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Abstract: This paper presents a 3D-printed fully dielectric bi-material reflectarray with bandgap
characteristics for multi-band applications. To achieve bandgap characteristics, a “1D Bragg reflector”
unit cell is used. The latter is a layered structure characterized by a spatial distribution of refractive
index that varies periodically along one dimension. By appropriately selecting the dimensions, the
bandgap can be shifted to cover the desired frequency bands. To validate this bandgap characteristic,
a (121.5 mm x 121.5 mm) with an f/D ratio of 0.5 reflectarray was fabricated. The measured gain at
27 GHz is 27.22 dBi, equivalent to an aperture efficiency of 35.05%, demonstrating good agreement
between simulated and measured performances within the frequency range of 26-30 GHz. Addi-
tionally, the transparency of the reflectarray was verified by measuring the transmission coefficient,
which exhibited a high level of transparency of 0.32 dB at 39 GHz. These features make the proposed
reflectarray a good candidate for multi-band frequency applications.

Keywords: 3D-printing; reflectarray; millimeter wave; dual-band; photonic-bandgap; Bragg mirror

1. Introduction

Microstrip reflectarrays offer several advantages in various applications due to their
unique design and properties, such as high gain, low profile, good efficiency, and beam
scanning capability [1]. In contrast to naturally broadband parabolic reflectors, reflectarrays
exhibit a limited bandwidth, typically less than ten percent [1]. Despite this limitation,
reflectarrays are widely used for multi-band applications [2]. Several approaches have been
proposed in the literature to realize dual-band /multi-band reflectarrays.

For relatively close frequencies, the use of broadband [3] or multi-layer elements
increases the bandwidth sufficiently to cover both bands. In [4], a three-layer element
of varying-sized patch elements was proposed to cover both Tx (11.7-12.2 GHz) and Rx
(13.75-14.25 GHz) bands of the Ku-band. However, this solution is unsuitable for widely
separated bands. Another approach consists of combining two phasing elements at different
bands arranged on a single aperture [5-7]. It should be noted that the elements must be
spaced enough to reduce the mutual coupling, which affects the efficiency and bandwidth
performances of the antenna.

In the case of widely separated frequencies, the low-frequency elements are larger
than the high-frequency elements, which makes the physical separation between the bands
challenging. To overcome this limitation, FSS-backed multilayer reflectarray structures have
been proposed in [2,8,9]. A frequency-selective surface (FSS), also referred to as a spatial
filter, is a periodic structure with bandgap characteristics [10]. The FSS is designed to have
maximum reflection at the center frequency of the first band and maximum transmission
at the second band. This technique provides good isolation between the reflectarrays of
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different bands but the profile and dielectric loss of the reflectarray increases as well as the
fabrication complexity and cost.

Analogous to frequency-selective surfaces (FSSs), photonic bandgap materials are
periodic arrangements of dielectrics with different refractive indexes in a 1D, 2D, or 3D
manner, that lead to the appearance of photonic bandgaps, preventing electromagnetic
waves at specific wavelengths from propagating while out of the gap the structure is
transparent [11]. This bandgap characteristic enables the realization of a fully dielectric
dual-band reflectarray and makes its fabrication through 3D-printing possible. To the best
of our knowledge, only a few works based on 3D-printing fabrication have been reported
at millimeter waves. In [12], the authors applied this principle to design a parabolic-shaped
reflectarray antenna in the k and v bands.

The use of 3D-printing, also known as additive manufacturing, has emerged as a
promising technique for RF system design. This method offers several advantages over tra-
ditional manufacturing methods, including a smaller form factor, lighter weight, lower cost,
and eco-friendliness [13]. Furthermore, this technology enables the creation of complicated
structures with high precision and increased design flexibility [13]. High -performance sys-
tems have been produced using 3D-printing, such as transmitarrays [14-16], lenses [17,18],
and reflectarrays [12,19,20].

In this paper, a 3D-printed bi-material reflectarray antenna is presented. The antenna is
built by periodically stacking dielectric layers with different permittivity using two different
materials. It is noteworthy that 3D-printing allows the use of bi-material technology
through the dual extruder configuration of certain 3D-printers. This configuration enables
the printing of the entire structure in a single print without the need for supports to fix the
different layers, resulting in a much more rigid structure.

Compared to [12], the innovation in this work lies in the use of the bi-material config-
uration, which enables great versatility in permittivity by modifying the porosity through
3D-printing. This allows for a shorter focal length and, consequently, results in a much
more compact system, which is crucial for 5G base stations due to the need for space
efficiency, ease of installation, and performance optimization. To simplify the reflectarray
antenna design, four unit cells were optimized for 2-bit phase quantization. Taking advan-
tage of its stepped configuration, the reflectarray exhibits bandgap characteristics, which
make dual-band properties possible. Based on this concept, this paper aims to provide
practical evidence of these bandgap characteristics by measuring both the reflection and
transmission of a bi-material reflectarray.

This paper is organized as follows: the bandgap characteristics of the dielectric reflec-
tarray element and its phase response are theoretically investigated in Section 2. Section 3
describes the measurement procedure and discusses the reflectarray performances. Lastly,
conclusions and perspectives are discussed in Section 4.

2. Fully Dielectric Reflectarray Antenna Design
2.1. Bragg Reflector-Based Unit Cell

The unit cell is a “1D Bragg reflector”, which is a layered structure characterized by a
spatial distribution of refractive index that varies periodically along one dimension [21].
This can be achieved either by using two different materials or by changing the porosity of
a single material.

The principle of operation of a Bragg mirror relies on the fundamental principle of the
Bragg law to achieve constructive interference in reflection and destructive interference
in transmission. The thickness of each layer equals a quarter guided wavelength (A,) for
normal incidence. At each interface within the mirror, a Fresnel reflection occurs as a result
of the difference in refractive index between the layers. For the design wavelength, the
incident beam undergoes a phase shift of — 77/2 at each passage through a dielectric layer.
Additionally, the wave propagating from a low-index to a high-index medium undergoes a
— 1t phase shift (while a 0 phase shift is obtained for the opposite case). The reflected waves
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emerge in phase, leading to constructive interference. A simple equation can be used to
calculate the reflectivity at normal incidence:
)2N 2
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where N is the number of the quarter wave pairs, and #n1 and #; are the refractive indexes
of the two layers. The mirror’s reflectivity depends on both the refractive index contrast
between the materials and the number of alternating layer pairs. Ideally, the number of
layers is infinite but sufficient reflection can be achieved using multiple periodicities with a
large index difference A;, as shown in Figure 1.
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Figure 1. Influence of number of layers and index difference.
The stop-band, which refers to the range of reflected frequencies, can be calculated

by [22]: A
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where A is the free space wavelength, AAy,4y is the reflected wavelength range, and A, is
the index contrast. Equation (2) demonstrates that a larger stop-band can be achieved by
utilizing a high refractive index contrast.

In this work, the Bragg mirror’s geometry involves six layers of dielectric material,
each 1.5mm thick, with a relative permittivity of 7.5 and a loss tangent of 0.001. A dielectric
layer with a dielectric constant of 1.6 is placed in between. The latter is constituted by
60% infill density of another dielectric material with a permittivity of 2.2, a thickness of
1.58 mm, and a loss tangent of 0.001. These materials, part of the Zetamix Epsilon series
developed by Nanoe [23], are high-purity ceramics developed for industrial applications
characterized at 9.4 GHz. Thanks to their polyolefin composition, these materials can be
used at higher frequencies compared to alternative materials, as evidenced by a notable
110 °C heat deflection temperature for the Zetamix Epsilon series versus a maximum of
70-80 °C for filled ABS. The material permittivity as a function of the porosity level can be
calculated using the Maxwell-Garnett equation [24]:

€1+ 2¢e + 2f(€1 - 62)
2 €1+26 — fler—e)

Here, € denotes the new permittivity, €; represents the intrinsic permittivity of the material,
and e stands for the permittivity of air. f represents the volume fraction of the scatterer
phase in the mixture.

The thickness of the layers was carefully chosen to maximize reflection at 27 GHz and
optimize transmission at 39 GHz, thus enabling coverage of both 5G bands by stacking
two reflectarrays at these frequencies. This design not only improves performance in these

)
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specific frequency bands, but also facilitates the process of 3D-printing of the reflectarray,
ensuring ease of manufacture and functionality in the intended frequency ranges.

A parametric study showed that the frequency band in which the unit cell remains
transparent widens as more layers are applied. However, the thickness of the reflectarray
also increases. A choice of 6 layers was made, representing a good trade-off between
transparency and reflectarray thickness.

The unit cell frequency response was simulated using the commercial full-wave solver
CST Microwave Studio with unit cell boundary conditions and Floquet port excitation and
normal incidence. The simulation model and its reflection and transmission magnitude are
represented in Figure 2a. As can be seen from Figure 2b, a bandgap extending from 18 GHz
to 31 GHz has formed. The reflection coefficient is close to 0 dB within this band, while it is
less than —10 dB from 32.3 GHz to 44.2 GHz, indicating the reflection and transmission
bands of the unit cell. It is important to note that several bandgaps have appeared, but only
the one that covers the selected frequency band is considered.

Reference
plane

-60 [ |——s11
— 512

Tranmission and Reflection coefficient [dB]

0 15 20 25 30 35 40 45
Frequency [GHz]

(a) (b)
Figure 2. (a) Simulation model of dielectric mirror structure in CST microwave studio for a Ka-band

reflectarray. (b) Transmission and reflection coefficients of the structure. (d1 = 1.5 mm, d2 = 1.58 mm,
Px =Py =4.5 mm.

—_—

Px

It is beneficial at this point to check how the proposed unit cell responds to changes
in both the angle of incidence and polarization state. We investigated the behavior of the
unit cell under different polarization states as the angle of incidence varied. Specifically,
three cases were examined: TE polarization, TM polarization, and linear polarization at
45°, which represents a linear combination of TE and TM modes. We consider a system
composed of alternating dielectric layers with wave propagation along the z-axis and the
incident plane in the x-y plane (Figure 2a). This configuration defines a symmetry plane,
allowing us to distinguish between two independent electromagnetic modes: transverse
electric (TE) and transverse magnetic (TM) modes. For the TE mode, the electric field E is
perpendicular to the x-y plane, meaning it is aligned along the z-axis, and the magnetic field
H lies in the x-y plane. Conversely, for the TM mode, the magnetic field H is perpendicular
to the x-y plane (along the z-axis), while the electric field E lies in the x-y plane.

First, we fixed the polarization and varied the angle of incidence. As can be seen
from Figure 3b, the location of the bandgap shifts slightly towards higher frequencies as
the angle of incidence increases for the TE mode, whereas the bandgap for the TM mode
decreases. The unit cell maintains a reflection coefficient close to 0 dB at 27 GHz and a
transmission coefficient (Figure 3b) close to 0 dB at 39 GHz, indicating that the unit cell
is transparent.
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Figure 3. (a) The reflection and transmission coefficient under normal incidence. (b) The reflection
and transmission coefficient under oblique incidence 40°.

As the angle of incidence approaches the Brewster angle, which in this case is 70°,

calculated by:
fp = arctan <n2>
ny

where 117 and n; are the refractive indices of air and the first layer of the unit cell, the TM
mode is efficiently transmitted through the structure as expected, while the TE mode still
reflects significantly in the frequency range from 20 to 37 GHz, as can be seen in Figure 4a.
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Figure 4. (a) The reflection and transmission coefficient at Brewster angle. (b) The reflection and
transmission coefficient at Brewster angle with 45° linear polarization.

Finally, we analyzed the behavior of the unit cell under 45° linear polarization, which
combines both TE and TM modes. The amplitude results show that for angles of incidence
between 0° and 40°, both TE and TM modes are superposed, exhibiting nearly identical
amplitude and phase responses, as shown in Figures 5 and 6. This is due to the fact that
at 45° linear polarization, the TE and TM modes are equally excited, and the symmetry of
the unit cell ensures that at lower angles of incidence (between 0° and 40°), the interaction
between the incident wave and the structure affects both modes in the same way, resulting
in almost identical amplitude and phase responses. However, as the angle of incidence
increases beyond 40°, the TM mode is increasingly transmitted, particularly in the higher
frequency range (30-45 GHz), while the TE mode continues to reflect, as observed in
Figure 4b. Notably, good transmission is maintained at 39 GHz. Ensuring that both the
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electric (E) and magnetic (H) fields are transmitted with equal phase and amplitude is
critical in a dual-band reflectarray based on a Bragg mirror. This balance is essential to
achieve efficient operation in both frequency bands, thereby optimizing the reflectarray’s
performance for multi-band applications.
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Figure 5. Reflection coefficients of the TE and TM modes at 6 = 0° and 40°.
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2.2. Reflectarray Design

As the elements should satisfy the desired phase distribution to produce a collimated
beam in a certain direction, a reference plane is placed above the Bragg-mirror-type unit
cell, as shown in Figure 2a. The reflection phase is evaluated by modifying the position
of the element along the z-axis while keeping the same reference plane. A full phase-
cycle (27) is achieved by changing the element position from —1 to 5 mm, as shown in
Figure 7a. It is important to note that the phase curve shown here is for a normal incidence.
The reflectarray is synthesized using two unit cells (2-bit phase quantization). Thus, the
positions of each unit cell are —0.63 mm, 0.7 mm, 2 mm, and 3.35 mm. The required phase
shift (represented in Figure 7b) ®(x;, y;) at each element (x;, y;) can be calculated by:

@(xi, yz) = ko(di — (xi cos ¢y, + y; sin 47;,) sin 9;,) 4)

where ky is the propagation constant in a vacuum, and 4, is the distance between the feed
phase center and the i-th element. A 27 x 27 reflectarray is designed and simulated. The
aperture size is 121.5 mm x 121.5 mm (/11.34A). A linearly polarized WR28 waveguide
feed is placed on the focal point F = 60.75 mm with an f/D ratio of 0.5.

200
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-200 ‘ ‘ ‘ ‘ ‘
-1 0 1 2 3 4 5
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(@ (b)
Figure 7. (a) Phase curve versus element position along the z—axis. (b) Phase distribution on the

reﬂectarray aperture.

3. Fabrication and Measurement
3.1. 3D-Printing with Dual Material

The dielectric Bragg-based reflectarray prototype was printed using a dual extruder
3D-printer Raise 3D Pro 2 from Raise3D Technologies as shown in Figure 8. As the
reflectarray consists of two blocks of different permittivities, each sub-block was assigned to
an extruder loaded with Zetamix Epsilon 7.5 and 2.2 filaments, respectively. The respective
infill densities obtained for both sub-blocks correspond to that given by (4). To ensure a flat
base that facilitates printing, an additional dielectric layer was added to the bottom of the
structure, as shown in Figure 8.

The build plate is heated to 110 °C, and both filaments are printed at 270 °C. It is
essential to switch off the cooling fans completely to avoid warping and maintain optimum
layer adhesion. As the printing begins, the printer alternates between the two extruders,
depositing the corresponding filament according to the predefined design. This dual-
extrusion capability allows for the simultaneous deposition of two filaments during the
printing of a single object, facilitating the creation of multi-material structures.
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Figure 8. (a) Front view of the structure. (b) Back view of the structure. (c) Side view of the structure.

3.2. Radiation Measurement

The radiation performance is measured using the Rohde&Schwarz R&S®ATS800B
CATR benchtop antenna test system [25], which provides a highly compact environment
for characterizing antennas and 5G devices in the 20 GHz to 50 GHz frequency range.
The gain of the open waveguide is 6.5 dBi at 27 GHz. To mitigate the blocking effect, the
PLA-based measurement support is 3D-printed with a 10% infill density, corresponding to
€r = 1.09, as determined by (4).

The measured and simulated radiation patterns at 27 GHz are presented in Figure 9.
The results reveal a good agreement between measurement and simulation, indicating a
peak measured gain of 27.22 dBi. Furthermore, the measured cross-polarization component
is below —35.54 dB, and the measured side lobe level (SLL) is less than —17.27 dB. However,
subtle fluctuations are observed. They can be ascribed to the fact that the amounts of
undesirable edge diffraction, specular reflection, and feed blockage increase relative to the
desirable radiation from all elements as the aperture size decreases [1].

30 T T T T T T T
Measured Radiation Pattern at 27 GHz
----- Simulated Radiation Pattern at 27 GHz
200 Measured Cross Polar at 27 GHz

o

Gain [dBI]

90

Figure 9. Simulated and measured radiation patterns at 27 GHz.

The measured and simulated gain over the frequency band of the proposed reflec-
tarray antenna is presented in Figure 10. The discrepancy between the measurement and
the simulation may be attributed to alignment errors between the reflectarray and the
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waveguide, as well as fabrication tolerances and measurement accuracy, which is +/—1 dB
according to the antenna test system specifications [25]. Additionally, the bandwidth of the
fabricated reflectarray, defined at —1 dB, is approximately 3.33%, centered at 27.05 GHz.
Furthermore, it is important to acknowledge the impact of material properties on reflec-
tarray performance. In fact, retrospective simulations have shown that a slight reduction
in the Zetamix Epsilon 7.5 value can improve gain values. This could potentially explain
some of the differences observed between measurements and simulations.

30

281

N
D
—

N

Gain [dBi]

N
i

227

— Simulated Gain
—F— Measured Gain

20 : :
25 26 27 28 29

Frequency [GHZz]

Figure 10. Simulated and Measured Gain over frequency.

The proposed reflectarray exhibits an aperture efficiency of 35.05%. The aperture
efficiency is generally determined as the product of various factors, including;:

*  Spillover efficiency #s.

*  Taper efficiency #;.

*  Phase efficiency 7.

*  Polarization efficiency 7.

*  Blockage efficiency 7.

*  Random error efficiency #, over the reflectarray surface.
*  Material loss #,.

Generally, antennas are designed to have good matching, symmetrical radiation
patterns, aligned phase centers, and minimal cross-polarization. The remaining losses are
associated with spillover efficiency, taper efficiency, feed blockage, and dielectric losses.

Table 1 presents the loss budget for the proposed reflectarray at 27 GHz. The taper
efficiency, which characterizes the uniformity of the amplitude distribution of the feed
pattern across the surface of the reflectarray [26], was estimated at 0.1 dB. On the other hand,
the spillover efficiency, representing the fraction of the feed pattern that extends beyond the
planar surface of the reflectarray, was estimated at 2.7 dB, playing a significant role in the
overall losses. In addition, the dielectric loss was calculated as 0.1 dB, which is relatively
low, thanks to the high quality of the used materials. Considering the center-fed symmetric
configuration of the proposed reflectarray antenna, the feed and its measurement support
may block some radiation of the surface and hence degrade the performance by reducing
the gain and also increasing cross-polarization. The blockage efficiency was estimated by
calculating the ratio of the blocking surface near the focal point to the main reflectarray
surface, and its value is 0.56 dB. The feed can be tilted from the center of the reflectarray to
avoid the blockage effect.

To enhance the aperture efficiency, optimizing the feed antenna becomes crucial.
Specifically, the WR28 waveguide exhibits an asymmetrical radiation pattern in the E and
H planes, resulting in non-uniform illumination of the reflectarray on both planes.
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Table 1. Loss budget for the proposed reflectarray at 27 GHz.

Factor Loss (dB)
Taper efficiency 0.1
Spillover loss 2.7
Blockage loss 0.56
Dielectric loss 0.1

This work aims also to demonstrate the bandgap properties of a Bragg reflectarray.
The transparency of this reflectarray was verified through a transmission measurement
using the CATR R&S® system. A horn antenna is used to evaluate the transparency of
the reflectarray. The procedure involved conducting a reference transmission coefficient
measurement between the horn antenna and the R&S® ATS800B feed antenna without
the reflectarray. Subsequently, the reflectarray was positioned in front of the horn, and
a transmission coefficient measurement between the two antennas was performed once
again. The measured S12 parameter is illustrated in Figure 11. The measured transmission
coefficient is slightly affected, exhibiting a marginal difference of —0.32 dB compared to the
reference, confirming the transparency of the proposed reflectarray at 39 GHz.

Measured S12 [dB]
R
o

— 512 without reflectarray
——— 512 with reflectarray

== === =39GHz= = = = =

25 30 35 40 45
Frequency [GHZz]

Figure 11. Transmission measurement at 39 GHz.

3.3. Comparison with State of the Art

A comparison between the proposed reflectarray and some other reflectarrays is shown
in Table 2. As observed, conventional dual-band reflectarrays rely on grounded resonators
printed on one or multiple layers. However, these approaches have several shortcomings,
notably, intense mutual coupling. Efforts have been made to mitigate mutual coupling by
using frequency-selective surfaces (FSSs) or designing sophisticated resonators [3,9]. In [3],
a dual-band reflectarray antenna composed of notched rectangular dielectric resonators of
variable height was proposed. Although the reflectarray exhibits low mutual coupling, the
system is bulky and its manufacturing process remains complex. In [12], a strong reflection
is achieved by superposing layers with different refractive indexes, eliminating the need
for a full metallic ground and making the design fully dielectric. Although the reflectarray
exhibits good bandwidth performance due to its parabolic shape, facilitating its fabrication
required adopting a significant f/D ratio to sufficiently flatten the parabolic profile to
maintain unit cells between them, thus making the system voluminous. Additionally, to
keep the different layers together, the system requires the use of supports, which may
compromise its robustness. In contrast, for the proposed reflectarray, the use of bi-material
technology through a dual extruder 3D-printer allowed the printing of the antenna in a
single print, eliminating the need for supports to fix the different layers that compose it.
Moreover, the versatility of permittivity achieved through bi-material 3D-printing allows
the reduction in the size of the reflectarray by a factor of 3.88 compared to [12], which
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is crucial for 5G base station application due to the need for space efficiency, ease of
installation, and performance optimization. This approach makes the reflectarray more
compact and robust compared to other designs in the literature. Capitalizing on its bandgap
characteristics, the reflectarray demonstrates a high level of transparency of 0.32 dB at
39 GHz, ensuring weak mutual coupling and an acceptable aperture efficiency.

Table 2. Comparison of different dual-band reflectarrays.

Ref [3] [91 [12] [27] [20] This Work
Multilayer Shared Dielectric
Confi DR + phasing Bragg aperture slabs Bragg
8 Full ground element mirror phasing + Full mirror
+FSS element ground
Frequency 39 (future
(GHz) 10/5.68 28.8/20 65/24 29.7/19.7 30 work)/27
not not not not
Transparency transparent +/—0.9dB measured trar;rsgc)ar— tra:rsEar— +/—0.32dB
f/d ratio 0.8 0.75 1.94 0.82 1.08 0.5
Size (mm) S.A S.A S.A CA CA S.A
350 x 350 400 x 400 77 X 77 r=1944 r=60 1215 x 121.5
. . 38.5/36.3
Gain (dBi) 23/19 (Directivity) 30.7/23.2 38.5/35.1 23.66 27.22
Aperture 11.64/14.37 57/48 33.54/43.75 48.34/50.22 16.32 35.05
efficiency (%) (estimated) (estimated) (estimated) (estimated) :
Fabrication N.A PCB .3]:? PCB .3]:? 43D.
printing printing printing

S.A: Square Aperture, C.A: Circular Aperture.

4. Conclusions

To achieve bandgap characteristics, a Bragg-reflector-inspired reflectarray was studied
and analyzed in this paper. The design leverages a 1D dual-material Bragg reflector unit
cell, allowing 3D-printing for fabrication. The fabricated antenna was measured in the
frequency range of 25-30 GHz, and the measured gain at 27 GHz is 27.22 dBi, equivalent
to an aperture efficiency of 35.05%. In addition, the transparency of the reflectarray was
verified by measuring the transmission coefficient. The measurement results show that the
reflectarray exhibits a high level of transparency of 0.32 dB at 39 GHz. All these features
make the proposed reflectarray a good candidate for multi-band applications.

With regard to future perspectives to enhance the overall performance of the reflectar-
ray, several avenues are considered. Firstly, an illuminating feed with a symmetric radiation
pattern to optimize aperture efficiency will be considered. This design will be executed
in an offset configuration to address blockage issues contributing to the estimated losses
outlined in this article. Furthermore, diffraction effects will be accounted for in the design
to minimize their impact on the overall performance of the reflectarray. By combining these
approaches, it is envisioned to further optimize the reflectarray’s performance, thereby
providing a more efficient and versatile solution for wireless communication systems and
radar technologies.

Author Contributions: The individual contributions of the authors to the realization of this work are
as follows: Conceptualization: W.C., J.L., C.M. and EF,; methodology: J.L., EF. and W.C.; software:
W.C,; validation: J.L., C.M.,, L.L. and EF,; formal analysis: W.C.; investigation: W.C.; resources: T.M.,
J.S. and FF,; writing—original draft preparation: W.C.; writing—review and editing: FF,, J.L. and
L.L.; supervision: EE; project administration: FE; funding acquisition: EF. and L.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the French National Research Agency (ANR) under the project
EEMWA4FIX, grant number ANR-21-CE24-0028.

Institutional Review Board Statement: Not applicable.



Sensors 2024, 24, 6512 12 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article. Further enquiries can be directed to the corresponding author.

Conflicts of Interest: Tom Malvaux and Julien Sourice were employed by the Nanoe. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References

1.  Huang, J.; Encinar, J. Reflectarray Antennas; Wiley: Hoboken, NJ, USA, 2007.

2. Chaharmir, M.R,; Shaker, J.; Legay, H. Dual-band Ka/X reflectarray with broadband loop elements. IET Microwaves Antennas
Propag. 2010, 4, 225-231. [CrossRef]

3.  Alsath, M.G.N,; Kanagasabai, M.; Arunkumar, S. Dual-Band Dielectric Resonator Reflectarray for C/X-Bands. IEEE Antennas
Wirel. Propag. Lett. 2012, 11, 1253-1256. [CrossRef]

4. Encinar, J.A.; Arrebola, M.; de la Fuente, L.E; Toso, G. A Transmit-Receive Reflectarray Antenna for Direct Broadcast Satellite
Applications. IEEE Trans. Antennas Propag. 2011, 59, 3255-3264. [CrossRef]

5. Smith, T,; Gothelf, U.; Kim, O.S.; Breinbjerg, O. Design, Manufacturing, and Testing of a 20/30-GHz Dual-Band Circularly
Polarized Reflectarray Antenna. IEEE Antennas Wirel. Propag. Lett. 2013, 12, 1480-1483. [CrossRef]

6.  Shamsaee Malfajani, R.; Abbasi Arand, B. Dual-Band Orthogonally Polarized Single-Layer Reflectarray Antenna. IEEE Trans.
Antennas Propag. 2017, 65, 6145-6150. [CrossRef]

7. Li, X,; Li, X;; Yang, L. Single-Layer Dual-Band Wide Band-Ratio Reflectarray with Orthogonal Linear Polarization. IEEE Access
2020, 8, 93586-93593. [CrossRef]

8. Deng, R; Yang, F,; Xu, S.; Li, M. An FSS-Backed 20/30-GHz Dual-Band Circularly Polarized Reflectarray with Suppressed Mutual
Coupling and Enhanced Performance. IEEE Trans. Antennas Propag. 2017, 65, 926-931. [CrossRef]

9.  Smith, T; Gothelf, U.; Kim, O.S.; Breinbjerg, O. An FSS-Backed 20/30 GHz Circularly Polarized Reflectarray for a Shared Aperture
L- and Ka-Band Satellite Communication Antenna. IEEE Trans. Antennas Propag. 2014, 62, 661-668. [CrossRef]

10. Anwar, R.S.; Mao, L.; Ning, H. Frequency Selective Surfaces: A Review. Appl. Sci. 2018, 8, 1689. [CrossRef]

11.  Yablonovitch, E. Photonic band-gap crystals. |. Phys. Condens. Matter 1993, 5, 2443. [CrossRef]

12. Zhu, ].; Yang, Y.; Mcgloin, D.; Liao, S.; Xue, Q. 3-D Printed All-Dielectric Dual-Band Broadband Reflectarray with a Large
Frequency Ratio. IEEE Trans. Antennas Propag. 2021, 69, 7035-7040. [CrossRef]

13.  Zhang, B.; Guo, Y.X,; Zirath, H.; Zhang, Y.P. Investigation on 3-D-Printing Technologies for Millimeter- Wave and Terahertz
Applications. Proc. IEEE 2017, 105, 723-736. [CrossRef]

14.  Vaquero, A.F; Teixeira, J.; Matos, S.A.; Arrebola, M.; Costa, J.R.; Felicio, ] M.; Fernandes, C.A.; Fonseca, N.J.G. Design of
Low-Profile Transmitarray Antennas with Wide Mechanical Beam Steering at Millimeter Waves. IEEE Trans. Antennas Propag.
2023, 71, 3713-3718. [CrossRef]

15.  Massaccesi, A.; Pirinoli, P. Space-fed antenna based on dielectric-only transmitarray. In Proceedings of the 2022 16th European
Conference on Antennas and Propagation (EuCAP), Madrid, Spain, 27 March-1 April 2022; pp. 1-4. [CrossRef]

16. Matos, S.A,; Teixeira, J.P,; Costa, ].R.; Fernandes, C.A.; Nachabe, N.; Luxey, C.; Titz, D.; Gianesello, F.; del Rio, C.; Arboleya, A.;
et al. 3-D-Printed Transmit-Array Antenna for Broadband Backhaul 5G Links at V-Band. IEEE Antennas Wirel. Propag. Lett. 2020,
19, 977-981. [CrossRef]

17.  Monkevich, J.; Le Sage, G. Design and Fabrication of a Custom-Dielectric Fresnel Multi-Zone Plate Lens Antenna Using Additive
Manufacturing Techniques. IEEE Access 2019, 7, 61452-61460. [CrossRef]

18. Loredo, S.; Le6n, G. Synthesis Algorithm for “Quasi-Planar” Dielectric Lenses. In Proceedings of the 2019 13th European
Conference on Antennas and Propagation (EuCAP), Krakow, Poland, 31 March-5 April 2019; pp. 1-4.

19. Massaccesi, A.; Beccaria, M.; Pirinoli, P. Beam Steering mm-Waves Dielectric-only Reflectarray. In Proceedings of the 2022
Microwave Mediterranean Symposium (MMS), Pizzo Calabro, Italy, 9-13 May 2022; pp. 1-4. [CrossRef]

20. Bansal, S.; Singh, A.; Bashir, G. High-gain wideband all-dielectric digital metasurface reflectarray antenna for millimeter-wave
applications. Microw. Opt. Technol. Lett. 2023, 66, €33964. [CrossRef]

21. Zhang, Q. Jin, Q.; Mertens, A.; Rainer, C.; Huber, R.; Fessler, J.; Hernandez-Sosa, G.; Lemmer, U. Fabrication of Bragg Mirrors by
Multilayer Inkjet Printing. Adv. Mater. 2022, 34, 2201348. [CrossRef] [PubMed]

22. Shaaban, LE.; Samra, A.S.; Muhammad, S.; Wageh, S. Design of Distributed Bragg Reflectors for Green Light-Emitting Devices
Based on Quantum Dots as Emission Layer. Energies 2022, 15, 1237. [CrossRef]

23. Zetamix Filaments. Available online: https:/ /zetamix.fr/en/category/filaments-en/ (accessed on 1 January 2022).

24. Sareni, B.; Krdhenbiihl, L.; Beroual, A.; Brosseau, C. Effective dielectric constant of periodic composite materials. J. Appl. Phys.
1996, 80, 1688-1696. [CrossRef]

25. R&S®ATS800B CATR Benchtop Antenna Test System. Available online: https://www.rohde-schwarz.com/fr/brochure-fiche-

techique/ats800b (accessed on 5 October 2024).


http://doi.org/10.1049/iet-map.2008.0369
http://dx.doi.org/10.1109/LAWP.2012.2225593
http://dx.doi.org/10.1109/TAP.2011.2161449
http://dx.doi.org/10.1109/LAWP.2013.2288995
http://dx.doi.org/10.1109/TAP.2017.2754459
http://dx.doi.org/10.1109/ACCESS.2020.2986040
http://dx.doi.org/10.1109/TAP.2016.2633159
http://dx.doi.org/10.1109/TAP.2013.2292692
http://dx.doi.org/10.3390/app8091689
http://dx.doi.org/10.1088/0953-8984/5/16/004
http://dx.doi.org/10.1109/TAP.2021.3076528
http://dx.doi.org/10.1109/JPROC.2016.2639520
http://dx.doi.org/10.1109/TAP.2023.3243796
http://dx.doi.org/10.23919/EuCAP53622.2022.9769213
http://dx.doi.org/10.1109/LAWP.2020.2985399
http://dx.doi.org/10.1109/ACCESS.2019.2916077
http://dx.doi.org/10.1109/MMS55062.2022.9825555
http://dx.doi.org/10.1002/mop.33964
http://dx.doi.org/10.1002/adma.202201348
http://www.ncbi.nlm.nih.gov/pubmed/35608235
http://dx.doi.org/10.3390/en15031237
https://zetamix.fr/en/category/filaments-en/
http://dx.doi.org/10.1063/1.362969
https://www.rohde-schwarz.com/fr/brochure-fiche-techique/ats800b
https://www.rohde-schwarz.com/fr/brochure-fiche-techique/ats800b

Sensors 2024, 24, 6512 13 of 13

26. Balanis, C. Antenna Theory: Analysis and Design; Wiley: Hoboken, NJ, USA, 2016.
27. Baracco, ].M.; Ratajczak, P.; Brachat, P.; Toso, G. A Dual Frequency Ka-Band Printed Fresnel Reflector for Ground Terminal
Applications. IEEE Trans. Antennas Propag. 2015, 63, 4352-4366. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/TAP.2015.2456976

	Introduction
	Fully Dielectric Reflectarray Antenna Design
	Bragg Reflector-Based Unit Cell
	Reflectarray Design

	Fabrication and Measurement
	3D-Printing with Dual Material
	Radiation Measurement
	Comparison with State of the Art

	Conclusions
	References

