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ABSTRACT This article presents a parametric study of a fully 3D-printed hemispherical dielectric resonator
antenna (DRA) using low loss dielectric filament and high-conductive filaments jointly with a low-cost
customized dual-extruding 3D printer. The parametric study consisted in the design and evaluation of five
different hemispherical DRA topologies with different internal shapes and the same overall size, in which the
printing infill percentage of the DRA was reduced. A 3D-printed metallic cap was included in the antenna
to compensate for the resonant frequency shift in order to maintain its original dimensions. Measurement
results show that all evaluated antennas kept the same resonant frequencies and similar radiation patterns
while reducing the overall weight of the topology in 22% of the nominal weight.

INDEX TERMS 3D-printing, conductive filaments, dielectric resonator antennas, dielectric filaments.

I. INTRODUCTION
With 3D-printing technology, the possibility of manufactur-
ing prototypes or functional parts incurring in a lower cost and
reduced fabrication times has led to a new revolution onmany
applications [1]–[3]. In addition, the introduction of low-
loss dielectric filaments [4] and high-conductive filaments
[5] has enabled low-cost additive manufacturing of complex
microwave topologies. In recent years, many studies has
been focused on the high-frequency characterization of the
materials used for 3D-printing [6]–[8] and on the fabrication
of high-frequency structures such as metamaterials [9]–[11],
antennas [12]–[15], dielectric lenses [16]–[20], amongst
other implementations [21].

One particular structure that can directly benefit from
the appearance of 3D-printing is that of dielectric resonator
antennas (DRA). This well-known topology consists of a
dielectric slab that can radiate depending on how it is
excited. Its radiation characteristics and frequency depend
on its dimensions, shape, and the relative permittivity of
the dielectric slab, which makes it a versatile topology and
that can have higher radiation efficiencies when compared
to a standard microstrip implementation [22]. One of the
main drawbacks of this technology is the limitation of
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available permittivity values on standard dielectric materials
and that the complexity of the shape either increases the
manufacturing cost or is limited by current manufacturing
processes. This shape issue can be easily overcome by
using 3D-printing, which allows the manufacture of differ-
ent shapes, only depending on the precision of the printer,
while for the permittivity values, we can obtain different
dielectric constants just by varying the infill percentage of
the 3D-printed dielectric [16], [17], [23].

Many studies have also been done on 3D-printed
DRA, including wideband multi-ring structures [23], arrays
[24], high-gain structures [25], and more original shape-
synthesized DRA topologies [26]. One interesting option
which has not been explored is combining in the same
3D-printing process the deposition of high-conductive and
dielectric filaments to implement DRA topologies which uses
both materials on the radiating structure (besides the feed-
ing network and the ground plane). This kind of structure
has been used in previous dielectric resonator antennas and
filters, for example, to tune the resonant frequency of either
the radiating or filtering mode of the resonator [27], [28].
Therefore, it is relevant to assess some insight about what
3D-printing achieves to give designers information referring
to weight, cost, bandwidth, and cost of the overall structure.

Amongst the characteristics that can be controlled in the
3D-printing process of a DRA is the infill percentage of the
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material, which can affect either from an electromagnetic
point of view or directly influence the overall weight of the
structure [6], [29], [30]. In the specific case of 3D-printed
dielectrics, reducing the infill percentage will reduce the
relative permittivity of the structure [16], [17], shifting the
resonance frequency of the antenna. To compensate for this
effect, and as described in the previous paragraph, we can
add a metallic cap and set the resonant frequency on any
desired value [27]. Applying this principle, we can think of a
3D-printed DRA that can have a lower weight due to an infill
percentage reduction and then using a conductive filament [5]
to print a metallic cap on top of the dielectric section to com-
pensate for the change in permittivity. Therefore, a weight
reduction can be achievable and of interest for applications
such as unmanned autonomous vehicles (UAVs), where the
overall weight is an important parameter.

This article presents a parametric study related to the infill
percentage of a fully 3D-printed hemispherical dielectric
resonator antenna loaded with a metallic cap that operates
at 5.8 GHz, which is a frequency used in vehicle-to-vehicle
communications, and where we can find systems where
weight relief can be an important feature for the radiating
systems. The objective of the study is to assess the rela-
tion between infill-percentage and frequency tuning that can
be achieved using the printed metallic cap on top of the
hemispherical DRA, all by keeping the same volume and
radiation characteristics of the original DRA, but reducing
its overall weight. These characteristics are available for its
implementation using a low cost 3D-printer, avoiding any
precision machinery or milling for the dielectrics or the
metallic cap. The article is divided into the following sections:
in Section 2, the reference hemispherical DRAwith ametallic
cap operating at 5.8 GHz is presented. In Section 3, four
different implementations of the same DRA varying the infill
percentage are presented. In Section 4, the 3D-printing imple-
mentation of the antennas is introduced, while in Section 5,
the measurement results are presented.

II. DIELECTRIC RESONATOR DESIGN AND SIMULATION
For this study, we will use as a reference case a hemispherical
DRA loaded with a metallic cap based on the work published
in [27]. This DRA is excited with a fundamental TE111 mode
through an aperture coupling feeding, while the metallic cap
is used to tune the resonant frequency of the antenna [27]. For
our design, the antenna is sized to operate at 5.8 GHz, which
corresponds to a frequency band used for vehicle-to-vehicle
communication standards.

Figure 1 shows the proposed DRA. The relative permittiv-
ity used for the DRA is εDRA = 10, while the antenna is fed
by an aperture coupled-feeding, etched on a FR-4 substrate
of εr = 4.4, lateral dimensions of Lsub = Wsub = 50 mm,
and height hsub = 1.7 mm. Regarding the feeding network,
a 50 � microstrip line of width wline = 3 mm and length
Lsub/2 + lstub (with lstub = 10 mm), feeds an aperture
etched on the ground plane of the substrate of dimensions
lslot = 1.6 mm and wslot = 8 mm. This feeding network was

FIGURE 1. Reference hemispherical DRA with metallic cap. a) Side-view
b) Top-view with aperture-feeding details.

decided to be designed using this standard substrate in order
to avoid the losses introduced by the conductive filaments in
this type of topologies in 3D-printing [6]. Finally, the antenna
dimensions are a DRA radius of rDRA = 6 mm and a height
of hDRA = 5 mm, while the metallic cap has a height of
hcap = 1 mm. It is worth noticing that without the metallic
cap, that is to say, having a full dielectric hemispherical DRA
of radius 6 mm, the resonance frequency of the antenna will
be 6.2 GHz.

Figure 2 shows the simulated results of the reference DRA
loaded with a metallic cap. Fig. 2a shows the reflection
coefficients of the DRA, with and without the metallic cap,
where the influence on the down-tuning of the frequency
due to the metallic cap can be observed. The simulated gain
radiation pattern of the DRA with metallic cap, calculated
at 5.8 GHz, is depicted in Fig. 2b, where a maximum gain
of around 5.7 dB can be seen for the antenna. In order to
confirm the operating principle of the DRA, in Figure 3 is
shown the simulated electric field on three different planes:
x-y plane, y-z plane and x-z plane. We can see that the
coupling slots feds the DRA with the previously described
mode, to then radiates and generating the exposed radiation
patterns. Having the reference antenna designed, now we
proceed to design and set the DRA parameters to be assessed
for this parametric study.

III. PARAMETRIC STUDY OF HEMISPHERICAL DRA
LOADED WITH METALLIC CAP
We perform a parametric study with the designed reference
DRA case, which is only possible due to the 3D-printing
inherent characteristics. One parameter that can be important
for antennas designed for vehicle communications, especially
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FIGURE 2. Simulated results of the reference DRA. a) |S11 | as function of
the frequency with and without the metallic cap (fully dielectric). b) Gain
(in dB) for the y-z plane and x-z plane at 5.8 GHz with the metallic cap.

FIGURE 3. Simulated electric field at 5.8 GHz of the reference DRA on
different planes. From left to right: x-y plane, y-z plane and x-z plane.

for unmanned autonomous vehicles (UAVs), is the weight
of the antenna. In our case, the weight can be reduced by
lowering the infill percentage of a portion of the 3D-printed
dielectric resonator antenna, which will lower the relative
permittivity of that section. This phenomenon will impact the
resonant frequency of the DRA, which will be compensated
by varying the height of the metal cap, keeping the original
size of the DRA.

A. PROPOSED TOPOLOGIES FOR PARAMETRIC STUDY
For this study, two different topologies are analyzed, which
are shown in Figure 4. The first topology (Fig. 4a) consists
of the same hemispherical DRA previously analyzed, but the
dielectric part is by divided into two horizontal layers with
different infill percentages. In this topology, the section of
the DRA named DRA section 2 will have an infill percentage
of 100%, while the section named DRA section 1 will take
two lower infill percentage values, i.e., 50% and 70%. The

FIGURE 4. DRA antennas designed for the parametric study.
a) Horizontally divided DRA with metallic cap. b) Dome-like divided DRA
with metallic cap.

height of the metallic cap was increased so that the antenna
operates at 5.8 GHz, compensating for the reduction of the
permittivity values.

The second topology (Fig. 4b) is based on the same work-
ing principle as the previously proposed, i.e., one section
will vary its infill percentage (DRA section 1) with the same
declared infill percentages, i.e., 50% and 70%,while the other
keeps a full infill (DRA section 2). The main difference is that
besides the horizontal division, the full-infill sectionwill have
a reduced radius, giving the effect of a dome-like structure,
where the lower infill percentage section contains the full-
infill section of the DRA. As in the previous case, and due to
the relative permittivity reduction, the metallic cap height is
increased to have the antenna operating at 5.8 GHz.

A unit-cell analysis of the dielectric was conducted
to obtain the relative permittivity value of the filament
with the required infill percentage of this study. For this,
a sub-lambda cubic unit-cell of dimensions λ/6 is filled
with a dielectric with the relative permittivity of the fil-
ament in use. Two perfect conductor (PEC) plates placed
on the top and bottom of the unit-cell to create a par-
allel plate condition and calculate its dispersion diagram.
Then, by varying the infill percentage of the unit-cell,
we retrieve the different dispersion diagrams, and therefore,
the relative permittivity for each infill percentage variation.
This unit-cell has proved to represent the infill percentage
accurately and the relative permittivity obtained with the
3D-printing process [16], [17]. Figure 5 shows the unit-
cell and the relative permittivity values as a function of the
infill percentage obtained with this analysis for the filament
PREPERM ABS1000 (εr = 10).
From Figure 5 we can retrieve the relative permittivity

when using 70% and 50% infill percentages, corresponding
to a relative permittivity values of εr = 6.6 and εr = 4.78,
respectively, using the fitted curve obtained with MatLab by
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FIGURE 5. Relative permittivity values of the ABS1000 filament as
function of the infill percentage and the corresponding sub-lambda
unit-cell used for its calculation.

TABLE 1. Simulated hemispherical DRA and its dimensions for its
operation at 5.8 GHz.

the following equation (where x is the relative permittivity):

ABS1000(εr ) = −0.003893x2 + 0.1531x − 0.1425 (1)

These values are the ones that will be used for the different
DRA implementations on the variations of DRA Section 1.

B. SIMULATION RESULTS
Once we defined the permittivity values corresponding to
both infill percentages that will vary in the DRA Section 1
of both implementations, we proceeded to simulate the four
different implementations of the hemispherical DRAwith the
metallic cap using ANSYS HFSS [31]. That is to say, two
implementations of the horizontally divided model (Fig. 4a)
using the two permittivity values obtained with the infill
percentages, i.e., 50% and 70% infill, and two implementa-
tions using the same permittivity variations for the dome-like
topology (Fig. 4b). For these antennas, the scope is to keep the
resonant frequency of the DRA at 5.8 GHz, by compensating
the reduction of permittivity values by using the metallic cap
to keep the same volume of the original hemispherical DRA
presented in Figure 1, i.e., hDRA + hcap = rDRA = 6 mm.
Table 1 presents the corresponding dimension of each DRA
under study that assures an operational frequency of 5.8 GHz.
For these simulations, the metallic cap and the dielectrics
used in the DRA are considered lossless.

Figure 6 and Figure 7 show the simulated reflection coef-
ficient |S11| as a function of the frequency and the gain radia-
tion pattern (in dB) for the horizontally divided DRA and for
the dome-like divided DRA, respectively. These values are
compared with the reference case previously exposed (100%
infill). We can see that in all the implementations, the antenna
is well matched at 5.8 GHz, which confirms that we can com-
pensate for the effect of reducing the infill percentage (and
therefore the relative permittivity of the section) bymodifying

FIGURE 6. Simulated results of the horizontal parametric study as a
function of different infill percentages for DRA section 1. a) |S11 | as a
function of the frequency. b) Gain (in dB) for the x-z plane at 5.8 GHz.
c) Gain (in dB) y-z plane at 5.8 GHz.

the height of the metallic cap. Regarding the obtained gain
radiation patterns, we can see no significant variation of the
radiation on both planes for the four different antennas when
compared to the reference case.

The obtained simulation results confirm that we can reduce
the infill percentage of a section of the resonator of a hemi-
spherical DRA operating at 5.8 GHz, while keeping the
same radiation characteristics and volume of a full-infill (full-
weight) implementation by compensating the infill reduction
with a metallic cap.

One important parameter that has to be taken into account
is the finite conductivity of the conductive filament that will
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FIGURE 7. Simulated results of the dome-like parametric study as a
function of different infill percentages for DRA section 1. a) |S11 | as a
function of the frequency. b) Gain (in dB) for the x-z plane at 5.8 GHz.
c) Gain (in dB) y-z plane at 5.8 GHz.

be used for the metallic cap. Previous studies on this filament
confirms that at higher frequencies the losses introduced by
the filament tends to increase [6], [8]. On the other hand,
we need to take into account the losses that can be additionally
introduced by the ABS filament used in the DRA. For the
following simulation results we used the declared value of
dielectric losses for the PREPERM ABS1000 filament of
tan δ = 0.003 [4]. For the conductive filament, we will
use two values for simulation. First, the declared value of
1.6×104 S/m declared by the manufacturer [5], and a second
simulation using a reduced conductivity value of 1000 S/m,
which can be estimated from previous measured results at the
operating frequency [6], [9]. To notice that this value is just

TABLE 2. Ocular3D EIE-custom 3D printer technical specifications.

an estimation for the conductivity value based on a retrofitted
simulation to obtain a similar loss effect obtained in measure-
ment of the previous works at the resonance frequency of the
DRA. In Figure 8 are exposed the simulated realized gains
(in dB) at 5.8 GHz for the two different implementations of
the parametric study, as function of the infill and the different
conductivity values used for the metallic cap.

We can see from the simulation results that when the
conductivity value is assumed with σ = 1.6 × 104 S/m,
the realized gain is not significantly affected if compared to
the case when using a perfect conductor. However, when the
conductivity value is assumed with σ = 1000 S/m, we can
see a significant reduction of the maximum gain in all the
implementations, being more important when the metallic
cap is larger, that is to say, when the infill percentage of
the dielectric section is lower. In brief, the maximum gain
for this low conductivity value goes from 3.7 dB to 4.4 dB.
With this simulation assessment, we can proceed to design
and manufacture the five DRA under study to be suitable for
a 3D-printing process.

IV. 3D-PRINTING ANTENNA DESIGN
To manufacture the different antennas under study, we use a
custom-ordered 3D-printer fromOcular3D [32]. This double-
extruder 3D-printer has the technical characteristics in terms
of hot-ends and bed temperature that allow it to print the
Electrifi conductive filament and the ABS dielectric filament
provided by PREPERM [9], [17] jointly. The 3D-printer in
use is shown in Figure 9, while Table 2 summarizes its main
technical specifications.

The software Ultimaker Cura [34] was used to generate the
gcode for the 3D-printer, which permits the user to specify
different parameters for the 3D-printing process: the bed and
extruding temperatures, extruding speed, infill percentage,
and infill patterns, amongst other relevant parameters that are
important for a correct deposition of the filaments. Figure 10
depicts two cut-views in Ultimaker Cura of the 70% infill
hemispherical DRA, where we can see the metallic cap and
both dielectric sections of the DRA with the different infill
percentages, i.e., 100% for DRA section 2 and 70% for DRA
section 1.

Table 3 presents the main printing parameters used for the
deposition of both dielectric (ABS1000) and conductive fila-
ment, and Figure 11 shows the five manufactured 3D-printed
hemispherical DRA for the study. It is worth noticing that the
substrate in use for the feeding network is a FR-4 substrate
(εr = 4.4) with a height of hsub = 1.6 mm and lateral
dimensions of 50 mm×50 mm, and a 50 � SMA connector
is soldered to the microstrip line for measurements.
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FIGURE 8. Realized gain at 5.8 GHz for two different DRA
implementations, as function of the infill percentage and conductivity of
the metallic cap. a) Horizontally divided x-z plane. b) Horizontally divided
y-z plane. c) Dome-like x-z plane. d) Dome-like y-z plane.

V. MEASUREMENT RESULTS
Once the devices were constructed, we proceeded to measure
the reflection coefficient as a function of the frequency and
the gain radiation pattern in both planes of the DRA. The
first measurements of the reflection coefficient showed a
similar frequency shift in their resonance frequencies. This

FIGURE 9. Custom 3D-printer manufactured by Ocular3D.

FIGURE 10. Cut-view of the 3D-printed DRA with the different sections
generated with Ultimaker Cura.

TABLE 3. 3D-printing parameter for the filaments used for the antenna
construction.

FIGURE 11. 3D-printed antennas with their corresponding feeding
network.

can be attributed to a slightly different value of the relative
permittivity of the dielectric filament and the uncertainty of
the relative permittivity that exhibits the conductive filament.
We resized the antennas to compensate for this frequency
shift, including resizing the metallic cap section within the
range of resolution of the 3D-printer. Table 4 shows the new
dimensions of the antennas.
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TABLE 4. Dimensions of the 3D-printed constructed antennas.

FIGURE 12. Measured |S11| parameter as function of the frequency for
the constructed antennas.

In Figure 12 are shown the measured reflection coeffi-
cient |S11|. We can see that the resonant frequencies of the
antennas are around f0 = 5.9 GHz in all implementations.
The resonance frequency difference can be explained due to
slight differences in the dielectric filament relative permit-
tivity and the permittivity introduced by the conductive fila-
ment, and the fabrication tolerance of amultisection structure.
In addition, we can see that most of the implementations are
matched at f0, except for the one namedDome-like 50% infill.
This mismatching can be explained due to the difference of
the relative permittivity value of the filament, which is a
parameter that can affect the dimensions of the slot to obtain
the desired coupling [35], and in this case and due to the
geometric distribution of the dome-like DRA, is the more
sensitive topology to this kind of variations at the slot level.

All five implementations were measured in an anechoic
chamber to obtain their gain radiation patterns at their res-
onance frequencies f0, for the same planes obtained in the
simulation. Figure 13 shows the gain radiation patterns at f0
for the five 3D-printed antennas on the x-z plane and the
y-z plane. From the measurement results, we can observe
that the maximum overall gain in the simulation is higher
than the obtained in measurements, varying from 3.8 dBi to
4.7 dBi, which is in line with the previous simulation results
previously exposed, when using a low conductivity value for
the metallic cap. Therefore, this difference can be explained
mainly due to the losses inserted by the dielectric filament and
the losses introduced by the conductive filament. However,
there are studies that demonstrates that this particular fila-
ment is suitable for electrodeposition, which can increase the
conductivity of the filament with a simple chemical process,
and by consequence, compensate these losses [7]. In addition,
this implementation, as-is, exhibits better performance in

FIGURE 13. Measured gain radiation patterns (in dB) for the different
3D-printed antennas at f0. a) x-z plane. b) y-z plane.

terms of realized gain when compared to a fully 3D-printed
patch antenna using the same conductive filament [6]. Finally,
and regarding the shape of the obtained patterns, we can
see that the implementations have a similar radiation pat-
tern in both planes, except for the dome-like implementa-
tions, which have more considerable differences at lower
angles.

TABLE 5. Weight estimation in milligrams for each 3D-printed antenna.

Another point to discuss is the weight reduction obtained
on each implementation. Table 5 summarizes the used mate-
rial on each implementation, in milligrams, for each section
of the antenna and total. From the table, we can see that
by reducing the infill percentage and compensating the size
of the metallic cap, we can obtain lighter antennas with
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similar behavior in terms of resonance frequency and radi-
ation pattern. A maximum reduction of 159 mg is obtained
compared to the reference case, which corresponds to a reduc-
tion of around 22% of the nominal weight of the antenna.
This weight reduction can be more important if we consider
the use of standard dielectrics for the construction of the
DRA. For example, if we use alumina (εr ≈ 10) [36],
[37], for the fabrication of this same DRA and giving the
mass density of alumina of around 3.95 g/cm3, an estimated
weight of the DRA can take values of 2600 mg, which is
around 4.5 times higher than the lighter proposed structure
in this work. This result can be important for example when
designing an antennae system for UAVs, or any other system
where size and weight is an important issue, moreover if
it is used for on-board antenna arrays, where we have an
increment of the radiating elements.

Finally, we can compare this implementation with other
3D-printed DRA topologies and more innovative DRA
topologies operating in the same frequency band [29], [38].
The results obtained in terms of realized gains in the same
frequency are within a comparable range values with other
implementations, but this proposed work can offer a reduced
size and wight reduction due to the infill percentages, that
can implies a also having a reduced weight when compared
to other implementations [29], [38]–[42].

VI. CONCLUSION
This article presented a parametric study concerning the
infill percentage and internal shape of a fully 3D-printed
hemispherical dielectric resonator antenna with a metallic
cap to reduce its nominal resonance frequency. The obtained
results show that it is possible to compensate for reducing
the infill percentage, which changes the resonance frequency
of the different DRA implementations, by using a 3D-printed
metallic cap and varying its dimensions. Measurement results
show that all 3D-printed implementations operate in a similar
resonant frequency and have similar radiation patterns, except
for minor differences. These differences can be explained
due to width variations of the printed filament or additional
reflections associate with the infill pattern when infill per-
centage is low. Finally, and regarding the weight reduction
obtained with this technique, a maximum of 22% of weight
reduction was achieved compared to a reference case that
uses a 100% infill percentage for the filaments. This weight
reduction and the overall size of the implemented DRAs
can be interesting when implementing this antenna topology
in antenna arrays for applications such as unmanned aerial
vehicles (UAV), or any other system where size and weight
are critical parameters to be considered in the design. For
example, if we consider the implementation of an antenna
array at this same frequency using patch antennas, each indi-
vidual element will be larger in size (around 33% larger for
each element using the same substrate for the feeding network
of the DRA) which can critical depending on the available
space of the system.
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