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ABSTRACT The use of parasitic resonant patches is a widespread technique to improve the bandwidth
of microstrip patch antennas. Exploiting the free form-factor allowed by 3D-printing manufacturing tech-
nology, we present here a novel curved patch antenna layout, based on the non-radiating edge gap-coupled
patch configuration. The proposed antenna is composed of a central curved patch, fed by a coaxial probe,
and two gap-coupled parasitic side curved patches. This solution features a percentage impedance band-
width of 16.3% using symmetrical parasitic side patches and 31.5% using asymmetrical side patches.
A significant improvement of the bandwidth in comparison with both the standard non-radiating edge
gap-coupled microstrip antenna (6.1% bandwidth) and the standard curved patch antenna (9% bandwidth)
is achieved. Design and optimization of the proposed configuration are performed using the commercial
software CST Studio Suite at the center frequency of 2.45 GHz. Prototypes of the symmetrical curved
non-radiating edge gap-coupled patch antenna have been manufactured for the experimental verification,
using a curved 3D-printed polylactic acid (PLA) substrate, fabricated with the commercial 3D printer
PRUSA MK3S+, and a 50um-thick adhesive aluminum tape for the metallization. Measured results show

a very good agreement with simulations.

INDEX TERMS Curved patch, bandwidth enhancement, microstrip antennas, 3D printed antennas.

. INTRODUCTION

AST prototyping techniques for antennas and microwave

devices fabrication, such as 3D-printing, are gaining
increasing attention within the scientific community, thanks
to their less time-consuming and low-cost approach [1], [2].
Aside from these glaring benefits, one of the primary advan-
tages consists in the free-form factor, which bestows on the
designer the ability to shape the dielectric component of
radio frequency structures in an unusual but convenient fash-
ion, exploiting the third dimension to obtain better overall
performance [3], [4]. It is the case of the 3D-printed curved
patch antennas recently proposed in [5] and [6], which take
advantage of the cylindrical shape of the dielectric substrate
to broaden the bandwidth, and at the same time, to increase
the efficiency and reduce the projected planar resonant length
of the patch antenna.

As shown in [7], the bandwidth can be further increased
relying on well-known techniques, such as the stacked
configuration or the inclusion of an incased air-gap inside
the substrate.

In this paper, we investigate the effects of yet another
designing technique to further boost the bandwidth of the
conventional flat patch antenna, based once again on the
curved layout, obtainable through 3D-printing, but also
on the non-radiating edge gap-coupled microstrip antenna
(NEGCOMA) configuration. In the NEGCOMA, two addi-
tional parasitic resonators are placed next to the central patch,
along the resonant length, separated by a small gap [8]. The
length of the side resonators is slightly different from the
main one, providing the broader bandwidth behavior. The
parasitic patches can be identical, and as such, the antenna
is defined as symmetrical NEGCOMA, or differ in size,
resulting in an asymmetrical NEGCOMA. In comparison,
the latter configuration, thanks to the size diversity, has a
larger bandwidth, but it is flawed by a non-optimal radiation
pattern throughout the entire operating band, due to the shift
of the maximum from the broadside direction [8].

In general, the addition of multiple side resonators is
widely used, with plenty of examples in the scientific liter-
ature for single antennas. They include 5G applications [9],
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TABLE 1. State-of-the-art comparison. The radiating element dimension is normalized to the free space wavelength 1, at the center frequency.

Center . X . Radiating element X Efficiency @
Bandwidth Method for improving ) . Gain (&)
Reference frequency . planar dimension . center frequency
(%) bandwidth . (dBi) Substrate
(GHz) (Length x Width) (%)
6.28 @
[5] 2.45 9 Curved patch 0.18 29 x 0.38 Ao 2.55 86
2.45 GHz
Curved patch with
[6] 2.15 133 . 0.21 2 x 0.43 Ao 6-17 23 96
stacked configuration
[8] Symmetrical
3.14 6.1 NEGCOMA 0.3 %% 1.27 X NA 2.55 NA
NEGCOMA
[8] Asymmetrical
3.11 7.2 NEGCOMA 0.3 %% 1.25 %o NA 2.55 NA
NEGCOMA
Parasitic element and
[9] 28 20.2 0.47 1o x 0.30 Ao 35-69 4.4 82
slots
[10] 36.5 13.1 NEGCOMA 0.28 Ao x 1.62 Lo 45-5.1 3 <79
Stacked
[11] 28 375 configuration/air-gaps, 0.78 1o x 0.88 Ao 6—-10.7 3.6 88
and coupled patches
[12] E-coupled E-coupled parasitic
54 14.8 0.33 4% 0.82 %o 52-6.8 22 NA
MIMO patches (NEGCOMA)
[12] H-coupled H-coupled parasitic
5.4 14.8 0.51 Ao x 0.49 X9 3.8-7.0 22 NA
MIMO patches
Substrate/air-
[13] 35 8.3 gap/substrate and 0.40 Ao x 0.38 Lo 5-6.83 2.55 NA
coupled patches
L/S-band . . 0.18 ;\.07 0.27 }\.0
Multi- Two-patch configuration
[14] (1.75/1.85/ . x -1.7-4.8 4.4 14—44
band with coupled element
1.96/2.14/2.6) 0.85A—1.25 Ao
This work NEGCOMA
. 2.45 16.3 0.22 A% 0.55 %o 6.5-73 2.55 95
(symmetrical) and curved layout
This work NEGCOMA
. 2.45 315 0.23 A% 0.55 %o 62-175 2.55 92
(asymmetrical) and curved layout

[10], Antenna-in-Package (AiP) solutions [11], MIMO
antenna systems [12], [13], and automotive applications [14].
All these prototypes rely on subtractive manufacturing tech-
nology, such as the metallized substrate etching process, as
there is no evidence of 3D-printed antennas, least of all
curved layouts adopting this solution.

As apparent from the comparison in Table 1, the antenna
proposed in this work takes advantage of the combined effect
of both the NEGCOMA configuration and the curved layout,
enabled by the 3D-printing manufacturing technology. This
solution features an improved bandwidth with respect to both
its planar counterpart [8], the standard curved patch [5], and
the curved patch with stacked configuration [6]. Moreover,
it allows an outstanding reduction of the planar resonant
length, while keeping a reasonably small width of the radi-
ating element in comparison with similar configurations [8],
[10], [12]. The latter feature makes the proposed curved
NEGCOMA also suitable for the implementation of planar
arrays.

The symmetrical 3D-printed curved NEGCOMA is char-
acterized by a total fractional impedance bandwidth of
16.3%, with an overall increase of more than 10% over the
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planar NEGCOMA, an efficiency of 95.6%, and a gain of
about 7.3 dBi at 2.45 GHz. A thorough analysis of an asym-
metrical NEGCOMA configuration is also reported in the
interest of completeness, reaching a bandwidth of more than
30%, but at the expense of a deterioration of the radiation
pattern. The same deterioration of the radiation characteris-
tics can be observed in the flat asymmetrical NEGCOMA
presented in [8].

This paper is organized as follows: Section II is dedi-
cated to the design and simulation of the 3D-printed curved
NEGCOMA. The effect of the radius of curvature is investi-
gated and a thorough comparison with the corresponding flat
counterparts is provided. Then, two prototypes of the sym-
metrical NEGCOMA have been manufactured and measured
to assess the simulated results. The experimental verification
is reported in Section III, showing a very good agreement
between simulations and measurements. In the fourth and
last Section, the conclusions of this work are drawn.

Il. ANTENNA DESIGN AND SIMULATIONS
Figure 1 shows a generalized dimensional sketch of the
proposed curved NEGCOMA from a 3D perspective
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FIGURE 1. Generalized dimensional drawing of the curved NEGCOMA: a) 3D view
b) top view.

(Fig. 1a) and a top view (Fig. 1b) that will be used to
describe both symmetrical and asymmetrical layouts. The
bottom substrate is an S x S square with thickness Hs made
of Polylactic Acid (PLA) with dielectric permittivity &, =
2.55 and tan § = 0.008 at 2.45 GHz, wherein S = 100 mm
and Hs = 2 mm. The radiating and parasitic patches are
supported by a cylindrical protrusion with radius Rc, made
also of PLA. However, the supporting structure of the side
patches is slightly different from the central one. In fact, the
resonant length of the central patch is dictated solely by the
height of the cylindrical protrusion Hp. On the other hand,
in the lateral supporting structures, there is a small step that
breaks the circular profile on both sides (as it can be clearly
seen in Fig. la), which is useful for having an accurate siz-
ing of the parasitic patches, since the patch metallization
is provided via adhesive aluminum tape. The height of the
steps is Hcp and Hcp, which are equal for the symmetri-
cal NEGCOMA. The central patch and the side patches are
characterized by a width W¢ and Wy, respectively, whereas
the projected planar resonant sizes of the central patch and
side patches are L¢ and Lpj, Lps, respectively. The total
length of the side structures is equal to Lg (see Fig. 1b) also
including the width of the steps. To achieve the NEGCOMA
layout, the central and side patches are separated by a gap
g. Finally, the total width, accounting for central and side
patches width plus the gaps, is W, which is set to 67 mm
for all the configurations considered in the following.

The feeding is provided through a SMA coaxial con-
nector, with the feeding point located at ys with respect
to the center of the antenna. The design strategy for the
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FIGURE 2. Generalized dimensional drawing of the flat NEGCOMA: a) 3D view b) top
view.

antenna is similar to the one described in [5], wherein the
first step is the choice of the curvature radius and then the
selection of a proper height Hp (which sets the resonant
length Lc) to obtain the main resonance at the selected
design frequency. Without loss of generality, we consider
here the center frequency at 2.45 GHz, to allow a consistent
comparison with the results of [5]. Then the NEGCOMA
configuration is exploited, based on the same design con-
sideration reported in [8], optimizing the length of the side
patches and the gap g in order to achieve the impedance
matching in the widest possible bandwidth. The widths of
the center patch W and of the side patches Wg have been
used as further design parameters, but always maintaining
the total width of the antenna equal to 67 mm. Finally, the
position of the coaxial feed yy is chosen to match the 50 2
impedance of the commercial coaxial connector.

For bandwidth comparison, curved asymmetrical, flat sym-
metrical, and flat asymmetrical versions of the NEGCOMA
have been also designed and simulated using the same PLA
substrate. The dimensional drawing of the flat NEGCOMA
is reported in Fig. 2. Also in these cases the total width W
has been fixed to 67 mm.

The antennas design and optimization, based on the design
strategy described above, have been carried out using the
commercial software CST Studio Suite.

To investigate the features of the curved NEGCOMA, a
parametric analysis has been performed on the symmetrical
configuration for different values of the radius of curvature
Rc. The minimum value of R¢c has been set to 16 mm.
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TABLE 2. Geometrical parameters of the symmetrical NEGCOMA. Hs =2 mm, W = 67 mm, S = 100 mm.

Re Hp Hey=He;  Lpi=Lp Ly Ws We g Lc Vr
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

0 0 0 36.25 36.25 20.25 17.5 4.5 37.75 7

40 3.12 0.5 31.15 40 21 17 4 33.25 11

30 5.53 1.25 30.8 36 21 17 4 34.6 11.5

20 8 2 28.5 34 22 15 4 31.9 10.25

16 11.8 4.2 26.7 31 24.35 14.3 2 30.14 10.87

TABLE 3. Geometrical parameters of the asymmetrical NEGCOMA. Hs = 2 mm, W = 67 mm, S = 100 mm.

Re Hp Hep He; Lp; Lp; Ly Wy We Lc yr
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
© 0 0 0 37.05 35.8 - 24.5 13 2.5 38.8 7
16 12.8 4 6 28.6 26.2 32 24.5 14 2 314 11

8 T T T T T

—— R.=16 mm
—+— R.=20mm
— — R.=30mm |
—— R,.=40 mm

(G5
—— R= oo(flat)

1 1
24 25 26
Frequency (GHz)

2.7 28 29

20 1 1 1
2,

2.1 22 23 3

FIGURE 3. Reflection coefficient (S11) of the symmetrical NEGCOMA for selected
values of the radius of curvature Rc.

Lower values could be possible but they would increase the
total antenna height (Hp + Hg) and have been avoided since
the longer the coaxial probe, the higher the inductive con-
tribution to the input impedance [15], which makes difficult
to match the antenna. In Fig. 3, we report the simulated
reflection coefficient (S11) of the symmetrical NEGCOMA
for a range of selected values of the curvature radius Rc.
The corresponding flat layout is displayed with a curvature
radius virtually infinite. As expected, the progressive reduc-
tion in the curvature radius results in a fractional bandwidth
increase, which is consistent with [5]. Specifically, the frac-
tional bandwidth goes from 6.1% (149 MHz) of the flat
NEGCOMA to 18% (440 MHz) of the curved one with R¢
= 16 mm.

In Fig. 4, the realized gain for the same range of curvature
radii is shown. It is pretty clear that the realized gain of
the curved symmetrical NEGCOMA with Rc = 16 mm is
rather stable throughout the entire operating band, ranging
from 6.5 dBi to 7.3 dBi.

The complete geometrical parameters of the designed
symmetrical NEGCOMAs are reported in Table 2, whereas
the results reported in Figs. 3 and 4 are summarized in
Table 4, where in addition to the realized gain Gg and the
bandwidth B, we also report the directivity Dir, and the
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—— R.=16 mm
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Frequency (GHz)

FIGURE 4. Realized gain of the symmetrical NEGCOMA for selected values of the
radius of curvature Rc.

TABLE 4. Simulated electromagnetic performance of the symmetrical NEGCOMA at
2.45 GHz.

Gr Dir B B

Re (mm) (dBi)  (dBi) (32,) (%)  (MHz)
o 6.89 813 777 6.10 149
40 7.60 820 885 _ 6.16 151
30 7.70 826 89.7 6.7 166
20 7.62 805 925 1081 265
16 7.16 744 956 18.00 440

radiation efficiency n. The benefits of adopting a curved
configuration over a flat one for the NEGCOMA layout are
undeniable. Other than a wider bandwidth, the curved con-
figuration exhibits also a larger efficiency with respect to its
flat counterpart, increasing from 77.7% to 95.6%.

Finally, in Fig. 5, the radiation pattern of the symmetrical
NEGCOMA for R¢ 16 mm is reported for 2.25 GHz,
2.45 GHz, and 2.65 GHz. As expected, the far-field pattern
of the symmetrical NEGCOMA maintains the maximum in
the broadside direction in the whole operating band. Fig. 5
also reports the measured pattern, which will be discussed
in the next section. The simulated cross-polar component in
the E-plane is not shown because it is lower than —50 dB.

For the sake of completeness, the performance of the
asymmetrical NEGCOMA has been investigated, though the
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2.25 GHz
3dB Beamwidth = 69°

2.45 GHz
3dB Beamwidth = 64°

2.65 GHz
3dB Beamwidth = 57°

—— E-Plane co-polar (simulated)
—— H-Plane co-polar (simulated)
— — H-Plane x-polar (simulated)
E-Plane co-polar (measured)
E-Plane x-polar (measured)

e * O

H-Plane co-polar (measured)

* H-Plane x-polar (measured)

FIGURE 5. Simulated and measured far-field pattern of the symmetrical NEGCOMA
for Rc =16 mm.

far-field pattern of this configuration is strongly dependent
on the frequency within the operating band. The geomet-
rical parameters of the designed asymmetrical NEGCOMA
are reported in Table 3, for both the curved configuration
and the flat counterpart.

In Fig. 6, the simulated reflection coefficient compari-
son between curved and flat asymmetrical NEGCOMA is
displayed. The flat layout is characterized by a fractional
bandwidth of 8.2% (201 MHz) whereas the curved layout
exhibits a total bandwidth of 31.5% (772 MHz), once again
confirming the ability of the curved configuration to signifi-
cantly enhance the operating bandwidth of planar antennas.
With no surprise, the asymmetrical curved NEGCOMA
outperforms the symmetrical layout, almost doubling the
bandwidth. Nonetheless, the asymmetrical NEGCOMA gen-
erates sub-optimal radiation patterns, wherein the radiation
maximum does not match with the broadside direction, as it
can be clearly stated looking at the simulated realized gain
shown in Fig. 7 as well as the simulated far-field patterns
reported in Fig. 8 for selected frequencies in the operating
band.

Ill. ANTENNA FABRICATION AND EXPERIMENTAL
VERIFICATION

The dielectric substrate of the antenna has been fabricated
using the commercial 3D-printer PRUSA MK3S+ and a
PLA thermoplastic filament, setting a 100% infill and an
aligned rectilinear pattern (with 90° cross-hatching) with

VOLUME 4, 2023

1 T 1 1 T T e —
\ / _
-10 =1
)
i)
= -15F .
17
= curved )
25} flat |
-30 1 1 1 1 1 1

1 1 1
23 25 2T 29 31 33 335
Frequency (GHz)

1.5 17 1.9 2.1

FIGURE 6. Simulated reflection coefficient (S11) of the flat and curved asymmetrical
NEGCOMA with R¢ = 16 mm.
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FIGURE 7. Simulated realized gain for the maximum and the broadside directions of
the curved asymmetrical NEGCOMA with R¢ = 16 mm.

0.2 mm-thick layers. The nozzle diameter is 0.4 mm and
the extruding temperature is set to 210 °C.

The dielectric permittivity of the PLA has been com-
puted using the T-resonator method [16]. The metallization
of the patches and ground plane has been provided using
50pum-thick adhesive aluminum tape, manually cut to obtain
the designed dimensions. The coaxial connector has been
glued to the aluminum tape by using a silver-loaded
conductive epoxy adhesive (see Fig. 9).

Two (virtually) identical prototypes of the curved sym-
metrical 3D-printed NEGCOMA designed in Section II
have been manufactured (Fig. 9). Then, the electromagnetic
performance has been measured in an anechoic environment
(Fig. 10) by using the Anritsu MS46322B two-port vector
network analyzer (VNA). The broadside realized gain of the
antenna under test (AUT) has been measured by the two-
antenna method (as defined in [17, Sec. 8.3]) assuming that
the two manufactured prototypes are identical.

In Figs. 11 and 12, the reflection coefficient and the
realized gain of the AUT are plotted, respectively. The agree-
ment between simulated results and measurement is very
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2.25 GHz

—— E-Plane co-polar
E-Plane x-polar

—— H-Plane co-polar
H-Plane x-polar

FIGURE 8. Simulated far-field pattern of the curved asymmetrical NEGCOMA with
Rc =16 mm.

good, with a measured bandwidth of about 400 MHz (16.3%
fractional bandwidth).

Finally, the far-field pattern of the fabricated prototype
in the principal cuts has been measured at three selected
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FIGURE 9. Photo of the manufactured prototypes: (a) front, (b) back.

FIGURE 10. Experimental set up for the measurement of the realized gain by the
two-antenna method [17].

frequencies in the operating band, i.e., 2.25 GHz, 2.45 GHz,
and 2.65 GHz (see Fig. 5). The measurement setup is the
same as in Fig. 10, but one of the AUTs has been placed on
a rotating plate and the other one has been replaced by a test
calibrated antenna (model HyperLOG 7060 by AARONIA
AG), which has been connected to a broadband Low Noise
Amplifier (LNA) (model ZX60-83LNS+ by Minicircuits)
to improve the measurement sensitivity. A good agreement
between simulation and measurement is observed. It should
be noted that the back-radiation has not been measured due to
the obstacle represented by the test coaxial cable connected
to the VNA.

IV. CONCLUSION

The recent development of fast prototyping techniques,
such as additive manufacturing 3D-printing technology, has
enabled the deployment of unconventional layouts also in
the antenna design. Specifically, taking advantage of the
free-form factor of the 3D-printing, the substrate of patch
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FIGURE 11. Comparison between simulated and measured reflection coefficient
(S11) of the manufactured prototypes.

8 1 1 1 1 I
7
86
g ;
{‘J“ al Simulated \
3 Measured
N
3+ 4
2 1 1 1 1 1
2.2 2.3 24 2.5 2.6 2.7 2.8
Frequency (GHz)

FIGURE 12. Comparison between simulated and measured broadside realized gain
of the manufactured prototype.

antennas can now exploit a third dimension in order to boost
the antenna performance, such as achieving wider bandwidth
and higher efficiency. It has also been demonstrated that com-
bining already existing techniques, well-known in the open
literature, with the advantages offered by this new manufac-
turing process, can further improve the antenna performance.
In this context, a novel 3D-printed curved NEGCOMA
has been proposed, merging the curved layout [5] with
the non-radiating edge gap-coupled configuration [8] to
obtain bandwidth enhancement and planar size reduction
with respect to the flat NEGCOMA. Indeed, the presented
curved symmetrical NEGCOMA achieves an overall frac-
tional bandwidth of 16.3%, against a 6.1% bandwidth of the
flat NEGCOMA. The proposed configuration also improves
the bandwidth of the standard curved antenna [5] that
exhibits a 9% bandwidth. The analysis of the asymmetrical
curved NEGCOMA has also been performed. The latter fea-
tures a fractional bandwidth of 31.5%, greatly outperforming
its planar counterpart. However, this configuration is flawed
by a non-optimal radiation pattern, wherein the maximum
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gain direction is shifted from the broadside, making this
layout not suitable for certain applications.

The measured results on the manufactured curved sym-
metrical NEGCOMA show an excellent agreement between
simulation and measurement. It is worth noting that at
2.45 GHz the manufacturing tolerance of the curved pro-
file, which is approximated by 0.2mm-thick steps, is not
critical since the resolution of the commercial 3D printer
used in this work is small compared to the wavelength. This
aspect should be properly investigated for higher operating
frequencies to establish the limitations of approximating by
steps the curved profile when using 3D printing manufactur-
ing technology. However, the proposed curved NEGCOMA
can be ideally scaled at a higher and arbitrary frequency and
good results are expected as long as the designer employs
high-resolution printers (or other improved fabrication tech-
niques) to realize the curved profile and he is able to
provide high-precision cutting or deposition of the metal
patch.
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