
HAL Id: hal-05062499
https://hal.science/hal-05062499v1

Submitted on 10 May 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Unidirectional dielectric resonator antenna using 3-D-printed
uniaxial anisotropic ceramic

Carlos David Morales Peña, Audric Boiteau, Christophe Morlaas, Alexandre
Chabory, Romain Pascaud, Marjorie Grzeskowiak, Gautier Mazingue

To cite this version:
Carlos David Morales Peña, Audric Boiteau, Christophe Morlaas, Alexandre Chabory, Romain Pascaud, et al..
Unidirectional dielectric resonator antenna using 3-D-printed uniaxial anisotropic ceramic. IET Microwaves
Antennas and Propagation, 2025, 19 (1), ⟨10.1049/mia2.70019⟩. ⟨hal-05062499⟩

https://hal.science/hal-05062499v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


IET Microwaves, Antennas & Propagation

- ORIGINAL RESEARCH OPEN ACCESS

Unidirectional Dielectric Resonator Antenna Using
3‐D‐Printed Uniaxial Anisotropic Ceramic
Carlos David Morales Peña1,2 | Audric Boiteau1,2 | Christophe Morlaas1 | Alexandre Chabory1 | Romain Pascaud2 |
Marjorie Grzeskowiak2 | Gautier Mazingue3

1ENAC, Université de Toulouse, Toulouse, France | 2ISAE‐SUPAERO, Université de Toulouse, Toulouse, France | 3ANYWAVES, Toulouse, France

Correspondence: Romain Pascaud (romain.pascaud@isae-supaero.fr)

Received: 14 November 2024 | Revised: 21 March 2025 | Accepted: 7 April 2025

Handling Editor: Neng‐Wu Liu

Funding: This research received grants from the ‘Ecole Nationale de l’Aviation Civile’ and the ‘Région Occitanie Pyrénées‐Méditerranée’.

Keywords: anisotropic media | dielectric resonator antennas | three‐dimensional printing

ABSTRACT
A Huygens source dielectric resonator antenna (DRA) with unidirectional radiation pattern is presented. It consists of a coaxial
probe exciting a rectangular, homogeneous and uniaxial anisotropic dielectric resonator (DR). To obtain a Huygens source
radiation pattern, a pair of quasi‐TM and TE modes are combined by controlling the permittivity tensor of the DR. A prototype
operating at 2.5 GHz has been designed. The DR is made up of periodic anisotropic unit cells on a subwavelength scale and
fabricated using a three‐dimensional (3‐D) printer. The simulated and measured results are in reasonable agreement. A relative
impedance bandwidth of 12.5% and a front‐to‐back ratio larger than 15 dB at operating frequency are finally measured.

1 | Introduction

New small aerial or space platforms, such as unmanned aerial
vehicles (UAVs) or CubeSats, have few or no metallic surfaces
that can act as the ground plane for the integrated antennas, a
factor that generally affects their performance [1, 2]. Comple-
mentary dipole antennas eliminate the need for a ground plane
while obtaining interesting antenna properties, such as quasi‐
isotropic radiation [3, 4], polarisation diversity [5] or
controlled beam scanning [6, 7]. Among these solutions, Huy-
gens source antennas provide a unidirectional cardioid‐shaped
radiation pattern with a large front‐to‐back (F/B) ratio and an
omnidirectional polarisation purity [8, 9]. To do so, they
combine co‐located elementary electric and magnetic dipoles of
the same radiation intensity but with an orthogonal orientation
and a specific phase shift between them. For a linearly polarised
(LP) Huygens source, only one electric and one magnetic di-
poles are required [10–12], whereas to achieve circular polar-

isation, at least two electric and two magnetic dipoles are
needed [9, 13, 14].

Recently, several Huygens source dielectric resonator antennas
(DRA) have been proposed due to their attractive features such
as small size, low loss and relatively wide bandwidth [15–19].
The elementary electric dipole is generally due to the radiation
from the coaxial probe, whereas the magnetic dipole relies on
the excitation of a specific resonant mode in the dielectric
resonator (DR). As a result, these solutions exhibit unilateral
radiation with the main lobe perpendicular to the coaxial probe,
that is, to say lateral radiation, and they do not allow radiation
in the broadside direction.

To overcome this limitation, it is necessary to excite an
elementary electric dipole perpendicular to the coaxial feeding
probe. One solution is to use parasitic metallic ground or ele-
ments in addition to the DR [20–22]. However, these antennas
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can be sensitive to coupling between resonant metal elements
and nearby objects. Recently, the authors have proposed a so-
lution for having unilateral radiation in the broadside direction
[23]. This solution stacks two isotropic DRs with different sizes
and permittivities to obtain in each of them the specific resonant
modes that are equivalent to the required elementary dipoles.
Nevertheless, this DRA has nonco‐located elementary dipoles
and still suffers from a lack of symmetry in its radiation pattern.

Concurrently, the 3‐D printing of dielectric materials has been
explored in the literature, bringing new perspectives in the
control of their properties such as permittivity value [24, 25],
inhomogeneity [26, 27], anisotropy [28, 29] or dispersion [30].
When applied to DRAs, it provides greater design flexibility to
achieve wideband [31, 32], multiband [33], circular polarisation
[34, 35] or array configurations [36–38]. In particular, uniaxial
anisotropic DRAs have already been proposed to increase the
antenna gain [39–44] or half‐power beamwidth [45] or to ach-
ieve circular polarisation at one [46] or two frequency bands
[47]. However, note that only the two last DRs have been 3‐D‐
printed.

In this paper, we propose a Huygens source DRA using a 3‐D‐
printed uniaxial anisotropic DR. In our case, the anisotropy is
used to control almost independently the resonance frequencies
of several resonant modes of the DR [48]. More specifically, two
selected modes are responsible for generating a broadside
cardioid‐shaped radiation pattern in z‐direction by providing
elementary equivalent electric and magnetic dipoles radiation.
Consequently, this Huygens source DRA relies solely on the use
of co‐located DR modes and not on additional ground or feed
radiation, and it achieves a 16% reduction in size compared to
the solution presented in ref. [23]. A prototype has been
designed at 2.5 GHz and 3‐D‐printed. Its reflection coefficient,
radiation patterns and antenna gain have been simulated and
measured with a good agreement.

The paper is organised as follows. Section 2 describes the
working principle of the proposed Huygens source DRA. Spe-
cifically, in Section 3, uniaxial anisotropic DRs are addressed to
study the effects of an additional degree of freedom. From this
analysis, an antenna design is proposed in Section 4 and its
practical implementation through 3‐D printing is discussed.
Then, measurements and simulation results are compared in
Section 5. Finally, conclusions are presented in Section 6.

2 | Huygens Source Principle

To obtain a linearly polarised Huygens source pattern, we need
to combine two co‐located and orthogonal elementary electric
and magnetic dipoles. For a unidirectional cardioid‐shaped ra-
diation pattern, an amplitude balance and a phase shift of 0° or
180° are required between the two elementary dipoles,
depending on the main direction of radiation.

For instance, the radiated far field in spherical coordinate for an
elementary electric dipole along the y‐direction is

Eey = peη0A(cos θ sin ϕθ̂ + cos ϕϕ̂) (1)

with pe its electric dipole moment, η0 the impedance of free
space and A =

k2
0c0

4πre
− jk0r. The radiated far field from an

elementary magnetic dipole along the x‐direction is

Emx = pmA(sin ϕθ̂ + cos θ cos ϕϕ̂) (2)

with pm its magnetic dipole moment.

Assuming pm = η0ejδpe with a phase difference δ = 180° be-
tween both dipole moments, we obtain the magnitude of the
total radiated far field

|Etot| = |pm‖A|(1 + cos θ). (3)

Equation (3) represents a cardioid‐shaped LP radiation pattern
with its main radiation in θ = 0° and a maximal theoretical
directivity of 4.77 dBi [49].

It is here intended to use two resonant modes of a single DR to
obtain these co‐located elementary dipoles without depending on
ground or feed radiation. Assuming a rectangular DR, the two
equivalent elementary magnetic and electric dipoles can be
excited using the TEx

δ11 mode and a higher order mode that will be
named quasi‐TMy, respectively. More specifically, the quasi‐TMy

mode results from the TEx
δ12 and TEz

21δ modes by imposing a
square cross‐section transverse to the y‐direction, whose combi-
nation spawns the former mode alongside with a quasi‐HEM
mode [50]. It is important to note that it is not mandatory to
feed the DR with a central probe to excite the quasi‐TMy mode but
that it is sufficient to locate the excitation current where the
modal electric field is neither orthogonal nor zero [51, 52].

3 | Uniaxial Anisotropic Dielectric Resonator

To fulfil the Huygens source conditions using quasi‐TMy and
TEx

δ11 modes in a single DR, a new degree of freedom is provided
by considering a homogeneous uniaxial anisotropic DR with the
relative permittivity tensor

εr =

⎡

⎢
⎣

εro 0 0
0 εry 0
0 0 εro

⎤

⎥
⎦. (4)

The y‐axis is chosen here as the extraordinary axis (uniaxial‐y
medium) to retain the geometrical degeneracy of the TEx

δ12 and
TEz

21δ modes from which the quasi‐TMy stems. It is important to
note that in a uniaxial‐y medium, it is theoretically not possible
to define pure TEx and TEz modes for a rectangular DR. How-
ever, since the existing hybrid modes field distributions remain
similar in the simulation results, we will refer to them as TE
modes in the following for simplicity.

First, for a given relative permittivity εr = 13, we can determine
the dimensions a × b × a of an isotropic DR represented on
Figure 1a so that its TEx

δ11 mode resonates at a frequency close to
the operating frequency of the desired antenna, for instance,
f0,TEx

δ11
= 2.5 GHz. The ordinary relative permittivity is then kept

at εrx = εrz = εro = 13, and three values of DR height a are
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chosen to analyse the effects of the aspect ratioa/b. Figure 2 shows
that increasing εry leads to a greater decrease in the resonance
frequency of the quasi‐TMy mode than for the TEx

δ11 mode,
enabling the frequency shift between the two modes to be tuned.
This can be explained by noticing in Figure 1b that the dominant
E‐field component of the quasi‐TMy mode is collinear to the y‐
axis, making it particularly sensitive to the extraordinary relative
permittivity εry. One can note that a smaller frequency difference
can be more easily obtained with a higher aspect ratio as shown in
Figure 2c. The main downsides are an increase of the DR height,
hindering profile reduction goals, but also the convergence of
higher order modes towards the operating frequency that may
bring spurious effects. Conversely, a smaller aspect ratio is ana-
lysed in Figure 2a and displays the difficulty to bring required
modes closer without using an important value of birefringence.

4 | Huygens Source Antenna

The DR anisotropy has been used to control almost indepen-
dently the resonance frequencies of the quasi‐TMy and TEx

δ11

modes, which are expected to provide elementary equivalent
electric and magnetic dipoles, respectively, for Huygens source
radiation. In this section, the design of the Huygens source DRA
is presented, including its feeding, as well as its implementation
through 3‐D printing.

4.1 | Design

Figure 3 shows the proposed Huygens source DRA. It consists of
a single uniaxial anisotropic DR, a thin dielectric layer (Rogers
RO3003 with εr = 3.0 and tan δ = 0.001) and a semi‐rigid co-
axial probe (RG405). The final dimensions of the DR are
a = 39.6 mm and b = 19.2 mm, namely a

b ≈ 2.1 and an elec-
trical size of 0.33λ0 and 0.16λ0 at f0 = 2.5 GHz.

One can note that in order to have both equivalent dipoles
match the Huygens source conditions, the difference in reso-
nance frequencies of the required modes shall not be nullified
but reduced to a particular value. Eventually, an optimum can
be found to satisfy user‐defined goals on both radiation

FIGURE 1 | Schematic representation of the electric field distribution of the (a) TEx
δ11 and (b) quasi‐TMy modes in a rectangular DR.

FIGURE 2 | Simulated resonance frequencies of the modes of interest (TEx
δ11 and quasi‐TMy) and others in vicinity (TEy

2δ1, quasi‐HEM and
TEy

2δ2) as a function of εry, for different values of the aspect ratio a
b, resulting from an Eigenmode analysis and considering εro = 13.

Missing modes are out of scope in higher frequencies. (a) a
b = 1.2, with a = 29.0 mm. (b) a

b = 2.1, with a = 39.6 mm. (c) a
b = 2.8, with

a = 49.0 mm.
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properties and dimensions. As shown in Figure 4, the maximum
F/B ratio at 2.5 GHz is obtained using a uniaxial anisotropic
dielectric having a permittivity tensor with εry ≈ 21 and εro = 13
alongside with previously stated dimensions. The Eigenmode
analysis of the described DR is related to the intermediate case
depicted in Figure 2b; hence, the Huygens source operating
frequency f0 appears to be close to the centre of the 270‐MHz
frequency difference between the resonance frequencies of the
TEx

δ11 and quasi‐TMy modes.

The 0.75‐mm thick dielectric plate supporting a small lm = 6
mm square metal plate printed at its bottom is used here for
mechanical purposes, notably to solder the coaxial outer
conductor on one side and to glue the DR on the other.

The 50 Ω coaxial probe is located on the edge of the resonator,
at a distance yp = 8.5 mm, to excite both the TEx

δ11 and
quasi‐TMy modes. Its inner conductor has a length lp of
17.6 mm. The location and length of the probe have been
determined by a numerical parametric study.

4.2 | Implementation

The uniaxial anisotropic permittivity tensor has so far been
directly assigned on Ansys HFSS. However, these values are not
necessarily available with natural materials. To solve this
problem, it is proposed to use 3‐D‐printed periodic sub-
wavelength unit cells, mixing zirconia (εr = 32.5 and
tan δ = 0.00019 at 10 GHz) and air to create this artificial
anisotropic dielectric [46, 53].

Figure 5 shows the anisotropic cubic unit cell. Its side auc, which
also corresponds to the periodicity of the artificial dielectric, is
equal to 3.5 mm. For its analysis, periodic boundary conditions
and Floquet ports are used on Ansys HFSS, and the effective
relative permittivity tensor εr ,eff is retrieved using simulated S‐
parameters and a homogenisation method [54]. This approach
remains accurate as long as the unit cell is electrically small,

namely a side lower than λ/8, which is the case here [55, 56].
The final dimensions after optimisation are auc = 3.5 mm,
luc = 2.80 mm, wuc = 0.86 mm and euc = 0.35 mm.

The antenna was finally 3‐D‐printed using the 3‐D printer C900
FLEX from 3DCERAM, which uses a stereolithography appa-
ratus (SLA) with a photosensitive paste containing zirconia
powder [57]. This 3‐D printer, with a resolution of 35 μm, has
already been successfully used to print anisotropic DRAs oper-
ating in the S‐band [46, 47]. Figure 6 shows a picture of the 3‐D‐
printed Huygens source DRA, namely the uniaxial anisotropic
DR mounted on the small dielectric plate and fed by the coaxial
probe with a quarter‐wavelength sleeve to suppress stray radi-
ation from the cable.

5 | Results

The simulated and measured reflection coefficients are shown
in Figure 7. We observe good impedance matching with a
measured |S11| = − 18 dB at the expected operating frequency
f0 = 2.5 GHz. The relative impedance bandwidth (IBW)
measured with |S11| ≤ −10 dB is 12.5%. The wider impedance
bandwidth in measurements is likely due to manufacturing
tolerances. Notches on the |S11| curve around 2.8 and 2.9 GHz
exist due to the contribution of excitable higher order modes
tracked on Figure 2b.

FIGURE 3 | Schematic of the Huygens source DRA (a = 39.6,
b = 19.2, ld = 43.4, lp = 17.6, dp = 0.51, lm = 6 and yp = 8.5 mm).

FIGURE 4 | Simulated F/B ratio of the Huygens source DRA at
2.5 GHz as a function of εry and considering εro = 13.

FIGURE 5 | 3‐D‐printed uniaxial anisotropic unit cell.
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Radiation patterns in ϕ = 0° and ϕ = 90° planes at 2.5 GHz are
shown in Figure 8. A cardioid‐shaped pattern is obtained in
both planes with LP radiation. An almost perfect symmetry of
the patterns is observed in the main direction of radiation, as
expected for a Huygens source antenna. Some disturbances on
the measured back radiation may be attributed to the dielectric
mast used during measurement to hold the antenna. The high
level of cross‐polarisation in the ϕ = 0° plane may be due to
stray radiation from the coaxial probe and some residual radi-
ation of the TEy

2δ1 mode which resonates close to 2.8 GHz as
shown in Figure 2b. Note that this parasitic radiation can be
reduced using a differential feed, that is, to say a second coaxial
probe placed symmetrically with respect to the first and fed in
phase opposition [58, 59].

Figure 9 shows the antenna gain in the broadside direction as a
function of frequency as well as the measured total antenna
efficiency ηtot. The simulated and measured gains are 4.9 and
5.1 dBi, respectively, whereas the measured total efficiency is
equal to 80% at 2.5 GHz.

The simulated and measured F/B ratios at 2.5 GHz are equal to
22 and 16 dB, respectively. Assuming that the F/B ratio is

acceptable when it is greater than 15 dB, the simulated relative
bandwidth of the F/B ratio is 3.2%. The measured one cannot be
quantified without excessive uncertainties, since the dielectric
mast supporting the antenna during measurement alters
significantly the backward radiation level. Notwithstanding, we
still have reasonable agreement between simulation and
measurement.

FIGURE 7 | Simulated and measured |S11| as a function of
frequency.

FIGURE 8 | Simulated and measured normalised radiation patterns
in (a) ϕ = 0° and (b) ϕ = 90° planes at 2.5 GHz.

FIGURE 9 | Simulated and measured antenna gains for θ = ϕ = 0°
and measured total antenna efficiency as a function of frequency.

FIGURE 6 | Picture of the 3‐D‐printed Huygens source DRA.
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Table 1 gives an overview of several unidirectional LP DRAs in
terms of size, gain, bandwidth, radiation and operating princi-
ple. Note that the proposed solution is the only one to solely use
DR modes to obtain cardioid‐shaped radiation pattern in the
broadside direction.

6 | Conclusion

A uniaxial anisotropic DRA has been designed to obtain a
Huygens source radiation pattern at 2.5 GHz. It is based on the
combination of two co‐located resonant modes within the DR
that radiate as equivalent electric and magnetic dipoles. The
uniaxial permittivity medium has given an additional degree of
freedom to control the resonance frequencies of multiple modes
in a DR.

3‐D printing was used to manufacture the artificial anisotropic
dielectric in a single process mixing zirconia and air, thus
achieving these symmetric cardioid‐shaped radiation patterns,
without using ground planes or reflectors. The measurements
agree reasonably with the simulations, resulting in a measured
relative impedance bandwidth of 12.5% and a F/B ratio greater
than 15 dB at the operating frequency.

These results demonstrate that achieving enhanced control of
resonant modes by adjusting the effective permittivity tensor of
artificial dielectrics through 3‐D printing could unlock new
possibilities in the advanced design of DRAs. This solution also
opens up interesting prospects for the development of fully
dielectric Huygens metasurfaces [60, 61].
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