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ABSTRACT The 3D-printing of dielectric superstrates of Resonant Cavity Antennas has advantages of
fast prototyping and flexibility in the realization of customized layouts. In this work, the low dielectric
permittivity of test filaments is experimentally measured for their use in superstrates of Resonant Cavity
Antennas. A suitable combination of thickness, side extension and permittivity of the superstrate can enhance
the antenna gain of the primary source over a broad frequency interval. With non-periodic and perforated
layouts, instead, the radiative properties can be improved in terms of reductions of the Side-Lobe Level. The
use of an all-dielectric superstrate in the design of an RCA is presented, demonstrating the possibility of
obtaining a broadband gain enhancement with a single dielectric layer of low permittivity.

INDEX TERMS 3D printing, additive manufacturing, electromagnetic-band gap (EBG), high gain, resonant-

cavity antenna (RCA).

I. INTRODUCTION

Additive Manufacturing (AM) through Fusion Deposition
Modeling (FDM) is a fast-prototyping technique with signifi-
cant advantages in the fabrication of antenna parts [1]. Thanks
to AM, complex 3D layouts can be shaped with a flexible
and low-cost approach, compared to traditional machining
techniques, leading to quick validation of antenna designs.
An interesting example of application is the realization of
all-dielectric artificial materials employed as superstrates of
Resonant Cavity Antennas (RCAs) [2]. In the literature, these
antennas are also known as Electromagnetic Band-Gap Res-
onator Antennas (ERAs), being the superstrate realized in a
periodic form, as an Electromagnetic Band-Gap (EBG) mate-
rial [3], or as Fabry-Perot Cavity Antennas [4], [5], [6], [7],
[8]. In an RCA, the superstrate is a partially reflecting surface,
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placed at a resonating distance from a low-gain antenna
backed by a ground plane, to enhance the gain of the primary
source through a cavity layout. Therefore, a traditional RCA,
implemented with a superstrate having a periodical layout,
is extremely narrow-bandwidth, with a fractional bandwidth
of 3%-4%. To increase the bandwidth of an RCA, designs
of broadband superstrates implemented through non-periodic
realizations have been developed, considering either printed
dielectric layers or fully dielectric superstrates. A wideband
response, for example, can be achieved through ultrathin
printed layers [9], [10], assembled in multilayer behaving
as partially reflective surface with positive phase gradi-
ent [11]. Alternatively, broadband multilayers have been
proposed in the form of one-dimensional (1D) Electromag-
netic Band-Gap (EBG) materials alternating in a non-periodic
way dielectric slabs of different thickness and permittivity,
in order to enlarge the unit transmission within the EBG stop
band [12], [13]. The use of dielectrics in the realization of
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antenna superstrates has advantages over combined metal-
lic/dielectric realizations, due to the low losses, paving the
way to applications from millimeter waves to THz frequency
ranges. Alternative realizations of dielectric broadband super-
strates have been explored in the form of a 3D-printed
single dielectric layer with a stepped profile, as in [14]
and [15]. Otherwise, in [2], [14], and [16] the broadband
response is provided by a circular dielectric layer of uniform
thickness having a stepped permittivity, achieved through a
non-uniform radial filling of the printing material. In recent
advancements of RCAs, a beam-stearing of the field from
the primary source is performed, through the assembling of
fully-dielectric 3D-printed non-uniformly perforated layers
[17], [18].

As to the filament material used in the superstrate realiza-
tion, both low-permittivity filaments [19], high-permittivity
ones [15], and metal-painted dielectrics [20] have been
proposed. The use of low-permittivity plastic filaments,
as the Polylactic Acid (PLA) and the Acrylonitrile Buta-
diene Styrene (ABS) materials, has advantages in the ease
of the fabrication process and simplicity of the printing
facility, while still demonstrating the possibility of enhanc-
ing the antenna gain also in broadband layouts [2], [16].
However, when broadband RCAs are considered, the super-
strate has a small in-plane aperture, that leads to strong
edge diffraction and, consequently, to limitations in the SLL.
A broadband superstrate, combining the non-uniform 1D
layout to a tapered in-plane realization of the layers in the
form of grids, is presented in [21], and has demonstrated
significant reduction of the SLL.

In this work, the use of a low permittivity filament is
proposed for the superstrate of an RCA realized as a sin-
gle layer, achieving a much larger bandwidth compared to
a non-periodic multilayer using slabs of identical values
of the dielectric permittivity [22], [23]. Furthermore, the
single-layer realization of the superstrate has the advantage
of making more practical the assembling of the superstrate
to the primary source compared to a multilayer realiza-
tion, while reducing: 1) errors in the spacing of the slabs;
2) warping of thinner slabs; 3) diffraction by the mounting
structure, with effects on the radiative properties. Prelimi-
narily, low-permittivity filaments have been measured with
a Vector Network Analyzer to select the printing filament
of the superstrate. The superstrate is proposed in the form
of a single thick layer for a broadband gain-enhancement of
the field radiated by a rectangular waveguide. In the final
layout, the superstrate is realized as a perforated layer of
non-uniform holes, which reduces the SLL and provides a
general improvement to the gain, compared to a uniform
realization.

In Section II, the results relevant to the measurement
of different filaments of printing materials are presented.
In Section III, the RCA has been proposed with a single layer
superstrate of a low permittivity. In Section IV, experimental
results are reported.
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Il. MEASUREMENTS ON 3D PRINTING MATERIALS

Four different materials of 3D-printing filaments have been
printed in test samples for the characterization of the rel-
evant dielectric permittivity through a Keysight Fieldfox
Vector Network Analyzer (VNA). The considered filaments
are polymers of low-permittivity and are the following:
Acrylonitrile Butadiene Styrene (ABS), Acrylonitrile Styrene
Acrylate (ASA), Polylactic Acid (PLA), and Thermoplastic
Polyurethane (TPU). These filaments have been printed with
the Ultimaker S5 3D-printer in the form of parallelepiped
samples of length 22.86 mm, height 10.16 mm, and depth
9.63 mm, which fits the standard internal size of the WR90
sample holder used in X band (8.2 GHz — 12.4 GHz) rect-
angular waveguide calibration kit of the Fieldfox Keysight
VNA. A picture of the printed samples enclosed in the X-band
sample holder of the calibration kit is reported in Fig. 1.

(¢) (d)

FIGURE 1. 3D-printed samples of length 22.86 mm, height 10.16 mm, and
depth 9.63 mm in the X-band rectangular waveguide sample holder of the
filaments: a) ABS; b) ASA; c) PLA; d) TPU.

The real part of the relative permittivity e, and the
tand have been retrieved using three different inversion
algorithms: the Polynomial Fit proposed in [24], the
Reflection-Transmission algorithms by Nicholson-Ross [25],
and the Transmission Epsilon Fast algorithm, a technique
developed in the Keysight Material Measurement Suite [26].
The reconstructed permittivities in the X band of the different
filaments, ABS, ASA, PLA, TPU are shown in Fig. 2, com-
paring the estimated values of ¢ and the tand with the three
algorithms. As shown, the most stable results are obtained
with the Polynomial Fit algorithm, that has been proposed for
permittivity measurements of materials in transmission-line
sample holder. Finally, results of the permittivity of the four
filaments versus frequency, obtained with the Polynomial Fit,
are compared in Fig. 3 and in Table 1, where the numerical
values at the frequency of 12 GHz are reported. Results show
that ABS, PLA and TPU have comparable ¢ of about 2.6,
and the lowest losses in ABS.
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FIGURE 2. Retrieved permittivity from the X-band measurements on the samples in Fig. 1, comparing the reconstructions with
Polynomial Fit [24], the Reflection-Transmission by Nicholson-Ross [25], and Transmission Epsilon Fast algorithm [26]:
a) permittivity ¢, of ABS; b) tans of ABS; c) permittivity e;. of ASA d) tané of ASA; e) permittivity e;. of PLA; f) tans of PLA;

g) permittivity ¢, of TPU; h) tans of TPU.
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FIGURE 3. Dielectric permittivity versus frequency of the samples of ABS,

ASA, PLA and TPU of Fig. 1 determined from the measurements with the
Polynomial Fit [24]: a) relative permittivity ¢’r; b) tan 5.

TABLE 1. Measured values of dielectric permittivity on 3D-printed
samples at 12 GHz with the polynomial fit [24].

Material & tand
ABS 2.58 0.009
ASA 2.59 0.011
PLA 2.62 0.011
TPU 2.83 0.039

As to TPU, it has the highest ¢/, of about 2.8, but the
high losses, with tand = 0.039, would reduce the radiation
efficiency when used as an antenna superstrate, especially if
realized in the form of thick dielectric layer.

About the use of ABS, ASA, and PLA, i.e., the filaments
with the lowest losses, in the realization of an RCA super-
strate, mechanical properties can be also considered [27],
[28], [29]. ABS and ASA filaments have better properties in
terms of warping, compared to PLA, which makes them more
suitable for the realization of thin parts. As to ASA, it has a
very good surface finishing, with smooth printing, and has
properties suitable for its use in outdoor environments, for its
UV/weather resistance.
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IIl. THE RESONANT-CAVITY ANTENNA
The 3D-printing materials characterized in Section II have
been checked as superstrates of an RCA, in which the primary
source is a truncated rectangular waveguide surrounded by a
metallic plate (perfectly electric conductor, PEC), as shown
in the cross-section sketched as schematic view in Fig. 4.
Basically, in the RCA two resonating media are assembled,
a vacuum-filled region, of vertical length h, followed by
a dielectric-filled parallelepipedal volume, of height ¢ and
side L in both x- and y-directions. The combination of the
two cavity lengths 4 and ¢ is such to provide a broadband
interaction between the primary source and the resonat-
ing regions above, approximatively in the frequency range
[10 — 18 GHz]. In the designed RCA, the length of the air
region is h = Ao/2, and the superstrate has side L = 1.35M,
and height + = 0.8319, where Ao corresponds to the lowest
operating frequency of 10 GHz. The sizes of h, L, and
t have been obtained from a parametric study aiming at a
maximization of the bandwidth. For an average dielectric
permittivity &, = 2.6 of the superstrate material, the selected
values L and ¢ allow for the resonance of frequencies up to
18 GHz of higher order modes of the cavity. In the design, the
RCA has been simulated considering a truncated rectangular
waveguide with standard size in the X band. As to the
permittivity of the superstrate, the estimated value of the
ABS in Table 1 has been used. Furthermore, in the simulated
layout, the side structure to assemble to the printed layer to
the metallic plate is also included, as shown in Fig. 6(a).
Indeed, as observed in [21], due to the small footprint area, the
radiative properties of an RCA are affected by the mounting
structure, made by side extensions and screws, which reduce
the nominal gain simulated with a suspended superstrate.
Therefore, the mounting structure must be included in the
numerical model for a correct prediction of the gain of the
fabricated prototype. However, in this model, which uses a
very thick superstate, the diffraction is smaller, compared to
the multilayer realization proposed in [21]. The side exten-
sions, indeed, are placed at the bottom of the superstrate
and the radiation pattern is less affected. The RCA layout
of Fig. 5(a) is proposed also using a perforated superstrate,
shown in Fig. 5(b), in which the concept of a tapered grid,
developed for a reduced side diffraction and thus lower
SLL, is implemented [21]. The superstrate in Fig. 5(b) is
shown in its in-plane realization in Fig. 6(b), it is made by
non-uniformly spaced holes of non-uniform size, enlarging
from the center to the edge of the structure, as shown in the
top view of Fig. 6(b). The design parameters of the tapered
grid are d; and w; (i = 1,2,3), selected applying a sinusoidal
tapering law [30], which determines a reduction in reflectivity
from the center to the edge of the structure. From a parametric
study, the values d; = 3.35 = mm, d) = 6 mm, w; = 8 mm,
wy = 5.3 mm, w3 = 2.7 mm have been selected.

The simulated gain versus frequency for the antennas in
Fig. 5(a) and 5(b) are compared in Fig. 7 and Table 2. With
both the uniform and grid superstrate, a broadband response
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is observed, in which the gain of the primary source is
enhanced.

i L
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FIGURE 4. Cross-sectional view of the RCA.

(b)

FIGURE 5. Perspective view of the RCA in Fig. 2 with the different
superstrates: a) homogeneous superstrate; b) grid superstrate.

The truncated rectangular waveguide has an increas-
ing gain from 5.5 dB to 10 dB in the frequency range
[10 — 18 GHz]. The RCA with uniform superstrate shows
a gain enhancement over the antenna without superstrate of
about 9 dB at the lowest edge of the frequency interval.
As the frequency is increased, instead, the gain enhancement
is smaller, with a drop at 15 GHz and 17 GHz. As to the
RCA with grid superstrate, instead, the gain keeps a uniform
enhancement of 10 dB over the whole frequency interval,
with a drop only in the highest edge, close to 18 GHz.
In the RCA with uniform superstrate case, the peak gain
is 16.4 dB, at the frequency of 10.6 GHz with 3 dB gain
bandwidth spanning in the frequency interval [10 — 18 GHz],
corresponding to a fractional bandwidth 57%. As to the
RCA with grid superstate, instead, a peak gain of 18.4 dB
is achieved at the frequency of 16.8 GHz, with a 3 dB gain
fractional bandwidth of 56% in the interval [10.2 — 18 GHz].
At frequencies higher 18 GHz, the gain is still higher than the
3 dB value. Therefore, differently from what observed with

111986

uniform superstrate, with grid superstrate the bandwidth is
larger than 56% if frequencies beyond the 18 GHz upper limit
are considered. The values of the gain, without superstrate,
with uniform superstrate and with grid superstrate are finally
compared in Table 2, at frequencies sampled in the interval
[10 — 18 GHz].

=

00 00

O a O

(b)

FIGURE 6. Details of the RCA superstrates in Fig. 5: a) side extensions
used both in the uniform and grid superstrate, with size Ls = 15.75 mm,
ws = 7 mm, ds = 6 mm; b) grid layout of the superstrate in Fig. 5(b),
with: d; = 3.35 mm, d;, = 6 mm, w; = 8 mm, w, =5.3 mm, w3 = 2.7 mm.
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FIGURE 7. Gain versus frequency for the RCAs in Fig. 5, with
homogeneous ABS superstrate (Fig. 5(a)) and grid ABS superstrate
(Fig. 5(b)), compared to the gain of the antenna without superstrate.

The effective interaction of the RCA with the grid super-
strate is confirmed in the far-field plots in Fig. 8, in which the
normalized gain to the maximum value of the two antennas
of Fig. 5 is reported, sampled at four frequencies: 10 GHz,
12 GHz, 14 GHz, 16 GHz. It can be appreciated that, espe-
cially in the H plane, a lower SLL is achieved with the grid
layout. The different SLL is highlighted in the shaded-yellow
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region. This general result is confirmed by the plot of the
SLL as a function of frequency in the H- and E-planes, for
the two different superstrates, reported in Fig. 9. For the
grid superstrate, in the H-plane a SLL reduction larger than
10 dB is observed, compared to the homogeneous realization.
Results for this antenna are summarized in Table 3.

grid
homogeneous

0 0
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FIGURE 8. Far-fields plot of the normalized gain of the RCA with uniform
superstrate (dotted line) and grid superstrate (solid line) in Fig. 5: a)

10 GHz, E-plane; (b) 10 GHz, H-plane; (c) 12 GHz, E-plane; (d) 12 GHz,
H-plane; (e) 14 GHz, E-plane; (f) 14 GHz, H-plane; (e) 16 GHz, E-plane;

(f) 16 GHz, H-plane.

Finally, to check the choice of the ABS superstrate in
the RCA design, the antenna layout with grid superstrate in
Fig. 5(b) is simulated also with the other printing filaments
considered in Section II. Simulated results in Fig. 10 show
that TPU, presenting a tand = 0.039, provides the highest
difference between Gain and Directivity, i.e., of the radiation
efficiency. Data of Gain and Directivity for the superstrates
with the different materials are compared in Table 4.

VOLUME 12, 2024

TABLE 2. Data on the simulated Gain [dB] in Fig. 7 without superstrate,
with homogeneous superstrate, and with grid superstrate.

F rfgl}lfzracy supel\rI:trate homogeneous grid
10 5.5 15.7 14.8
1 71 16.2 16.2
12 8.0 15.8 15.8
13 8.3 15.8 16.6
14 79 15.1 17.0
15 8.0 14.9 16.5
16 9.0 15.7 17.9
17 9.6 15.1 18.3
18 10.0 15.0 16.5

TABLE 3. Data on the maximum gain, bandwidth and SLL of the RCA with
homogeneous superstrate, and with grid superstrate (Fig. 5).

RCA superstrate Homogeneous Grid
Peak Gain [dB] 16.4 18.4
Bandwidth [%] 57 > 56
SLL E-plane [dB] -103 -11.9
SLL H-plane [dB] 173 -27.1

TABLE 4. Gain and directivity in dB for the RCAs with grid superstrate
simulated in Fig. 10.

RCA 12 GHz 14 GHz 16 GHz
material

Gain Dir. Gain Dir. Gain Dir.
ABS 15.77 15.85 17.02 17.08 17.91 19.11
ASA 15.74 15.85 17.07 17.98 17.34 18.00
PLA 15.69 15.84 16.86 17.00 18.16 18.35
TPU 15.60 15.32 16.31 16.75 17.31 18.19

0

o
=
-
= |
w
-20
—&— H-plane, grid
25 - © —H-plane, urTiform
—»—E-plane, grid
- # —E-plane, uniform
-30
10 12 14 16 18
frequency [GHz]

FIGURE 9. Side-Lobe Level versus frequency in the E and H plane for the
RCA with grid superstrate (solid lines) and homogeneous superstrate
(dotted line).

IV. EXPERIMENTAL RESULTS
The final realization of an RCA prototype in Fig. 5(b)
is shown in Fig. 11. The superstrate has been 3D-printed
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in the form of a grid with side extension as described in
Fig. 6(a)-(b), using the ABS filament experimentally char-
acterized in Section II. The printed superstrate has been
assembled to an X-band rectangular waveguide as antenna
source, surrounded by an aluminum plate: a top and bot-
tom view of the ABS superstrate is shown in Fig. 11(b)
and 11(c), respectively. In the experimental results, as shown,
the propagation in the rectangular waveguide turns out to
be multimodal due to the excitation of higher-order modes,
in particular the TEq, having cut-off frequency at 14.7 GHz,
and the degenerate modes TE;; — TM;, with cut-off fre-
quency of 16.1 GHz The simulated and measured Directivity
versus frequency are compared in Fig. 12: we can observe
an excellent agreement up to 16.1 GHz. The drop in the
measured Directivity at frequencies higher than 16.1 GHz is
due to the excitation of the modes TE{; — TM;.

As to the return loss reported in Fig. 13, a disagreement
between measured and simulated data appears for frequencies
beyond 14.7 GHz, corresponding to the excitation of the TE(;
mode. This can be related primarily to coaxial-to-N transition
used to feed the primary source, which excites higher order
modes in the rectangular waveguide. The plots of the far-field
patterns of the normalized gain, comparing the measured gain
to the simulated gain of the antenna, are reported in Fig. 14.
They are relevant to the frequencies of 10 GHz, 12 GHz,
and 14 GHz, which fall in the frequency interval of good
coupling of the excitation field with monomodal field of the
waveguide.

— Directivity [dB]
- - -Gain [dB]
20 ABS 20 ASA
18- ]
16 /7
14-
12 12
10 10
10 12 14 16 18 10 12 14 16 18
Frequency [GHz] Frequency [dB]
(a) (b)
20 PLA 20 TPU

i 14
12 12
L/ 10

10, 12 14 16, 16 10 12 14 16 18
Frequency [GHz] Frequency [GHz]

© (d

FIGURE 10. Directivity and Gain of the RCA with the grid superstrate in
Fig. 5(b), with permittivity of: a) ABS; b) ASA; c) PLA; d) TPU.

In the same plots, the level of the cross-polarized compo-
nent is shown. It can be observed that the radiation pattern
confirms a very low SLL in the H plane in the measured
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(a)

FIGURE 11. Photos of the fabricated antenna prototype: a) antenna
prototype placed in the anechoic chamber; b) top view of the antenna
superstrate; c) bottom view of the antenna superstrate.

Directivity [dB]

— Directivity (simulated)
"""""" Directivity (measured)

10 12 14 16 18
frequency [GHz]

FIGURE 12. Directivity versus frequency of the RCA in Fig. 11, compared
to measure results.

s, [dB]

25 _SM (simulated)
........... S, (measured)
-30 ‘ ‘ '
10 12 14 16 18

frequency [GHz]

FIGURE 13. Magnitude of the reflection coefficient (dB) of the RCA of
Fig. 11 compared to simulated results.

results. Furthermore, the agreement between measured and
simulated data is very good. This is due to the preliminary

VOLUME 12, 2024
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TABLE 5. Comparison of the performances of the new antenna with published broadband and High-Gain RCAs with dielectric superstrate.

PRS type folGHz] | Height (Lo) Footprint (Ao?) Peak Directivity Bandwidth (%) SLL E-plane SLL H-plane
[dB] [dB] [dB]
This work Single layer 10 1.30 2.25 18.2 >56 -11.9 -27.1
[21] Case A multilayer 8.8 1.22 3.48 17.8 30 -9 -12
[21] Case B multilayer 9.6 1.10 2.88 16.2 35 -15 -26
2] stepped permittivity 10.7 0.97 2.86 16.05 49.65 below -12.7
gradient
[16] staircase 10.75 0.9 5.3 20.7 56 -12 221
[14] staircase/multilayer 10.9 1.09 8.4 20.3 9.4 -17

characterization of the permittivity of the printing materials,
but also to a design which has included the whole assembling
structure, i.e., the side extension and the fixing screws and
nuts, which strongly affect the final radiation in a small-size
superstrate.

—simulated
= = —measured
.......... cross polar (measured)

0
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Normalized Gain [dB]
A s )
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Normalized Gain [dB]
! s .
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WIME
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Normalized Gain [dB]
7 o ;
B

Normalized Gain [dB]
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or) or)

© ®

FIGURE 14. Far-field plots of normalized gain of the antenna of Fig. 11
(black dashed line), compared to simulated results (blue solid line), and
measured cross-polarized component (red dotted line). (a) 10 GHz,
E-plane. (b) 10 GHz, H-plane. (c) 12 GHz, E-plane. (d) 12 GHz, H-plane.
(e) 14 GHz, E-plane. (f) 14 GHz, H-plane.

The values of peak measured gain, compared to the rele-
vant simulated value, are reported in Table 6. The difference
between the measured and simulated gain is of 1.2 dB at
10 GHz, and lower than 1 dB at 12 and 14 GHz. The dif-
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TABLE 6. Data of PeaK Measured Gain and Peak Simulated Gain at the
frequencies of Fig. 14.

Frequency [GHz] 10 12 14
Measured Gain [dB] 13.7 15.1 16.1
Simulated Gain [dB] 14.9 15.8 17.0

ference is due to the K — to — N coaxial connector used in the
anechoic chamber, which is not included in the calibration
procedure.

The properties of the presented antenna in terms of Peak
Directivity, Bandwidth and SLL are compared in Table 5
to other RCAs with dielectric superstrate taken from the
literature, in which the broadband superstrate is designed
in the form of a multilayer [21], stepped permittivity gradi-
ent [2], staircase [16], and a combined staircase/multilayer
realization [14], with their height and footprint area evaluated
at the lowest operational frequency fy. It can be appreciated
that the antenna presented in this paper, although of slightly
thicker height, has very good performances in terms of peak
directivity and bandwidth, and shows the best results in terms
of the SLL, especially in the H-plane.

V. CONCLUSION

The paper has shown the possibility of implementing an
RCA with a superstrate which is a fully dielectric one of
low permittivity. This choice is compatible with the prop-
erties of cheap and general-purpose printing filaments used
in 3D printing with FDM technique. As to the realization
of the RCA superstrate, a layout with a single layer has
been proposed, in the form of a non-uniform perforated grid,
which allows an easy assembling to the primary source while
providing a broadband response and a gain enhancement.
Measured data on the RCA with the superstrate made of ABS
have been presented, which show very good agreement in the
monomodal frequency interval of the source. Future works
will regard the assembling of the superstrates to different
realizations of the source, and the investigation of a thick-
ness reduction of the superstrate with higher-permittivity
dielectrics used in the 3D printing.
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