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Abstract: This article presents a circular polarized enclosed dielectric resonator antenna
(DRA), operating at 5.8 GHz. The design consists of a twist DRA, which is enclosed in
a box to give stability to the structure. The circular polarization of the antenna depends
on the sense of twisting the top with respect to its base to achieve Left Hand Circular
Polarization (LHCP) or Right Hand Circular Polarization (RHCP). The antenna was man-
ufactured using 3D printing and low-loss dielectric filament. The measurement results
show the two resonance frequencies and an axial ratio below 3 dB at the operational fre-
quency, while exhibiting a bandwidth and gain compatible for unmanned aerial vehicle
(UAV) applications.

Keywords: dielectric resonator antenna; circular polarization; 3D printing

1. Introduction

In recent years, additive manufacturing has gained huge interest in microwave and
antenna research [1]. This is mainly due to the possibility of manufacturing prototypes or
functional parts that were either too expensive or difficult to implement using standard
fabrication processes. This is also possible due to the introduction of conductive filaments
and low-loss dielectric filaments [2] and the lower cost of high-resolution 3D printers; this
combination makes these solutions appear cost-effective for several applications [3]. Some
topologies that have been implemented are metamaterials [4,5], horn antennas [6], dielectric
lenses [7], and other structures [8,9].

One particular kind of antenna that has been directly taking advantage of 3D printing
is dielectric resonator antennas (DRAs). These antennas, which consist of a dielectric slab
that that can radiate depending on how it is excited, offer significant versatility in terms
of radiation patterns and operational frequencies [10]. This is thanks to the possibility of
exciting different cavity modes in the dielectric structure, which are dependent on the shape
of the slab, its dimensions and its permittivity. One of the drawbacks of this technology is
the possible choice of materials for the dielectric slab, in that the permittivities are basically
set by the ceramic or dielectric in use. In addition, difficult shapes can be expensive or
difficult to implement, for example, when using ceramic materials for high-permittivity
values, which can limit the kind of topologies that can be implemented. Both issues can be
solved by using 3D printing and the aforementioned dielectric filaments [11].

The versatility of DRAs is also important when implementing circular polarized (CP)
antennas. This characteristic has been used in wireless communication applications, such as
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satellite communications and unmanned vehicles [12], for the advantages that are offered
regarding the reduction in the delay spread [13] and its robustness in the face of multipath
interference [14,15]. From that perspective, few works have explored implementing CP
3D-printed DRA. Amongst those works, we can find a cylindrical DRA that includes a
parasitic helix to achieve CP [16], and others that use an integrated polarizer [17,18].

This manuscript presents an enclosed twist DRA that generates a CP depending on
the turning sense of the twist. The antenna operates at 5.8 GHz and is a single-fed structure,
which makes it easier for implementation. Preliminary simulation studies were presented
in [19], and this work shows a final design, modal analysis, and the manufacturing and
measurement results of the antenna.

2. Dielectric Resonator Antenna Design and Parametric Studies

The proposed antenna design is based on a rectangular DRA fed with a single-aperture
couple feeding. This feeding network will excite a TE mode [20], which gives a radiation
pattern compatible with the intended UAV applications. The drawback of using this single
feeding technique is that this configuration makes the antenna radiated with a linear
polarization, which is not the best for the target application. As a CP polarization is needed,
we proceed to modify the structure of the DRA in order to keep a simple feeding technique.

2.1. Twist DRA Design

The main object of the antenna corresponds to a twisted rectangular DRA to obtain CP.
The twist consists of four stepped rectangular DRAs [21] that are rotated sequentially and
then joined together to obtain the twist geometry. This structure will excite two orthogonal
modes that will generate a CP on the desired operational frequency [22,23]. We proceed
then to realize two parametric studies: one regarding the inner box dimensions and the
other regarding the top rotation of the twist, as shown in Figure 1. For all the cases, the top
box is rotated 6 degrees with respect to the bottom box, while the other boxes are rotated
sequentially in an equally spaced degree increment. Finally, all boxes are connected through
their vertices of the upper faces so as to obtain the twisted DRA. The relative permittivity
used for this structure is ¢, = 13.
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Figure 1. Schematic of the proposed antenna. (a) Dimension of the rectangles. (b) Rotation of
the rectangles.

As this design has several variables that can affect the behavior of the antenna, most
notably the inner box size and rotation between the structures, we proceed to conduct a
parametric study of these variables using the software, ANSYS HFSS 2023 R1. The first
parameter that was studied is the size of the inner rectangles in order to establish the
lower dimensions suitable for exciting the required modes. Figure 2a shows the reflection
coefficient |S11| in dB as a function of the frequency while changing the size of the inner
box. For this study, we keep a rotation of 6 = 60 degrees of the top box with respect
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to the bottom box. Note that we kept the height of the box z,. at a constant value, as
this structure is intended for using as minimal a height space as possible in the target
application. As expected, the inner dimensions of the boxes have a direct impact on the
frequency behavior of the DRA by shifting the resonant frequencies of the generated modes.
From these variations, even if for DRAs the resulting resonance can be achieved by a form
factor, we can see that 1, has the larger influence over the resonance frequency due to the
nature of the excitation [10]. The resulting axial ratio, shown in Figure 3, follows the same
tendency in terms of frequency shift.
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Figure 2. Parametric study of the reflection coefficient |S11| in dB as a function of the frequency and
the inner box dimensions for the twist.
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Figure 3. Axial ratio in dB as a function of the frequency and the inner box dimensions for the twist.

The second study is regarding the rotation of the top box in relation to the bottom of
the antenna. The operation of the antenna is completely dependent on this rotation angle
with respect to the x-y axis. Each rectangle is rotated by the same angle with respect to the
previous one, so that the last rectangle will be rotated by 36, as shown in Figure 1b. We will
limit this rotation to a maximum of 30 degrees, meaning that the top rectangle would have
a rotation of 90 degrees with respect to the x-y axis. For this parametric study, the chosen
values for the rectangle are as follows: Xt = 17 mm, Yyeer = 7 mm and zyeer = 6 mm.
In Figures 4 and 5, the sensitivity of the antenna for the reflection coefficient and axial ratio
with respect to the rotation angle is shown. We can see that we must have a compromise
between the axial ratio and matching the antenna for different angles of the structure.
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Figure 4. Reflection coefficient |S11| as a function of the frequency for the twist implementations.
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Figure 5. Axial ratio as a function of the frequency for the twist implementations for different
rotation angles.

2.2. Twist with Box

The twist structure itself can have mechanical issues in implementation due to its
stability and fragility. To overcome this, a dielectric box was added which has a relative
permittivity €, = 2 so as to be as transparent as possible, but also to ensure a good rigidity
when using 3D printing, in terms of infill percentage, in order to obtain that permittivity.
The schematic of the box and its dimensions are shown in Figure 6.

To obtain the final dimensions of the box, a parametric study is conducted for its
different dimensions. These results are shown in Figure 7. To reduce the probability of
printing errors, we first fixed the height of the box at 1 mm higher than the four stacked
rectangles, reaching a total f;,,, = 25 mm. Second, regarding the rotation of the inner boxes,
an angle of = 20 degrees was chosen based on the conducted parametric studies, giving
a good compromise between the matching and the axial ratio when including an outer
dielectric box. Finally, the box dimensions are set to X,y = Y3y = 19 mm because of the
resulting axial ratio achieved with these values.

2.3. Final Antenna Design

The final design of this antenna is a twist structure that will be created with
four rectangles: a structure that will be responsible for changing the behavior of the fields,
creating two orthogonal modes in the structure which allows for having CP. A schematic of
the antenna and a detail of the feeding network are shown in Figure 8.

The twisted DRA is implemented using a relative permittivity of ¢,y = 13, which
corresponds to the a measured relative permittivity of the filament ABS1500 from AVIENT
using our printers with a 100% infill. The dimensions of the twist antenna are a height
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of hpra = 24 mm, a width of wprs = 7 mm, and a length of Ipr4 = 17 mm, while the
top part of the DRA is rotated 6, = 60° to achieve Left Handed Circular Polarization
(LHCP). The dimensions of the antenna are set to radiate at 5.8 GHz.
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Figure 6. Schematic of the proposed antenna twist with box.
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Figure 7. Parametric study of the twist with box using different lateral dimensions. (a) Reflection
coefficient |S11]| as a function of the frequency. (b) Axial ratio as a function of the frequency.
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Figure 8. Schematic of the proposed antenna. (a) Twist DRA with enclosure. (b) Feeding network detail.
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As this antenna is intended for UAV applications, it is important to make it as robust
as possible in terms of mechanical stability. For that, the twist antenna itself can be hard to
implement as a stand-alone, as it will need an additional supporting structure. For that
purpose, a box that completely encloses the twisted DRA is designed, which affects the
original parameters as little as possible in terms of the radiation of the antenna. For this
box, a relative permittivity of ¢,, = 2 is used. This permittivity will be achieved by varying
the infill percentage of the filament [24], in order to make just a one-piece implementation.
The lateral dimensions of the box are a height /;,,, = 25 mm, a width wy,, = 19 mm and a
length I, = 19 mm.

Finally, for the feeding network, an aperture slot-coupling is used. The substrate used
is a ROGERS RO4003 (¢, = 3.38, tané = 0.0027) with a height of hg,;, = 1.52 mm. The slot
dimensions are a width wy,; = 9 mm and a length of /;;,; = 4 mm. Finally, the 50 Q)
microstrip line used for the coupling has a width of W;;s = 3.4 mm and a stub length of
lspup = 7 mm.

3. Simulation Results

The LHCP version of the antenna was simulated using the full-wave software, ANYS
HFSS. Figure 9 shows the simulated results of the reflection coefficient and axial ratio as a
function of the frequency.

From Figure 9, we can see that the antenna is matched in the operational frequency
of 5.8 GHz, with a bandwidth of 130 MHz. From the behavior of the |S11|, we can see the
presence of two resonant frequencies, which is typical for these kind of antennas where
two orthogonal modes are excited. It is necessary to identify the modes and corroborate
their orthogonality. For that, the simulated electric field vector is shown in Figure 10.
From the simulated results, we can clearly see that the first resonant mode with a resonance
frequency around 5.3 GHz is orthogonal to the second mode generated around 6.0 GHz; we
expect that around 5.8 GHz, both modes will have a similar intensity, but with orthogonal
vectors. We can confirm this behavior with the simulated axial ratio, shown in Figure 9b,
where we can see that around 5.8 GHz, the axial ratio value reaches a minimum of 0 dB,
confirming the CP nature of the structure.

Finally, Figure 11 shows the gain radiation pattern on two cut planes of the antenna
(x — zand y — z). The obtained radiation pattern is suitable for UAV applications in terms
of its beamwidth, exhibiting a maximum of 6.7 dBi.
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Figure 9. Simulation results for the LHCP implementation. (a) Reflection coefficient |S11] as a function
of the frequency. (b) Axial ratio as a function of the frequency.



Appl. Sci. 2025, 15,992 7 of 12

E Field [Vim]

1522.9897 .
14215308 ( A % \
y AP )

13200717 4 Va s
1218.6126 el Y
1117.1536 ¥ v
1015.6945 &‘ n o ;::((
9142355
812.7764 ————

) X
711.3174 1{ FYRSPENVYYY Al
609.8583 1 tvvyviewfrrry

Y Y v« F ¥ 44 ¥
508.3094 Yvyw waas 2Ny

& A i F Em
406.9403 > ¥ -
306.4813 v o oo ﬂ:‘r
F Al ey et “
204.0223 I ))))M\
102.5632 7
1.1042
y
(a) (b)

E Field [V/m] PPPEEEEE +eaataaddny ¥ ¥ Bl s s st it |
1522 9897 P A A A R L L e R R :::;!’\/‘Wr\f,‘ :M
421.6906 PAPR ALY PN 7 0 VYRR
1421. PO AP P TEA BN YA ALY PN
1320.0717 4/ 4 A ALy e

4 FrrY ALV -
12186125 : = 1 .
(EEEE X v
1117.1536 L8 b
10156945 i
9142355
8127764

7113174
609.8583
508.3994
406.9403

305.4813

204.0223

102 6832
1.1042

(c)

[

(d)

Figure 10. Simulated electric field distribution in the center of the DRA and a cut-side view. (a) Side
view at 5.3 GHz. (b) Side view at 6.0 GHz. (c) Top view at 5.3 GHz. (d) Top view at 6.0 GHz.
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Figure 11. Simulated gain radiation pattern at 5.8 GHz for the LHCP implementation.
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4. Antenna Manufacturing Using 3D Printing

The antenna was manufactured using a Creality CP-01 printer and using the AVIENT
ABS1500 filaments, with a relative permittivity of ¢, = 15 and a loss tangent of
tand = 0.0010. The printing parameters used for this implementation are shown in Table 1.

Table 1. Printing parameters.

Parameter Value
Printing Temperature 260 °C
Build Plate Temperature 90 °C
Printing Speed 20 (mm/s)
Flow 100%
Infill Percentage Twist 100%
Infill Percentage Box 10%

One notable advantage of this antenna design is its manufacturability in a single print,
achieved by adjusting the infill percentage during the printing process. By varying the
infill, the design enables the controlled tuning of the relative permittivity without the need
for multiple fabrication steps or additional materials. For this specific implementation,
a low infill percentage was used within the outer box of the antenna to minimize material
usage while still meeting the functional requirements.

To assess the dielectric properties of the printed material under actual fabrica-
tion conditions, a characterization process was conducted, considering the tolerances
and limitations inherent to the printer. This characterization was performed using the
Nicolson—-Ross—Weir (NRW) method [25], which provides an effective way to measure
complex permittivity values across a defined frequency range. Test samples were analyzed
within the frequency range of 4.8 GHz to 7 GHz using a WR159 waveguide setup.

Through this method, the measured relative permittivity of the ABS1500 material
was found to be &, = 13 when printed with a 100% infill density, utilizing the same printer
and parameters outlined in the design. These measurements confirm that, while the
manufacturer specifies a relative permittivity of 15, variations in printing parameters can
significantly impact the dielectric properties of the material, emphasizing the importance
of in situ characterization for precision applications in high-frequency designs.

As previously described, two different permittivity values were used for the different
components of the antenna. To realize this variation in permittivity while using only a
single type of filament, two different infill percentages were applied, as indicated in Table 1.
By modifying the infill percentage, we effectively altered the density of the material, which
in turn adjusts its dielectric properties.

The slicing software UltiMaker CURA 5.7.1 was used to implement these varying infill
percentages. Figure 12a illustrates the CURA interface, where different infill percentages
are assigned to the different antenna regions. The final, fully fabricated antenna can
be seen in Figure 12b. In this we can see, just for visualization, the different sections of
the antenna. First, we see a printed version of the twist without the box, which shows
how the printer implements the main radiating structure. Then, there is a version where
we can see both the box and twist in the same printing process in order to confirm the
compatibility of the printing process and, finally, the full enclosed twist structure. This
approach not only simplifies the manufacturing process by using a single filament type but
also enhances material efficiency and design flexibility, ensuring that the antenna meets
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specific performance requirements without the need for additional materials or complex
assembly procedures.

twist

(a) (b)

Figure 12. The 3D-printed antenna. (a) CURA implementation with the infill percentages.
(b) Implemented antenna. From left to right: twist alone, twist in the enclosure with the exposed
half, and full antenna.

5. Measurement Results

The measured reflection coefficient and axial ratio values are presented in Figure 13.
These results indicate that the antenna is well matched to the design frequency of 5.8 GHz,
showing good agreement with the simulation results. From Figure 13, we can see that the
axial ratio remains below 3 dB. However, there was an increment in the dB value of the
axial ratio, reaching a value of 2.6 dB at the operational frequency. The measurement of
the normalized gain pattern is presented in Figure 14. We can see a deformation of the
radiation pattern, while the maximum gain is reduced 2.4 dB.

One of the challenges of working with sensitive structures such as DRAs is that any
small disturbance affects their operation. Therefore, a study was carried out to evaluate the
sensitivity of the antenna in relation to its position with respect to the feed slot. For this,
in Figure 15, we set the variable “a”, which will represent the movement of the position
with respect to the feed. In Figure 16a, the axial ratio shows how sensitive the antenna is
to a small leveling movement relative to the slot. The approximate distance the antenna
moved from the central axis was measured with a vernier caliper, in this case with a value
of 2 mm, which has a great influence on the axial ratio parameter and therefore on the
radiation pattern.
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Figure 13. Measurement results for the LHCP implementation. (a) Reflection coefficient |S11| as a
function of the frequency. (b) Axial ratio as a function of the frequency.
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Figure 14. Results of the measured radiation pattern for the implementation of the LHCP implementation.

center

Figure 15. Top view of the antenna misplacement sensitivity study.
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Figure 16. Simulated results for the sensitivity analysis. (a) Displacement error. (b) Permittivity
uncertainty.

Another explanation for the differences between simulation and measurement is what
the printer understands when working with different infill percentages. Since the box as
shown above has a very low infill, it is likely that the printer does not differentiate between
a 15% infill and a 10% infill, thus affecting the permittivity of the box. For this, Figure 16b
shows a sensitivity study of slight variations in the permittivity of the box, showing that
the antenna is not sensitive to those variations.

6. Conclusions

This study presented the development of a 3D-printed enclosed twist dielectric res-
onator antenna (DRA) designed to achieve circular polarization at a center frequency of
5.8 GHz. The design focused on meeting the requirements of unmanned aerial vehicle
(UAV) applications, specifically in terms of bandwidth, gain, and compact volume.

The results obtained from both simulation and measurement confirm that the antenna
performs effectively in these areas, demonstrating that 3D printing can be a viable approach
to producing antennas for UAV applications. The manufactured antenna achieved the



Appl. Sci. 2025, 15,992 110f12

desired circular polarization and bandwidth characteristics, as well as adequate gain.
However, several manufacturing and design challenges were encountered throughout
the development process due to the inherent sensitivities associated with these antennas.
Therefore, it is important to assess the materials and dimensionality of the antenna for
their implementation.
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