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Abstract: This article delves into the capabilities of 3D-printed millimeter-wave (mmWave) layered
cylindrical dielectric resonator antennas (CDRAs). The proposed design yielded promising results,
boasting a remarkable 53% impedance bandwidth spanning the frequency spectrum from 18 to
34 GHz. Furthermore, the axial ratio (AR) bandwidth achieved an impressive 17%, coupled with a
maximum gain of 13.3 dBic. These notable results underscore the efficacy of the proposed design,
positioning it as a viable solution for applications in Beyond 5G (B5G). A novel assembly technique
was also investigated, employing additive manufacturing to seamlessly merge two layers with
distinct dielectric constants into a singular layer. This innovative approach systematically eliminates
the potential for air gaps between layers, enhancing the antenna’s overall performance. This approach
exhibited potential, particularly in the performance of a millimeter-wave circularly polarized (CP)
cylindrical DRA featuring a perforated coating layer. The synergy between measurements and
simulations demonstrates a remarkable alignment, providing robust validation of the effectiveness of
the proposed design.
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1. Introduction

Due to the potential applications in 5G/B5G communication systems, mmWave an-
tennas are receiving increased attention in key technologies such as the Internet of Things
(IoT), short-range communications, mobile communications, and imaging systems, among
others. However, owing to the shorter wavelength, mmWave signals undergo considerable
attenuation losses, which strictly limits their transmission range. However, it is possible
to compensate for the attenuation losses by utilizing high-gain antennas or, alternatively,
increasing the signal-to-noise ratio and sensitivity of the systems [1]. On the other hand,
the commonly used metal antennas are associated with lower efficiencies at the mmWave
frequency range due to the increased Ohmic losses. Furthermore, mmWave directive horn
antennas suffer from a few drawbacks, including high cost and size, which make them
less desirable. Therefore, DRAs represent ideal candidates as they provide enhanced gains,
small sizes, different shapes, ease of excitation, low profile, and lightweight qualities [2-4].
In addition, DRAs can be easily integrated with electronic circuits due to their mechanical
stability and thermal stability. The physical size of an mmWave DRA band is significantly
smaller than those working in the microwave band, which creates additional challenges
with respect to fabrication tolerance as well as assembly. Nevertheless, various mmWave
DRA geometries have been studied recently [1,5,6].

Furthermore, DRA designs with improved impedance bandwidth are required due
to the numerous wideband and multiband applications. Broadening bandwidth involves
the application of several precepts, including the excitation of multiple resonance modes
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through proper feeding, layered or stacked DRA configurations [6-8]. For example, uti-
lizing multi-modes improves the bandwidths of multilayered and stacked DRAs [7,8].
Nonetheless, overcoming air gaps between the dielectric layers is a substantial challenge.
Yet, there is optimism that advanced technologies can mitigate the impact of these air gaps.
Customizing DRA geometry through 3D printing, also referred to as additive manufac-
turing, has garnered significant attention. These innovative processes are known for their
accuracy, cost-effectiveness, and efficient, short fabrication cycles.

Following the introduction of 3D printing in the 1980s, several methods were devel-
oped, including selective laser sintering, fused deposition modeling (FDM), electron beam
melting, binder jetting, material jetting, selective laser melting, and stereo-lithography.
These technologies can produce complex, nearly net-shaped parts from polymers, met-
als, ceramics, and composites. The 3D printing approach is effective in producing high-
performance mmWave and terahertz (THz) antennas [9-11]. Various antenna geometries
have been fabricated using 3D printing technology, such as patch [12], Luneburg lens [13],
reflect arrays [14], DRA [15], and integrated lens—-DRA configuration [16]. The 3D printing
technology can be more effective in eliminating air gaps than other fabrication techniques.
Hence, it has recently been considered in the context of a 3D-printed multilayered CDRA
that operates over a frequency range of 4.3-8 GHz [17,18].

This paper presents a novel approach to wideband DRAs through 3D printing tech-
nology. Traditionally, a two-layer mmWave CDRA is employed, but, here, we propose a
transformative replacement: a cylindrical aAlumina structure composed of two sections.
The first section constitutes a solid core layer, acting as the DRA, while the second section
is a perforated coat layer with a significantly reduced effective dielectric constant. This
innovative design is made possible through 3D printing, enabling simultaneous fabrication
of both layers without labor-intensive manual assembly and bonding processes. Utiliz-
ing the same material for the DRA and the coat further streamlines the printing process,
enhancing efficiency. Furthermore, optimization efforts extend beyond fabrication to en-
hance overall performance. The feed network and coat layer undergo meticulous tuning to
improve performance across wide impedance and AR bandwidths, resulting in a notable
gain. Validation of our approach is demonstrated through a close agreement between
measurements and simulations. It should be noted that regularly shaped mmWave DRAs
exhibit inherently delicate and fragile configurations, particularly when designed to operate
at higher-order modes. An outer coat serves a dual purpose: improving the antenna’s per-
formance and providing essential structural reinforcement. However, irregularly shaped
DRAs pose challenges in this regard, as they are still fragile structures in the absence of the
coat, and if added, the role of the coat is unpredictable. Furthermore, conventional DRA
geometries align well with 3D printing technology, unlike irregularly shaped counterparts,
which may not be as compatible with such manufacturing methods.

The paper is organized as follows: Section 2 details the design and simulation process
of the mmWave CDRA, focusing on the two dielectric layers with varying permittivities.
Section 3 introduces the design of an equivalent configuration utilizing Alumina for the
DRA and coat layer, specifically focusing on the perforation technique employed to achieve
the desired dielectric constant. Section 4 presents the empirical measurements, validating
our proposed approach, followed by concluding comments in Section 5.

2. Layered CDRA Configuration

The conventional two-layer cylindrical DRA configuration considered in this study is
presented in Figure 1a. The inner layer consists of the cylindrical Alumina DRA fabricated
by the T-ceramic, with a loss tangent of 0.002 and a tolerance of 0.05 mm. In contrast to
rectangular and hemispherical DRAs, comprehensive design equations for CDRAs are lacking,
except for a few applicable to lower-order resonance modes. Numerical tools are commonly
employed in literature to design CDRAs operating at higher-order resonance modes. Design
equations regarding the coating are also absent, necessitating researchers to rely on optimization
techniques. The DRA’s radius and height have been chosen as R; = 1.5 mm and Hy = 10 mm,



Magnetism 2024, 4

75

respectively. Moreover, an outer layer of polyimide, with a dielectric constant of 3.5, was applied
to the DRA. Additionally, the antenna was placed on a copper ground plane of 50 x 50 mm?,
located on top of a dielectric substrate measuring 0.42 mm in thickness. The latter was produced
using a Rogers material (RO4350B) with a dielectric constant of 3.48 and a loss tangent of
0.0037. Additionally, the ground plane features a cross-slot with unequal arm lengths to induce
circularly polarized radiation, as illustrated in Figure 1b. The lengths of these cross-slot arms
have been finely tuned to Is; = 1.77 mm and Is, = 2.85 mm, each with a width of Ws; = Ws,
= 045 mm. The cross-slot is accompanied by an open stub length of 1.27 mm for optimal
impedance matching and is positioned at a 45° angle relative to a 50 (2 microstrip line. This
setup excites two nearly degenerate DRA modes with equal amplitude and in quadrature,
resulting in circular polarization. Specifically, the modes HE117 at 24 GHz, HE;19 at 29 GHz, and
HEj1 11 at 32.5 GHz have been effectively generated. The simulations were carried out using the
CST time domain solver.

Substrate

(b)
Figure 1. The configuration of (a) the layered CDRA and (b) the cross-slot.

The CST time domain solver is advantageous for wide frequency range calculations
as it necessitates only one simulation, with the frequency response derived using the
fast Fourier transform (FFT). The time domain solver also allows spectrum calculation
with arbitrarily fine frequency resolution without extra effort, making it more suitable for
simulating electrically large structures. Conversely, the frequency domain method requires
discrete simulations at specified frequencies with a defined frequency step to cover the
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entire operating bandwidth [19]. Moreover, DRAs often involve transient electromagnetic
phenomena due to the interaction between the electromagnetic waves and the dielectric
material. Time domain analysis can capture these transient effects more accurately, making
it suitable for modelling DRAs.

A parametric study was undertaken to identify the optimal parameters for achieving
wide impedance and axial ratio bandwidths at H. = 12.15 mm. The study focused on
determining the ideal values for the outer layer radius (R.) and dielectric constant (e/;). A
range of outer layer radii was initially considered, including R, = 12.5, 8, 5.5, and 3 mm.
For each specific R; value, &7 was systematically optimized as illustrated in Figures 2—4.
Figure 2 illustrates a noteworthy achievement—a wide impedance bandwidth of 88%
was attained when ¢, was set to 3.5. This bandwidth surpassed those observed with
&9 =2, 6, and 10. The impedance bandwidth expanded for ¢, = 3.5 because the outer
layer functions as an optimized transition medium between the DRA and free space [20],
which minimizes reflections at the DRA-air interface, contributing to improved impedance-
matching bandwidth.

Return loss, dB

Frequency, GHz

Figure 2. Simulated return losses using various outer layers’ dielectric constants, ;.

Moreover, the coat’s presence also reduces the configuration’s effective permittivity,
enhancing bandwidth. Increasing the relative permittivity of the external layer requires a
consequent reduction in its optimal radius. Specifically, when the relative permittivities
were set to 2, 3.5, 6, and 10, the corresponding optimal R, values were 12.5, 8, 5.5, and
3 mm, respectively. Importantly, this pattern is consistent with previous studies [21], which
reported a wider impedance bandwidth when the external layer’s dielectric constant is
approximately half that of the original DRA. In addition, when the relative permittivity &,
was set to 3.5 and R, = 8 mm, the antenna exhibited exceptional performance, achieving
a remarkable gain of 12.29 dBic and an impressive axial ratio bandwidth of 23.3%. In
contrast, under conditions where ¢, was increased to 6, the antenna demonstrated lower
characteristics, with a gain dropping to 9.6 dBi and a significantly reduced axial ratio
bandwidth of only 0.93%. Moreover, Figure 3 demonstrates rapid variations in gain that
can be attributed to weakly coupled resonance modes in the DRA. These resonance modes,
being weakly coupled, respond sensitively to changes in frequency or other parameters,
leading to the observed rapid fluctuations in gain. The broad frequency range in which
these resonance modes operate makes the antenna’s gain susceptible to rapid changes.
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Without the dielectric coat, the highest gain was achieved at 22 GHz with the excitation of
the HE;15 resonance mode. Table 1 summarizes the optimum antenna performances for
various coating layer radii and dielectric constant combinations.
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Figure 3. Simulated gain using various outer layers” dielectric constants, &,,.
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Figure 4. Simulated axial ratio using various outer layers’ dielectric constants, &,.
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Table 1. Optimum parameters of the coat layer.

&ra R, (mm) Frfg‘ﬁezl;cy S;1BW%  Gain(dBic)  ARBW%
1 No coating 22 28.6 7.64 3.6
2 125 325 61 8. 57,33
35 8 29 88 12.29 233
6 5.5 31 23 9.6 0.93
10 3 265 115 12 1.29

The impact of the outer coat layer radius, R,, has also been investigated, as illustrated
in Figures 5-7 when &, = 3.5. These results confirm that an optimum outer layer radius of
8 mm offers the widest impedance, AR bandwidths, and gain compared to 28.6%, 3.6%,
and 7.64 dBic, respectively, for a single-layer DRA configuration. The broad bandwidth is
brought on by multi-mode excitation at nearby resonance frequencies, where the adjacent
individual bandwidths are merged. The gain has been increased due to exciting the higher
order modes of HE115, HE117, HEllg, HE]]/H, HE11/13, and HE11,15 at 18 GHZ, 22 GHZ,
29 GHz, 32.5 GHz, 36 GHz, and 40 GHz, respectively, rather than just the respective modes
of HE115 and HEjy7 at 23 GHz and 25.5 GHz in the case of a single-layer antenna. It
is worth mentioning that when adding the coat, the higher order modes are associated
with confined electromagnetic fields together with an increased number of short magnetic
dipoles inside the DRA, which results in a higher gain. Using a material with higher
permittivity can store more energy because the DRA radiates across the entirety of its
surface, barring the grounded area [21]. However, this can lead to a narrower bandwidth.
Hence, low-permittivity material is employed for the outer layer to counteract this. In
such a configuration, coating lessens the sudden permittivity shift between the DRA and
air [20]. Consequently, the DRA structure endures more radiation loss, leading to a broader
impedance bandwidth.
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Figure 5. Simulated return losses with various outer layers’ radii when &, = 3.5.
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Figure 6. Simulated realized gain with various outer layers’ radii when &, = 3.5.
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Figure 7. Simulated axial ratio with various outer layers’ radii when &, = 3.5.

Figure 8 depicts simulated distributions of H-field and E-field for different excited
modes within the specified CP two-layer cylindrical DRA at various targeted frequencies.
These distributions, obtained through the CST Eigenmode solver, are illustrated across
multiple planes of the resonator. The results distinctly demonstrate the presence of the
required modes within the cylindrical DRA.
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EM field plane
component
(Mode)

HEu5 at 17.5 GHz

HEu7 at 21.5 GHz

HE1 at 25.5 GHz

HE11,11 at 29 GHz

Top surface, Ez Hx (y-z plane) Hy (x-z plane)

Figure 8. Electric and magnetic field distributions inside circularly polarized cylindrical DRAs.

3. Perforated CDRA Configuration

As previously highlighted, multilayer DRA configurations are burdened with notable
constraints at mmWave frequencies, such as augmented physical dimensions and the re-
quirement for sophisticated assembly processes. These processes encompass the bonding of
distinct dielectric layers in a manner that should eliminate any potential air gaps. This study
endeavours to tackle this predicament by deploying 3D printing technology to fabricate an
Alumina-based perforated DRA structure. Consequently, using an automated 3D printing
process, the antenna prototype can be measured without requiring any time-consuming
manual assembly and bonding processes. Furthermore, using the same material for the
DRA and the coat simplifies and expedites the 3D printing. The proposed configuration
has been fabricated by using the FDM 3D printing technique. The central section consists of
a solid Alumina, representing the actual DRA, and a perforated Alumina coat layer with a
reduced effective dielectric constant was utilized instead of the solid outer polyimide coat.
The proposed mmWave cylindrical DRA and coat configuration become easier to fabricate.
Additionally, different effective dielectric constants of the coating layer can be achieved
by varying the hole sizes in accordance with filling-ratio theory [13,18]. As demonstrated
in Figure 9, the proposed 3D-printed layered CDRA comprises two concentric dielectric
sections: a solid cylindrical DRA in the center and an outer section with different air-filling
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ratios, providing different effective dielectric constants, ¢,¢. The proposed antenna is config-
ured using the dimensions and feed network described in the previous section, including
the cross-slot. To create the perforated coat, a single material with a dielectric constant
of 10 £ 0.35 over 17.7-30 GHz has been used to 3D-print the inhomogeneous antenna
configuration. The & value can be calculated using [5]

eoff = 0.55tce, — 0.04¢, + 1.3 (1)

whereby an Alumina cubic unit was introduced. The cell thickness . determined ¢, and
the side length was fixed at 1.63 mm. The proposed configuration is presented in Figure 10
with a perforated dielectric coat. The geometrical parameters of the DRA with perforated
coat are listed in Table 2.

H,

(a) Unit cell
Perforated coat
Length of the cell  DRA with a radius of Ra=1.5 mm /
ar=1.63mm
oy
>
oL
2
2Rp g
e
ﬁ
5
=
v
(b) Top view (c) 3D view side

Figure 9. Cylindrical DRA with a perforated dielectric coat.
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DRA and a perforated coat

Ground plane

Cross-slot

Microstrip line

Substrate

(a) Top view (b) 3D view
Figure 10. The configuration of the cylindrical DRA with a perforated dielectric coat.

Table 2. The parameters of the proposed antenna with a perforated coat.

Symbol Quantity Value (mm)
Rp Diameter of the perforated coat 16
Hp Height of the perforated coat 12.15
te Cell thickness 0.49
Wp Cell side length and width 1.63
R4 Radius of the DRA 1.5
Hy Height of the DRA 10

Three-dimensional printable unit cells have several advantages, including modifying
the wall thickness to regulate the effective dielectric constant, as per filling-ratio theory [7].
A fixed dielectric constant for each layer characterizes the CDRA with a perforated Alumina
coat, as presented in Figure 10. As a result, each layer’s unit cells have equivalent wall
thicknesses. In addition, these unit cells can physically support each other, with no addi-
tional supporting material requirements during 3D printing. Consequently, printing time
and material costs have decreased significantly. It should be noted that for easy detachment
from the building platform, a thin dielectric layer with a thickness of 0.5 mm and a radius
of 8 mm was printed underneath the DRA as well as improving the matching since the
wall thickness affects the effective permittivity of a perforated dielectric coat. Figure 11
demonstrates the variation of ¢, as a function of {. for a variety of printing materials of
& =5,10, 15, and 20, where it can be noted that when ¢, = 10, an effective dielectric constant
of 3.6 is achieved using t. = 0.49 mm. Also, the required effective dielectric constant can be
attained by properly choosing the material and unit cell thickness. However, this depends
on the materials availability and the minimum unit cell thickness that can be 3D-printed.



Magnetism 2024, 4

83

20
~®. g=5 .y g=15 -
+ . g=10 .m §=20 ..
£ 16 1 n
w [
3 . LY
= .
g [ ]
J v
8 12 | | v
3 = v ot
< v .
= 8 1 v .t
o [ ] v .
2 - v .
5 v * °
2 -y LT .o ® °
= 4 1 m.v . * ° [ J o
E Y . o @ ®
Y oo
. :
0 . . ; ; . . . .

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8

Wall cell thickness tc (mm)

Figure 11. Perforated cylindrical layer effective permittivity as a function of f..

Figure 12 illustrates the reflection coefficient variation as a function of the unit cell wall
thickness using the feeding cross-slot of the previous section and ¢, = 10. From these results,
it can be noted that the lowest impedance bandwidths of 32.2% have been achieved using
a wall thickness of f. = 0.69 mm, corresponding to an effective dielectric constant of 4.35,
where only two resonance modes, HE;15 and HE117, have been excited. Such a thickness has
also provided the narrowest AR bandwidth, 1.6%, as illustrated in Figure 13, and a realized
gain of 8 dBic at 29 GHz as demonstrated in Figure 14. Furthermore, when f, =0.49 mm, it
was possible to attain a considerably broader impedance, axial ratio bandwidths, and gain
of 53.3%, 16.3%, and 13.13 dBic, respectively, due to the excitation of the several resonance
modes. It can be observed that the achieved optimum impedance and AR bandwidths are
narrower than those of a conventional layered DRA with two different dielectric layers
presented in the previous section. This can be attributed to the fact that the same feed
networks, with identical cross-slots, have been utilized in both configurations even though
the coating layer dielectric constant has changed from 3.5 in the former configuration to
3.6 in the 3D-printed counterpart, which necessitates the re-design of the feed network.
However, this would have resulted in a configuration with different fabrication technologies
and feeding networks, which may result in a questionable comparison of the performance
of the two DRAs. The simulated H-field and E-field distributions inside the DRA for various
excited resonance modes are illustrated in Figure 15. It can be observed that the following
modes are supported: HEq;5, HE 17, HEq19, and HEq; 11 at 17.5 GHz, 21.5 GHz, 25.5 GHz,
and 29 GHz, respectively. These results have been achieved using the CST Eigenmode
solver for an isolated DRA and the excitation has been confirmed by a cross-slot-fed DRA.
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Figure 12. Simulated [S;; | for cylindrical DRAs with a perforated coat layer and various t. values.
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Figure 13. Simulated axial ratio for cylindrical DRAs with a perforated coat layer and various ¢,
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Figure 14. Simulated gain for cylindrical DRAs with a perforated coat layer and various ¢ values.

Mode Top surface, E: Hy (x—z plane)

HEus at 17.5 GHz

HEu7 at 21.5 GHz

HE1 at 25.5 GHz

HE11,1 at 29 GHz

Figure 15. Electric and magnetic field distributions inside a CDRA with a perforated layer.

4. Measurements

A prototype of a cylindrical DRA with a perforated coat layer is illustrated in Figure 16,
where the DRA and coat have been 3D-printed using Alumina by the 3D Matters company [22].
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The proposed antenna has been mounted onto a feed network fabricated by Wrekin Circuits.
The feed network consists of a Ro4350B Rogers dielectric substrate with a thickness of 0.42 mm,
a relative permittivity of 3.48, and a loss tangent of 0.0037. A microstrip line was printed under
the Rogers substrate. Additionally, a 2.4 mm SMA connector connects to microstrip line feeding
and an Agilent Technologies E5071C mmWave vector network analyzer has been connected
using a 50 () coaxial cable [23].

(a) (b)

Figure 16. (a) Prototype with perforated coat layer and (b) feed network with outlined DRA position.

A comparison between the simulated and measured return losses is illustrated in
Figure 17. Simulated impedance bandwidth of 52.6% has been achieved, which covers a
frequency range of 17.5 GHz to 30.5 GHz, comparing well to a measured bandwidth of
53.3%, which covers a frequency range of 17.4 GHz to 30.3 GHz. The marginal discrepancy
between the simulated and measured results can be attributed to the uncertainties in the
effective dielectric constant of the prototype as well as measurement errors. The wide
bandwidth can be attributed to the excitation and the merging of multiple hybrid modes.
Furthermore, the simulated and measured realized gains are presented in Figure 18, where
it can be observed that the maximum measured and simulated gains are 12 dBic and
13.3 dBic, respectively, when the HE1; 11 resonance mode is excited at 29 GHz. It is worth
pointing out that a realized gain of 13.3 dBic represents one of the highest reported gains
from a single DRA and it is comparable to that of an array, albeit using a single DRA and
without the need for a complex feeding network.

The simulated and measured boresight axial ratios are presented in Figure 19, with
good agreement between the 3 dB axial ratio bandwidths of 17% and 16.5%, respectively.
The measured and simulated radiation patterns of the proposed circularly polarized an-
tenna are presented in Figure 20, where the HE;; 1; mode is excited at 29 GHz. The patterns
agree reasonably with each other and demonstrate a right-hand CP radiation since the
electric field component Ey is greater than Ef, by almost 12 dB. The measurements closely
match the simulations throughout the achieved bandwidth with expected experimental
errors at the considered frequency range. Contributing factors to these errors are pos-
sible discrepancies between practical and ideal dielectric properties, soldering of SMA
connectors, and the meticulous alignment of the DRA during measurements.
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Figure 18. The simulated and measured gains of the perforated antenna configuration.
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Figure 19. The simulated and measured axial ratios of the perforated antenna configuration.

E, Simulated
E, Measured
E, Simulated
E, Measured

(b)

Figure 20. Simulated and measured radiation patterns at 29 GHz: (a) ¢ = 0° and (b) ¢ = 90°.

Table 3 illustrates a comparison between the performance of the proposed perforated
antenna and other perforated designs, where the outperformance of the proposed configu-
ration is evident in terms of the CP radiation and a considerably higher gain. In addition,
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the achieved impedance bandwidth is comparable to those reported in the literature. Any-
way, this study addressed the challenge of designing an mmWave layered CDRA with
physically small dimensions compared to those reported earlier utilizing considerably
larger physical dimensions.

Table 3. Proposed antenna performance compared to previously reported designs.

Ref

Antenna 1S11 | BW

Type

Feeding Gain AR BW (%)

(%)

[16]
[17]
[18]
[24]

This study

DRA and

dielectric lens antenna
3D printing
multi-layered CDRA
3D printing multi-ring

DRA

3D printing
rectangular DRA

3D printing
multi-layered CDRA 17.4 GHz-30.3 GHz

slot 40.2/19.5 5.8 dBi/12 dBi -

65
3.56 GHz—7.04 GHz
60.2
3.4 GHz—8 GHz
44.8
5.20 GHz—8.20 GHz
53.3

probe 2.3 dBi —

probe 2.45 dBi -

probe 6.7 dBi -

cross-slot 13 dBic 17%

References

5. Conclusions

This study has examined the possibility of assigning a single dielectric material to a
3D-printed layered CDRA operating in the mmWave frequency band. Two identical DRA
configurations have been considered: a conventional two-layer DRA and an equivalent
3D-printed counterpart. In the latter configuration, Alumina has been utilized for the two
layers, albeit with a reduced dielectric constant perforated segment that acts as a coating
layer. This facilitates automated assembly and bonding of the relatively complex layered
DRA, eliminating potential air gaps between the dielectric layers. The equivalent single-
material CDRA configuration provided measured impedance bandwidth of 53.3% and an
axial ratio of 17% with a maximum realized gain of 12.5 dBic at 29 GHz. The measured
results demonstrate a close agreement with the simulated counterpart. The achieved
attractive features are useful for B5G applications requiring antennas with high gain and
wide bandwidth. The two considered structures have utilized identical physical dimensions
for a valid comparison. However, the effective dielectric constant of the perforated layer is
~3.6 compared to 3.5 for the pPolyimide coating layer. Therefore, even wider impedance
and axial ratio bandwidths are expected to be achieved by optimizing the feeding cross-slot
of the antenna configuration with a perforated coating.
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