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Abstract: The article mainly presents that a simple antenna structure with only two branches can
provide the characteristics of dual-band and wide bandwidths. The recommended antenna design is
composed of a clockwise spiral shape, and the design has a gradual impedance change. Thus, this
antenna is ideal for applications also recommended in these wireless standards, including 5G, B5G,
4G, V2X, ISM band of WLAN, Bluetooth, WiFI 6 band, WiMAX, and Sirius/XM Radio for in-vehicle
infotainment systems. The proposed antenna with a dimension of 10 × 5 mm is simple and easy to
make and has a lot of copy production. The operating frequency is covered with a dual-band from
2000 to 2742 MHz and from 4062 to beyond 8000 MHz and, it is also demonstrated that the measured
performance results of return loss, radiation, and gain are in good agreement with simulations. The
radiation efficiency can reach 91% and 93% at the lower and higher bands. Moreover, the antenna
gain can achieve 2.7 and 6.75 dBi at the lower and higher bands, respectively. This antenna design
has a low profile, low cost, and small size features that may be implemented in autonomous vehicles
and mobile IoT communication system devices.

Keywords: dual-band; mobile IoT; autonomous vehicles; B5G; 5G; V2X; DSRC; WiFi 6 band; Sir-
ius/XM Radio; ISM band

1. Introduction

The vigorous development of IoT technology has laid a solid foundation for con-
tinued growth in the 5G era [1,2]. Therefore, networking, artificial intelligence, virtual
reality (VR), and augmented reality (AR) technology can be used to provide relevant local
5G-centered services in health care, education, and other fields [3,4]. The rise of 5G com-
munications has initiated various IoT business model development. The driving factors
that trigger IoT applications include the low cost of storing and computing data on cloud
platforms. In addition, it also includes emerging edge computing trends, the decline in
data, sensors, equipment costs, and the availability of mobile application development
platforms [5]. Therefore, emerging technologies integrate intelligent roads, intelligent
vehicles, and artificial intelligence into our lives [6]. Therefore, 5G technology still has a lot
to be discussed and technical improvement, combined with other wireless communication
technologies, and continues to improve wireless communication development in Beyond
5G (B5G). Large-scale low-latency internet of things and 5G private network services focus
on the next generation of B5G/6G development. Therefore, the spectrum planning and
telecommunication service mode of B5G satellite communications will be essential in the
future. The use of low-orbit satellites is expected to supplement areas that ground base
stations cannot cover and through 5G/B5G/emerging wireless communication, vertical ap-
plication demonstrations, IoT devices, and scenarios are introduced to provide innovative
applications [7,8].

Furthermore, low-orbit satellite communication is also a key technology for future
6G commercial transformation. The development of 5G technology to 6G and satellite
communications also includes the evolution of existing technologies and the development
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of emerging technologies for terrestrial communications, which will generate demand
for spectrum planning [7,9]. In addition, the rapid progress of telecommunications in-
frastructure will affect the future development of artificial intelligence and self-driving
vehicles.

The current internet of things devices must have a good match with wireless commu-
nication. However, the antenna design requires a design with multiple frequency bands
and a large bandwidth is the same basic design principle. The main reason is that various
wireless communication design standards must be accommodated in one device [10–12].

In recent literature discussion, antenna design is mostly compact multi-band antenna
design as the main discussion topic. The superior design of coplanar waveguide (CPW)
and slot line antenna (SL) can be used to achieve antenna design goals, including easy
manufacturing and high compatibility with microwave circuits. In addition, using the
CPW architecture design, CPW line segments with different widths and gap widths are
used to achieve the ideal resonance frequency and massive bandwidth [13–15].

Multi-band antennas have integrated the applications of multiple wireless communica-
tion standards. It can be seen that the antenna design of IoT mobile devices with multi-band
operation capabilities will be in great demand in the future market. Therefore, many design
and development methods have been extended to multi-band antennas and integrated into
various wireless communication product applications. However, the antenna design can
be implemented in multiple frequency bands with antenna size minimization. Different
generating frequency bands have been proposed in a single antenna, such as double L-slit,
inductive slot [16–25].

The design of IoT electronic products requires miniaturization and compact circuit
design. Therefore, the antenna design space must be sacrificed. However, the antenna’s
effectiveness still needs to reach a certain level—no matter what kind of wireless communi-
cation product, finding any possible design practice is an important issue.

This research article mainly presented a miniaturized broadband-multiband planar
monopole antenna with a clockwise spiral shape of two branches for Beyond-5G, 5G, 4G,
V2X, DSRC, WiFi 6 band, WLAN, and WiMAX application in autonomous vehicles and
mobile IoT communication system device.

2. Recommended Monopole Antenna Construction

The recommended antenna structure is disclosed and presented in Figure 1—the
proposed antenna design with the best characteristic, including small size, broadband
bandwidth, and low-profile structure. The proposed antenna employed a clockwise spiral
shape of two branches to achieve dual-band performance covering 2000 to 2742 MHz
and 4062 to over 8000 MHz, as shown in Figure 1a,e. The proposed antenna is validated
by a mini coaxial cable with the characteristic impedance of 50 ohms and connects to an
SMA connector, as shown in Figure 1a. This design is suitable for eight novel wireless
communication systems, including Beyond-5G for LEO Device to Device (D2D) application,
5G, 4G, V2X, DSRC, WiFi 6 band, WLAN, and WiMAX systems. The antenna material is
simulated and fabricated using the most commonly used FR4 substrate in the industry, as
shown in Figure 1b. The antenna area is placed on the edge side in a device design, and
the related wireless and baseband function components for the vehicle applications will be
designed in the ground plane to combine the antenna design. The design parameters of
the FR4 substrate are with the dielectric constant (εr) of 4.4, the dielectric loss tangent of
0.00245, and the height of 0.8mm.
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The main antenna area with the dimension of 10 × 7.5 mm, and the ground for system 
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Figure 1. Disclosure of recommended antenna structure: (a) view of the antenna structure and overall design of the
measurement layout, (b) schematic diagram of the layout applied to IoT devices; (c) detailed dimensions and layout of the
antenna; (d) antenna entity diagram; (e) the clockwise spiral shape of two branches (Strip 1 and Strip 2).
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The main antenna area with the dimension of 10 × 7.5 mm, and the ground for system
placement includes an integrated circuit with power, baseband, and wireless transceiver
function, which is located the dimension of 10 × 42.5 mm, as the detailed information
displayed in Figure 1a–c. The actual antenna photo produced is shown in Figure 1d. The
antenna design only needs the top surface to complete the design. Therefore, the tolerance
sensitivity of this design is low, and it is easy to adjust the accurate operating frequency
design. In addition, the clockwise spiral shape of two branches has defined Strip 1 and
Strip 2 to explain the physical phenomena of surface current distribution analysis and
resonance frequency, as shown in Figure 1e.

The surface current distribution is analyzed in Figure 2. The lower band is displayed
at 2350 and 2450 MHz in Figure 2a,b. The upper band at 5080, 5500, 5890, 6500, and
7150 MHz are in Figure 2c–g. There is a strong current on the branch of Strip 1 at the
operation frequency of 2350 and 2450 MHz. Therefore, it can be clearly understood that
the operating frequency in the low-frequency band is a quarter wavelength contributed by
Strip 1. Strip 2 mainly excites resonance at operating frequencies of 5080 and 5500 MHz, as
shown in Figure 2c,d of the current distribution diagram. Finally, the operation frequency
over 5890 MHz is affected by the parallel coupling path of Strip 1, and Strip 2 produces a
high-frequency broadband effect. The effect of the parallel coupling path of Strip 1 and
Strip 2 is demonstrated in Figure 2e–g.
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3. Validation Analysis, Results, and Discussion

The characteristics and performance of the proposed antenna have been researched
in this section. The design analysis process includes the various parameters analysis,
the performance with simulation, and measurement results. Figure 3 demonstrates the
reflection coefficient’s performance with the comparison of simulation and measurement
for the proposed dual-band monopole antenna. The validation result agrees with the result
simulated and measured. The validation tool employed an EM simulator for simulation
results and a vector network analyzer as the equipment of Agilent E7071C for measurement
results. The measured impedance bandwidths are defined by 3:1 VSWR, widely used for
the internal WWAN antenna design specification [26–30]. The antenna bandwidth defined
by VSWR is 3:1 to match the CTIA specification standard with the built-in WWAN antenna
design integrated RF active circuit application. Thus, under 6 dB reflection coefficient
conduction, the operating frequency can reach the lower band of 2000–2742 MHz and the
higher band of 4062–8000 MHz. The bandwidth of the lower band can achieve 31.22%,
and the bandwidth of the upper band has an incredible bandwidth of 65.29%. Therefore,
the proposed antenna with a dual-band design is suitable for multi-functional wireless
communication system standards in autonomous vehicles’ communication system devices.
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Figure 3. The verification result of the reflection coefficient with simulation and measurement for the
proposed monopole antenna.

The progressive analysis of antenna architecture characteristics is shown in Figure 4.
Strip 1 has three types to analyze the return loss effect is presented in Figure 4a. The upper
operating band is controlled by strip 2 when only strip 2 is without the strip 1 condition as
the type 1 structure. Type 2 is with both strip layouts, which can generate the lower and
upper operating band. Moreover, the end of strip 1 has been designed with progressive
impedance change from narrow to wide, the performance of return loss can achieve a
better impedance for the suggestion antenna design as the type 3 antenna configuration is
shown in Figure 4a. Discuss that the length change of W9 has a significant influence on
the high-frequency response, as shown in Figure 4b. Therefore, the length of W9 equal to
5.5 mm is the best impedance matching response.

The antenna radiation performance verification uses the AMS-8100 model anechoic
chamber antenna measurement system manufactured by ETS-Lindgren, as shown the
Figure 5.The simulation and measurement radiation patterns are presented in Figure 6,
including four operating bands with 2450, 5500, 6500, and 7500 MHz. The radiation re-
sults reach omnidirectional modes are good agreement with simulated and measured.
Furthermore, the antenna gains and efficiencies are also shown in Figure 7. The results are
demonstrated that both performances achieve very close with simulation and measurement.
The gain can obtain about 2.7 dBi in the lower band, and the gain can get about 6.75 dBi in
the upper band. Thus, the antenna efficiency can reach 91% for the lower band, and the
antenna efficiency can achieve 93% for the upper band. In addition, the proposed antenna
was also compared with recent literature and listed the bandwidth and dimensions, as the
Table 1 The proposed antenna characteristic is shown as compact and widely operating
bands. This table uses the journal papers of the past two years for antenna design com-
parison. The proposed antenna design has a larger bandwidth than the literature [26–30].
The antenna’s gain also has a comparable measurement result to the literature [26–30]. The
antenna size of the proposed antenna is smaller than in the literature [26–30]. The system
ground size is smaller than the literature [26,30]. The overall antenna size is smaller than
in the literature [26,28,30].
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(a) 2450 MHz; (b) 5500 MHz; (c) 6500 MHz; (d) 7500 MHz.
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This antenna design is suitable for multi-functional wireless communication system stan-
dards, covering eight systems. The first wireless communication standard supported is 5G
with 13 bands of n1/n7/n30/n38/n40/n41/n46/n47/n53/n79/n90/n95/n96 in two operat-
ing frequencies within 2110–2690 MHz and 5150–7125 MHz. The second wireless communi-
cation standard system is Beyond-5G for low earth-orbiting satellite (LEO) application, which
is operated in X band spectrum and is designed by the International Telecommunication
Union (ITU), which is the operating frequency from space to earth in 7250 to 7750 MHz and
from earth to space in 7900 to 8400 MHz. The third is the LTE system with fifteen frequency
bands, including the support bands of 7/10/16/23/30/34/38/40/41/46/47/65/67/68 in
the operating frequency of 2000–2690 MHz and 5150–5920 MHz. The fourth standard system
is V2X, and DSRC for autonomous vehicles application belongs to the IEEE Wireless Access
in the Vehicular Environment (WAVE), covering the operating frequency between 5850–
5925 MHz. The fifth, sixth, and seventh supported system is ISM band in those operating
frequencies including 2450–2483.5 MHz, 2300–2690 MHz, 3400–3590 MHz, 5170–5930 MHz,
5150–5350 MHz, and 5725–5850 MHz to correspond to the wireless communication standard
with WiFi 2.4G/5G, WiMAX, and Bluetooth. In addition, the WiFi 6 band also is designed in
the operating frequency of 5925–7125 MHz. Finally, Sirius/XM Radio has also supported
the 2320–2345 MHz band for the in-vehicle infotainment system (IVI system). The results of
the proposed antenna have been analyzed by simulation and measurement. As a result, the
proposed antenna has stable radiation and a widely broadband characteristic in this research.



Electronics 2021, 10, 2715 11 of 13

Table 1. Comparison of the proposed antenna with other research literature.

References Publication
Year

Overall Size
(mm2)

System Ground
Size (mm2)

Antenna Size
(mm2)

Operation
Range (GHz)

Resonant
Frequency (GHz) Bandwidth (%) Gain

(dBi) Applications

[26] 2020 36 × 38 36 × 21.7 38 × 24.4 4.5–5.57 5.035
30%

6 WiFi/LTE/WiMax(1070 MHz)

[27] 2020 20 × 19 10 × 19 13.5 × 10
2.4–2.54 2.74 5.1% (140 MHz)

3.7% (220 MHz)
2.1

WBAN5.72–5.94 5.83 3.5

[28] 2020 54 × 37 5 × 54 54 × 32 1.6–2.2 1.9 31.5% (600 MHz) 1.67 -

[29] 2020 24 × 19 8 × 8.5 16 × 16
2.33–2.47 2.4 5.8% (140 MHz)

13.3% (240 MHz)
6.6% (370 MHz)

2.26
Bluetooth/5G NR/WLAN3.68–3.92 6.3 3.14

5.38–5.75 5.565 3.73

[30] 2021 260 × 208 260 × 200 21 × 8
2.25–2.64 2.445 5.8% (390 MHz)

13.3% (380 MHz)
6.6% (1410 MHz)

4.38
LTE/WIFI/sub-6 GHz/5G bands3.25–3.63 3.44 4

5–6.41 5.705 5.68

Proposed - 50 × 10 42.5 × 10 12.5 × 7.5
2–2.74 2.46 31.22% (740 MHz)

65.29% (3938 MHz)
2.7 5G, B5G, 4G, V2X, ISM band of WLAN, Bluetooth,

WiFi 6 band and WiMAX, Sirius/XM Radio4.062–8 6.205 6.75
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4. Conclusions

Herein, we have presented the proposed antenna structure with two branches that
can achieve dual-band and broadband bandwidth characteristics. Moreover, the antenna
performances have been analyzed, validated, and manufactured. Thus, this design is suit-
able for in-vehicle infotainment and autopilot equipment systems in autonomous vehicle
communication systems, including 5G, B5G, 4G, V2X, ISM band of WLAN, Bluetooth, WiFi
6 band, WiMAX, and Sirius/XM Radio application.
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