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ABSTRACT In this work, the inverted micro-Stereolithography (SLA) is used to show the potential of
such additive manufacturing (AM) technology at prototyping super-shaped dielectric resonator antennas
(S-DRAs) rapidly and accurately. The S-DRAs, which exhibit 3D complex geometries, were designed
to operate at 3.5 GHz, suitable for the assessment of 5G communications in the mid band. Initially,
a cross-starred-shaped S-DRA was designed and manufactured via the inverted micro-SLA by means of
a photopolymer resin as material. As no information about the used material was available from literature
and supplier, the dielectric properties of the photopolymer resin were characterized. Moreover, in the view
of challenging further the SLA capability, several prototypes, based on the cross star shaped geometry but
exhibiting a twist of variable angles along the longitudinal axis, were fabricated and tested. In order to
compare the antennas performance in relation to the material volume and sizes, rectangular and cylindrical
DRAs were also realized using same material and technology. Scattering parameter S11, gain, bandwidth
(BW), efficiency and co- and cross-polarization of all antennas were measured. The experimental results
showed that twisted S-DRAs exhibit same performance of the basic cross-starred-shaped antenna, due to
the invariance to symmetry of the basic Gielis geometry. The measured gain is about 2.5 dB over a range
of 1 GHz in the frequency range of interest; the BW measured for all S-DRAs is about 10%, whereas the
efficiency is about 80% at 3.5 GHz. Finally, better performance in terms of bandwidth is shown by the
S-DRAs, considering their dramatic volume reduction (∼85%) compared to classic rectangular and cylin-
drical DRAs and other DRA examples already reported in the state of the art.

INDEX TERMS Additive manufacturing, dielectric resonator antenna, stereolithography,
5G communication.

I. INTRODUCTION
Dielectric Resonator Antennas (DRA) are excellent candi-
dates for higher frequency application [1], [2] as they exhibit
higher radiation efficiency than antennas based on metals and
absence of conduction losses. DRAs were usually designed
by using dielectric materials with both low and high rel-
ative dielectric permittivity εr, although high values entail
a decrease of the bandwidth (BW). Therefore, especially
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for 5G mid band applications, a trade-off between radia-
tion and bandwidth requirements is envisaged to accom-
plish good overall DRA performance. This issue has recently
found an interesting solution in the exploitation of low εr
materials.

A first attempt to select low εr materials suitable for
microwave range applications was proposed by Kumar and
Gupta [3], which evaluated several dielectric materials, such
as different type of Rogers. Other authors proposed the
dielectric material FR4 [4]–[6]. Indeed, as pointed out by the
same authors in [4]–[6], the proposed 3D fractal DRAs were

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 82929

https://orcid.org/0000-0002-7617-3368
https://orcid.org/0000-0002-1906-8772
https://orcid.org/0000-0002-5499-2389
https://orcid.org/0000-0003-3635-0902
https://orcid.org/0000-0002-5016-0032
https://orcid.org/0000-0001-9347-3218
https://orcid.org/0000-0002-6144-2123


V. Basile et al.: Design and Manufacturing of Super-Shaped Dielectric Resonator Antennas for 5G Applications Using SLA

TABLE 1. Comparison of technologies for DRA fabrication.

manufactured by means of traditional subtractive technolo-
gies and a final stack assembly of FR4 disks.

Indeed, the fabrication of low εr material based DRAs
featuring 3D complex geometries can be quite troublesome.
Therefore, alternative manufacturing approaches are recom-
mended.

In the last decade, additive manufacturing (AM) technolo-
gies have shown high versatility and flexibility in a variety
of applications. In particular, they are becoming very promis-
ing for the fabrication and high-customization of prototypes
and low batches of compact electronic and telecommunica-
tion devices, such as antennas, dielectric resonator anten-
nas (DRAs), sensors, electronic circuits, aimed at realizing
next-generation devices with improved performance [7], [8].
Table 1 reports a comparison of technologies suitable for the
fabrication of dielectric resonator antennas (DRAs).

Typical subtractive manufacturing technologies, such as
turning and milling, are capable of machining almost all
kinds of materials, but they have some limitations in fabri-
cating 3D complex geometry. In addition, these technologies
require complex and time-consuming setup operations. Other
non-conventional technologies like laser cutting and abrasive
waterjet (AWJ) have been used to fabricate DRAs, as well.
However, final assembly operations are often required to
obtain the final antenna, and so, eventual consequent loss of
geometric accuracy may affect also the device performance.
Concerning injection molding (IM), this technology is gener-
ally used for mass production, since it is capable of realizing
high production volume of complex 3D geometry by exploit-
ing a pre-designed and machined mold. Nonetheless, IM is
also typically characterized by high time-to-market and high
investment, particularly for the mold fabrication. In relation

to the additive manufacturing (AM) technologies reported in
table 1, stereolithography, (SLA), fused deposition modelling
(FDM) and polymer jetting (PJM) exploit dielectric materi-
als. For this reason, they are excellent candidate for DRA
fabrication exhibiting high complex 3D geometries. Differ-
ently from subtractive technologies and IM, AM ones have
the remarkable advantage of being completely digitalized,
thus allowing to realize parts starting directly from their 3D
CAD virtual models. They do not require setup operations
and they are a smart choice for fast prototyping, and for small
production lots of devices and components before their final
mass production.

However, the selection of the proper 3D printing technol-
ogy is of paramount importance, as different AM processes
lead to different quality of the final component. To this
aim, some key factors must be taken into account: mate-
rial characterization, device geometry and complexity, target
performance. In [16], Semeoni et al. proposed the design
and the fabrication of a four pseudo-vertexes cross-starred
S-DRA based on the widely acknowledged Gielis superfor-
mula [17], [18]. The antenna, designed to operate around
8 GHz, wasmade by polyvinyl chloride (PVC) thermoplastic,
having εr = 2.8 and negligible loss tangent, and fabricated
by extrusion. The experimental results related to single feed
condition showed that a gain of 4.8 dBi and a BW=74 %
could be successfully accomplished. A recent example con-
cerning the adoption of fused deposition modeling (FDM) to
fabricate DRAs having different shapes was proposed in [19],
[20], [12]. Specifically, rectangular, spherical, triangular [19],
and 3D quadrupole-shaped DRAs for WI-LAN and 5G com-
munications were manufactured by means of poly lactic acid
(PLA), a biodegradable thermoplastic featuring εr = 3.48
and negligible loss tangent [20], [12]. Additionally, in [12],
the same 3D quadrupole shaped geometry was also fabricated
by means of SLA, considering photopolymer resin as mate-
rial. The main objective of such study was to demonstrate
how two different AM technologies, based on different pro-
cesses and materials, affected the overall DRAs performance:
specifically, surface roughness and dimensional accuracy of
the final components were put in relation to scattering param-
eters S11and gain.

In the present work, the inverted micro-Stereolithography
(SLA) is applied to the manufacturing of 3D super-shaped
DRAs prototypes suitable for 5G communications related to
mid band (sub-6GHz band). The motivation of the present
study is actually twofold: first, it addresses the challenge
of producing complex and accurate Gielis-based S-DRAs
as entire complete structure by using inverted micro-SLA;
second, it enables the fabrication of S-DRAs with improved
performance but with reduced size, volume and amount of
material, compared to standard DRA geometries (cubic and
cylindrical).

To accomplish these goals, several S-DRA prototypes,
designed to operate in the 3.5 GHz band to meet 5G specifi-
cations, were designed and produced. A photopolymer based
on methacrylic acid esters, referred as photopolymer resin,
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TABLE 2. Symbols with units.

was chosen as material. Since no information was available
for dielectric permittivity and loss tangent of the photopoly-
mer resin, measurements were performed to evaluate these
parameters in the frequency range of interest. Additionally,
other S-DRAs exhibiting a twist with variable angle (45,
90, 135, 180, 270 and 360 degrees) along the longitudinal
axis were fabricated, tested and measured by means of a
Vector Network Analyzer (VNA) and an anechoic chamber.
Finally, rectangular and cylindrical DRAs were also realized
using SLA and same material, in order to compare their
performance.

The paper is organized as follows. Section II.A comprises
the geometrical model description of the basic cross-starred
super shaped DRA based on Gielis superformula, its design
and optimization; a comparison of the performance among
cylindrical (C-DRA), rectangular (R-DRA) and cross-star
shaped S-DRA is also carried out by means of Finite Element
Method (FEM) simulations implemented via COMSOLMul-
tiphysics 
. Section II.B reports the analytical formulas and
the geometrical models about the twisted S-DRAs. Section III
focuses on the principle of operation of inverted micro-SLA,
along with process details and fabrication issues. Section IV
concerns the characterization of the dielectric properties of
the photopolymer resin and the measurements of the DRAs
samples; a discussion of results about DRAs performance in
relation to the fabrication process is also included. Finally,
Section V reports the conclusion. For sake of clarity, Table 2
reports the list of symbols related to some physical parame-
ters and dielectric characterization that will be used through-
out the manuscript.

II. SUPER-SHAPED DRAs: DESIGN AND FEATURES
A. S-DRA BASIC GEOMETRICAL MODEL, DESIGN AND
OPTIMIZATION
The starting point for the design of an S-DRA is the following
Gielis superformula [17], [18]:

rd (ϕ) =
1

n1
√
[| 1a · cos

m·ϕ
4 |

n2 + | 1b · sin
m·ϕ
4 |

n3 ]
(1)

TABLE 3. Dimensions (R-DRA & C-DRA) and parameters of basic S-DRA.

FIGURE 1. Cross-starred shape DRA having parameters reported in
table 1.

where rd(φ) is the radial coordinate which defines a closed
curve on the plane, ϕ is the polar angle coordinate which can
assume any value in the interval [0, 2π], while a, b, m, n1, n2
and n3 are positive real numbers, where a, b 6= 0. In relation
to equation (1), in this work, the fundamental geometry com-
prising the four-vertex-supershape (m=4) characterized by
two planes of symmetry, normal to each other, is considered
(Figure 1). The design optimization of this basic S-DRA
antenna was performed by finite element method (FEM) and
compared with an R-DRA and a C-DRA [21]. The S-DRA
structure was designed to operate at a central operational
frequency of 3.5 GHz; in order to do so, multi-parameter
analysis was carried out to obtain optimized Gielis formula
parameters reported in table 3. Moreover, the height H and
dimensions of C-DRA and R-DRA are also described in
table 3 [21]. As explained later in section IV, the dielectric
permittivity value of the material considered for the antenna
design was the actual εr of the Grey resin V04, used for the
antenna fabrication.

FEM analyses of the basic S-DRA and of the cylindrical
and rectangular DRAs were performed, in order to compare
the antenna performance in terms of scattering parameter S11,
efficiency and gain (Figure 2a-b-c, respectively).

Figure 2d reports the radiation pattern at the opera-
tion frequency 3.5 GHz of the S-DRA. All DRAs dis-
play similar performance in terms of S11 (about -20 dB at
3.5 GHz), a bandwidth of BW = 28%; the gain is about
4.4 dB and an efficiency of about 97% can be obtained
at 3.5 GHz.
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FIGURE 2. (a) Scattering parameter S11, (b) efficiency and (c) gain related
to the Cross-starred shape S-DRA having parameters reported in table 1,
along with C-DRA and R-DRA; (d) radiation pattern of the S-DRA at
3.5 GHz. The radiation patterns for the C-DRA and R-DRA are similar to
the radiation pattern of the S-DRA.

B. TWISTED S-DRAs: ANALYTICAL FORMULAS AND
GEOMETRICAL MODELS
Since one of the aims of the present work is to test inverted
micro-SLA capability at manufacturing the antennas, a mod-
ified and more complex geometry has been conceived
for S-DRA. In particular, the basic super-shape, defined by
equation (1) considering four pseudo-vertexes (m=4) and
parameters reported in Table 3, was modified applying a
torsion, indicated by the parameter γ , linearly distributed
along the longitudinal z-axis.

The torsion can be mathematically formalized by introduc-
ing the new polar coordinate ϕ′, which takes into account the
rotation of the cross-section along the z-axis:

ϕ′(z) = ϕ +
γ

H
· z 0 < z < H (2)

By substituting the equation (2) into equation (1), theGielis
superformula is adjusted to describe the entire 3D geometry
in all directions:

rd (ϕ, z)=
1

n1
√
[| 1a ·cos(

m·H ·ϕ+γ ·z
4·H )|n2+| 1b · sin(

m·H ·ϕ+γ ·z
4·H )|n3 ]

(3)

In order to verify the effectiveness of the twist phase dis-
placement, several S-DRAs based on the modified Gielis
superformula (3) have been fabricated andmeasured. Starting
from the fundamental Gielis super-shape (equation (1) with
m=4), five initial S-DRAs geometries, expected to operate
at 3.5 GHz, are realized by applying different twist angles
γ = 0, 90, 180, 270, 360 degrees along the z-axis, therefore
considering integer multiples of 360/m=90 degrees. In order
to ‘‘brake’’ this symmetry and its angular periodicity, the
twist γ should be a non-integer multiple of 90 degrees i.e. its
half. Therefore, two additional S-DRAs have been fabricated
considering twist angles of 45◦ and 135◦.

FIGURE 3. S-DRA 3D models with different twist angles γ . Top right:
Gielis cross-section drawing with polar coordinates and main dimensions.

III. SUPER-SHAPED DRAs: FABRICATION AND
MEASUREMENTS
A. S-DRAs 3D GEOMETRIC MODELING
The virtual solid 3D models of all S-DRAs have been
generated by 3D CAD software Solidworks release 2017,
exploiting the equation (3) according to the following proce-
dure. First, the simplified four pseudo-vertexes cross-starred-
shaped geometry on the x-y plane has been adopted for a
solid straight extrusion and, then, a twist transformation has
been applied along the overall height of the S-DRA according
to equations (2) and (3). The 3D solid geometry has been
exported to standardized STL format (Stereolithography for-
mat, also referred as ‘‘Standard Triangulation Language’’),
using higher quality parameters (minimum chord height and
maximum angle control) to achieve the best accuracy of the
geometry representation and interoperability between soft-
ware. Figure 3 shows the 3D models of S-DRAs and main
dimensions of the Gielis cross-section.

These models are the mathematical representation of the
3D geometries provided as the input information for the
AM machine. In addition to S-DRAs, cylindrical (C-DRA)
and rectangular (R-DRA) dielectric resonator antennas were
modelled using the same 3D CAD software.

B. SLA TECHNOLOGY: PRINCIPLE OF OPERATION AND
PROCESS PARAMETERS
The SLA technology is based on the polymerization of a
liquid monomer mixture induced by a UV-laser light source.

In particular, as the laser spot size is generally less than
hundreds of microns in diameter, the final 3D structures
display high dimensional accuracy and surface finishing.
Especially for 3D complex geometries, comprising sculp-
tured surfaces, multi-facets and curvilinear features, thin
walls, etc., the inverted micro-SLA allows to fabricate solid
structures, thus avoiding fractures, presence of voids and air
gaps, and, ultimately, simplifying, to a certain extent, the final
device assembly. Thanks to these features, SLA also holds the
potential for down-scaling the antenna sizes, and, as such,
it may be an excellent candidate to DRAs dedicated to the
emerging 5G mm-wave applications (high band).
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FIGURE 4. SLA fabrication. a) SLA Formlabs Form3 printer.
b) Pre-processing with Preform slicer software.

Figure 4 shows the 3Dprinter Formlabs Form3, which
implements the inverted (bottom-up) micro-SLA used for the
present DRAs fabrication.

The 3Dprinter has a build volume of 145× 145×185 mm
and the light source is a class 1 violet laser operating at a
wavelength λ = 405 nm with a power of 250 mW. The laser
spot diameter allows to accomplish a minimum feature size
of 85 µm. The photopolymer considered in the present study
is a Formlabs Grey resin, release V04 [12], [22], which is
a mixture composed by a methacrylic acid esters monomer,
a photo-initiator, a terminator and color pigments [23]. The
mixture is contained into a resin tank with a transparent
bottom.

The UV laser spot is located below the resin tank and
impinges onto the transparent bottom, thus triggering the
polymerization reactions. As the laser spot moves following
a path (generated by processing the STL of the 3D model
described in section III.A), the mixture surface solidifies
point by point. The positioning resolution is equal to 25 µm
along the XY plane, while it can be equal to 100, 50 or
25 µm (layer thickness setting) along the z-axis. In order to
fabricate all DRAs, a layer thickness of 25 µm was set to
achieve the highest dimensional resolution and accuracy. The
build platform, indicated in Figure 4a, is able to move upward
along a linear z-axis. At each iteration, a liquid meatus is
formed between the layer cured at the previous step, attached
to the build platform, and the bottom of the resin tank. When
the current layer curing is complete, it is detached from the
bottom of the resin tank by the peeling mechanism. The
process is then repeated each time lifting up the build platform
by the set layer thickness, until the end of the printing. It is
worth stressing that the peeling mechanism is one of the most
sensitive steps toward a successful SLA fabrication.

Therefore, in order to preserve the geometrical integrity of
each cured layer (and final part dimensional accuracy), low
detachment forces should be applied. This latter objective
can be pursued by an optimal 3D placement (orientation)
of the part within the build volume during the printing. Part
orientation affects deeply the part stability, surface finishing,
printability and processing time. It also affects its mechanical
properties since the slicing results in anisotropy of the printed
part. Therefore, the 3D placement was accurately chosen.

FIGURE 5. SLA samples and post-processing. a) Green parts with
supports after 3D printing. b) Samples into the UV-curing machine.

Supports and layer paths were automatically generated
by the slicer software Preform release 3.1.1 as showed
in Figure 4b. After the print, the samples need to be subjected
to three post-processing steps: washing, manual supports
removal and additional UV curing. The washing is required
to remove the liquid resin on the printed sample surface and
it was made by means of high purity 99.9% isopropyl alcohol
(IPA) for 20 minutes into a Formlabs Form Wash machine.

Washed samples are showed in figure 5a. All supports
were then gently removed with a cutter. Finally, the samples
underwent a further UV curing treatment, performed into a
Formlabs Form Cure machine (Figure 5b). The UV curing
was made for 60 minutes at a temperature of 60◦C by using
a UV light at wavelength of λ = 405 nm and power of 39W.

The additional UV curing aids to improve the DRA
strength and increase the part homogeneity and density,
so that voids and not polymerized micro-droplets within
the mass of the antenna can be drastically reduced. In this
application, all parts fabrication required about 1300 layers,
resulting in about 30 processing hours and 2.5 post processing
hours.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. MATERIAL CHARACTERIZATION
Since no information about the relative dielectric permittiv-
ity and loss tangent of the Grey Resin V04 photopolymer
was available from literature and from the material supplier,
we characterized the material in the frequency range of inter-
est (between 2.5 and 4.5 GHz), by means of the open – ended
coaxial probe method. In order to proceed with the measure-
ments, two 3Dprinted bricks (SLA1 and SLA2) of the Grey
Resin V04 photopolymer were realized via inverted micro-
SLA process. The brick dimensions were 60 × 60×30 mm:
the two samples, SLA1 and SLA2, underwent different post-
processing curing time. Indeed, SLA1 was cured for 60 min
at 60◦C, while SLA2 was treated for 90 min at 60◦C. The
following Table 4 reports the data concerning the average
values of themeasured relative dielectric permittivity and loss
tangent for both samples. The values reported in table 4 show
that no relevant differences have been introduced by adding
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TABLE 4. Measurements of relative dielectric permittivity and loss
tangent.

FIGURE 6. DRAs samples made of photopolymer Grey resin V04 and
manufactured via SLA. a) C-DRA; b) R-DRA; S-DRAs: c) γ = 0; d) γ = 45◦;
e) γ = 90◦; f) γ = 135◦; g) γ = 180◦; h) γ = 270◦; i) γ = 360◦.

more post-curing time; hence, the shorter post-processing
duration can be conveniently applied to the samples.

The manufactured S-DRAs, cylindrical and rectangular
DRAs are reported in figure 6.

It can be noticed that the corners of all DRAs are well
defined and their surface appears smooth and compact, due
also to the post-processing treatments.

B. DRA MEASUREMENTS AND EXPERIMENTAL RESULTS
All the antennas were characterized considering single point
feeding through a coaxial cable. In order to insert the coaxial
cable within each DRA, a hole of 1.8 mm in diameter and
14 mm depth was realized at the bottom of each DRA.
Subsequently, each antenna was located onto a 1.4 mm thick
FR4 substrate, with copper-coated backside. A hole was also
drilled in the substrate so that the cable belonging to SMA
connector could enter the antenna body. The SMA connector
was soldered onto the backside of the substrate. In order to
fix the antenna, a double-side adhesive tape was used. In this
way, it was possible to excite and measure each sample by
using the same substrate and coaxial cable length, and so to
obtain more reliability and uniformity of the measurements.
The DRAs antenna assembly with feed is showed in figure 7,
inside the anechoic chamber.

Scattering parameter S11 measurements of all assem-
bled DRAs were performed by means of a Vector Net-
workAnalyzer (Agilent Technologies, N9917A) and reported
in Figure 8.

The S11 plot referred to the monopole feed (black line)
exhibits a dip around 3.8 GHz. The ripples are present in
all curves and are due to soldering imperfection of the SMA
connector-substrate interface and to the coaxial feed length.
S11 plots referred to the S-DRAs show a dip at about 3.2 GHz.

FIGURE 7. Measurements on DRAs. a) Positioning inside the anechoic
chamber StarLab by SATIMO; b) Detail of the S-DRA (sample without
twist γ = 0).

FIGURE 8. Scattering parameter S11 measured by means of VNA.

These results witness the invariance of the symmetry along
z-axis characterizing the Gielis geometry, although a slight
difference of their intensity can be observed. In particular,
the S-DRAs twisted by 90◦ and 180◦ (pink and cyan lines,
respectively), and the original cross-starred S-DRA (indi-
cated by G0◦, green line) display about -20 dB, while the
S-DRA featuring a twist of 360◦ (yellow line) exhibits about
-15 dB. The cylindrical and rectangular DRAs (blue and red
lines, respectively) show a dip at 3.2 GHz, but with different
S11 intensity (-21 dB for C-DRA and -18 dB for R-DRA).

The gain of eachDRAwasmeasured in the anechoic cham-
ber and reported in Figure 9a, while the efficiency is shown
in Figure 9b. In particular, all S-DRAs display a gain of about
2.5 dB over a range of about 1 GHz (3-4 GHz), whereas the
C-DRA and R-DRA show similar gain but slightly higher
BW. These results are confirmed by the efficiency plots,
which exhibit a maximum of about 80%.

Figure 10 reports the 3D-radiation patterns of the fabri-
cated S-DRAs, which display a monopole-like behavior for
all configurations at 3.5 GHz, fully in line with the numerical
results (figure 2d).

Finally, Figure 11 shows the co- and cross-polarization
plots for all S-DRAs at 3.5 GHz. Concerning co-polarization,
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FIGURE 9. a) Gain measurements performed in the anechoic chamber;
b) DRAs’ efficiency.

FIGURE 10. 3D radiation patterns of the fabricated S-DRAs at 3.5 GHz.

FIGURE 11. (a, b) co-polarization and (c, d) cross-polarization of the
fabricated DRAs at 3.5 GHz.

a variation of 5dB for the null and backside lobe direc-
tions can be observed for the S-DRAs with γ = 180◦ and
γ = 270◦. In relation to the cross-polarization, when the twist
is introduced in the basic S-DRA design, a variation of about
10 dB is observed, with a maximum level of about -15 dB.

The following table 5 summarizes the comparison about
the performance of different DRAs designs. Taking into

TABLE 5. Performance Comparison of Different DRA designs from the
state of the art.

account that the frequencies of the fractal DRAs [4] and
S-DRA in [16] are in the high band range (> 6 GHz), it can
be observed that the proposed S-DRAs have reduced size and
volume (smaller up to 85%) but still remarkable BW and
gain G.

The S-DRAs volumes reported in table 5 can be calculated
by integration of the equation (3) but they can be easily
calculated numerically by means of algorithms embedded
into the 3D CAD software, applied to the accurate modeling
of antennas, as described in section III.A.

V. CONCLUSIONS
In this work, S-DRA samples were fabricated by making
use of inverted micro-Stereolithography (SLA). The first
intent of the present study was to exploit and show the poten-
tial of such technology at fabricating DRAs with high degree
of design complexity. To this aim, S-DRAs, designed to
operate at 3.5GHz for 5G applicationswere fabricated. DRAs
prototypes of the basic cross-star shape geometries have been
manufactured by considering different twist angles along the
vertical axis (γ = 45◦, 90◦, 135◦, 180◦, 360◦). The SLA
process was thoroughly described, highlighting all issues
concerning the 3D printing process. Additionally, since no
information about dielectric properties of the photopolymer
resin used to fabricate all prototypes was available both
from literature and material supplier, the material was char-
acterized to retrieve the relative dielectric permittivity and
loss tangent in the frequency range of interest (between 3
and 5 GHz). The printed prototypes showed high surface
quality and compactness, due to the smallest layer thickness
implemented in the SLA process and to the post-processing
procedure. Once all S-DRAs were realized and fed by a
coaxial probe inserted within the antennas, they have been
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characterized by means of a Vector Network Analyzer and
an anechoic chamber. The experimental results showed that
gain of about 2.5 dB over a range of about 1 GHz have been
accomplished. The goodness of such results was also con-
firmed by the antennas efficiency, which was about 80% at
3.5 GHz. Furthermore, co- and cross-polarization plots for all
S-DRAs at 3.5 GHz showed a variation of 5dB for the null
and backside lobe direction for S-DRAs with γ = 180◦ and
γ = 270◦. In relation to the cross-polarization, when the
rotation was introduced in the basic S-DRA design, a vari-
ation of about 10 dB is observed, with a maximum level of
about -15 dB. Finally, the comparison among different DRAs
designs reported in the state-of-the-art highlights that the
performances of the S-DRAs fabricated using invertedmicro-
SLA and grey resin are remarkable, considering the operation
frequency. Furthermore, a drastic reduction of volume and
sizes of all antennas can be also appreciated.
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