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Abstract: This paper presents three realizations of a whole set of horn antenna and focusing Gradient
Index (GRIN) lens in X band. The set was specifically designed for getting advance of additive manu-
facturing (AM) of polymers with different materials and techniques. The set has three constructive
parts: a horn antenna, a support and a lens. The horn antenna is the active element and must be
electrically conductive, it was manufactured with Rigid10K acrylic resin and subsequently metallised
using an electroless process. The support needed to be light, robust and electrically transparent, so that
Polyamide 11 (PA11) was used. The lens realization intended a dielectric material whose permittivity
varies with its density. So that, we measured both dielectric permittivity and loss tangent of different
polymeric materials used in AM at 2.45, 6.25 and 24.5 GHz. In addition, stochastic and gyroid mesh
structures have been studied. These structures allow printing a volume that presents porosity, enabling
control over the material density. Measuring the dielectric characteristics of each material with each
density enables establishing graphs that relate them. The sets were then manufactured and their
frequency response and radiation diagram were measured, showing excellent results when compared
with literature.

Keywords: additive manufacturing; lattice structures; complex permittivity; lens design

1. Introduction

In recent years, additive manufacturing (AM) has emerged as a transformative technology with
profound implications across various industries, from aerospace to healthcare, automotive, and
beyond. The unique capabilities of AM—particularly in terms of material diversity, precision, and
design freedom—have opened the way for novel applications in the field of communication systems.
The communications industry increasingly demands higher frequency devices capable of handling the
complex requirements of modern wireless systems. Additive manufacturing offers several advantages
in meeting these demands. First, it enables rapid prototyping and iterative testing, allowing engineers
to optimize designs in shorter time frames. This rapid design-to-manufacture process is essential
for the fast-paced communications sector, where technologies are continuously evolving to support
new standards like 5G and 6G. Secondly, AM facilitates the production of highly intricate structures
that are difficult to machine or mold. For example, horn antennas and GRIN lenses with complex
internal geometries can be manufactured as single components, reducing the need for assembly and
the potential for alignment errors, which are critical in RF applications.

Antenna design has evolved significantly in response to the ever-growing demand for high-
performance communication systems. Traditionally, antennas are fabricated from metals such as
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copper or aluminum, chosen for their high electrical conductivity and robustness in high-frequency
applications. The horn antenna, a staple in RF communications, is particularly valued for its simplicity,
directivity, and broadband capabilities [1]. With the advent of AM, researchers have explored new
methods to create these antennas, often focusing on materials and processes that allow for high
precision and reduced weight. Metallic coatings can be applied to 3D-printed polymer structures to
achieve the necessary conductivity [2,3] offering a more versatile manufacturing process for complex
designs. This approach not only reduces the weight of the component but also lowers material costs
by limiting the use of expensive metals to surface coatings, customizing antenna properties without
the constraints of conventional subtractive manufacturing. By enabling the use of composite polymer-
based materials, AM also enhances the thermal management of devices, which is especially important
for high-power applications in the communications field [4].

Gradient Index (GRIN) lenses are widely used in communications to manipulate the propagation
of electromagnetic waves. By gradually varying the refractive index of the lens material, GRIN lenses
focus or direct RF energy in a controlled manner, enhancing the performance of antennas in terms of
gain and beam shaping. Traditionally, these lenses are made from homogenous dielectric materials,
with their refractive index modified by altering their geometry, this often requires a labor-intensive
shaping of dielectric materials to achieve the desired index gradient, which limits design flexibility
and increases production time. However, AM provides the ability to adjust the refractive index more
flexibly by changing the density or porosity of the polymeric material within a single component
during fabrication. This method also allows for the integration of stochastic and gyroid mesh structures,
which offer an additional degree of control over material properties. By adjusting the porosity of the
material, designers can achieve specific permittivity values across the lens profile, as in [5,6]. This
capability opens up new possibilities in lens design, enabling devices that are both lightweight and
capable of complex wavefront shaping.

There are several AM techniques that are particularly suited to the polymer-based fabrication
of RF components, for instance, Vat Photopolymerization (VPP) and Powder Bed Fusion (PBF). VPP,
which uses ultraviolet light to selectively cure photopolymer resins, is valued for its high resolution and
is often used to fabricate intricate components such as waveguides and lenses. In contrast, PBF enables
the use of materials like polyamide polymer, which is lightweight and offers good mechanical stability
and electrical transparency. As detailed by [7], using PBF to create support structures in RF devices
enables engineers to maintain both structural integrity and desired electromagnetic transparency.
The integration of these AM techniques has driven substantial advancements in the manufacture of
complex antenna and lens structures, especially when complemented with material innovations like
electroless metallization [8-10].

This article outlines the research gap existed between integration of different additive manufac-
turing techniques (VPP, PBF), electroless metallization and used materials (resin or nylon polymer)
to develop radio frequency communication devices (previous measurements of EM properties of the
material samples are accomplished in subsection 2.3. Specifically, it focuses on the development of a
horn antenna and Gradient Index (GRIN) lens set, designed for operation in the X-band frequency
range making use of the capabilities of AM of polymeric materials. The work begins with measuring
the dielectric permittivity and loss tangent of different polymeric materials at frequencies of 2.45 (WiFi
at 2.4 GHz, 3G /4G mobile bands), 6.25 (WiFi at 5 GHz, 5G mobile bands, satellite communications),
and 24.5 GHz (6G mobile bands, satellite communications). Furthermore, samples of stochastic and
gyroid mesh structures of the different materials were measured and the empirical relationships
between material density and electromagnetic properties were established.

Then, the lens set was designed. The design of the horn antenna, lens, and support structure
was tailored to their specific functional requirements, both electromagnetic and mechanical. Three
realizations of the GRIN lens were produced, using the results of the characterization of polymers
whose dielectric properties vary with density, allowing for a radial permittivity gradient that enhances
its focusing capabilities.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The sets were then manufactured. The horn antenna, designed to be conductive, was fabricated
using VPP with an acrylic resin with silica load and subsequently metallized using an electroless plat-
ing process. This combination ensures that the antenna meets the necessary conductivity specifications
while benefiting from the lightweight and cost-effective nature of the polymer base. The support
structure was fabricated using PBF with polyamide polymer, chosen for its mechanical stability and
electrical transparency. This allows the support to maintain the structural integrity of the device
without interfering with the antenna’s radiation pattern. Finally, the three GRIN lenses were manufac-
tured using different acrylic resins and meshes with different densities radially distributed. The final
assembled devices were then evaluated for frequency response and radiation pattern, yielding results
that aligned well with theoretical predictions and comparable studies in existing literature.

2. Dielectric Permittivity Measurements

A material that can store energy when an external electric field is applied is known as a dielectric.
Since the advent of modern communications, dielectric materials have been included in the antennas
and radiofrequency (RF) components, thus the accurate measurement of their properties is crucial. The
main parameter of dielectric properties is permittivity € and is expressed as in Equation 1 where ¢ is
called the permittivity of vacuum and e, is the relative permittivity of the material.

€ = eger = (€], — je)) (1)

Where the permittivity of vacuum is €y = 8.854 x 10712 F/m. The relative permittivity €, is a complex
number including the real part €], which shows how much energy from an external electric field is
stored. Usually the term dielectric constant relates only to this real part, while the imaginary part €,
represents how dissipative or lossy this material is to an external electric field. The ratio of the energy
lost to the energy stored is called the loss tangent or tan J, see Equation 2.

1"

67’
tand = — 2)
r
The characterization of these two parameters in new materials is essential for the proper design of
devices that make use of them.

2.1. Microwave Characterization Methods

Methods for characterizing the samples can be divided into non-resonant and resonant cat-
egories. In non resonant methods, material properties are determined using reflection or reflec-
tion/transmission data in a transmission line. This data is collected via a vector network analyzer
(VNA) in a wide frequency range. Transmission/reflection methods require both reflection and trans-
mission data (scattering parameters S11 and Sy respectively) to determine material properties, whereas
reflection methods only need reflection data (S11). Various transmission lines, including coaxial lines,
hollow metallic waveguides, dielectric waveguides, and free space, can be utilized in these methods.

Resonant methods offer greater accuracy and sensitivity compared to non resonant methods
[11], but they are restricted to one or a few discrete frequencies. These methods are divided into the
methods of material under test (MUT) as a resonator and the resonant perturbation methods. The
main difference between them is that in the resonant perturbation method the properties of the MUT
are determined by observing changes in the properties of a resonant device with and without the MUT,
whereas the MUT as a resonator method relies directly on how the MUT behaves as a resonator and
which are its resonant properties. In resonant methods, the dimensions of the MUT are crucial, since
they impact on the measurement, so an accurate dimensional control is required.

Three measurement methods were used in this work to characterize the AM polymeric material
samples at narrow band, all of them are considered resonant perturbation methods: Resonant Coaxial
Bireentrant Microwave Cavity at 2.45 GHz, Split-Cylinder Resonant Cavity at 6.25 GHz and WR42
Rectangular Waveguide at 24.5 GHz.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.1.1. Resonant Coaxial Bireentrant Microwave Cavity

In the method described in [12], the measurements are based on how the resonant frequency and
the quality factor of a resonant cavity changes when a cylindrical sample of MUT is introduced in the
cavity. In order to perform the measurements we developed a stand-alone microwave instrument, the
Measurement Kit consisted of a Single-Post Re-entrant Cavity for measuring cylindrical samples at
resonance frequency of 2.45 GHz (mode TEjy; is excited in the cavity without sample) and a VNA,
as shown in Figure 1 (a). The Single-post coaxial re-entrant cavity is constructed using a coaxial
transmission line. This cavity features a partially dielectric-filled gap and an endplate. To ensure
alignment, a cylindrical tube housing the cylindrical sample of MUT is inserted through a hole in the
endplate. It is then further inserted into the coaxial center conductor, which also serves to maintain
concentricity. Measuring the reflection coefficient (S11) of the cavity with and without the sample
enables the extraction of the dielectric constant and the loss tangent, the procedure is described in
detail in [13], where the circuital analysis of dielectric-loaded cylindrical waveguides and cavities is
performed. The measurement instrument is presented in [14]. This equipment was used to measure
the MUT at 2.45 GHz.

2.1.2. Split-Cylinder Resonant Cavity

The split-cylinder resonator is a nondestructive technique used to measure the permittivity and
loss tangent of low-loss dielectric substrates. Initially proposed by Kent [15], this method utilizes a
circular-cylindrical cavity divided into two halves. A planar dielectric sample is positioned in the
gap between the two shorted cylindrical waveguide sections. To excite the family of resonant modes,
coupling loops in the cylindrical waveguide sections are connected to the input ports of a network
analyzer. By measuring the resonant frequency (fo) and quality factor (Q) of the TE,, resonant modes,
the relative permittivity and loss tangent of the sample can be determined. This procedure is based on
an analytical model first developed by Michael D. Janezic and James Baker-Jarvis, [16] and [17].

The equipment used is a Split-Cylinder Cavity for measuring rectangular flat samples with
resonance frequency of 6.25 GHz (mode TEjq; is excited in the cavity at vacuum) and a VNA, as
shown in Figure 1 (b). Then a MATLAB software was used to calculate the permittivity of the materials
following the circuit analysis described in [13], with an extension of the circuital model for the circular

modes in the split cavity, which can be found in [18].

(b)

Figure 1. Measurement Equipment (a). Single-Post Re-entrant Cavity Measurement Kit at 2.45 GHz (b). Split-
Cylinder Resonant Cavity Measurement Kit at 6.25 GHz
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2.1.3. Rectangular Waveguide

Rectangular waveguide is one of the most commonly used instruments for the measurement
of dielectric properties, [19,20]. A rectangular sample of MUT, with a specified length, is placed in
an empty waveguide provoking a perturbation of the electric field which is frequency dependent.
By measuring the resulting S;; and S1; parameters, the dielectric properties of the MUT at a given
frequency can be extracted. For the measurements of the work the WR42 (18-26.5 GHz) rectangular
waveguide is used jointly with a VNA, as shown in Figure 2. The MUT size must be exactly the same
as the X-band rectangular waveguide aperture, which is 10.668 x 4.318 mm. This measurement setup
was used for the MUT characterization at 24.5 GHz .

Figure 2. WR42 Rectangular Waveguide Measurement Kit at 24.5 GHz

2.2. Materials
2.2.1. Polymers for Additive Manufacturing

Traditional materials for AM, as PLA or ABS polymers used with FDM technologies, have been
characterized at microwave frequencies and their dielectric constant and tangent loss are well known
[21,22]. Nevertheless, the advent of new technologies and materials arises the need for analysing their
dielectric properties. In this work, we have characterized six different polymers: Thought 200 and
Rigid 10K resins from Formlabs, MLSA Modelling Dental resin from ApplyLabWork, Composite X
resin from Liqcreate, Ultrasint PP (UPP) powder from BASF and Polyamide 11 (PA11) Bio powder
from Stratasys. Dental and Thought 200 are acrylic resins used by VPP, similar to Rigid 10K and
Composite X. However, these last two resins have a load of silica making them more resistant to
temperature, harder and less prone to deformations. UPP is a polypropylene powder used for Multijet
PBF technology, while Polyamide 11 Bio powder is a polyamide used in PBF technology.

Three different types of samples were printed in order to get the measurements at the three
frequencies: a cylinder of 6.50 mm of radius and 40 mm of height for the Resonant Coaxial Bireentrant
Microwave Cavity at 2.45 GHz, a flat square size 95x95x2 mm for the Split-Cylinder Resonant Cavity
at 6.25 GHz and a cuboid size 10.668 x 4.318 mm and 3 mm of length for the WR42 Rectangular
Waveguide at 24.5 GHz, as can be seen in Figure 3. To design the three geometries Solidworks software

Figure 3. Solid Samples of PA11, Dental and Rigid 10K materials.

was used.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2.2. Stochastic and Gyroid Meshing

Once the solid materials were characterized, it was interesting also to measure the complex
permittivity of the same materials but with different densities. The objective is to have graphs for
different materials and frequencies relating density with dielectric properties. Since these properties
seem to be quite constant in the frequency range, only the measurements for 2.45 and 24.5 GHz were
performed. Furthermore, not all the materials were measured in this stage, since Dental and Though
200 seem to have similar properties, only Dental was used. The same happens to Polyamide 11 (PA11)
and Ultrasint PP, only PA11 was measured. Composite X and Rigid 10K presented different dielectric
constant, so both were measured.

The samples (cylinder and cuboid) were manufactured using porous lattices. These structures
are widely used in various fields, including materials science and engineering. They can be broadly
categorized into two types, both used in this work: regular lattices (gyroid mesh) and stochastic
lattices (voronoi mesh). The printing densities were 25, 50 and 75 % (100 % is the solid sample), as it
is shown in Figure 4. To design the gyroid mesh the Flattpack software, a freely distributed library
implemented in Matlab, developed within the framework of the University of Nottingham, which
allows the processing of geometrical objects by directly uploading the models to the program and
processing it to obtain porous structures, is used. To design the voronoi mesh, Grasshopper 3D tool
from Rhinoceros 3D commercial CAD software is used.

(a) (b)
Figure 4. Cylindrical Rigid 10K samples (a). Gyroid mesh (b). Voronoi mesh

2.3. Permittivity Measurements

Table 1 shows the dielectric properties of the different materials for the three frequencies. The
materials show very slight differences with frequency, indicating that within the microwave bandwidth,
the dielectric properties are stable. As expected, materials containing silica in the resin (Rigid 10K and
Composite X) present higher dielectric constant and materials made up from polymer powder (UPP
and PA11) a lower one. The same behaviour is observed in the material density, which at the end will
be translated to the weight of the final printed item.

Regarding the porous samples, Table 2 shows the results for the materials at the two extreme
frequencies. The samples were manufactured with gyroid or voronoi meshes. From these data, the
graphs in Figure 5 were extracted, enabling a wide range of permittivities within the same material.

Measuring the dielectric properties at 24.5 GHz presents a technological challenge, as methods
such as the bi-reentrant cavity and split cylinder do not provide reliable results due to the small size of
the samples and cavities and manufacturing tolerances. Although the rectangular waveguide method
is very reliable for characterizing the dielectric constant, its uncertainty in calculating the loss tangent
is intolerable, so that the results of loss tangent at that frequency are missing in this study.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Solid Sample Measurements.
f=245GHz f=6.25GHz f=245GHz
Resin Dens. (g/cm®) € tan(d) € tan(4) € tan(6)
CX 1.52 3.54 0.15131 3.67 0.1942 3.46 0.033
Dental 1.30 2.84 0.05549 2.83 0.05006 2.94 0.06
Tough 1.11 2.89 0.03341 295 0.03745 - -
Ultrasint PP 0.89 - - 2.19 0.03584 2.19 -
Rigid 10K 1.63 3.23 0.03479 3.32 0,03489 3.17 0.02
PA11 1.01 2.38 0,02357 - - - -
Table 2. Variable Density Sample Measurements.
f=2.45GHz f=24.5GHz
Resin Porosity. (%) Dens. (g/cm®) €r tan(d) €r tan(d)
CX 0.25 1.14 3.25 0.13232 2.87 -
CX 0.5 0.76 2.29 0.07884 2.08 -
CX 0.75 0.38 1.62 0.02978 1.61 -
Dental 0.25 0.98 2.55 0.05614 2.36 -
Dental 0.5 0.65 1.83 0.03021 1.80 -
Dental 0.75 0.33 1.40 0.01467 1.37 -
PA11 0.25 0.76 2.05 0.02833 2.08 -
PA11 0.5 0.61 1.87 0.02767 1.76 -
PA11 0.75 0.51 1.6 0.01763 1.35 -
Rigid 10K 0.25 1.22 2.67 0.02609 2.63 -
Rigid 10K 0.5 0.82 212 0.01740 2.08 -
Rigid 10K 0.75 0.41 1.56 0.00870 1.54 -
4 T T

-O-cox 10.15

-©-tan(d)cx

- e' €r Dental

- e' ta'n((s) Dental

-E-€pra 10.1
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(b)
Figure 5. Variable Density Sample Measurements (a). At 2.45 GHz (b). At 24.5 GHz
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3. Horn Antenna and Gradient Index Lens Design

The objective of the design was to get a complete set of horn antenna and GRIN lens that meets
certain electromagnetic and mechanical specifications. The main idea behind GRIN lens is that it
focuses the radiation pattern of a radiating element, enhancing the directivity of the set. In this general
approach, two main elements must be designed, on the one hand the radiating element, on the other
hand the lens. The electromagnetic design is frequency dependant, but scalable, allowing a design
developed for one frequency to be easily adjusted for another. The selected working frequency for the
set is 10 GHz, covering services in X band satellite communications. On the other hand, mechanical
issues have to be considered as the weight of the set and how the radiation element and the lens are
built up together in order to get a compact element ready to be used.

3.1. Electromagnetic Design
3.1.1. Horn Antenna

The radiating element is located in the focal point of the set. For the type of communication
services the set is intended (satellite) the whole system may handle high power and require low loss,
the optimal technology in that case is waveguide, either rectangular or circular. Traditionally horn
antennas have been used together with waveguides due to easiness of integration and high efficiency.
In this case, we have designed a conic horn with the objective to achieve a good balance between
illumination efficiency and spillover efficiency. The criterion adopted was that the electromagnetic
field level radiated by the horn at the edges of the lens should be 10 dB below the maximum, ensuring
an optimal balance between illumination efficiency and spillover efficiency, thereby maximizing the
total efficiency of the system. The sketch with the dimensions of the horn is presented in Figure 6 (a)
and (b), and the values are provided in Table 3.

3.1.2. Gradient Index Lenses

The design of the lens covered several stages, first of all some parameters were chosen in order to
meet sensible size and weight of the whole set, then an Adjoint Method, see [23] was used to get the
permittivity values depending on the radius.

The focal point ) was chosen such that f/D = 1, pointing that the focal length is equal to the
diameter of the lens. For practical purposes, the diameter of the lens was D=15 cm, and its width
H=2.5 cm. That would provide a realizable lens with a low cost AM printer. However, the achievable
range of permittivity values was constrained by the available materials and the limitations of the
additive manufacturing process. Specifically, printing densities below 20% were avoided to maintain
the structural integrity of the lens. Consequently, the feasible permittivity values ranged from emax to
0.2(émax — 1) + 1, where emax represents the relative dielectric constant of the material at 100% density.

On the other hand, we can not count with all possible ranges of permittivity, since we were
linked to the available materials and the limitations of printers, a printing density lower than 20 %
would endanger the structural integrity of the lens. So that the possible values ranged from €,y to
0.2(€max-1)+1, where €4 is the relative dielectric constant of the material printed at 100 % density.

The optimization process determines the optimal distribution of €,(x,y) within a rectangular
domain of height D and width H. This domain is divided into 11 regions, resulting on 11 levels of
freedom where €, is constant within each region. The optimization objective was to have a maximum
electromagnetic field in the focal point. We used our own optimization program to obtain different
realizations of the lens. The sketch representing the lens with sectors and corresponding values of
permittivity are presented in Figure 6 (d). It is worth mentioning that the optimized and manufac-
tured lenses present a central cylindrical sector with a radius of 12.5 mm (which corresponds to the
permittivity €2) and then the five successive concentric rings have a thickness of 12.5 mm.

The optimizer achieved three different results: a flat heterogeneous lens design which is consistent
with a standard result, referred to as lens A (Figure 9 (a)); an airy disk pattern, lens B (Figure 9 (b));
and a ring pattern, lens C (Figure 9 (c)). The values of the relative dielectric constant for the different

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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sectors of the three realizations is shown in Table 4. Both lens B and C present patterns associated with
Fraunhoffer diffraction through circular apertures.

The simulated directivity of the horn antenna and the set with the three different lens, using CST
Dassault Systems Suite, is presented in Figure 7

DI

L2

L1
8
T

(@)

L3

W

(o) ()

Figure 6. Mechanical Design Dimensions of the X-Bend Antenna Assembly (a) Horn elevation view. (b). Horn
plan view (c). Supports profile view. (d) Plan view of the X-Bend Lens.

Table 3. Parameters of Mechanical Design of the X-Bend Antenna Assembly.

Parameter Dimmension (mm) Parameter Dimmension (mm)
C1 29.74 C2 7.07

D1 56 D2 23.40

D3 48 D4 56

D5 2.8 D 160

L1 33 L2 25

L3 80 H 25

T 2 f 131.6

R 12.5 g 25

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0998.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2025 d0i:10.20944/preprints202505.0998.v1

10 0f 17
Table 4. Values of ¢, of the GRIN lens models
€ €2 e et € €t €/ el €) el el

A 1.70 2.25 2.96 3.54 3.54 3.54 3.54 3.54 2.96 2.25 1.71
B 2.84 1 1 1.37 1.49 1.59 1.49 1.37 1 1 2.84
C 2.75 1 1 1 1 1 1 1 1 1 2.75

25 T T T T T T T T T

X-Band Horn
20 - Lense A B
/\ Lense B
15 Lense C

Magnitude [dB]

_20 1 1 1 1 1 1 1 1 1
-80 -60 -40 -20 0 20 40 60 80

¢ (%)
Figure 7. Farfield simulated directivity of the lenses at 10 GHz, ¢ = 0, in comparison with the horn antenna.

3.2. Mechanical Design

The feeding horn antenna and the lens needed to be assembled using a mechanical support.
The support was required to provide structural resistance, be transparent from an electromagnetic
perspective, and promote the modularity of the system, as it needed to allow the exchange of the
three types of lenses. The dimensions of the support are outlined in Figure 6.(c) and their values are
given in Table 3. A four-piece design was chosen, with the pieces connected by pegs, allowing for easy
assembly and disassembly. Additionally, to reduce the weight of the support while maintaining its
structural resistance, it was designed as a series of rods connected by St. Andrew’s crosses, as shown
in Figure 8. The mechanical supports were designed using Solidworks software.

(a) (b) (c)

Figure 8. Manufactured Prototypes (a). Feeding horn antenna, material Rigid 10K resin, technology VPP,
sandblasted (b). Horn antenna after Ni+Cu autocatalytic coating. (c) X-Band lens assembly: feeding horn,
supports and lens.
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4. Prototype Manufacturing
4.1. Additive Manufacturing

The assembly of horn antenna, the lens, and the support is additively manufactured. Different
materials and technologies will be used for each piece, depending on their characteristics.

The designed RF feeding element, the X-band conical horn antenna, was manufactured using Vat
Photopolymerization technology with curing by exposure to ultraviolet laser beam with acrylic resin
(VPP) with the printer Form 3BL of Formlabs, resin Rigid10K was used. The piece then underwent the
process of sandblasting and metallization, the manufactured part is presented in Figure 8 (a), before
metallization, and (b), after the metallization process.

The three realizations of the lenses were manufactured with different materials, depending on
their required dielectric constants. The lens A was printed using Composite X resin; the lens B
was printed using Dental resin; and two prototypes of the lens C were manufactured, one made in
Composite X and another in Rigid 10K, all of them printed using Vat Photopolymerization technology
with curing by exposure to ultraviolet laser beam with acrylic resin (VPP). All of the prototypes are
presented in Figure 9.

Concerning the supports, we manufactured them with two different powder materials: PA11
printed with Stratasys SAF 350 equipment, and UPP printed with HP Multi Jet Fusion 5200 3D. These
materials were chosen for their lightness, low permittivity and good mechanical performance. In both
cases, their mechanical and electromagnetic performances were similar. The assemblies using both
PA11 and UPP mechanical supports are presented in Figure 8 (c).

o %
(@) (b) (0)

Figure 9. X-Band GRIN Lenses: (a) Lens A, material Composite X resin, technology VPP, (b) Lens B, material
Dental resin, technology VPP, (c) Lens C, material Rigid 10K resin, technology VPP.

4.2. Metallization Process

The feeding horn antenna, must be a conductive element, so it must be coated with a homogeneous
layer of electrically conductive material. This was done using two successive electroless coating
processes of nickel and copper, [24]. This method uses a chemical reaction to bond particles of the
desired metal to the surface of the polymer pieces, [25], without the use of an electric current.

Initially, the surface of the piece must be prepared to allow strong bonding with the metal
deposition. The most common method for this involves chemical etching with strong oxidizing
compounds such as chromium salts, highly corrosive and polluting. In this work, the chromium salt
etching was replaced by a combination of a first shot blasting and a subsequent chemical etching with
sodium hydroxide solution. Then, a catalytic layer of palladium is deposited on the surfaces of the
pieces by immersion in an activating bath consisting of a PdCl, and SnCl; acidic solution, as described
in [26]. Before the final metallization bath, an acceleration step is performed by treating the sample
in an acidic solution to remove the non-reacted salts and the Sn(IV), and expose the Pd(0) to the
autocatalytic reaction. This layer is responsible for initiating the chemical reduction reaction in which
the metal adheres to the surface.

The initial nickel coating process results in a relatively uniform and stable metallic deposition,
although it may leave some small uncovered areas, particularly in the corners. Despite the uniformity
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of the layer, the nickel coating presents very low conductivity, so an additional copper bath is applied
to fix minor defects and increase the conductivity.

5. Results

The electromagnetic response of the assembled prototypes was evaluated in an anechoic chamber,
with the experimental setup depicted in Figure 10. The directivities of the different lens antennas were
measured and their results are given in Figure 11. When comparing to the simulated directivities, it
can be stated that all the lens antennas achieved directivities near 20 dB, with lens A around 19,5 dB,
and with lenses B and C up to 22 dB, even more than the simulated expected results.

N e

Y S s

Figure 10. X-Band Antenna Assembly Measurements in laboratory anechoic chamber.

Additionally, the lenses, as well as the horn antenna and the supports, have been weighed, with
the results presented in the Table 5. As shown, both the horn antenna and the supports are very light,
with the lens providing the main contribution to the overall weight. The total weight of the sets ranges
from approximately 500 g for lens A to 280 g for lens C.

Table 5. Weight of the X-Bend Antenna Assembly.

Device: Conical Horn  Supports Lense A Lense B Lense C
Weight (g): 22 96 376 207 163
25 T T T T T T T T T
Lense A
20 /\ Lense B | |
15| Lense C| |
10 [ 1
o 5 1
k= ~
: A
3 | ‘
) \/ yooN
(2“ 10 I / f)i—\ A
15 ]
20 F 4
25 b 4
_30 il 1 1 1 1 1 1 1 1

80 60 40 20 0 20 40 60 80
¢ ()

Figure 11. Farfield measured directivity of the lenses at 10 GHz, ¢ = 0

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0998.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2025 d0i:10.20944/preprints202505.0998.v1

13 of 17

Table 6 displays the results of our three lenses compared to recent literature. The main conclusion
is that the lenses present similar measured directivity, lenses B and C present similar or better effi-
ciency compared to the lenses with similar size, but with an important reduction in thickness, which
substantially decreases the volume of the whole set. This is achieved by using variable densities of the
printing material in different sectors with consistent thickness, instead of varying the lens thickness —
a traditional approach for these lenses. This approach also enhances lens efficiency, as evidenced by
our measured results.
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Table 6. Comparison of different realizations of 3D printed perforated dielectric GRIN lens antennas.

14 of 17

Fre Diameter /
Ref. [GI—?%] Lens Type Tech. Mat. Feed Type Thickness Dir. (Sim. / Meas.)  Ap. eff. (Sim. / Meas.)
(F+T) mm.
lens A 10 Flat heterogenous ~ SLA gs;?f"s‘te X Circular Waveguide 160 / 25 21/195 49.1% / 3217 %
lens B 10 Airy disk SLA Dental Resin ~ Circular Waveguide 160 / 25 20 /221 41.22 % / 55.80 %
lensC 10 Ring SLA g;gsﬁ 10K Circular Waveguide 160 / 25 20 /22 42.37 % / 49.21 %
.. 18at12GHz / 214
12, 15, Flat finite Focal . . 18% at 12 GHz / 33% at 15

[27] 18 GRIN lens FFF PLA Circular Waveguide 120 / 18.5 gl_lli ?Hz /24 at18 GHz / 41% at 18 GHz 3
[28] 1209 Zero Focal length  ppp PREPERM  Circular Waveguide 150 / 90 22.6 /22.9 38 % / 40 %

GRIN Lens & 0

Flat Finite Focal Corrugated Circular o o
[29,30] 34 Length GRIN Lens FFF PREPERM OEWGs 88 / 40.5 26.5 / 25.7 45 % / 37 %

Flat Finite Focal 15.1 at 12 GHz / o 3
[31] 12-40 GRIN lens FFF PREPERM Rectangular OEWGs 120 / 18.5 3.6 at 40 GHz 3 82 %
[32] 13.4 3D Shaped FFF PLA Microstrip Patch 180 / 223 26.3 /251 66.7 % >

Mat. Jet- . 2

[33] 15 Rectangular ting Verowhite Rectangular OEWGs -/ 59 21.3/19.1 30%

Flat finite Focal . . . 5 o 2
[34] 27 GRIN lens SLA Resin Microstrip Patch Antenna 77 / 77 21.3 30%
[35] 33 Fresnel Zone Lens  FFF PREPERM Rectangular OEWGs 97.6 / 39.3 252 / 25.2 -/311%

1 There is no data on radiation efficiency, unity radiation efficiency is assumed. % Simulated data. ® Measured data.
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6. Conclusions

In conclusion, the exploration of AM for fabricating complex RF components—such as horn
antennas and GRIN lenses—is not only feasible but also advantageous for the communications
industry. By enabling the integration of lightweight, customizable, and precisely engineered polymer
structures with metalized conductive elements, AM provides a versatile platform for advanced RF
device design. The ability to control material properties and topology on a fine scale, particularly for
gradient-index lenses, represents a key advancement in wave manipulation and antenna performance.

As the field of AM continues to evolve, its application in communications is likely to expand,
supporting the development of more sophisticated, compact and efficient systems across a range of
frequencies and applications.
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