal one. It

is therefore possible to write (3.1) and (3.2) as a diagonal tensor in terms of its principal x,

y and z axes, as follows

εr =







εrx 0 0

0 εry 0

0 0 εrz






(3.6)

µr =







µrx 0 0

0 µry 0

0 0 µrz






(3.7)

where εrx, εry, and εrz are the permittivity values at their principal x, y and z axes.

On the contrary, nonreciprocal media can be obtained when εij = −εji and µij = −µji.

The corresponding εr and µr can be represented as hermitian matrices, so that they can also

be called gyrotropic media with tensor

εr =







εrx jεry 0

−jεry εrx 0

0 0 εrz






(3.8)

µr =







µrx jµry 0

−jµry µrx 0

0 0 µrz






(3.9)

where the z axis is known as gyrotropic axis.

3.3.1.2 Uniaxial and biaxial anisotropic tensors

Uniaxial and biaxial anisotropic tensors are special cases of reciprocal materials. In fact,

when the diagonal elements have two or three identical values, the anisotropic tensor refers

to a uniaxial or biaxial anisotropic material, respectively. For the uniaxial material, the two

equal values are also called ordinary elements, and the different value refers to extraordinary

element.
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In order to obtain engineered or artificial uniaxial or biaxial anisotropic dielectrics at

microwave frequencies, a periodic structure made up of unit cells that do not exhibit rotational

symmetry can be used [135]. When the unit cell is kept sufficiently small compared to the

wavelength, the resulting material can behave, for instance, as a uniaxial anisotropic dielectric

which effective relative permittivity is given by

εr =







εrx 0 0

0 εrt 0

0 0 εrt






(3.10)

with the optical axis placed along the x-direction.

Nowadays, such periodic structures can easily be manufactured by 3-D-printing unit cells

made up of a mix of air and dielectric using unit cells, as presented in Fig. 3.26. However,

the strength of the anisotropy, or birefringence, defined as ∆ε = |εrx − εrt| remains limited

when using low dielectric constant materials.

(a) Cylindrical unit cell. (b) Tetragonal unit cell.

Figure 3.26: 3-D-printed anisotropic unit cells [135].

In the next section, an anisotropic sub-wavelength unit cell is proposed and studied. This

unit cell will then be used to manufacture anisotropic samples which performances will be

measured.

3.3.2 Unit cell design

The 3-D-printer C900 FLEX from 3DCERAM has been used to 3-D print the proposed uni-

axial anisotropic dielectric materials. It relies on SLA with a photosensitive paste compound
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containing zirconia powder [136]. In addition to the interesting mechanical properties of ce-

ramics, the high dielectric constant εr = 32.5 and low dielectric loss tangent tan δ = 0.002 of

zirconia make it a good candidate for manufacturing 3-D-printed anisotropic dielectrics with

large dielectric constants and birefringence for DRA applications [132].

The proposed sub-wavelength unit cell and its simulations setup are described in Fig. 3.27a.

It is a cubic unit cell made up of zirconia and air holes. Its anisotropy is due to the air holes

placed along the x-direction that break its rotational symmetry, namely a cross-shaped in

its centre and cylindrical holes on its sides. This design leads to uniaxial anisotropy since

the same effective dielectric constant εrt along the y- and z-directions is find as in (3.10). In

addition to that, the cross-shaped hole in the unit cell leads to achieve a large birefringence

in comparison with cubic and cylindrical holes located at its centre. Finally, both εrx and

εrt can be controlled by changing the air-filling ratio of the unit cell through the parameters

ℓuc, wuc, and euc. Nevertheless, a minimum thickness of 0.5 mm for zirconia walls must be

respected to satisfy the manufacturing constraints of the 3-D printer.

This unit cell is simulated and optimized using periodic boundary conditions on Ansys

HFSS, and its effective permittivity tensor is retrieved through the simulated S-parameters,

as detailed in [137] and in Appendix B. In order to find εrx and εrt, the incident electric field

is successively polarized along the x- and y-directions. Respecting manufacturing constraints,

and assuming auc = 3.30 mm, a birefringence ∆ε up to 8 can be obtained, for instance, at

the 2.45 GHz ISM band as illustrated in Fig. 3.27b.

In order to validate the manufacturing process, a specific unit cell has been designed

in simulation to obtain εrx = 20 and εrt = 12 at 2.45 GHz. Its optimized dimensions are

auc = 3.30 mm, luc = 2.80 mm, euc = 0.40 mm, and wuc = 0.84 mm. The unit cell size auc

finally remains smaller than one eighth of the wavelength in the dielectric at 2.45 GHz for

the largest value of the permittivity tensor.

Besides, a sensitivity analysis of this unit cell is performed at 2.45 GHz, as reported

in Table 3.2 and Fig. 3.28, considering the manufacturing tolerances of the 3-D-printing

technology, namely a maximum tolerance of ±0.1 mm for linear dimensions and hole diameters

[138].

auc ℓuc wuc euc

Sensitivity εrx 3.5% 2.7% 5.2% 1.8%

Sensitivity εrt 8.3% 8.2% 7.0% 2.1%

Table 3.2: Parametric analysis of the unit cell dimensions for a variation of ±0.1 mm.

As observed, an error of ±3.5% on εrx is obtained, namely for a relative permittivity

range of 19.29 ≤ εrx ≤ 20.74, and ±8.3% for εrt, that is to say a relative permittivity range

of 10.97 ≤ εrt ≤ 13.0 at 2.45 GHz by varying auc ± 0.1 mm. It is reported in Table 3.2 that

εrx is mainly sensitive to wuc and auc, while εrt depends on wuc, ℓuc, and auc. It is important

to notice however, that it corresponds to worst case where all the unit cells that make up

the material have the same large error on their dimensions. Practically, it is unlikely and
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(a) 3-D-printed uniaxial anisotropic unit cell.
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(b) Example of simulated effective permittivity tensor for this unit cell as a
function of the dimension wuc at 2.45 GHz (auc = 3.30 mm, luc = 2.80 mm,
and euc = 0.40 mm).

Figure 3.27: Design of the proposed 3-D-printed uniaxial anisotropic unit cell with its simu-
lated effective permittivity tensor as a function of wuc.

an average response may be obtained when the material is looked at the macroscopic level

through its permittivitty tensor.
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(a) Variation of auc vs permittivity.
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(b) Variation of ℓuc permittivity.
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(c) Variation of wuc permittivity.
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(d) Variation of euc permittivity.

Figure 3.28: Permittivity tensor by varying the unit cell dimensions for a variation of
±0.1 mm.

3.3.3 Measurements of the 3-D printed samples

Two samples have been 3-D-printed as shown in Fig. 3.29a and 3.29b to measure εrx and

εrt, respectively. Their thickness is equal to 5 mm, while their lateral dimensions are equal

to 86.3 mm and 43.1 mm to fit in a WR340 rectangular waveguide. The samples were

inserted into a waveguide section, or sample holder, and measured separately. Afterwards,

the S-parameters are obtained using the measured setup shown in Fig. 3.30 that has been

developed specifically for this application. It is made up of waveguide sections, waveguide-to-

coax transitions, coaxial cables, and a vector network analyser (VNA). A Thru-Reflect-Line

(TRL) calibration procedure is done to measure the S-parameters directly on the input and

output planes of the sample holder. Finally, the Nicolson-Ross-Wier (NRW) method has been

applied for parameter retrieval from the measured S-parameters [139, 140]. In addition to

that, a full wave simulation of this measurement configuration with the 3-D-printed samples

has been performed using Ansys HFSS.

Fig. 3.31 illustrates the expected simulated and measured dielectric constants retrieved

from the measured S-parameters of both dielectric samples. From the simulated results,

εrx = 19.1 and εrt = 12.0 are found at 2.4 GHz. Note that some discontinuities are observed

at 2.45 GHz. The hypothesis of this behaviour is that several higher-order modes resonate

in the anisotropic dielectric samples at the ISM band. These resonances are produced by the

sample made up of unit cells due to the large values of εrx and εrt, which produce a large
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(a) Dielectric sample used to measure
εrx.

(b) Dielectric sample used to measure
εrt.

Figure 3.29: Pictures of 3-D-printed samples (auc = 3.30 mm, luc = 2.80 mm, euc = 0.40 mm,
and wuc = 0.84 mm) within a WR340 sample holder to measure εrx and εrt at 2.45 GHz.

Figure 3.30: Measurement setup to retrieve the permittivity tensor of the anisotropic dielectric
samples.

index of refraction so that part of net energy is transmitted and radiated by these higher-

order modes that are not taken into account by the NRW method. In fact, this measurement

technique has been rather designed for moderate permittivities and isotropic materials.

Applying the measurement procedure, εrx = 18.9 and εrt = 11.5 are found at 2.45 GHz

(see Fig. 3.31), that is to say a maximum error of 5.5% and 4.1% for εrx and εrt, respectively.

These uncertainties are due to manufacturing tolerances, namely the resolution of the 3-D-

printer, as well as the accuracy of the measurement technique [141].

On the other hand, this measurement technique does not provide accurate results of the

loss tangent, as shown in Fig. 3.32. A reason of the disagreement between the simulated and

measured results relies on the fact that a thin material with very low dielectric loss is used

to retrieve the S-parameters, that is used to calculate the complex effective permittivity. In

addition to that, the tolerance of the measurement setup also has an impact on the accuracy
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of the dielectric losses. It is also possible to note in Fig. 3.32 that a rapid fluctuation of the

measured tangent loss is found. However, mixing zirconia and air in the unit cell may lead

to a dielectric loss tangent lower than 0.002. The simulated tan δrx and tan δrt are 0.0018

and 0.0019, respectively, at 2.4 GHz.
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(a) εrt.

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

Frequency (GHz)

16.5

17

17.5

18

18.5

19

19.5

20

D
ie

le
c
tr

ic
 c

o
n

s
ta

n
t

(b) εrx.

Figure 3.31: Simulated and measured permittivity tensor of the uniaxial anisotropic dielectric
sample.
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Figure 3.32: Simulated and measured loss tangent of the uniaxial anisotropic dielectric sample.

3.4 Conclusion

3-D printing has been widely investigated to design microwave materials, circuits, and an-

tennas. It has been shown that the use of additive manufacturing of ceramics can also open

up interesting perspectives in the design of new dielectric-based antennas due to the various

degrees of freedom in shape and material properties.

3-D-printed ceramics with engineered dielectric anisotropy have thus been presented. More

specifically, their permittivity tensor has been controlled by 3-D-printing a periodic structure

of sub-wavelength cubic unit cells that do not exhibit rotational symmetry. A sample has

been designed and 3-D-printed by controlling the filling ratio of zirconia and air in its unit

cells. It finally exhibits uniaxial dielectric anisotropy with a large birefringence of 8.

A sensitivity analysis of the unit cell dimensions has been performed. It corresponds to

the tolerance of the 3-D printer. It has been shown that an error of ±3.5% can be found

for the minimum value of the permittivity tensor, namely εrx; and an error of ±8.3% for εrt,

which represents the largest value of the tensor. However, such errors are representing the

worst case since the tolerance will average when printing multiples unit cells for a full sample

of material.

If the use of additive manufacturing of ceramics have already opened up interesting per-

spectives in design of new dielectric-based antennas due to the various degrees of freedom in

their shape, few works have conducted controlling the anisotropy to obtain new degrees of

freedom in DRA design. In the next chapter, the design of a uniaxial anisotropic square-based

DRA to achieve a single-fed circularly polarized DRA in thus proposed.
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In Chapter 2, two Huygens source antennas have been proposed using a stacked configu-

ration formed by two isotropic dielectric resonators. However, it has been shown in Chapter

3 that 3-D printing of ceramics can provide a new degree of freedom in DRA design by

controlling the effective permittivity of dielectric materials. More specifically, additive man-

ufacturing of ceramics paves the way for new antennas using complex shapes and engineered

electromagnetic properties to control, for instance, their polarization and radiation pattern.

The possibilities offered by additive manufacturing to create an anisotropic dielectric ma-

terial to design a compact Huygens source antenna will be studied in the next Chapter. As a

previous step, this chapter is intended to validate, as a proof-of-concept, the use of anisotropic

materials for DRA applications. For this purpose, the single-fed circularly polarized DRA is

proposed. In addition to that, an anisotropic dielectric material is engineered using Stere-

olithography apparatus. Anisotropy is obtained from periodized unit cells at sub-wavelength

scale.

This chapter is organized as follows. The principle of operation and a theoretical model

are first presented to design a square-based DRA in circular polarization using a uniaxial

95
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anisotropic dielectric material. Afterwards, a single-fed circularly polarized antenna using a

uniaxial anisotropic resonator is designed, 3-D-printed, and measured.

4.1 Principle of operation

Let’s consider a rectangular dielectric resonator, as shown in Fig. 1.13, and with dimensions

a, b, and d along x-, y-, and z-directions, respectively. A classical technique to obtain circular

polarization with a single feed is to excite two orthogonal modes in phase quadrature inside

this dielectric resonator, namely the TEx
111 and TEy

111 modes [142, 143].

It has been demonstrated in [144, 145], that the resonance frequencies of both modes must

satisfy certain conditions in order to achieve circular polarization at the centre frequency f0

as follows

f1 ≈ f0

(

1 − 1

2Q1

)

(4.1)

f2 ≈ f0

(

1 +
1

2Q2

)

(4.2)

where f1 and Q1 are the resonance frequency and quality factor of the TEy
111 mode, while

f2 > f1 and Q2 refer to the TEx
111 mode.

Practical implementations for having two modes respecting these criteria include, for

example, rectangular shape DRA [146], or a square one with truncated corners [147], as

shown in Fig. 4.1.

However, instead of modifying the DRA shape, a square-based antenna can also be consid-

ered by modifying the permittivity tensor of a uniaxial anisotropic ceramic material to tune

correctly the two orthogonal modes. In order to design a single-fed antenna using anisotropic

dielectric resonators, a theoretical analysis of the resonant modes is studied in the next section.
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(a) Rectangular or quasi-square
DRA.

(b) Chamfered DRA.

Figure 4.1: Single-fed circularly polarized DRA [148].

4.2 Theoretical analysis of TE modes in an anisotropic DRA

Inspired by [149], a theoretical analysis is presented in this section in order to calculate the

resonance frequencies and quality factors of the fundamental TEx
111 and TEy

111 modes in a

rectangular dielectric resonator with anisotropic properties. The properties of the aforemen-

tioned resonant modes are necessary to calculate the DRA dimensions and permittivity tensor

so that they satisfy the requirements in amplitude and phase to achieve circular polarization,

as expressed in (4.1) and (4.2).

4.2.1 Resonance frequencies of fundamental TE modes

As discussed in 4.1, the resonance frequencies of two modes in a square-base dielectric res-

onator, namely TEx
111 and TEy

111 modes, must satisfy certain conditions to achieve circular

polarization. The following theoretical analysis is thus performed in order to calculate the

resonance frequencies of fundamental TE modes in an anisotropic dielectric resonator.
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Based on the Maxwell equations, the field distribution inside the DRA can be expressed

as

▽ ×E = −jωµ0µrH (4.3)

▽ ×H = jωε0εrE. (4.4)

A dielectric resonator (i.e. µr = 1) is considered with an anisotropic medium of permit-

tivity tensor given by

εr =







εrx 0 0

0 εry 0

0 0 εrz






. (4.5)

Analyzing the TEy mode, namely Ey = 0, so that E(x, y, z) = E(x, z)e−kyy, the following

expressions can be derived from (4.3) and (4.4)

−jkyEz = −jωµ0Hx

∂Ex

∂z
− ∂Ez

∂x
= −jωµ0Hy

jkyEx = −jωµ0Hz

−jkyHz − ∂Hy

∂z
= jωε0εrxEx (4.6)

∂Hx

∂z
− ∂Hz

∂x
= 0

∂Hy

∂x
+ jkyHx = jωε0εrzEz.

The equations in (4.6) can also be expressed in terms of Hy

Ex =
jωµ0

(k2
0εrx − k2

y)

∂Hy

∂z

Ez = − jωµ0

(k2
0εrz − k2

y)

∂Hy

∂x
(4.7)

Hx =
1

(k2
0εrz − k2

y)

∂2Hy

∂x∂y
= − jky

(k2
0εrz − k2

y)

∂Hy

∂x

Hz =
1

(k2
0εrx − k2

y)

∂2Hy

∂x∂z
= − jky

(k2
0εrx − k2

y)

∂Hy

∂z
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where k0 = (2πf0)/c0 is the free-space wavenumber, f0 the resonance frequency of the TEy
111

mode, and c0 the speed of light in vacuum. From (4.3) and (4.4), the following equation is

found

▽ ×(▽ × H) = jωεr ▽ ×(εrE) (4.8)

and considering that

▽ ×(▽ × H) = ▽(▽ · H) − ▽
2H (4.9)

then, (4.8) becomes

▽
2 H + jωε0 ▽ ×(εrE) = 0. (4.10)

Solving (4.10) for Hy gives

▽
2 Hy + jωε0

(

εrx
∂Ex

∂z
− εrz

∂Ez

∂x

)

= 0. (4.11)

By substituting (4.7) in (4.11), the following equation is found

▽
2 Hy + jωε0

(

εrx
jωµ0

k2
0εrx − k2

y

∂2Hy

∂2z
+ εrz

jωµ0

k2
0εrz − k2

y

∂2Hy

∂2x

)

= 0 (4.12)

namely,

∂2Hy

∂2x

(

1 − k2
0εrz

k2
0εrz − k2

y

)

+
∂2Hy

∂2y
+
∂2Hy

∂2z

(

1 − k2
0εrx

k2
0εrx − k2

y

)

= 0. (4.13)

Multiplying (4.13) by
−k2

0

ky
, it is found that

∂2Hy

∂2x

(

k2
0

k2
0εrz − k2

y

)

+ k2
0Hy +

∂2Hy

∂2z

(

k2
0

k2
0εrx − k2

y

)

= 0. (4.14)

On the other hand, solving (4.3) and (4.4), using k0 = ω
√
µ0ε0, the following expression

can be found

▽ ×ε−1
r (▽ × H) = k2

0H. (4.15)
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4.2.1.1 Fields in an infinite dielectric waveguide with PMC walls

In order the calculate the E- and H-fields in a dielectric waveguide for the TEy
111 mode,

PMC boundary conditions must be imposed along the x- and z-directions. It requires that

the tangential components of magnetic field vanish on these walls so that that the following

expression can be found

Hy = H0 sin(kxx) sin(kzz)(A e−jky0y +B ejky0y) (4.16)

with kx = π/a and kz = π/d. The E- and H-fields components in the infinite dielectric

waveguide can be expressed as

Ex = − jωµ0H0kz

k2
0εrx − k2

y

sin(kxx) cos(kzz)(A e−jky0y +B ejky0y)

Ey =0

Ez =
jωµ0H0kx

k2
0εrz − k2

y

cos(kxx) sin(kzz)(A e−jky0y +B ejky0y) (4.17)

Hx =
jH0kxky

k2
0εrz − k2

y

cos(kxx) sin(kzz)(A e−jky0y +B ejky0y)

Hz =
jH0kykz

k2
0εrx − k2

y

sin(kxx) cos(kzz)(A e−jky0y +B ejky0y).

Afterwards, the waveguide is truncated with dielectric walls at y = ±b/2 to model the

dielectric resonator antenna. The fields are then calculated within the DRA at −b/2 ≤ |y| ≤
b/2, as detailed in the following analysis.

4.2.1.2 Fields in a dielectric cavity

In order to find the fields confined in the dielectric cavity −b/2 ≤ |y| ≤ b/2, the waveguide is

truncated at y = ±b/2. Therefore, magnetic field component Hy found at −b/2 ≤ |y| ≤ b/2

can be written as

Hy = H0 sin(kxx) cos(kyy) sin(kzz). (4.18)

By substituting (4.18) in (4.14), the transcendental equation is obtained as follows

k2
x

k2
0εrz − k2

y

+
k2

z

k2
0εrx − k2

y

= 1. (4.19)
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It is possible to note that ky can be calculated from (4.19). In addition to that, this

solution depends on the two permittivities of the anisotropic permittivity tensor along x-

and z-directions, namely εrx and εrz. This is the main difference with respect to a dielectric

resonator with isotropic permittivity, which only depends on a scalar value, as shown in (1.9).

On the other hand, the field distribution inside the dielectric cavity can be expressed as

Ex = − jωµ0H0kz

k2
0εrx − k2

y

cos(kxx) cos(kyy) sin(kzz)

Ey =0

Ez =
jωµ0H0kx

k2
0εrz − k2

y

sin(kxx) cos(kyy) cos(kzz) (4.20)

Hx =
H0kxky

k2
0εrz − k2

y

sin(kxx) sin(kyy) cos(kzz)

Hz =
H0kykz

k2
0εrx − k2

y

cos(kxx) sin(kyy) sin(kzz).

Applying continuity of the tangential fields to y = ± b
2 , and assuming propagation in the

+y direction in the infinite dielectric waveguide with e−jky0y, Ex can be then written as

cos(kyy)

k2
0εrx − k2

y

=
e−jky0y

k2
0εrx − k2

y0

. (4.21)

The derivative of (4.21) according to y is

− ky sin(kyy)

k2
1εrx − k2

y

= −j ky0e
−jky0y

k2
1εrx − k2

y0

. (4.22)

Solving (4.21) and (4.22) with y = b
2 , the following expression can be found

kyb = 2 tan−1

(

ky0

ky

)

. (4.23)

Since there are two distinct regions with different wavenumbers, namely ky0 and ky, the

field in these regions and match tangential fields across the interface y = b
2 must be separately

considered [67]. The cutoff wavenumbers for the two regions are thus defined as

k2
y = εrk

2
0 − β2 (4.24)
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k2
y0 = β2 − k2

0. (4.25)

where β defines a common propagation constant in both regions to ensure phase matching

of the fields along the interface y = b
2 . Using separation of variables as in (1.8), the solution

(4.23) can be written as

ky tan

(

kyb

2

)

=
√

k2
x + k2

z − k2
0. (4.26)

In order to calculate the resonance frequency of the TEy
111 mode, namely k0 value, in a

rectangular anisotropic DRA, (4.19) and (4.26) must finally be numerically solved.

4.2.2 Quality factor

In order to calculate the quality factor of TE modes in a lossless dielectric resonator, the

stored electric energy We and radiated power by a magnetic dipole of moment Prad must be

considered, as detailed in section 1.2.2.3. Applying the same analysis, the final expression

of the quality factor for the TEy
111 mode in the proposed anisotropic dielectric resonator can

thus be expressed as

Q =
ω0µ0π

6

640k6
0abd

(1 + sinc(kyb))

sinc(kyb/2)2
·

[

εrzk2
x

(k2

0
εrz−k2

y)2
+ εrxk2

z

(k2

0
εrx−k2

y)2

]

[

(εrz−1)kxa
k2

0
εrz−k2

y
+ (εrx−1)kzd

k2

0
εrx−k2

y

]2 . (4.27)

Note that, since εrt = εry = εrz in the proposed uniaxial anisotropic material, the TEx
111

mode remains as with an isotropic dielectric due to the equality of the dielectric constants

along the y- and z-directions. Applying the dielectric waveguide model, it is possible to de-

termine the unknown kx wavenumber along the x-direction, and thus the resonance frequency

f0 of the TEx
111 mode, using the transcendental equation as similarly obtained in (1.9) [43]

kx tan

(

kx
a

2

)

=
√

k2
0(εrt − 1) − k2

x. (4.28)

with k0 = (2πf0)/c0 the free-space wavenumber, as well as the separation equation

k2
x + k2

y + k2
z = εrtk

2
0 (4.29)

where ky = π/b and kz = π/d are the wavenumbers along y- and z-directions, respectively.

The final expression of the quality factor for the TEx
111 mode then simplifies to
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Q =
ω0µ0π

6

2560k6
0abd

[1 + sinc(kxa)]

sinc2(kxa/2)

εrt(k
2
y + k2

z)

(εrt − 1)2
. (4.30)

The quality factors of the TEy
111 and TEx

111 modes can finally be determined by solving

(4.27) and (4.30), respectively. On the other hand, the resonance frequency of the TEx
111

mode can be calculated by solving (4.28) and (4.29), considering that εrt = εry = εrz.

4.3 Antenna design and fabrication

This section is intended to design a single-fed antenna in circular polarization using a uniaxial

anisotropic dielectric resonator, following the theoretical model proposed in section 4.2.

4.3.1 Analytical design

Instead of modifying the DRA shape for having these two TEx
111 and TEy

111 modes respecting

(4.1) and (4.2), a perfectly square DRA is here considered with a = b for which resonance

frequencies are tuned by modifying the permittivity tensor of a uniaxial anisotropic dielectric

medium given by

εr =







εrx 0 0

0 εrt 0

0 0 εrt






. (4.31)

Based on the conditions to achieve circular polarization shown in (4.1) and (4.2), the

index 1 here denotes the TEy
111 mode, and the index 2 is here considered when dealing with

the TEx
111 mode. Given the permittivity tensor of (4.31), the resonance frequency f2 remains

as with an isotropic dielectric resonator since the x-component of the electric field vanishes

(Ex = 0) and the dielectric constants along the y- and z-directions are both equal to εrt.

On the contrary, the resonance frequency f1 is altered by the anisotropic properties of the

dielectric resonator.

In order to design a single-fed circularly polarized DRA at the centre frequency f0 using

a uniaxial anisotropic dielectric material, d and εrt, are first fixed. Furthermore, a = b is

imposed. The theoretical model of section 4.2 is then used to assess a and εrx, as follows.

For a, a list of discrete possible values is considered. For each of theses values, f2 is found

by solving (4.28) and (4.29). Then Q2 is determined from (4.30). Finally, the value of a is

chosen for which f2 and Q2 best satisfy (4.2).

Similarly, by means of (4.19), (4.26), and (4.27), from a list of discrete possible values,

the value of εrx is selected for which f1 and Q1 best satisfy (4.1).
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The proposed methodology is applied to design a single-fed circularly polarized DRA for

the f0 = 2.45 GHz ISM band, as presented in Table 4.1. First, d = 25.20 mm, εrt = 12, and

f0 = 2.45 GHz are fixed. In order to satisfy (4.2), the DRA size must be a = b = 27.60 mm.

Finally, the dielectric constant εrx must be equal to 18 to satisfy (4.1). From the theoretical

model, f1 = 2.34 GHz, Q1 = 12.5, f2 = 2.58 GHz, and Q2 = 9.6 are obtained. These results

are verified using an eigenmode analysis with Ansys HFSS of the dielectric resonator with

perfectly matched layers. A good agreement is achieved with f1 = 2.36 GHz, Q1 = 12.7,

f2 = 2.59 GHz, and Q2 = 10.1. Note that these values respect (4.1) and (4.2), as expected.

f1 (GHz) Q1 f2 (GHz) Q2

Theory 2.34 12.5 2.58 9.6

Eigen mode analysis 2.36 12.7 2.59 10.1

Table 4.1: Theoretical and simulated results of the properties of TEx
111 and TEy

111 modes.

4.3.2 Antenna configuration

A single-fed circularly polarized DRA in left-hand circular polarization is then designed for

the 2.45 GHz ISM band. Fig. 4.2 presents the exploded view of the final antenna design.

Note that the dielectric resonator has been modeled including both a solid isotropic dielectric

material for the walls with εr = 32.5 (in grey in Fig. 4.2), and a solid anisotropic dielectric

material for the core resonator (in white in Fig. 4.2) for mechanical reasons of the 3-D printer.

It is referred as the solid model thereafter.

A numerical optimization is performed using Ansys HFSS to tune the DRA in order to

take into account the feeding coaxial probe, finite size ground plane, and solid dielectric walls

effect. The final DRA dimensions are a = b = 25.80 mm (0.21λ0) and d = 25.20 mm (0.21λ0),

and its permittivity tensor in the anisotropic region is εrt = 12 and εrx = 20. When compared

with the theoretical model, a slight adjustment of 6.9% on dimensions a and b, and 10% on

εrt is needed to tune the modes.
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Figure 4.2: Exploded view of the solid uniaxial anisotropic DRA (a = b = 25.80 mm, d =
25.20 mm, Lg = 110.87 mm, lp = 12.60 mm, dp = 1.23 mm, xp = 5.29 mm, and yp =
8.29 mm). The grey parts of the dielectric resonator represent the isotropic zirconia walls.

4.3.3 Sensitivity analysis

A sensitivity analysis of the proposed DRA is performed on its physical and electrical prop-

erties in order to determine the impact of the manufacturing process on the antenna per-

formances. To perform this analysis, the dielectric constants εrx and εrt are varied of ±5%

from the original values and the antenna dimensions are also varied with steps of 1 mm. It is

possible to observe that these variation are larger than the expected tolerances.

Fig. 4.3 shows the simulated reflection coefficients and axial ratios of the solid DRA by

varying its square dimensions a = b. As expected, the increase of a produces a decrease of

the resonance frequency. Regarding the axial ratios, the antenna operates properly with a

frequency shift of 2.4% for a variation of a of 1 mm.

Fig. 4.4 illustrates the simulated reflection coefficients and axial ratios of the solid DRA

by varying its height d. An increase of d generates a frequency shift downwards. Moreover,

the antenna matching improves when increasing the antenna height. Regarding the antenna

performances in circular polarization, the antenna operates properly with a frequency shift

of 1.6% for a variation of d of ±1 mm.

A variation of ±5% of the dielectric constant εrx is now conducted, as illustrated in Fig.

4.5. As expected, an increase of εrx implies a reduction of the resonance frequency of only

the TEy
111 mode. In addition to that, the antenna operates properly in circular polarization

with a frequency shift of about 0.4% for a variation of ±5% of the relative permittivity value

of εrx.
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Figure 4.3: Simulated reflection coefficients and axial ratios of the solid DRA by varying the
dimensions a = b.

A sensitivity analysis is finally performed for a ±5% variation of the relative permittivity

value of εrt, as shown in Fig. 4.6. An increase of εrt produces a frequency shift downwards, as

expected. It is noticed that both modes are modified in that case, since their properties (i.e.,

resonance frequencies and quality factors) depends on εrt, namely εry or εrz. Regarding the

antenna performances in circular polarization, the antenna operates properly with a frequency

shift of about 1.6% for a variation of ±5% of the permittivity εrt.

Based on the sensitivity analysis, it is shown that properties of the resonant modes can

be affected by a variation of the DRA dimensions and its permittivity tensor. The worst case

occurs for a variation of the square dimensions a = b, that exhibit a frequency shift of 2.4%

for a variation of ±1 mm of its value.



4.3. Antenna design and fabrication 107

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

Frequency (GHz)

-35

-30

-25

-20

-15

-10

-5

0

|S
1

1
| 
(d

B
)

d=23.2 mm

d=24.2 mm

d=25.2 mm

d=26.2 mm

d=27.2 mm

(a) Reflection coefficient.

2.3 2.35 2.4 2.45 2.5 2.55 2.6 2.65

Frequency (GHz)

0

1

2

3

4

5

A
x
ia

l 
ra

ti
o

 (
d

B
)

d=23.2 mm

d=24.2 mm

d=25.2 mm

d=26.2 mm

d=27.2 mm

(b) Axial ratio.

Figure 4.4: Simulated reflection coefficients and axial ratios of the solid DRA by varying the
dimension d.
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Figure 4.5: Simulated reflection coefficients and axial ratios of the solid DRA by varying the
relative permittivity εrx.
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Figure 4.6: Simulated reflection coefficients and axial ratios of the solid DRA by varying the
relative permittivity εrt.
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4.4 Simulated and measured results

Fig. 4.7 presents a picture of the manufactured DRA. The 3-D-printed sub-wavelength unit

cell of Fig. 3.27a is here used to retrieve the permittivity tensor of the proposed uniaxial

anisotropic dielectric resonator. The dimensions of the realized 3-D-printed dielectric res-

onator are a = 26.0 mm, b = 26.1 mm, and d = 25.5 mm, that is to say a maximum error of

only 1.2% with respect to the original dimensions.

Figure 4.7: Picture of the 3-D-printed uniaxial anisotropic DRA.

The 3-D-printed uniaxial anisotropic DRA of Fig. 4.7 was measured with a Rohde &

Schwarz ZVL-13 vector network analyzer in the indoor far-field test range of ISAE-SUPAERO.

Fig. 4.8 shows the simulated and measured reflection coefficients as a function of the frequency.

Two different models have been simulated using Ansys HFSS, namely the solid model shown

in Fig. 4.2 for which the uniaxial anisotropic ceramic is represented with a bulk dielectric

material, and the 3-D-printed model that considers the 3-D-printed antenna shown in Fig. 4.7

with all the details of its lattice. As observed, a good agreement between the numerical and

experimental results is achieved. The measured 10 dB impedance bandwidth (i.e., |S11| ≤
−10 dB) is equal to 16% from 2.3 to 2.7 GHz.

Fig. 4.9 shows the simulated and measured axial ratio as a function of the frequency at

boresight (θ = 0◦). First, a difference in magnitude and a 1% frequency shift between the solid

and 3-D-printed simulated models is observed. The hypothesis to justify this frequency shift

relies on the longitudinal variation of the dielectric permittivity around the coaxial probe. In

fact, the 3-D-printed simulated model is made up of a ceramic material with air holes. Thus,

the variation of permittivity along the z-direction may have an impact on the coupling of the

fundamental TEx
111 and TEy

111 modes, as will be discussed in the next Chapter.

A good agreement is also observed between simulated and measured results. The minimum

value for the measured axial ratio is obtained at 2.47 GHz with a 3 dB axial ratio bandwidth of

2.4% from 2.44 to 2.5 GHz. It is also possible to note a slight difference in magnitude between

the simulated and measured axial ratio that is due to manufacturing tolerances during the

3-D-printing process. As detailed in 4.3.3, the minimum value for the axial ratio can mainly

be affected by varying εrx, that is to say due to the manufacturing tolerances.
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Figure 4.8: Simulated reflection coefficients of the solid and 3-D-printed DRAs, along with
measured results.

Furthermore, the axial ratio bandwidth is much lower than the 10 dB impedance band-

width. This behaviour has been previously studied by Oliver et al. in [146], and Haneishi et al.

in [147]. Their work have proved that single-fed resonant antennas, such as DRA or microstrip

antennas, that use two orthogonal modes identical in magnitude and in phase quadrature to

obtain circular polarization are known to not provide a wide bandwidth for their axial ratio.

In addition to that, W. L. Langston and D. R. Jackson have developed several equations to

evaluate for instance the impedance and axial ratio bandwidths of single-fed circularly polar-

ized microstrip antennas, as detailed in [144]. Inspired by their work, theoretical impedance

and axial ratio bandwidths of BWIMP = 12.4% and BWAR = 3% are obtained, respectively.

These theoretical results reasonably agree with those values obtained in measurements (i.e.,

BWIMP = 16% and BWAR = 2.8%). As a conclusion, this difference is not due to the

anisotropy of the dielectric resonator, but rather to the use of a single-fed circularly polarized

DRA relying on the excitation of two orthogonal modes in phase quadrature as observed in

[144, 146].

Fig. 4.10 depicts the simulated axial ratio as a function of θ at 2.47 GHz, considering

φ = 0◦ and φ = 90◦. The simulated axial ratio of the solid model is below 3 dB for −62◦ ≤
θ ≤ 34◦, whereas the measured axial ratio of the 3-D-printed model covers −92◦ ≤ θ ≤ −60◦

and −14◦ ≤ θ ≤ 46◦, considering φ = 0◦. On the other hand, the simulated axial ratio of

the solid model is below 3 dB for −34◦ ≤ θ ≤ 37◦, whereas the measured axial ratio of the

3-D-printed model covers −4◦ ≤ θ ≤ 61◦, considering φ = 90◦.

Finally, Fig. 4.11 shows the simulated and measured realized gain patterns of the 3-

D-printed DRA at 2.47 GHz. The antenna is operating in left-hand circular polarization

(LHCP). Once again, a good agreement is obtained between measurement and simulations.

The measured realized gain at boresight and simulated radiation efficiency are equal to 6.4 dBi

and 97%, respectively, at 2.47 GHz.
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Figure 4.9: Simulated axial ratios of the solid and 3-D-printed DRAs, along with measured
results at θ = 0◦ and φ = 0◦.
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Figure 4.10: Simulated axial ratios of the solid and 3-D-printed DRAs vs. θ, along with
measured results at 2.47 GHz.
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Figure 4.11: Simulated realized gain of the solid and 3-D-printed DRAs, along with measured
results at f = 2.47 GHz.
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4.5 Conclusion

A single-fed DRA in circular polarization has been designed in the 2.45 GHz ISM band using

a 3-D-printed uniaxial anisotropic dielectric ceramic material. Its principle of operation relies

on the excitation of two orthogonal TEx
111 and TEy

111 modes which magnitudes and phase

difference are tuned by modifying the anisotropy of the dielectric resonator instead of its

shape.

A theoretical model to analyze the TE modes in an anisotropic dielectric resonator has also

been presented, achieving good agreement with those obtained in simulations. It validates

the use of the proposed theoretical model to calculate the dimensions and permittivity tensor

of square-based DRAs in order to achieve circular polarization using a single feeding probe.

The anisotropic dielectric resonator has been manufactured by 3-D-printing of zirconia

ceramic. More specifically, anisotropy is obtained by structuring the material during 3-D-

printing. A good agreement is observed between simulated and measured results. It has been

found that the 3-D-printed DRA prototype has a measured 10-dB impedance bandwidth of

16%, a 3-dB AR bandwidth of 2.4%, and a 6.4 dBi realized gain at 2.47 GHz.

It has been demonstrated that 3-D printed anisotropic dielectric resonators exhibit reliable

and promising results to control the radiation characteristics, i.e., polarization of DRAs,

which open up interesting perspectives in the design of new dielectric-based antennas. This

has been proved in this chapter by designing a single-fed uniaxial anisotropic DRA in circular

polarization.

Finally, in the next chapter, the capabilities of additive manufacturing are exploited to

design a compact anisotropic DRA with Huygens source properties. As novelty, this new

Huygens source DRA takes advantage of the numerous degrees of freedom due to 3-D printing

in order to reduce the size of the previous antennas presented in section 2.
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In Chapter 2, it has been shown that a single dielectric resonator with isotropic properties

cannot satisfy the requirements in phase to achieve a Huygens source pattern with improved

radiation properties along the +z-direction and low backward radiation. As an original so-

lution, two Huygens source antennas made up of stacked dielectric resonators with isotropic

permittivities have been designed in the 2.4 − 2.5 GHz ISM band. The stacked configuration

have been used to generate pairs of non-collocated electric and magnetic dipoles at nearby fre-

quencies in each isotropic dielectric resonator in order to achieve a cardioid radiation pattern.

However, the use of this configuration is limited due to its bulky size and the impossibility to

obtain collocated dipoles. As a consequence, a lack of symmetry of their radiation patterns

have been exhibited so that this type of antenna has been called ‘Quasi Huygens source’.

It has also been demonstrated in Chapters 3 and 4 that the use of anisotropy is particularly

interesting to study since a new degree of freedom for material properties can be used to

control the radiation properties of dielectric resonator antennas. As an original solution, it

117
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will be shown that a pair of collocated electric and magnetic dipoles can be generated in a

single DRA with uniaxial anisotropic properties in order to achieve a Huygens source pattern.

In this chapter, the principle of operation of a linearly polarized Huygens source using an

anisotropic dielectric resonator is presented. A compact Huygens source DRA is then designed

in the 2.45 GHz ISM band using a uniaxial anisotropic dielectric material. In addition to that,

the spherical mode analysis is performed in order to determine the modes which contribute to

the radiation of the proposed antenna. Afterwards, the 3-D-printed Huygens source antenna

is exhibited using engineered dielectric anisotropy within 3-D-printed ceramics. Finally, the

simulated antenna performances are presented and discussed.

5.1 Principle of operation

As mentioned in Chapter 1 and 2, a Huygens source antenna relies on the combination of

two elementary magnetic and electric dipoles radiating same field in their E- and H- planes

[9] [22]. In order to obtain a cardioid radiation pattern in linear polarization, two orthogonal

x-directed magnetic and y-directed electric dipoles must be combined with certain conditions

of amplitude and phase between both sources. For this purpose, the fundamental TEx
111 and

quasi-TMy
111 modes, this latter from both TEx

112 and TEz
211 modes, can be excited using a

square-based dielectric resonator. However, these modes cannot resonate at frequencies close

enough in a single rectangular dielectric resonator with isotropic properties, as demonstrated

in Chapter 2.

As a solution, the use of 3-D printing is thus exploited in order to take advantage of a new

degree of freedom for the dielectric properties, namely εry in the permittivity tensor given

in (5.1), using a uniaxial anisotropic dielectric resonator. In order to reduce the frequency

difference between the two TEx
111 and quasi-TMy

111 modes, the following permittivity tensor

is thus proposed

εr =







εrt 0 0

0 εry 0

0 0 εrt






(5.1)

where the optical axis of the anisotropic medium is here placed along the y-direction. As

expected, the TEy
111 mode remains as an isotropic dielectric since the y-component of the

electric field vanishes (Ey = 0), and the dielectric constants along the x- and z-directions

are both equal to εrt. On the contrary, the TEx
111, TEx

112, and TEz
211 modes are altered by

the anisotropic properties of the dielectric resonator. This tensor is thus selected so that the

resonance frequencies between these modes can be reduced, and therefore, the phase difference

can be accomplished at 2.45 GHz to realize a Huygens source pattern.
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5.2 Antenna design

In this section, a Huygens source antenna is designed in the f0 = 2.45 GHz ISM band. It has

been shown in Chapter 2 the impossibility to obtain a Huygens source pattern using a single

dielectric resonator with isotropic properties. In fact, the frequency difference between both

TEx
111 and quasi-TMy

111 modes cannot be reduced enough, as shown in Fig. 2.4, so that the

required conditions in amplitude and phase may not be satisfied in order to achieve a cardioid

radiation pattern.

An original solution to reduce the frequency difference between the two required TEx
111 and

quasi-TMy
111 modes relies on the use of a uniaxial anisotropic dielectric resonator, considering

the aforementioned DRA dimensions, namely a = d = 39.4 mm, b = 19.6 mm, and εrt = 13.

It is shown in Fig. 5.1a, that the use of anisotropy, more specifically the increase of εry

reduces the frequency difference between both TEx
111 and quasi-TMy

111 modes. For instance,

∆f = 270 MHz is obtained for εry = 21, as also reported in Table 5.1. This result represents

a reduction of 180 MHz with respect to the single isotropic dielectric resonator with εr = 13,

studied in Chapter 2. In addition to that, it is show in Fig 5.1b that the maximum F/B ratio

can be achieved at 2.45 GHz using a uniaxial anisotropic dielectric with permittivity values

of εry = 21 and εrt = 13.

TEy
111

TEx
111

TEz
111

TEy
112

TEy
211

TEz
211

TEx
112

Resonance frequency (GHz) 1.96 2.34 - 2.61

Table 5.1: Resonant modes in a uniaxial anisotropic DR using eigen mode analysis, when
a = d = 39.4 mm, b = 19.6 mm, εry = 21, and εrt = 13.

Fig. 5.2 shows the exploded view of the solid uniaxial anisotropic Huygens source DRA.

It consists of a uniaxial anisotropic dielectric resonator, a thin dielectric layer, a quarter-

wavelength sleeve, and a semi-rigid coax probe. The dielectric layer is Rogers RO3003 [150],

with thickness of 0.75 mm, and electrical properties of εr = 3.0 and tan δ = 0.001. This

dielectric layer is used to allow the antenna to have a mechanical support without affecting

its far-field response.

In order to excite the required modes, the resonator is fed using a 50 Ω coaxial probe. The

TEx
111, TEx

112 and TEz
211 modes can be excited using a single coaxial probe located on the edge

of the DR, more specifically on the y axis. The selected probe is a semi-rigid coaxial cable

RG405 [151], which inner conductor is extended by a length of lp = 13.7 mm. In addition to

this, the probe is supported by a small square metallic surface with dimensions lm = 6 mm

printed at the bottom of the dielectric layer.

Finally, a quarter-wavelength sleeve is placed along the semi-rigid coaxial cable to obtain

a balanced current and reduce the current flowing on the outer conductor of the probe. This

structure is used to reduce the effect of the coaxial cable on the radiation of the antenna.

The configuration of the selected quarter-wavelength sleeve is detailed in [152]. Note that a

classical balun can also be used [21, 153].



120 Chapter 5. Huygens Source using an Anisotropic Dielectric Resonator

14 16 18 20 22 24
2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

F
re

q
u

e
n

c
y
 (

G
H

z
)

TE
111

x

TE
112

x
 - TE

211

z

(a) Variation of the frequencies of resonant modes as a function of εry,
when a = d = 39.4 mm, b = 19.6 mm, and εrt = 13.
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(b) Variation of the F/B ratio as a function of εry, when a = d = 39.4 mm,
b = 19.6 mm, and εrt = 13.

Figure 5.1: Impact of εry on the frequencies of resonant modes and F/B ratio of the antenna
at 2.45 GHz.
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Figure 5.2: Exploded view of the solid uniaxial anisotropic Huygens source DRA (a = d =
39.4 mm, b = 19.6 mm, ld = 23 mm, lp = 13.7 mm, dp = 0.51 mm, lm = 6 mm, and
yp = 8.7 mm).
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5.3 Simulated results

Fig. 5.3 and 5.4 show the simulated reflection coefficient and the front-to-back ratio of the

proposed Huygens source DRA, respectively. It has an impedance bandwidth of 10.6% from

2.28 GHz to 2.54 GHz, for a reflection coefficient of |S11| ≤ −10 dB. Moreover, the proposed

DRA has a F/B ratio of 18.47 dB and 17.64 dB at 2.45 GHz, considering φ = 0◦ and 90◦,

respectively. The F/B ratio bandwidth (F/B ratio ≥ 15 dB) is 2.9%, from 2.42 GHz to

2.49 GHz.
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Figure 5.3: Simulated reflection coefficient of the compact Huygens source DRA.
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Figure 5.4: F/B ratio of the compact Huygens source DRA, considering φ = 0◦ and 90◦.

Fig. 5.5 depicts the simulated total antenna gain, and the simulated Co-pol. and X-pol.

realized gain patterns of the 3-D-printed Huygens source at 2.45 GHz, considering φ = 0◦ and

90◦, respectively. Note that the proposed antenna radiates with symmetric cardioid radiation

patterns in the E- and H-planes. Besides, the simulated realized gain at boresight is 5.75 dBi

at 2.45 GHz.
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(a) Total gain considering φ = 0◦ and 90◦.

(b) Co-pol. and X-pol. gain considering φ = 0◦.

(c) Co-pol. and X-pol. gain considering φ = 90◦.

Figure 5.5: Simulated gain of the compact Huygens source DRA at 2.45 GHz.
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In the next section, the spherical mode analysis is performed in order to determine the

modes contributing to the radiation of the Huygens source antenna. For this purpose, the

coefficients of the fundamental and higher-order modes modes are calculated using FEKO.

5.4 Spherical mode analysis of the proposed DRA

In order to analyze the spherical mode expansion of the proposed antenna, simulations in

FEKO are performed placing the origin of the coordinate system at the centre of the DRA.

Fig. 5.6 shows the relative power of spherical modes as a function of the frequency for the

proposed DRA shown in Fig 5.2. Here, the relative power of TEsph
|±1|1 corresponds to the sum

of the TEsph
11 and TEsph

−11 modes because their values are symmetrical regardless the frequency.

The same procedure is performed for the TEsph
|±1|2, TMsph

|±1|1, and TMsph
|±2|1 modes. Note that

the amplitude of the fundamental TEsph and TMsph modes matches at 2.45 GHz with a value

of 36.2%. Fig. 5.7 shows the phase difference between the TEsph
11 and TMsph

11 modes. As

observed, the fundamental TE and TM modes are of about 188◦ out of phase at 2.45 GHz,

reasonable value to achieve a Huygens source pattern.
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Figure 5.6: Relative power of the spherical mode expansion.

On the other hand, the TMsph
01 mode radiate with a relative power of about 24.4%. The

radiation of this spherical mode is due to the coaxial probe located along the z-direction. In

addition to that, this mode is the main responsible of the cross-polarization of the proposed

Huygens source antenna, as shown in Fig. 5.5b. In order to understand the impact on the

coaxial probe on the cross-polarization gain, the spherical mode expansion is now performed

on the proposed Huygens source using two symmetrical probes 180◦ out of phase, placed on

the y axis, as shown in Fig. 5.8.
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Figure 5.7: Phase difference between the fundamental TEsph
11 and TMsph

11 modes.

Figure 5.8: Exploded view of the solid uniaxial anisotropic Huygens source DRA with two
symmetric coaxial probes (a = d = 39.4 mm, b = 19.6 mm, ld = 23 mm, lp = 13.7 mm,
dp = 0.51 mm, lm = 6 mm, and yp = 8.7 mm).

Fig. 5.9 shows the relative power of the spherical modes of the proposed antenna using

the two symmetrical coaxial probes. As observed, the TMsph
01 mode does not radiate any-

more. Furthermore, the TEsph
|±1|1 and TMsph

|±1|1 coefficients radiate with identical amplitudes at
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2.45 GHz. The phase difference between both fundamental TEsph
11 and TMsph

11 modes is 180◦,

so that it satisfies the requirements to achieve a Huygens source pattern, as depicted in Fig.

5.10.
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Figure 5.9: Relative power of the spherical mode expansion using two symmetric sources.
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Figure 5.10: Phase difference between fundamental TEsph
11 and TMsph

11 modes using two sym-
metric sources.

As an illustration, Fig. 5.11 depicts the simulated Co-pol. and X-pol. realized gain

patterns of the 3-D-printed Huygens source using two symmetrical sources at 2.45 GHz. As

observed, the cross-polarization component is lower than -40 dB. This result shows that the

use of a single coaxial probe has an important impact on the cross-polarization gain of the

proposed antenna.
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Figure 5.11: Co-pol. and X-pol. gain of the proposed antenna using two symmetrical feeding
probes, considering φ = 0◦ and 90◦.

5.5 3-D-printed Huygens source DRA

5.5.1 Unit cell for uniaxial anisotropy

In order to manufacture a dielectric resonator exhibiting the effective permittivity tensor as

in (5.1) with εrt = 13 and εry = 21, the same approach that has been presented in Chapters

3 and 4 is here used. Thus, a periodic structure made up of several identical asymmetric sub-

wavelength unit cells is here presented. The proposed unit cell is described in Fig. 5.12a. It

is similar to the previous unit cell but the optical axis is here placed at y axis. It leads to the

same effective dielectric constant εrt along the x- and z-directions. Assuming auc = 3.50 mm,

both εry and εrt can be controlled by changing the air-filling ratio of the unit cell through

the parameters ℓuc, wuc, and euc.

Fig. 5.12b shows, for instance, the extracted dielectric constants considering auc = 3.50 mm,

luc = 2.80 mm, euc = 0.35 mm, and wuc varying between 0.50 and 1.70 mm. As observed, εry

can be tuned between 14.53 and 25.0, whereas εrt varies between 9.3 and 15.8 at the same

time. Finally, the optimized dimensions are auc = 3.50 mm, luc = 2.80 mm, euc = 0.35 mm,

and wuc = 0.86 mm so that εry = 21 and εrt = 13. Note that, the unit cell size auc remains

smaller than one eighth of the wavelength in the dielectric at 2.45 GHz for the largest value

of the permittivity tensor, namely ǫry = 21.
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(a) 3-D-printed uniaxial anisotropic unit
cell.
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(b) Example of simulated effective permittivity tensor for this unit cell as a
function of the dimensions wuc at 2.45 GHz (auc = 3.50 mm, luc = 2.80 mm,
and euc = 0.35 mm).

Figure 5.12: Design of the proposed 3-D-printed uniaxial anisotropic unit cell with its simu-
lated effective permittivity tensor as a function of wuc.

5.5.2 Antenna optimization

Fig. 5.13 shows the simulated reflection coefficients of the solid and 3-D-printed model using

the aforementioned dimensions. It is possible to notice a frequency shift produced while using

the 3-D-printed model. This frequency shift is more specifically produced by the variation of
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Figure 5.13: Simulated reflection coefficients of the solid and 3-D-printed model Huygens
source DRA.

two permittivities, air and zirconia, along the longitudinal z axis. Consequently, the coupling

between the dielectric resonator and feeding probe is affected, producing a slight frequency

shift of about 50 MHz and an antenna mismatch. This problem will be partially solved later,

in section 5.6, by adding a dielectric wall of zirconia around the probe in order to reduce the

sensitivity of the feeding probe in the antenna performances.

In order to tune the antenna in the 2.45 GHz ISM band, it is thus optimized directly on

the 3-D-printed model. For this purpose, a parametric analysis is performed on the antenna

dimensions in order to tune the antenna at f0 = 2.45 GHz by fixing the square dimensions

a = d. As a result, b = 19 mm is found. Fig. 5.14 depicts the 3-D-printed Huygens

source antenna. The optimized dimensions of the realized 3-D-printed Huygens source are

a = d = 39.4 mm and b = 19 mm, ld = 23.8 mm, lp = 15.3 mm, lm = 7 mm, and yp = 8.4 mm.

The electrical size of the dielectric resonator is finally 0.32λ0 × 0.32λ0 × 0.16λ0.

5.5.3 Simulated results

Fig. 5.15 and Fig. 5.16 show the simulated reflection coefficient and the simulated front-

to-back ratio of the 3-D-printed Huygens source antenna, respectively. As a result, it has

an impedance bandwidth of 20% from 2.38 GHz to 2.87 GHz, for a reflection coefficient of

|S11| ≤ −10 dB. Furthermore, the 3-D-printed DRA has a maximum F/B ratio of 20.4 dB

and 22.0 dB at 2.45 GHz, considering φ = 0◦ and 90◦, respectively. The difference in the

maximum F/B ratio in the E- and H-planes relies on the fact that the backward radiation

is taken from the maximum gain value found in the range of 160◦ ≤ θ ≤ 200◦. The proposed

antenna also achieves a F/B ratio bandwidth (F/B ratio ≥ 15 dB) of 4.1%, from 2.40 GHz

to 2.50 GHz.
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(a) Isometric view. (b) Side view.

Figure 5.14: 3-D-printed uniaxial anisotropic Huygens source DRA.
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Figure 5.15: Simulated reflection coefficient of the 3-D-printed Huygens source DRA.

Fig. 5.17 shows the simulated total antenna gain, and the simulated Co-pol. and X-pol.

realized gain patterns of the 3-D-printed Huygens source at 2.45 GHz, considering φ = 0◦ and

90◦, respectively. Observe that the 3-D-printed DRA radiates with Huygens source properties.

It has a realized gain at boresight of 4.77 dBi at 2.45 GHz. Furthermore, both resulting E-

and H-planes of the radiation patterns are here symmetric. This is an important result of this

Ph.D. thesis since it is demonstrated that the proper amplitude balance and phase difference

between both fundamental TEx
111 and quasi-TMy

111 modes in a single dielectric resonator can

be achieved using anisotropic dielectric materials within 3-D printing. On the other hand, it

has been demonstrated that the existence of the cross-polarization gain at φ = 0◦ relies on
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Figure 5.16: F/B ratio of the 3-D-printed Huygens source DRA, considering φ = 0◦ and 90◦.

the radiation of the spherical TMsph
01 mode due to the use of a single feeding probe, whereas

the X-pol. gain at φ = 90◦ is lower than -40 dB.

It has been shown that the proposed Huygens source DRA is very sensitive to the longi-

tudinal variation of the permittivity along the coaxial probe, as shown in Fig. 5.13. For that

reason, in the next section, a new Huygens source DRA is designed by adding a cylindrical

dielectric wall of zirconia around the probe in order to reduce the impact of the feeding probe

on the antenna performances.
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(a) Total gain considering φ = 0◦ and 90◦.

(b) Co-pol. and X-pol. gain considering φ = 0◦.

(c) Co-pol. and X-pol. gain considering φ = 90◦.

Figure 5.17: Simulated gain of the 3-D-printed Huygens source DRA at 2.45 GHz.
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5.6 3-D-printed Huygens source DRA with a wall around the

probe

5.6.1 Antenna design

A Huygens source DRA is then designed considering a cylindrical dielectric wall made up of

zirconia (εr = 32.5), as depicted in Fig. 5.18. The solid dielectric wall around the coaxial

probe has 0.5 mm thickness for mechanical reasons. For this purpose, the DRA is first

optimized on the solid model using the aforementioned permittivity tensor. As a result, the

dimensions of the optimized antenna are a = d = 40.5 mm, b = 19.6 mm, lp = 17.3 mm, and

lm = 7 mm.

Figure 5.18: Exploded view of the solid uniaxial anisotropic Huygens source DRA with a
solid dielectric wall around the probe (a = d = 40.5 mm, b = 19.6 mm, ld = 24.4 mm,
lp = 17.3 mm, dp = 0.51 mm, lm = 7 mm, and yp = 8.7 mm).

Afterwards, the DRA is simulated using the periodized structure of several unit cells,

presented in Fig. 5.12, to compare its performances with those obtained using the solid

model. As observed in Fig. 5.19, the frequency shift between both solid and 3-D-printed

model is reduced while taking into account the dielectric wall around the feeding probe.

Besides, both solid and 3-D-printed models remain similar in terms of reflection coefficient

and impedance bandwidth.

In order to tune the antenna in the 2.45 GHz ISM band, it is also optimized directly
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Figure 5.19: Simulated reflection coefficients of the solid and 3-D-printed model Huygens
source DRA with a solid dielectric wall around the probe.

on the 3-D-printed model. The optimized dimensions of the realized 3-D-printed Huygens

source are a = d = 39.6 mm and b = 19.2 mm, ld = 23 mm, lp = 17.6 mm, lm = 6 mm, and

yp = 8.5 mm. The electrical properties of the dielectric resonator are finally 0.32λ0 × 0.32λ0

× 0.16λ0.

5.6.2 Simulated results

Fig. 5.20 and 5.21 illustrate the simulated reflection coefficient and front-to-back ratio of the

3-D-printed antenna, respectively. As observed, it has an impedance bandwidth of 11.4%

from 2.25 GHz to 2.53 GHz, for a reflection coefficient of |S11| ≤ −10 dB. Furthermore, the

3-D-printed Huygens source DRA achieves a maximum F/B ratio of 17.3 dB and 18.2 dB,

considering φ = 0◦ and 90◦, respectively, at 2.45 GHz. It has a F/B ratio bandwidth (F/B ra-

tio ≥ 15 dB) of 2.9%, from 2.41 GHz to 2.48 GHz.

Fig. 5.22 shows the simulated total antenna gain, and the Co-pol. and X-pol. realized

gain patterns of the 3-D-printed Huygens source at 2.45 GHz, considering φ = 0◦ and 90◦,

respectively. The radiation pattern corresponds to a Huygens source with low backward

radiation and symmetric E- and H-planes. Besides, it has a maximum gain at boresight of

4.87 dBi at 2.45 GHz. The X-pol. gain at φ = 90◦ is lower than -40 dB.



5.6. 3-D-printed Huygens source DRA with a wall around the probe 135

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

Frequency (GHz)

-30

-25

-20

-15

-10

-5

0

|S
1
1
| 
(d

B
)

Figure 5.20: Simulated reflection coefficients of the 3-D-printed Huygens source DRA with a
solid dielectric wall around the probe.
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Figure 5.21: Simulated F/B ratio of the 3-D-printed Huygens source DRA with a solid
dielectric wall around the probe, considering φ = 0◦ and 90◦.
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(a) Total gain considering φ = 0◦ and 90◦.

(b) Co-pol. and X-pol. gain considering φ = 0◦.

(c) Co-pol. and X-pol. gain considering φ = 90◦.

Figure 5.22: Simulated gain of the 3-D-printed Huygens source DRA with a solid dielectric
wall around the probe at 2.45 GHz.
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Comparing the proposed 3-D-printed Huygens source DRA, it is possible to affirm that

the antenna with the solid dielectric wall around the coaxial probe also achieves a Huygens

source pattern. However, the F/B ratio bandwidth is slightly lower than that obtained using

the 3-D-printed DRA without wall.

5.7 Conclusion

A compact anisotropic dielectric resonator antenna has been designed to achieve a cardioid

radiation pattern in linear polarization at the 2.45 GHz ISM band. It relies on the combination

of two collocated equivalent electric and magnetic dipoles generated by a dielectric resonator

with uniaxial anisotropic properties.

The use of additive manufacturing has been exploited to take advantage of their numer-

ous degrees of freedom in DRA design to control its radiation pattern. More specifically, 3-D

printed has been used to reduce the frequency difference between both fundamental TEx
111

and quasi-TMy
111 modes in order to generate two collocated and orthogonal electric and mag-

netic dipoles, radiating with certain conditions in phase and difference to achieve symmetric

cardioid radiation patterns in the E- and H-planes, without the use of ground planes or

reflectors.

It has been demonstrated that the proposed Huygens source antenna made up of a uniaxial

anisotropic dielectric resonator exhibits interesting results in terms of compact size and radi-

ation symmetry while compared with the isotropic DRA formed by two stacked resonators,

presented in Chapter 2. The anisotropic DRA with Huygens source properties has an overall

height of 0.32λ0, which represents a reduction in the antenna height of about 16.2% while com-

pared with the stacked DRA. In addition to that, an impedance and F/B ratio enhancement

of 1.9% and 2%, respectively, have been achieved in comparison with the stacked DRA.

The possibilities of the 3-D printing has also been studied to determine the impact of a

solid wall located around the coaxial probe on the antenna performances. The 3-D-printed

Huygens source DRA has achieved maximum front-to-back ratios of 22.0 dB and 17.3 dB,

without and with a solid dielectric wall around the coaxial probe, respectively. Similarly, F/B

ratio bandwidths (F/B ratio ≥ 15 dB) of 4.1% and 2.9% has been accomplished without and

with the solid wall, respectively.

The expansion of spherical modes has been analyzed to identify the modes that radiates

in the uniaxial anisotropic DRA. It has been demonstrated that the fundamental TEsph
|m|1 and

TMsph
|m|1 modes are the main contributors to the radiation of a cardioid radiation pattern with

symmetric planes at φ = 0◦ and 90◦, i.e., Huygens source patterns.





Conclusion and perspectives

Conclusion

Small and compact Huygens source antennas with a radiation pattern oriented along the

+z-direction represent an interesting solution to overcome the mechanical and radiation con-

straints for UAVs and nanosatellite communications. In order to satisfy the requirements to

achieve such radiation pattern without the use of a large ground plane, it has been shown

that pairs of orthogonal electric and magnetic dipoles must be combined with certain condi-

tions in amplitude and phase. These equivalent dipoles can thus be orthogonally combined

by exciting several TE and quasi-TM modes in dielectric resonators.

Dielectric resonator antennas allow great flexibility in their design by modifying their

shapes or dielectric properties to control, for instance, their impedance bandwidth or radi-

ation characteristics. It has also been shown that 3-D printing technologies are opening up

new perspectives for the fabrication of DRAs with complex and anisotropic/heterogeneous

properties. Such properties are particularly interesting for designing new dielectric resonator

antennas by controlling their polarization and radiation pattern.

In this Ph.D., several significant milestones towards this objective have been achieved:

I. A Huygens source antenna has been designed using stacked isotropic dielectric resonators

in linear and circular polarizations. The flexibility in DRA design has been exploited to

generate pairs of electric and magnetic dipoles, required to realize a Huygens source with

cardioid radiation properties.

II. A uniaxial anisotropic dielectric material has been engineered and manufactured using

additive manufacturing of ceramics.

III. A single-fed circularly polarized antenna using a uniaxial anisotropic dielectric resonator

has been designed, manufactured and measured in the 2.45 GHz ISM band. Measured and

simulated results have shown a good agreement.

IV. A more compact single-fed uniaxial anisotropic dielectric resonator antenna has been

designed at 2.45 GHz to realize a Huygens source pattern in linear polarization. The simulated

results validate the good antenna performances for UAV and nanosatellite applications.

The main conclusions are given for each chapter as follows.

Chapter 1 has been dedicated to the state-of-the-art of Huygens source antennas. It has

been shown that some antennas with half-space radiation patterns are classically formed by

magnetoelectric and complementary sources. However, these antennas generally do not satisfy

the mechanical constraints for UAV and nanosatellite applications due to the small volume of

their platforms. An original solution to overcome both mechanical and radiation constraints

relies on the design of a Huygens source antennas. It has been shown that the orthogonal

combination of two equivalent electric and magnetic dipoles, with certain conditions in mag-
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nitude and phase, allows the antenna to achieve a half-space radiation pattern. In addition

to that, it has been demonstrated that both equivalent sources can be generated in a dielec-

tric resonator antenna by taking advantage of its multiple degrees of freedom. Hence, this

chapter has also been focused on the analysis of TE and quasi-TM modes in a rectangular

dielectric resonator. Finally, the state-of-the art of Huygens source antennas using dielectric

resonators has promoted new challenges to achieve different radiation properties. In fact,

instead of obtaining a cardioid-shaped unilateral radiation pattern oriented transversely with

respect to the feed position, as classically proposed in the literature, the design of a Huygens

source DRA with cardioid radiation properties along the +z-direction has represented the

main challenge of this Ph.D. thesis.

Chapter 2 has presented the first proposal of this Ph.D. thesis. It has been dedicated to

present a Huygens source antenna in the ISM band formed by stacked dielectric resonators

with an overall height of 0.38λ0. The first Huygens source DRA operates in linear polar-

ization with asymmetric cardioid radiation properties in the E- and H-planes. As a result,

it achieves a maximum F/B ratio of 31.8 dB, and impedance and F/B ratio bandwidths of

9.5% and 3.3%, respectively. In addition to that, the radiation properties of the proposed

Huygens source DRA have been analyzed by means of the spherical mode expansion in order

to determine the contribution of the fundamental and higher-order modes on the far-field

radiation. It has thus been proved that the fact of not having collocated dipoles due to the

relative position of each resonator leads to the radiation of second-order modes. As a con-

sequence, these modes contribute to asymmetric radiation patterns. Similarly, a Huygens

source antenna using a cross-shaped dielectric resonator arranged in a stacked configuration

has been proposed in the ISM band. The overall height of the antenna is 0.41λ0, and it

operates in circular polarization with a half-space radiation pattern. As a result, it achieves

impedance and 3-dB axial ratio bandwidths of 21.2% and 22.9%, respectively. The proposed

stacked Huygens source also achieves a maximum F/B ratio of 26.3 dB, and a F/B ratio

bandwidth of 4.9%.

Chapter 3 has been dedicated to demonstrate the possibilities offered by additive manu-

facturing to provide a new degree of freedom for shape and material properties. For this pur-

pose, this chapter has first involved the state-of-the-art of the different 3-D-printing technolo-

gies used to manufacture materials with complex structures and homogeneous/heterogeneous

properties. Furthermore, it has been shown that additive manufacturing has been widely

used to manufacture microwave materials, microwave circuits, and antennas. Afterwards,

engineered anisotropy has been studied by structuring a 3-D-printed ceramic dielectric in

several sub-wavelength unit cells. It has been shown that the effective permittivity tensor

of the anisotropic dielectric material can be controlled by modifying the volume fill rate of

its unit cells. In addition to that, the 3-D-printed material has been manufactured, and its

dielectric permittivity tensor and losses have been measured. The measured permittivity ten-

sor is consistent but does not match exactly with simulated values. This can be explained

by the extraction procedure that is rather designed for moderate permittivities and isotropic

materials.
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Chapter 4 has been devoted to demonstrate the capabilities of additive manufacturing for

DRA applications. This chapter has proposed a theoretical model to calculate the electrical

properties and dimensions of a square-based dielectric resonator in circular polarization using

a engineered anisotropic dielectric. The single-fed circularly polarized DRA has been designed,

manufactured and measured in the 2.45 GHz ISM band. Its principle of operation relies on

the excitation of two orthogonal modes with certain conditions in amplitude and phase, which

have been tuned by modifying the anisotropy of the dielectric resonator in order to achieve

circular polarization. A good agreement has been observed between simulated and measured

results. The proposed DRA accomplishes a measured 10-dB impedance bandwidth of 16%,

a 3-dB axial ratio bandwidth of 2.4%, and a 6.4 dBi realized gain at 2.47 GHz. In addition

to that, the slight difference in magnitude between the simulated and measured axial ratio

is due to manufacturing tolerances during the 3-D-printing process. Finally, it has been

demonstrated that the use of additive manufacturing opens up interesting perspectives in the

design of new dielectric-based antennas to control their polarization and radiation pattern.

Chapter 5 has finally involved the design of a compact Huygens source antenna using

a uniaxial anisotropic dielectric resonator. It has been demonstrated that new degrees of

freedom for material properties can be exploited using 3-D printing in order to generate a

pair of collocated and orthogonal electric and magnetic dipoles in a single and more compact

dielectric resonator made up of a uniaxial anisotropic dielectric material. More specifically,

the frequency difference between the TEx
111 and quasi-TMy

111 modes can be reduced using

anisotropic dielectric materials, leading to satisfy the conditions in phase and amplitude to

realize symmetric Huygens source patterns in the E- and H-planes with improved radiation

properties along the +z-direction and low backward radiation. Besides, its maximum height

has been reduced by 16.2% while compared with the proposed stacked Huygens source made

up of two isotropic dielectric resonators, presented in Chapter 2. The capabilities of additive

manufacturing has also been exploited to reduce the antenna sensitive to the effects of coaxial

probe by adding a solid wall around the feed. It has been shown that the Huygens source

DRA achieves impedance and F/B ratio bandwidths of 11.4% and 2.9% using this solid wall.

However, a wider F/B ratio bandwidth has been achieved in absence of the dielectric wall.

For this latter, impedance and F/B ratio bandwidths of 20% and 4.1% have been achieved,

respectively. Finally, the spherical mode expansion has been used to determine the spherical

modes which contribute to the radiation of the Huygens source. This has confirmed that

the main contribution to the radiation pattern correspond to the TEx
111, and quasi-TMy

111

resonant modes, which are equivalent to collocated elementary dipoles.

Perspectives for future works

Given the objectives achieved in this Ph.D., further studies could be conducted: a theoretical

model to design a Huygens source antenna using a single dielectric resonator, a circularly

polarized antenna with Huygens source pattern using a single dielectric resonator, a wideband

circularly polarized DRA with large impedance and axial ratio bandwidths, a DRA with
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pattern diversity, and 3-D-printed multiband electrically small antennas for small satellites.

Furthermore, new techniques to measure anisotropy could be investigated to obtain accurate

and reliable results when retrieving its dielectric permittivity tensor and losses. For this latter,

the resonances of higher-order modes in the uniaxial anisotropic samples could be deeply

analyzed to determine if conventional techniques to measure isotropic dielectric materials

with low permittivities could be also applied to anisotropic materials.

For the first proposal, a theoretical analysis based on RLC circuits could be proposed

to represent a pair of orthogonal electric and magnetic dipoles so that they resonate with

a specific frequency difference in order to satisfy the amplitude and phase requirements to

achieve a Huygens source pattern.

Secondly, four resonant modes namely TEx
111, TEy

111, quasi-TMx
111, and quasi-TMy

111

modes must be excited and adjusted in frequency so that they satisfy the required condi-

tions in phase and magnitude to realize a Huygens source pattern in circular polarization.

For this purpose, a uniaxial anisotropic DRA using could be used to reduce the frequency

difference between the pairs of equivalent electric and magnetic dipoles. This would require

different feed mechanisms.

Finally, the axial ratio bandwidth enhancement could be performed by exciting higher-

order modes using trapezoidal [154] and stair-shaped [155, 156] DRAs. Furthermore, different

feed mechanisms could be used to excite higher-order modes in a uniaxial anisotropic dielec-

tric resonator. On the other hand, a pattern-diversity DRA could be investigated in order to

provide different radiation patterns, i.e., cardioid and omnidirectional patterns. The use of

additive manufacturing could be here adopted to excite the unidirectional HEM111 and omni-

directional TM011 modes by designing a rectangular DRA made up of a uniaxial anisotropic

dielectric material and two isolated ports, as previously done in [60].
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Appendix A

Spherical mode expansion

A.1 Theory

The spherical mode expansion (SME) is used to analyze the far-field radiation of the proposed

Huygens source antennas. For this, the SME is obtained by expanding the free-space Green’s

function in a scalar series and using the current distributions obtained with the method of

moments (MM) [157]. The result of the combination is a series of the magnetic vector potential

with coefficients. The far-field radiation properties are finally calculated by projecting these

coefficients onto the unit vectors aθ and aφ [157].

The contribution of each coefficient vectors are defined as amn and bmn, where m =

0,±1,±2, ...,∞, and n = 0, 1, 2, ...,∞.

In order to develop the vector spherical harmonic expansion, the homogeneous Helmholtz

wave equation in spherical coordinates is first presented [158]

▽2 ψ + k2ψ =
1

r2

∂

∂r

(

r2∂ψ

∂r

)

+
1

r2 sin θ

∂

∂θ

(

sin θ
∂ψ

∂θ

)

+
1

r2 sin2 θ

∂2ψ

∂φ2
+ k2ψ = 0 (A.1)

where k is the wavenumber. Hence, (A.1) can be solved by using the method of separation

of variables

ψ(r, θ, φ, t) = R(r)H(θ)Φ(φ)ejωt. (A.2)

A φ-dependent expression can be written as

Φm(φ) = e±jmφ (A.3)

and the Legendre function of first kind Pn(cos ξ) can be defined as a θ-dependent solution

which is finite over the spherical domain and periodic in θ [158].

On the other hand, since the far-field radiation is here investigated, the free-space Green’s

function can be defined as [157]
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e−jkR/R = −jkh(2)
0 (kR) = −jk

infty
∑

n=0

(2n+ 1)jn(kr′)h(2)
n (kr)Pn(cos ξ) (A.4)

where R = |r − r′|, r and r′ are the position vectors of field and source points, respectively.

Moreover, ξ defines the angle between r and r′, jn(kr′) the spherical Bessel function of first

kind, h
(2)
n the spherical Hankel function of second kind, and Pn(cos ξ) the Legendre function.

The Legendre polynomials Pn can be written as [159]

Pm
n (x) = (−1)m(1 − x2)m/2 ∂

m

∂mx
Pn(x) (A.5)

where Pn must satisfy the linear second-order Legendre differential equation [160]

(1 − x2)P ′′
n − 2xP ′

n + n(n+ 1)Pn = 0 (A.6)

with P ′′
n = ∂2

∂2x
Pn and P ′

n = ∂
∂xPn. The factor (−1)m is called the Condon-Shortley phase.

On the other hand, the magnetic vector potential A can be expressed as [157]

A =
µ0

4π

ˆ

△Si

Ii(e
−jKR/R)asi∂s

′ (A.7)

where asi is a unit vector in the direction of the ith wire segment of length △Si, and Ii is the

current distribution for i = 1, 2, 3, ..., P , where P defines the total number of segments used

in the MM current distribution.

By combining A.4 and A.7, the following equation is obtained

A =
−jµ0e

(−jkr)

2r

P
∑

i+1

Iiasi

∞
∑

n=0

jn+1
n
∑

m=0

Finm(θ, φ) (A.8)

with

Finm(θ, φ) =
(2n+ 1)

2π

ˆ

△Si

jn(kr′)Pm
n (cos ξ)∂s′. (A.9)

Using the Legendre function as in A.5, and expanding its terms in a scalar series [157]

Pm
n (cos ξ) =

n
∑

m=0

ǫm
(n−m)!

(n+m)!
Pm

n (cos θ′)Pm
n (cos θ) cos m(φ− φ′) (A.10)
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where ǫm is the Neumann’s number, with even (Y e
mn(θ, φ)), and odd (Y o

mn(θ, φ)) orthogonal

spherical harmonics as [161], as follows

Y e
mn(θ, φ) =

[

ǫm
(2n+ 1)

2π

(n−m)!

(n+m)!

]1/2

Pm
n (cos θ) cos(mφ) (A.11)

Y o
mn(θ, φ) =

[

ǫm
(2n+ 1)

2π

(n−m)!

(n+m)!

]1/2

Pm
n (cos θ) sin(mφ). (A.12)

Thus, (A.8) can be expressed in far-field as [157, 161]

A(r, θ, φ) =
−jµ0e

−jkr

2r

∞
∑

n=0

∞
∑

m=0

[amnY
e

mn(θ, φ) + bmnY
o

mn(θ, φ)] (A.13)

with

amn =
P
∑

i=1

Iiasi

ˆ

△si

jn+1jn(kr′)Y e
mn(θ, φ)∂s′ (A.14)

bmn =
P
∑

i=1

Iiasi

ˆ

△si

nn+1jn(kr′)Y o
mn(θ, φ)∂s′. (A.15)

Finally, the electric field in far-field can be written as

Eθ = −jωaθ · A (A.16)

Eφ = −jωaφ · A. (A.17)

Assuming r −→ ∞, and considering aφ and aθ as unit vectors with Cartesian components,

then

aθ = ax cos θ cosφ− ay cos θ sinφ− az sin θ (A.18)

aφ = −ax sinφ+ ay cosφ. (A.19)

Thereby, the electric field can be expressed as [157]
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Eθ(r, θ, φ) =
ωµ0e

−jkr

2r

n
∑

m=0

∞
∑

n=0

[aθamnY
e

mn(θ, φ) + aθbmnY
o

mn(θ, φ) (A.20)

Eφ(r, θ, φ) =
ωµ0e

−jkr

2r

n
∑

m=0

∞
∑

n=0

[aφamnY
e

mn(θ, φ) + aφbmnY
o

mn(θ, φ). (A.21)

A.2 Expansion of TE and TM fields in vector spherical har-

monics

The theory of the spherical mode expansion is used in this Ph.D. thesis to determine which

modes contribute to the radiation of a Huygens source antenna. To achieve this goal, the

electric field is expanded in terms of vector spherical harmonics in far-field, as previously

demonstrated.

It has been demonstrated in [73] that a set of wave functions (amn and bmn) describes the

TEsph and TMsph components of the electromagnetic field. Thus, the electric field can also

be written as an expansion of normalized vector spherical harmonics in terms of the electrical

properties of TE and TM modes as follows [73, 74, 158, 162]

E(r) =
∞
∑

n=1

n
∑

m=−n

dT E
mnMmn(r) + dT M

mn Nmn(r) (A.22)

where the coefficients dT E
mn and dT M

mn describe the strength of the TE and TM components of

the radiated field, n and m are the mode indices (| m |≤ n). Moreover, Mmn(r) and Nmn(r)

define the normalized vector spherical harmonics in far-field as follows

Mmn(r) = jn+1 e
−jkr

kr
kmn(θ, φ) (A.23)

Nmn(r) = jn e
−jkr

kr
r̂ × kmn(θ, φ) (A.24)

with

kmn(θ, φ) =

(

− m

| m |

)

√

(2n+ 1)(n− | m |)!
(4πn(n+ 1))(n+ | m |)e

jmφ (A.25)
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sin θ
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∂θ
(P |m|

n (cos θ))φ̂

]
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and P
|m|
n is the associated Legendre function.

The azimuth index m defines the φ-variation of the spherical mode for 0 ≤ φ ≤ 2π. For

m = 0, the fundamental TEsph and TMsph modes have no azimuth φ-variation, i.e., electric

dipole placed at z axis or a loop placed in xy plane. For m = ±1, the field varies periodically

around the z axis. On the contrary, the θ-variation of the spherical modes depends on the

indices m and n [74].

The variation of the field can occur in two directions. The rotation from the x axis towards

the y axis defines m = 1, and the opposite rotation defines m = −1. Thus, small magnetic

and electric dipoles oriented along x and y axis can be generated from TEsph
|m|1 and TMsph

|m|1

modes, respectively, when m = ±1. In addition to that, the combination of TEsph
11 /TEsph

−11 or

TMsph
11 /TMsph

−11 mode defines a bidirectional radiation of the small dipoles with a peak along

the z axis with linear polarization.
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Unit cell design using Floquet ports

As detailed in section 3.3, the anisotropy of the 3-D-printed ceramic material is obtained by

periodically printing an anisotropic unit cell. To ensure a homogeneous macroscopic behavior

of the final material, the unit cell must remain small with respect to the wavelength.

As shown in Fig. 3.27a, the simulation setup is formed by a dielectric material and a

vacuum box. Both periodic boundary conditions and Floquet ports are here defined using

Ansys HFSS. Hence, master/slave boundary conditions are fixed at the four side walls of the

vaccum box along x axis and y axis, as depicted in Fig. B.1. However, the single unit cell

is unable to extract the S-parameters in the plane of the unit cell interfaces along the x-

and y-direction. For that reason, Floquet ports are embedded in the unit cell interfaces in

order to measure the S-parameters [75, 137]. Then, two Floquet ports are here located along

z axis, as shown in Fig. B.2, providing normal incident waves with capabilities to control

the polarization vector. In addition to that, the Floquet ports must be set using a deembed

distance of 1.5 auc, which correspond to the distance between the two faces of the unit cell

and vacuum box along the z-direction.

Given the periodic boundary conditions imposed on the unit cell, the first Floquet mode

in x-polarization is excited to extract the S11 and S21 parameters, allowing to retrieve εrx. On

the other hand, to achieve εry, the first Floquet mode in y-polarization is excited to extract

the S-parameters. For this, two different options can be done in simulations, either rotating

90◦ the unit cell around the z axis or exciting two fundamental TE and TM modes in the

Floquet ports.

The S-parameters are then used to retrieve the permittivity tensor for the uniaxial anisotropic

dielectric [137],[163]. The S-parameters can be calculated given a normally incident wave

propagating between the Floquet ports and written as

S11 =
R01

(

1 − ej2nk0auc

)

1 −R2
01e

j2nk0auc
(B.1)

S21 =

(

1 −R2
01

)

ej2nk0auc

1 −R2
01e

j2nk0auc
(B.2)

where R01 = z−1
z+1 , ej2nk0auc = S21

1−S21R01
, k0 is the free-space wavenumber, and auc is the
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(a) (b)

Figure B.1: Master/slave boundary conditions defined along the (a) x-direction, and (b)
y-direction.

maximum length of the unit cell. The impedance of the unit element z and the refractive

index n are given by

z =

√

(1 + S11)2 − S2
21

(1 − S11)2 − S2
21

(B.3)

n =
1

k0auc
cos−1

[

1

2S21
(1 − S2

11 + S2
21)

]

. (B.4)

The permittivity is computed based on the refractive index and impedance of the unit

cell as

ε =
n

z
. (B.5)
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Figure B.2: Floquet port located along the +z direction.
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Abstract —

Unmanned aerial vehicle (UAV) and nanosatellites are being deployed on a massive scale

for industrial and research applications. In practice, these small platforms require the integra-

tion of several compact antennas to cover the different needs in communication, navigation,

or surveillance. The integration of these antennas is even more difficult as these platforms

often offer small ground planes. An original solution to provide directive radiation properties

without a ground plane relies on the design of Huygens sources. Cardioid radiation pattern

can thus be achieved by combining two orthogonal electric and magnetic dipoles radiating

the same field in their E- and H- planes, respectively.

In this work, several dielectric resonator antennas (DRAs) exhibiting Huygens source

properties are studied. In order to generate both equivalent electric and magnetic dipoles,

numerous TE modes can be excited in a rectangular DRA. Thus, by using the numerous

degrees of freedom in their design, it is possible to take advantage of their reduced size,

ease of excitation, high radiation efficiency, and wide bandwidth. More specifically, additive

manufacturing, or 3-D-printing, has here been used to realize the proposed DRAs. 3-D-

printing paves the way for new antennas using complex shapes and heterogeneous/anisotropic

materials to control, for instance, its impedance bandwidth and radiation characteristics.

During this Ph.D. thesis, two Huygens source antennas in linear and circular polarization

using stacked dielectric resonators have first been studied. The stacked configuration is here

formed by two resonators with different isotropic dielectric permittivities in order to generate

a pair of equivalent electric and magnetic dipoles, required to achieve a cardioid radiation

pattern. Then, it is shown that an original solution to reduce the volume of the stacked

Huygens consists in using a uniaxial anisotropic dielectric.

Anisotropic dielectric has thus been designed by structuring the 3-D-printed material in

several sub-wavelength unit cells to obtain a material which effective dielectric permittivity

is controlled by the volume fill rate of its unit cells. In order to demonstrate the possibilities

offered by 3-D-printing of anisotropic ceramics, a single-fed circularly polarized DRA in the

2.45 GHz ISM band has first been designed, 3-D-printed, and measured. The anisotropy

has here been used to excite two orthogonal modes with certain conditions in magnitude

and phase to achieve circular polarization. Finally, the design of a compact Huygens source

antenna using engineered dielectric anisotropy within 3-D-printed ceramics in the 2.45 GHz

ISM is presented.

Keywords: Dielectric resonator antenna (DRA), Huygens source, three-dimensional (3-

D) printing, anisotropic media.



Résumé —

Des véhicules aériens sans pilote (UAV) et des nanosatellites sont déployés à grande échelle

dans le but de servir pour des applications industrielles et de recherche. Dans la pratique, ces

petites plateformes demandent l’intégration de plusieurs antennes compactes pour différents

besoins en communication, navigation, ou encore surveillance. L’intégration de ces antennes

sur de telles plateformes est donc plus difficile en raison de ses petits plans de masse. L’une

des solutions originales permettant de fournir des propriétés de rayonnement directives sans

utiliser des grands plans de masse, repose sur la conception des sources de Huygens. Un

diagramme de rayonnement cardioïde peut, de ce fait, être réalisé en combinant deux dipôles

orthogonaux électriques et magnétiques rayonnant le même champ, respectivement dans leurs

plans E et H.

Dans ce travail, plusieurs antennes à résonateur diélectrique (DRA) avec propriétés d’une

source de Huygens sont étudiées. Afin de générer des dipôles électriques et magnétiques équiv-

alents, plusieurs TE modes peuvent être excités dans un résonateur diélectrique rectangulaire.

De ce fait, en utilisant les nombreux degrés de liberté de leur conception, il est possible de

concevoir des DRAs de tailles réduites avec des propriétés d’efficacité de rayonnement élevées

et de larges bandes passantes. En d’autres termes, la fabrication additive, ou l’impression

3D, a ici été utilisée pour fabriquer les DRAs proposés. L’impression 3D ouvre la voie à de

nouvelles antennes utilisant des formes complexes et des matériaux hétérogènes/anisotropes

afin de contrôler, par exemple, sa bande passante et ses caractéristiques de rayonnement.

Au cours de cette thèse, deux sources de Huygens en polarisation linéaire et circulaire,

et utilisant des résonateurs diélectriques empilés, ont d’abord été étudiées. La configuration

empilée est ici formée par deux résonateurs avec des permittivités diélectriques isotropes dif-

férentes afin de générer une paire de dipôles électriques et magnétiques équivalents, nécessaires

à l’obtention d’un rayonnement dans un demi-espace. Il est par la suite démontré qu’utiliser

un diélectrique anisotrope uniaxial est une solution originale permettant de réduire le volume

de ces sources de Huygens empilées.

Le diélectrique anisotrope a ainsi été conçu en structurant le matériau 3D imprimé en

plusieurs cellules unitaires de sous-longueur d’onde pour obtenir un matériau dont la per-

mittivité diélectrique effective est contrôlée par le taux de remplissage de volume de ses cel-

lules unitaires. Afin de démontrer les possibilités offertes par l’impression 3D de céramiques

anisotropes, une antenne DRA à alimentation unique et à polarisation circulaire dans la

bande ISM 2.45 GHz a d’abord été conçue, imprimée et mesurée. L’anisotropie a ici été util-

isée pour exciter deux modes orthogonaux avec certaines conditions de amplitude et phase,

afin d’obtenir une polarisation circulaire. Enfin, une source de Huygens compacte est conçu,

utilisant un diélectrique céramique anisotrope dans la bande ISM 2.45 GHz.

Mots clés : Antenne à résonateur diélectrique (DRA), source de Huygens, impression

tridimensionnelle (3D), matériau anisotrope.
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