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Abstract: In this paper, a compact SISO (Single-Input Single-Output) antenna with a novel slotted-
decahedral geometry is presented. The design was performed using a full-wave simulator (FWS). A
decahedral patch with an eight-pointed star-shaped slot and two rectangular grooves is the main
characteristic of the proposed novel radiator. The decagon shape, eight-pointed star-shaped slot,
rectangular grooves, and separate section give rise to radiation. The SISO antenna operates from 23.1
to 29.94 GHz covering the proposed frequency bands for 5G wireless communication systems. The
radiation pattern stability, moderate to high gain values (6.5 dBi, average), good radiation efficiency
(higher than 89.4%), wide impedance bandwidth (6.84 GHz), compactness (13 x 13 x 0.787 mm?)
and ease of manufacture are the principles advantages of this novel geometry. The experimental
validation of the SISO antenna was performed, and good agreement was obtained with simulation
results, and an equivalent circuit model was proposed. The proposed SISO antenna can be easily
integrated into wireless sensors, drones, backhaul, and 5G devices which support IoT, working in the
n257, n258 and n261 frequency bands.

Keywords: 5G; antennas; SISO antennas; n257; n258; n261

1. Introduction

Nowadays, the 5G standard of communications is ubiquitous and pervasive, taking
every day more importance for our daily lives. And we can be sure that its impact will
continue to grow, as there are more devices and applications that require the signal transfer
quality that this network can offer. Moreover, human endeavor is shifting toward the
Internet of Things (IoT), also called the Internet of Everything (IoE), to provide, control,
and monitor a slew of routinely activities in the fields of personal and commercial com-
munications, industry, health services, banking, safety, education, and entertainment, to
mention just a few [1,2].

The initial 5G network operating bands are divided into two sub-bands, called FR1
and FR2 (for Frequency Range). The first consists of a host of assigned frequencies between
450 MHz and 6 GHz, thus also dubbed “the sub 6 GHz band”. The second one comprises
allocated frequencies between 24.25 to 52.6 GHz [3-7]. In this one, the frequencies that are
being exploited cover the n257 (26.50 GHz to 29.50 GHz), n258 (24.25 GHz to 27.50 GHz),
and the n261 (27.50 GHz to 28.35 GHz) sub-bands. Some of the antennas designed for
FR1, however, are the basis for those used for FR2 [8-10]. In this frequency range, special
attention has been placed for applications around 28 GHz, since it can operate with a
broader bandwidth [11].

This paper focuses on the design of a Single Input Single Output (SISO) antenna to
cover the needs for devices using the frequency bands from 24.25 GHz to 29.50 GHz. In
fact, the antenna was designed, simulated, fabricated, and measured, demonstrating a very
good response from 23.1 GHz to 29.94 GHz.

Moreover, this antenna can be used as the basis for Multiple Input Multiple Output
(MIMO) systems. MIMO allows for size optimization, broader bandwidth, stable radiation
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patterns and higher gains, among other fundamental figures of merit [12-24]. These,
however, require careful design considerations, especially related to coupling. This has
become a very important field of endeavor, tackled by many researchers around the
world [25-33].

The paper is organized as follows. Section 2 details the antenna design process,
based on full wave simulations. Experimental results are presented and discussed in
Section 3. Section 4 presents a discussion of the results, compared to similar recently
reported structures. The paper closes with general conclusions, presented in Section 5.

2. Materials and Methods

The proposed novel geometry, named “slotted-decahedral antenna”, is shown in
Figure 1, which includes its geometrical design parameters.

13 mm

D7

mm

0 4 8 (mm)
Figure 1. Proposed novel geometry and design parameters.

The geometry is based on a decahedral patch with an eight-pointed star-shaped slot at
its center, and two rectangular grooves at the end of the radiator, which enhance stability
in the shape of the radiation pattern across the impedance bandwidth (from 23 GHz to
29.9 GHz) through its resonating response. A commercial Rogers 4350B substrate was used
for the proposed antenna design, which has a thickness of 0.787 mm, a loss tangent 6 of
0.004 and a relative dielectric constant (&;) of 3.66.

The width of the feed line (1 mm) and the spacing between the feed line and top
ground (0.3 mm) were chosen considering connector dimensions. The 2 mm wide line has
a characteristic impedance of 50 () to achieve impedance matching.

The structure was defined on a full-wave simulator, including as many material,
geometrical and process-related parameters as possible. This structure is shown in Figure 2,
a render that is very close to the real structure.
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Figure 2. Antenna structure defined in the full-wave simulator, including the connector (h = 0.787 mm,
t=17.5 pum).

The design evolution and a comparison of four important figures of merit during the
design process is shown in Figure 3, step #5 being the final design. Figure 3a illustrates the
five design steps; (b) the reflection coefficient at the input port, using a reference impedance
of 50 (); (c) the behavior of peak gain and radiation efficiency for every design step; and
(d), the radiation patterns obtained for each design step. Something that is noteworthy in
this figure is the change in shape of the radiation pattern, that is, each design step causes
the pattern to become more directive and more symmetrical.

13 mn_v“ _a 78 mm && ?‘)
i,
— .
U
§ 2.43 mm
Step #4 Step #5

92 _
10 91 =
= 00 T
g 89 35
37 88 5
%) )
T30 5. 87 £
—Step #5 (b) d (©) 86 Ef
- 1
-40 4.0 - 85 &
50 9.5 140 185 23.0 27.5 320 36.5 410 455 50.0 1 2 3 4 5
Frequency (GHz) Steps of design

60
-:z)o === Step #1 === Step#l
- #2
9o ~ " Step #2 Step #2
100 Step #3 Step #3
110 === Step #4 === Step#4
120 ——Step #5 ——Step #5

(d)

Figure 3. Design evolution and comparison of (a) Steps of the design process and antenna dimensions;
(b) Return loss; (c) Peak gains and radiation efficiencies at 28 GHz; and (d) 2D—normalized radiation
patterns at 28 GHz.

During the design process different shapes for the antenna were tested, as well as
different shapes for the slots. Figure 4 shows six 3D-radiation patterns from the full-wave
simulator. The same figure contains squares and ellipses highlighting the points where the
radiation is the least intense.
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Figure 4. 3D—radiation patterns (in dB) from simulation, at the left—side of different antenna shape,
and at the right-side of different slot shape.

The best performance, considering the radiation pattern shape, gain, radiation effi-
ciency and impedance bandwidth, is obtained when the antenna shape is 10 sided and the
slot is 8-pointed, herein named “eight-pointed star-shaped slot”.

To verify the working principle, the electric and magnetic fields were plotted; these
graphs are shown in Figure 5. At the lower frequency, 23 GHz, resonance is mainly due to
the decagon shape and rectangular grooves.

In the medium frequency range and beyond—that is 28 GHz to 30 GHz—some other
effects occur. When the fields reach the rectangular grooves, Figure 6, the magnetic field
(B;) induces an electromotive force (induced EMF) in the separate section. The induced
EMF gives rise to a magnetic field (Bgyp) going in the opposite direction, propagating in
this small separate section of the antenna. This occurs when the phase of the magnetic
field reaches its first positive half-cycle maximum (phase = 90°). On the contrary, when
the second maximum of the negative half cycle occurs (phase = 270°) the magnetic field
produced in the separate section now goes in the opposite direction than that generated
with the 90° phase. This change in the direction of magnetic field happens continuously,
since the phase of the electromagnetic wave changes as it propagates. Moreover, the electric
field (associated to the induced EMF, Egyr) in the separate section also causes this section
to enter a state of resonance. Furthermore, the initial electric field (from the excitation
pathway, E;) is cancelled at the rectangular opening. At the same time, around 28 GHz and
30 GHz, the eight-pointed star-shaped slot at the center, becomes resonant.
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Figure 5. (a) Electric field (b) magnetic field (in magnitude) plotted in the upper layer of the metal at
23 GHz, 28 GHz, and 30 GHz.
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Figure 6. Magnetic and electric fields around the rectangular grooves.
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On the other hand, the 33 GHz and 45 GHz frequency bands from |Sq; | in Figure 3a
(step#5), are generated by the 8-pointed star slot, at its center, and by the two rectangular
grooves. However, when analyzing some radiation parameters, such as, radiation efficiency,
gain, and radiation pattern, the structure presents some nulls and secondary lobes, such as
Figure 7 shows. Besides, the radiation efficiency is about 84% and 91% at 33 and 45 GHz,
respectively. In consequence, these bands are not considered in the bandwidth of the novel
proposed SISO antenna.
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Figure 7. Magnetic and electric fields (in magnitude) and 3D—radiation patterns (in dB) at 33 and
45 GHz, respectively.

3. Results

To verify that the proposed design performs correctly in the frequency band from
23.1 t0 29.94 GHz, apt for 5G technologies, the antenna was fabricated and measured. Its
performance was then assessed from measured and simulated results.

A photograph of the fabricated antenna, including connectors, is presented as Figure 8a,b.
The challenge in the manufacture of this prototype was making the perforations in the
substrate to be able to use the connector, as well as the paths from the upper ground to the
lower ground plane.
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Figure 8. Fabricated antenna; (a) Front view, and (b) back view.

The measurements were performed using an Anritsu Vector Network Analyzer (VNA),
in conjunction with an automatic calibration device (Autocal 36585 V). Figure 9 shows the

experimental setup.

Radiation parameters
measurement setiup

Antenna 2

Calibration setup
s

m I '

S—pal'amefei's measurement setup

292 mm
cables

292 mm
connector

/inritsu

36585V AutoCal

AutoCal

-— e

Storage device

(@) (b) (c)

Figure 9. Measurement setup to (a) calibration, (b) S-parameters, and (c) radiation test.

The return loss at the input port from simulation and measurement is shown in Figure 10a.
Moreover, the same figure shows a small frequency shift (600 MHz and 550 MHz) between
measurement and simulation, which does affect the operating bandwidth.

0
-10 <R3 Ls -
E 2 (7‘ ( )
1
S
= -20 —l
& | R Li
2 Simulated (FWS) C C
.30  =———Equivalent circuit | 2 R L2 2 |
===-Measured (Antenna 1) VAN A A J
= = Measured (Antenna 2)
-40
5 9 14 19 23 28 32 37 41 45 30
Frequency (GHz)
(@) (b)

Figure 10. (a) Comparison of theoretical (using a full—wave simulator, FWS), equivalent circuit, and
experimental reflection coefficient at the input port of the proposed design; and (b) the proposed
equivalent circuit suitable for the 23 to 30 GHz frequency range.
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In order to measure the radiation pattern, two antennas were built to determine the
appropriate parameters following the methodology described in [34], which requires the
two antennas to be identical. As can be seen on Figure 10a, the response of the two antennas
is practically identical in the frequency range of interest, and thus we can conclude that
they behave as identical electrically.

Additionally, a proposed equivalent circuit is shown in Figure 10b. The lumped
elements represent the multiple phenomena occurring in this frequency range, and the
model is seen to have a good correlation with full-wave simulation (FWS) results, carried
out in Ansys Electronics” HFSS. The values of the proposed model are R; = 10.29 (),
Ry=290,R3=3020,L; =3nH, L, =222nH, L3 =1.45nH, C; = 0.01 pF, C; =0.04 pF,
and C3 = 0.049 pF. Such values were obtained through an optimization process using
ADS (Advance Design System, version 2022) simulations. Here, C; and C3 represent the
rectangular grooves. R;-L;-C; correspond to the response around 23 GHz, R,-L,-C; to that
around 26.5 GHz, and R3-L3-C3 account for the response about 29.7 GHz. All together, they
model the behavior of the antenna from 23 to 30 GHz.

The measured and simulated 2D-radiation patterns are graphed in Figure 11, while
the gain values across the impedance bandwidth are shown in Figure 12.
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20 90 90 .
(a) =@ Simulated
100 100
110 110
-120 120
130 130
-140 140
150 1o 15
00 1
0 e 170
dB o
10 20 710 109
30 30
5 -40 40
0 -50 50
5 -60 60
-10 -70 70
15 -80 80
(b) 20 90 90 =@=\casured
-100 100  ==®=Simulated
-110 110
-120 120
-130 130
140 140
150 150
160 190 170 160
180
dB 0
s 0 710 10,
-30 30
10 -40 40
5 -50 50
0 -60 60
s 70 70
10 -80 80
(C) 1590 90  «==@=Measured
-100 100 ==@=Simulated
110 110
-120 120
130 130
140 140

Figure 11. 2D—Normalized radiation patterns at (a) 23 GHz, (b) 28 GHz, and (c) 30 GHz from
simulation and measurement.
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Figure 12. Measured and simulated gains from 23 to 30 GHz at 6 = 0°.

Once the performance of the proposed SISO antenna has been tested and validated,
its principal figures of merit were determined to compare it with related works. This
comparison is summarized in Table 1.

The proposed design has a compact size, which makes it suitable for integration into
compact 5G devices that support IoT, and presents a wide impedance bandwidth covering
the n257, n258, and n261 bands.

The gain values in Figure 12 are above 6 dBi at 24 GHz and up to 9.2 dBi at 29.9 GHz,
from simulation, and above 5 dBi and up to 9 dBi from measurement. It is important to note
that these values are high considering they were obtained with a single radiating element
(SISO antenna).

The cross-polarization and co-polarization, in dB, are shown in Figure 13, from the
full-wave simulator, the co-pol values are higher than 0 dB and the cross-pol values are
around —40 dB.

~ 20 93.0 ~
m =
D10 ey — 0 <
= g >
5 04 915 2
g -10 —e~-Co-pol 2
2 20 F Cross-pol 1900 %
% 30 | —%—Rad.Eff. '5
2 40 | 0 18855
Oé -50 F ~
O -60 87.0
23 24 25 26 27 28 29 30
Frequency (GHz)

Figure 13. Co-polarization, cross-polarization, and radiation efficiency over the bandwidth of operation.

The radiation efficiency is also shown in Figure 13; it was obtained from the full-wave
simulation, considering finite conductivity, the loss coefficient of the substrate, and other
effects, such as mismatching of impedances of the proposed antenna and the connector’s
impedance across the impedance bandwidth, as well as the coupling between the holding
plates and the antenna. The values are better than 89% (at 29.9 GHz) and up to 92% (at
24 GHz).

The radiation efficiency is reduced when including the connector during the simula-
tion: 8% less at 23.1 GHz, 7% less at 28 GHz, and 9% less at 29.9 GHz. Besides, the shape of
the radiation pattern is affected by the connector (holding plates and backplane).

Although during the simulations many parameters were considered, some others
cannot be predicted and added to the simulation, such as imperfections in the metal of the
radiator element, reduction of the metal layer during manufacture, small differences in the
thickness of the substrate, imperfections inherent to the substrate, reflections due to the
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size of the connector being comparable to the size of the antenna, as well as random errors
due to setup calibration, cable attenuation (1.96-2.32 dB/m [35]), and misalignment of the
device under test.

We thus attribute the difference in gain between experimental and simulation results,
shown in Figure 12, to these effects.

Despite obtaining lower gains during the experimental validation, we believe that the
attained gain values are good, since they have a similar behavior to those of simulation,
and they are higher than 5 dBi throughout the impedance bandwidth. The average gain
from measurement is 6.44 dBi whereas the simulated one is 6.56 dBi.

The radiation patterns show good correlation with the simulated patterns. These have
one only beam, normal to the decahedral geometry, and an HPBW close to 40°.

The back lobes (in the three patterns) are apparently large, but this is only an apprecia-
tion, these lobes have lower values than the principal beam.

4. Discussion

Considering the recent 5G developments regarding antennas, a comparison with
reported works for the same frequency band for 5G technology above of 6 GHz (5G mm-
wave frequency band) is shown in Table 1.

It should be noted that this table contains two types of SISO (Single-Input Single-
Output) antennas, for a fair comparison; SISO antennas of a single element [36,37] and
SISO antennas of multiple elements [38—40].

Moreover, is important to highlight that the listed designs are the most recent develop-
ments (2020-2021).

The antenna herein proposed has many advantages when compared with [36], such
as higher gain, higher radiation efficiency, higher bandwidth, and compactness.

The designs presented by [38—40] have higher gains than our proposal, but it is
important to note that those works are arrays of elements. Thus, it is reasonable to expect
higher gains.

Our design bests that of [38] in impedance bandwidth, HPBW, and above all, it is
much more compact.

With respect to [39], the proposed design in this work is better in impedance band-
width, HPBW, radiation efficiency, and volume (considering that it requires two sub-
strate layers).

Furthermore, the design presented by [40] requires two substrate layers, and the total
area is large compared with our work. That work, however, attains good values of gain,
impedance bandwidth, and polarization.

A single element antenna is reported in [37], but it has a narrow bandwidth of just
1.5 GHz. Despite having a high gain value this design is large (19 times larger than ours),
and its HPBW is narrow.

Table 1. Comparison with Related Works Operating at 28 Ghz (SISO Antennas).

Work
[36]
Parameter

[38] [39] [40] [371 This Work
Rogers Duroid
Rogers Rogers 5880 Rogers
Substrate and Rogers 5880 RT/Duroid 5880 RT5880 hl = 1 mm RT/Duroid 5880 Rogers 4350 B
thickness (h) h =0.787 mm h1=0.5mm h =0.787 mm
h=0.52 mm h2 =0.508 mm h=0.127 mm
h2 =0.8 mm
Total area (mm?) 21.9 x 5.64 75 x 100 34 x 36 ~40 x 40 48 x 67 13 x 13
(Ao at 28 GHz) 2.05 A9 x 0.53 Ag 7 Ao % 9.34 Ag 3.18 A x 3.36 Ag 3.74 Ao X 3.74 Ao 4.48 Ag x 6.26 Ay 121 A9 x 1.21 Ag
2 x 2 Dual Reconfigurable Single element
Desien type Antipodal 2 % 2 Patch arra off-center-fed Magneto-electric dipole Leaky-wave antenna based on
gnityp Vivaldi antenna y dipoles 1 x 2 array antenna based on decahedral
(array) a HMSIW geometry
Reflection coefficient —25dB ~—18dB ~—15dB ~—15dB ~—15dB —21.5dB
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Table 1. Cont.
Work
[36] [38] [39] [40] [371 This Work
Parameter
) 4.66 GHz 720 MHz 3GHz 1.5 GHz 6.84 GHz
[mpedancebandwidth  og Gy pand)  (27.75-2847GHz)  (27.2-302GHz)  / Oz (244314 GHz) (28-29.5 GHz) (23.1-29.94 GHz)
3.4 dBi ) ) )
) : 9.97 dBi 13.1 dBi ) . 6.56 dBi
Gain > jg; 123 dBi 132 dBi 10 dBic 8.2+£0.6dBi Average
Polarization N.A. Linear Dual linear Circular N.A. Linear
o - >86% >96% 88% o
Radiation efficiency (28 GHz band) (28 GHz band) (28 GHz band) N.A. N.A. >89.4%
266° (E-plane) 29.9° (E-plane) 12° (xz-plane) 5 40° (E-plane)
HPBW 160° (H-plane) 60.0° (H-plane) 11° (yz-plane) N-A. 2 65° (H-plane)
14.44-20.98 GHz
Operation frequencies 24.34-29 GHz 5289 gg “ 28 GHz 28 GHz bands 28 GHz band 28 GHz bands
z 38 GHz
33-40 GHz
Design complexity high low high high medium medium
Fabrication Easy Easy Difficult Difficult Easy Easy
N.A. is Not Available. HMSIW is Half-Mode Substrate Integrated Waveguide. HPBW is Half Power Beam Width.
5. Conclusions
In this paper we present a novel antenna design based on a decahedral patch with an
eight-pointed star-shaped slot and two rectangular grooves at the end of the radiator.
This design has a very compact size (13 x 13 x 0.787 mm?), wide impedance band-
width (6.84 GHz) covering the proposed bands for 5G technology, above 6 GHz (n257,
n258, and n261), specifically from 23.1 GHz to 29.9 GHz, stable radiation pattern, average
gain of 6.56 dBi (values from 5.3 dBi to 9.28 dBi), and radiation efficiency better than 89%,
from simulation.
The performance of the proposed novel geometry (SISO antenna) is suitable for com-
pact 5G devices that support IoT. The experimental validation was performed, showing
a very good agreement with simulation results, especially in return loss, gain and radia-
tion pattern.
Author Contributions: K.N.O.N. conceived the idea, designed the structure, and wrote the principal
ideas. R.S.M.A. revised the manuscript, contributed some ideas, and supervised the work. All authors
have read and agreed to the published version of the manuscript.
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