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A miniaturized internal antenna with monopole structure is constituted, including three radiating strips of a compact prototype
and a back-coupling pad to improve the impedance matching, which achieves a wide bandwidth of 2.972GHz between the
operating frequencies of 2315–5285MHz, and is introduced and researched. (ere is an urgent need for a complete frequency-
continuous and large bandwidth design in the current wireless communication design to achieve a multimode, multifrequency,
physical phenomenon design with large bandwidth and continuous operating frequency. (e recommended antenna provides a
broadband operation in an electric vehicles (EVs) and Internet of (ings (IoT) devices application embedded in the wireless
communication standard for 5G, LTE, V2X, WLAN, WiMAX, Sirius/XM Radio, V2X, and DSRC to support the multiband
application. (is design is embedded side edge of overall placement in the device and is integrated applicable to the trend of
heterogeneous wireless multiple access networks in electric vehicle and Internet of (ings system devices, which covered the 5G
with supporting the band of n7/n38/n40/n53/n77/n78/n79/n90, the 4G with supporting the band of 7/38/40/41/42/43/48/67, the
V2X and DSRC for the operating frequencies between 2500 and 5000MHz, the Sirius/XM Radio for the operating frequencies of
2320–2345MHz, the ISM band of WiFi and BT covering the band of 2450–2483.5 and 5150–5350MHz, and the WiMAX also
supporting the band of 2300–2690 and 3400–3690MHz. Moreover, the compact antenna manufactured an FR4 material with the
antenna area of 5×10× 0.8mm3 and the ground area of 33.5×10× 0.8mm3. (e proposed design better benefits a narrow space
on the PCB with a low profile and is easy to make with a circuit board design.

1. Introduction

To welcome the 5th generation mobile network commu-
nication era’s arrival, all industries are facing innovation and
upgrading and undoubtedly need to use 5G technology to
promote industrial development [1]. Imaginative life sce-
narios include the vigorous development of emerging
technologies such as AI, autonomous driving, and various
significant data operations. (erefore, electronic devices are
made rich and diverse and full frequency band coverage
[2–12]. (ere are four main characteristics of high mobility,
high throughput, high connection density, and low latency

to establish the fifth-generation mobile communication
system [3]. Although the emerging 5G wireless communi-
cation is on the rise, the 5G mobile communication system
still needs to work together and peacefully with other
wireless communication systems (LTE, WiFi, WiMax, and
3G/2G).

Mobile operators also need access to a spectrum between
1GHz and 6GHz, critical to 5G terrestrial mobile service
[13–17]. (is spectrum range deployment’s physical char-
acteristics, including structure penetration, range, and
propagation around obstructions, are more suitable for
applications. 5G wireless communication will establish a
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wide-ranging range of applications, which are usually
classified into Ultrareliable and Low Latency Communica-
tions (URLLC), enhanced Mobile Broadband (eMBB), and
massive Machine Type Communications (mMTC) [18–25].
(e spectrum range of 3.4–3.6 GHz has been distributed to
worldwide consumers and acknowledged for International
Mobile Telecommunications (IMT) organization. Already
50 countries/regions have begun to adopt the spectrum
between 3.3 and 3.4GHz defined by IMT. Europe also
announced the opening of the 5G spectrum of 3.4–3.8GHz.
Moreover, the United States Federal Communications
Commission (FCC) also recommended the issuance of 5G in
the frequency band between 3.7GHz and 4.2GHz in May
2018, which can be used in commercial activities. (ese
countries make full use of the 500MHz spectrum and seek
commercial help and other investments.

Mobile communication and cooperation’s rapid de-
velopment is to achieve outstanding achievements in the
application of Internet of (ings (IoT) commercial ap-
plications. (e IoT is made up of physical phenomena,
buildings, vehicles, and integration of other components
and connected to the networks, software, electronic
equipment, and sensors so that these objects can gather and
enjoy together data networks. Using the 5th wireless mobile
system and the currently existing cloud communications
can become better precise and efficient [26–28]. As IoT
products have stricter requirements for wireless commu-
nication specifications, the space requirements for system
circuit design tend to shrink. (erefore, the space design of
multiband and broadband antennas is also facing signifi-
cant challenges. In the limited design space, making
multiband and broadband antennas with functional per-
formance has become a significant issue and has attracted
great attention.

(e communication system network connects and catches
hold of specific physical parameters, such as moisture, over-
whelming force, or temperature. Converting these meaningful
events into meaningful information is the event defined by the
IoT scenario [26, 29–32]. IoT devices are small, compact, and
easy to install in the environment the user wants. An antenna is
designed to meet the miniaturization requirements without
affecting its antenna performance. (erefore, antenna design
should be regarded as one of the primary themes regardless of
any wireless communication product. Look for any possible
design practices.(us, antenna engineers are more challenging
when making design decisions including the manufacturing
cost, size, reproducibility, and mass production that should be
paid attention to when designing. Commonly used antenna
types for IoT in products include printed circuit board and chip
antenna design. [33–35].

Enough bandwidth and multiple frequency bands,
simple and easy to replicate the design, and miniaturization
are the design goals that must be considered for the antenna
design of IoT devices. (e monopole antenna with multi-
band operation technology has so far been an attractive and
promising solution [36–52].

In references [36, 38, 53], the authors use a modified
monopole or inverted-F antenna structure with a plurality of
branches to create multiband operation and following

WLAN applications in the wireless communication device.
Some documents have proposed the planar monopole an-
tenna with inverted-F type and wideband design, as shown
in documents [39, 40]. Even though these designs have
excellent coverage frequency band features, the antenna area
is comparatively large. Documents [41, 43, 54] point out that
these designs have slot elements on the ground area ap-
plication of multiband frequency operation and are used for
WLAN and LTE applications. Furthermore, several antenna
designs utilize coplanar waveguide feed structures and ra-
diating rectangular patches, such as in literatures [42–52].
According to the research and investigation of the literature,
as mentioned earlier, compact antenna design recommen-
dations and multiband operations are a significant trend and
research direction in IoT devices and portable electronic
devices.

In our research, a miniaturized planar monopole an-
tenna with a coupling structure design is proposed. (e
proposed antenna showed the advantage of low-cost and
low-profile features and is suitable for embedded compact
mobile Internet of (ings (IoT) and electric vehicles (EVs)
device applications. (e wireless device specification is
defined to design in the frequency band with
2315–5285MHz, and the bandwidths are 2972MHz when
the condition is |S11|≦−6 dB. (erefore, the supported
wireless mobile system includes the application of the fifth-
generation (5G), Long-Term Evolution (LTE),Wireless LAN
(WLAN), Worldwide Interoperability for Microwave Access
(WiMAX), dedicated short-range communication (DSRC),
Sirius/XM Radio, and vehicle-to-everything (V2X) wireless
communication standards. (e proposed study of the planar
monopole antenna with stabilizing radiation patterns is
apposite for mobile and fixed IoT devices that integrate
multiple heterogeneous access networks, for example,
electric vehicle applications for 5G, LTE, WLAN, WiMAX,
Sirius/XM Radio, V2X, and DSRC communication systems.
(e high-frequency finite element simulator analyzed the
performance of the proposed antenna and verified the
measurement results in the anechoic chamber. (e detailed
working mechanism of the planar monopole antenna is
studied and discussed in the following sections.

2. Proposed Planar Antenna
Design Configuration

(e proposed planar monopole antenna design with cov-
erage in the frequency ranges of 2315–5285MHz is suitable
for mobile wireless communication IoT and EV electric
equipment, demonstrating the construction of an embedded
planar antenna as Figure 1. Six wireless communication
systems can be supported and applied including the 5th
wireless standard covering the operating frequency between
2500 and 5000MHz with the new radio band application
including n7, n38, n40, n53, n77, n78, n79, and n90. (e
second supported wireless system is the DSRC, and V2X
bands in 2500–5000MHz belong to the based wireless
technology of IEEE 802.11p. (e third wireless system
supported has operated frequencies between 2320 and
2345MHz for Sirius/XM Radio. (e fourth supported
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wireless system has worked the frequencies in 2300–2690
and 3400–3690MHz for the standard of theWiMAX system.
(e fifth supported wireless system has used the frequencies
in 2450–2483.5 and 5150–5350MHz for the WLAN wireless
communication. At last, the sixth supported wireless system
is the LTE wireless application, which covered the fre-
quencies in 2300–5250MHz, supporting the bands of 7, 38,
40, 41, 42, 43, 48, and 67.

(is antenna design has selected FR4 substrate material
to make the antenna. (e relevant design parameters of the
substrate such as relative permittivity of 4.4, loss tangent of
0.024, and thickness of 0.8mm are presented in Figure 1(b).
(e integrated circuit chip components, including micro-
controller unit, central processing unit, sensor elements,
radio frequency unit, baseband system unit, and power
management IC, are embedded in the system ground area
for our proposed planar antenna for vehicle or IoT infra-
structure applications. Figure 1(a) shows that the total size of
the entire system circuit is 40mm× 10mm, the antenna part
is 5mm× 10mm, and the ground plane is 33.5mm× 10mm.
Figure 1(c) also demonstrates the detailed dimension of the
planar antenna layout. Figure 1(d) shows that the proposed
embeddedmultiband monopole antenna prototype with low
cost and low profile is fabricated, verified, and displayed in
the top and bottom layers. (e proposed antenna archi-
tecture is assembled with four elements: three branches in
the front and a back-coupled small piece. (e path of strip 1
is connected with the ground plane, and the strip 2 and 3 are
with the same node to be linked to themain feed point on the
top layer; besides, the back-coupled small piece is over cover
with the top view of partial areas of the branch lines with the
strip 1 and 2. (e overall dimensions are shown in Table 1,
and the measurement method is designed with a 50-ohm

coaxial cable connected to the feed point between the system
ground plane and the branch line of the strip 2 and 3, and the
structure can that let the proposed monopole antenna be
excited and exhibit the antenna performance to arrive the
multiband frequency supported. Hence, the operating fre-
quency bandwidth is generated in the frequency range of
2500–5000MHz when the impedance matching is better and
suitable with the proposed antenna and coaxial cable’s
feeding point.

(e proposed antenna design is obtained from the
ground plane with a width of 10mm and a length of 33.5mm
for design reference to simulate the device application on
wireless communication with real IoT devices and electric
vehicles. Furthermore, the system ground with a rectangular
slot can contribute to the resonance frequency during
2350MHz and 2450MHz. (erefore, the proposed antenna
layout position of the edge side is suitable for the wireless
communication technology standard with the fourth-gen-
eration (5G), Long-Term Evolution (LTE), Wireless LAN
(WLAN), Worldwide Interoperability for Microwave Access
(WiMAX), Sirius/XM Radio, dedicated short-range com-
munication (DSRC), and the vehicle-to-everything (V2X)
communication systems.(eminiaturized planar monopole
antenna is studied by an electromagnetic simulator and
analyzed the antenna related performance of electrical and
radiative properties.

(ere are six conditions for the current distribution of
the operating frequency with 2350MHz, 2450MHz,
2600MHz, 3050MHz, 3500MHz, and 3750MHz shown in
Figure 2. (e simulated surface current distribution at
2350MHz, 2450MHz, and 2600MHz can be observed to
show a firm surface current effect around the main path of
strip 1 with a back-coupled small piece with a rectangular
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Figure 1: Construction of the suggested planar antenna design: (a) full view of the planar antenna geometry; (b) planar antenna design
architecture with equipment layout; (c) specific dimensions on the top and bottom layers; (d) multiband antenna manufactured by shooting
with both sides view; (e) the planar antenna includes three strips and one pad on both layers.
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slot, which is a combined result, as shown in Figures 2(a)–
2(c). Furthermore, the simulated surface current distribu-
tion at the operating frequencies with 3050MHz, 3500MHz,
and 3750MHz is analyzed to show that the strip 2 con-
tributes a current solid effect accompanied by a small current

of strip 3 composed of surface current distributions shown
in Figures 2(d)–2(f), respectively. Furthermore, it is worth
mentioning that the coupling patch on the back can produce
broadband benefits. From the current distribution diagram,
it can be seen that the coupling patch on the back produces a

Table 1: Detail dimensions of the planar proposed antenna (unit: mm).

L1 L2 L3 L4 L5
5 4.25 2 0.5 4.3
L6 L7 L8 L9 L10
2.8 1.5 1.5 4.5 2
L11 W1 W2 W3 W4
5 10 7 6 3
W5 W6 W7 W8 W9
1.5 0.7 0.5 2 1
Lg Lg1 L Wg1 W
33.5 3 6.5 6.5 10
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Figure 2: (e surface current distributions at different operating frequencies: (a) 2350MHz; (b) 2450MHz; (c) 2600MHz; (d) 3050MHz;
(e) 3500MHz; (f ) 3750MHz.
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current effect at each frequency to adjust the broadband
effect of the antenna.

(e proposed antenna design with suitable structure
design with miniaturized layout and product okay perfor-
mance covers the bandwidth approximately 2972MHz.
(erefore, the antenna can handle suitable wide applications
for multimode wireless communication for users. Next,
corresponding parameters analysis and evaluation of the
reflection coefficient will be discussed in Section 3.

3. Results and Discussion

Including monopole antenna capability and related pa-
rameter analysis, simulation and measurement results are
carried out in this result and discussion section. (ere are
three paths with meander-shaped type distributed on the
top side; in addition, it also has a coupled-pad in the back
layer to enhance the bandwidth of operating frequencies.
(e proposed planar antenna has been manufactured and
acquired on FR4 substrate, as shown in Figure 1(d). Also,
the overall analysis is obtained by a full-wave electro-
magnetic simulator. (e return loss performance of this
prototype was evaluated and verified by Agilent E5071C
using a vector network analyzer. (e impedance band-
widths of simulated and measured are defined by 3 :1
VSWR, which is extensively adopted for the specification of
embedded WWAN antenna design and meets the 3GPP
wireless system requirement composed of RF active circuits.
(us, the operating band’s result with 6 dB return loss has
been achieved 2315–5285MHz, corresponding to 78.21%
bandwidth. (e bandwidth is designed between the oper-
ating frequencies of 2315–5285MHz, as shown in Figure 3;
the bandwidth can support cooperation with different
multiband wireless communication systems and be adopted
in a heterogeneous system together at the same time. (e
heterogeneous wireless system can be recommended and
suggested to design in the mobile wireless communication
IoT and EVs device to support IEEE 802.11p of the DSRC
and V2X bands, the Sirius/XM Radio, the WiMAX, the
WLAN, the LTE, and the 5G FR1 band. As shown in
Figure 4, the proposed antenna’s parametric studies are
offered, discussed, and performed using an EM simulator.
(e parameter analysis scheme of the planar antenna
proposed by us is composed of six parameter analysis
antenna performances. (e proposed prototype achieves
the proposed multiband and miniaturized design.
Figure 4(a) demonstrates various parameters with the
lengths of W9 in the strip 3 which are simulated and cal-
culated; and these return loss responses are compared. (e
result shows that the matching impedance can be controlled
by the length of W9. (erefore, it is recommended to set the
length of W9 to 3mm. (e lengths W10 belong to strip 1,
which is observed as the performance variation with dif-
ferent strip 1 lengths between 1.5 to 3.5 mm. (e length of
W10 is recommended to use 2.5mm to meet the proposed
planar antenna design requirement, as demonstrated in
Figure 4(b). (e parameter of ground slot design is dis-
cussed that the slot length of L9 modified the three pa-
rameters of 1, 3, and 5mm; thus, the length is at 1mm that

the resonant frequency is shifted to low frequency and
obtained the smaller bandwidth. When the length is 5mm,
the resonant frequency generated narrow bandwidth and
shifted to higher frequency band operation, as shown in
Figure 4(c). From the parameters of the L9 study, the length
of the ground slot design is suggested with 3mm for design.

On further research on strips 2 and 3, their prominent
contribution lies in the fact that the bandwidth is stabilized
and the matching effect is achieved. (is analysis method
uses progressive parameters to analyze the design changes in
strips 2 and 3 with types 1 to 4, as shown in Figure 4(d).
(ereupon, the bandwidth is formed and covered correctly
from type 1 to 2 conditions. (e type 3 condition then
generated a better matching effect than the type 2 condition
at the same operation bandwidth. (e bandwidth design
achieved the return loss under 6 dB requirement for the
proposed antenna design when the back-coupled small piece
is adopted from the condition of type 4. Finally, Figures 4(e)
and 4(f) show that coupled effects can help the proposed
antenna obtain a better matching in the required frequency
band. (erefore, W8 and L11 are recommended to use 2mm
and 5mm, respectively; that is the best solution. As the above
analysis, the proposed antenna structure can quickly control
the operation frequency band and avoid manufacturing
tolerance, making it easy to make. Furthermore, the pro-
posed system can also achieve suitable impedance matching
in the operation band that we want, and this proposed planar
antenna can be employed and designed in the related electric
vehicle devices and IoTdevices with a wide bandwidth to be
adopted.

Further, the performance of antenna gain and radiation
efficiency is discussed. (e measurement is adopted a far-
field anechoic chamber, whose product name is the ETS-
Lindgren measurement system for validation infrastructure
detailed in website (http://www.ets-lindgren.com) for
reference. (e radiation pattern with simulated and
measured results is obtained and compared with the form
of xy, yz, and zx planes in Figure 5. (e radiation
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Figure 5: (e simulation and measurement antenna radiation patterns under different operating frequency conditions: (a) 2350MHz;
(b) 2450MHz; (c) 2600MHz; (d) 3500MHz; (e) 4500MHz.
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performance is analyzed by the operation frequencies with
2350MHz, 2450MHz, 2600MHz, 3500MHz, and
4500MHz, respectively. Good agreement can be observed
between the simulated and measured radiation patterns.
Stable radiation patterns are also achieved within the
impedance bandwidth. (e discrepancies in the simulated
and measured results are attributed to measurement errors,
including the cables and measurement setup. Good cov-
erage and quality of communication in the mobile wireless
IoT and EVs device support multiband multiwireless sys-
tems. Moreover, the radiation efficiencies and peak gains
also are simulated and measured in Figure 6. (e antenna
gain obtained the best of 3 dBi, and the antenna efficiency

obtained the best at 87% for the suggested antenna design.
Good agreement can be observed between the simulated
and measured antenna gain and efficiency. (erefore, the
proposed multiband antenna design with steady antenna
gain and radiation efficiency is suitable for IoT and vehicle
device applications.

(e proposed antenna is also compared with other lit-
eratures [55–59] for the last three years and is reported in
Table 2, which is compared with the parameters of antenna
size, operation frequency range, bandwidth, and application.
Compared with the overall antenna size, the overall antenna
size we designed is smaller than [55, 56]. However, if we use
system ground size to compare, its system ground size is
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Figure 6: (e simulation and measurement of antenna radiation efficiency and peak gain.

Table 2: Antenna size comparison with other literature studies.

References Publication
year

Overall
sizes
(mm2)

System ground size
comparison

(Lmm×Wmm)

Antenna size
comparison

(Lmm×Wmm)

Operation
frequency

range (GHz)

Bandwidth
(%) Applications

[55] 2020 118× 42 100× 42 39×17
0.85–1.1
1.75–2

2.19–2.75

25.6%
(250MHz)
13.3%

(250MHz)
22.6%

(560MHz)

GSM900/Wi-
Fi2400/RFID2450/

LTE

[56] 2020 54× 37 5× 54 54× 32 1.6–2.2 31.5%
(600MHz)

A novel printed
monopole antenna

[57] 2019 27×12 6× 4.4 2.28× 27 2.38–2.48 4.1%
(100MHz) SFCW radar-based

[58] 2019 12.6× 7.5 8.6× 7.5 75× 4 2.4–2.5 4%
(100MHz) Bluetooth system

[59] 2021 21× 8 160× 200 21× 8
2.25–2.64
3.25–3.63
5–6.41

5.8%
(390MHz)
13.3%

(380MHz)
6.6%

(1410MHz)

LTE/WIFI/sub-
6GHz/5G bands

Proposed — 40×10 33.5×10 10× 9.5 2.15–5.28 84.2%
(3130MHz)

Bluetooth
(2.4GHz)/5G NR/

WiMax (2.5/
3.5GHz)/4G LTE
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smaller than [55, 59], and this antenna size is smaller than
[55–59]. Comparing the operating frequency and band-
width, this design is the most continuous and extremely
wideband design. After comparing with other antenna re-
search literatures, the proposed antenna provides ultra-
wideband operation characteristics with complete frequency
continuity, and it also has a smaller antenna area and system
ground area in the Internet of (ings (IoT) and electric
vehicle (EV) device applications embedded in the wireless
communication standard for 5G, LTE, V2X, WLAN,
WiMAX, Sirius/XM Radio, V2X, and DSRC to support the
multiband application.

4. Conclusion

In addition to the essential Internet of (ings, wireless
communication is becoming increasingly important in
electric vehicles or portable Internet of (ings devices.
(erefore, we need a hardware specification that has an
ultralarge bandwidth and a continuous operating frequency.
(e proposed antenna is with three strips and one back-
coupled small piece design. It is mainly because the small
back-coupled piece is covered with the top view of partial
areas of the branch lines with strips 1 and 2. Let the coupling
patch on the back produce a current effect at each frequency
to adjust the broadband effect of the antenna. (is design
uses simple geometric figures to build a wideband antenna
and is used in many wireless communication systems. It is a
beautiful design and easy to make. It is also a very stan-
dardized design process and a structure that can be copied
anywhere.

Furthermore, a smaller system area can be used to design
a compact antenna. (is work reports a successfully built,
highly compact multiband monopole antenna.(is design is
embedded side edge of overall placement in the device and is
integrated appropriately for the trend application of het-
erogeneous wireless network in electric vehicle and Internet
of (ings system devices, which covered the 5G with sup-
porting the band of n7/n38/n40/n53/n77/n78/n79/n90, the
4G with supporting the band of 7/38/40/41/42/43/48/67, the
V2X and DSRC for the operating frequencies between 2500
and 5000MHz, the Sirius/XM Radio for the operating
frequencies of 2320–2345MHz, the ISM band of WiFi and
BT covering the band of 2450–2483.5 and 5150–5350MHz,
and theWiMAX also supporting the band of 2300–2690 and
3400–3690MHz. (e embedded antenna is adapted to
wireless communication device IoT. Simulated and mea-
sured results meet the IoT system requirements. (e pro-
posed planar antenna is attractive to be used in emerging
wireless communication devices.

Data Availability

No data were used to support this study.

Conflicts of Interest

(e authors declare that they have no conflicts of interest.

References

[1] A. Rejeb and J. G. Keogh, “5G networks in the value chain,”
Wireless Personal Communications, vol. 2, pp. 1–23, 2020.

[2] K. Shafique, B. A. Khawaja, F. Sabir, S. Qazi, and
M. Mustaqim, “Internet of things (IoT) for next-generation
smart systems: a review of current challenges, future trends
and prospects for emerging 5G-IoT scenarios,” IEEE Access,
vol. 8, pp. 23022–23040, 2020.

[3] L. Chettri and R. Bera, “A comprehensive survey on Internet
of (ings (IoT) toward 5G wireless systems,” IEEE Internet of
(ings Journal, vol. 7, pp. 16–32, 2019.

[4] D. Wang, D. Chen, B. Song, N. Guizani, X. Yu, and X. Du,
“From IoT to 5G I-IoT: the next generation IoT-based in-
telligent algorithms and 5G technologies,” IEEE Communi-
cations Magazine, vol. 56, no. 10, pp. 114–120, 2018.

[5] D. Wang, B. Song, D. Chen, and X. Du, “Intelligent cognitive
radio in 5G: AI-based hierarchical cognitive cellular net-
works,” IEEE Wireless Communications, vol. 26, no. 3,
pp. 54–61, 2019.

[6] X. You, C. Zhang, X. Tan, S. Jin, and H. Wu, “AI for 5G:
research directions and paradigms,” Science China Informa-
tion Sciences, vol. 62, pp. 1–13, 2019.

[7] V. Chamola, V. Hassija, V. Gupta, and M. Guizani, “A
comprehensive review of the COVID-19 pandemic and the
role of IoT, drones, AI, blockchain, and 5G in managing its
impact,” IEEE Access, vol. 8, pp. 90225–90265, 2020.

[8] D. A. Chekired, M. A. Togou, L. Khoukhi, and A. Ksentini,
“5G-slicing-enabled scalable SDN core network: toward an
ultra-low latency of autonomous driving service,” IEEE
Journal on Selected Areas in Communications, vol. 37, no. 8,
pp. 1769–1782, 2019.

[9] H. Ma, S. Li, E. Zhang, Z. Lv, J. Hu, and X. Wei, “Cooperative
autonomous driving oriented MEC-aided 5G-V2X: prototype
system design, field tests and AI-based optimization tools,”
IEEE Access, vol. 8, pp. 54288–54302, 2020.

[10] N. Zhang, P. Yang, J. Ren, D. Chen, L. Yu, and X. Shen,
“Synergy of big data and 5g wireless networks: opportunities,
approaches, and challenges,” IEEE Wireless Communications,
vol. 25, no. 1, pp. 12–18, 2018.

[11] M. S. Hossain and G. Muhammad, “Emotion-aware con-
nected healthcare big data towards 5G,” IEEE Internet of
(ings Journal, vol. 5, pp. 2399–2406, 2017.

[12] K. Zhan, “Sports and health big data system based on 5G
network and Internet of (ings system,” Microprocessors and
Microsystems, vol. 80, Article ID 103363, 2020.

[13] W. S. H. M.W. Ahmad, N. A. M. Radzi, F. S. Samidi et al., “5G
technology: towards dynamic spectrum sharing using cog-
nitive radio networks,” IEEE Access, vol. 8, pp. 14460–14488,
2020.

[14] S. Sicari, A. Rizzardi, and A. Coen-Porisini, “5G in the in-
ternet of things era: an overview on security and privacy
challenges,” Computer Networks, vol. 179, Article ID 107345,
2020.

[15] M. Dryjanski and A. Kliks, “A hierarchical and modular radio
resource management architecture for 5G and beyond,” IEEE
Communications Magazine, vol. 58, no. 7, pp. 28–34, 2020.

[16] M. Taheribakhsh, A. Jafari, M. M. Peiro, and N. Kazemifard,
“5g implementation: major issues and challenges,” in Pro-
ceedings of the 2020 25th International Computer Conference,
Computer Society of Iran (CSICC), pp. 1–5, IEEE, Tehran, Iran,
June 2020.

10 International Journal of Antennas and Propagation



[17] J. Zhang, Y. Chen, Y. Liu, and H. Wu, “Spectrum knowledge
and real-time observing enabled smart spectrum manage-
ment,” IEEE Access, vol. 8, pp. 44153–44162, 2020.

[18] Y. Piao, Y. Kim, and T.-J. Lee, “Multi-beam connection re-
quest transmission scheme for 5G initial access,” in Pro-
ceedings of the 2020 14th International Conference on
Ubiquitous Information Management and Communication
(IMCOM), pp. 1–4, IEEE, Taichung, Taiwan, January 2020.

[19] Y. Jo, J. Lim, and D. Hong, “Mobility management based on
beam-level measurement report in 5GmassiveMIMO cellular
networks,” Electronics, vol. 9, no. 5, p. 865, 2020.

[20] A. Karimi, K. I. Pedersen, N. H. Mahmood, G. Berardinelli,
and P. Mogensen, “On the multiplexing of data and metadata
for ultra-reliable low-latency communications in 5G,” IEEE
Transactions on Vehicular Technology, vol. 69, no. 10,
pp. 12136–12147, 2020.

[21] A. Slalmi, H. Chaibi, A. Chehri, R. Saadane, G. Jeon, and
N. Hakem, “On the ultra-reliable and low-latency commu-
nications for tactile Internet in 5G Era,” Procedia Computer
Science, vol. 176, pp. 3853–3862, 2020.

[22] J. Du, Z. Chen, Y. Jia, L. Liang, and D. Liu, “Maximum
throughput of two-hop half-duplex relaying in ultra-reliable
and low-latency communications,” in Proceedings of the ICC
2020-2020 IEEE International Conference on Communications
(ICC), pp. 1–6, IEEE, Dublin, Ireland, June 2020.

[23] L.-S. Chen,W.-H. Chung, Y. Chen, and S.-Y. Kuo, “AMCwith
a BP-ANN scheme for 5G enhancedmobile broadband,” IEEE
Access, vol. 99, 2020.

[24] R. B. Di Renna and R. C. de Lamare, “Iterative list detection
and decoding for massive machine-type communications,”
IEEE Transactions on Communications, vol. 68, no. 10,
pp. 6276–6288, 2020.

[25] Z. Xie and W. Chen, “Pilot-efficient scheduling for large-scale
Antenna aided massive machine-type communications: a
cross-layer approach,” IEEE Transactions on Communica-
tions, vol. 68, no. 7, pp. 4262–4276, 2020.

[26] G. A. Akpakwu, B. J. Silva, G. P. Hancke, and A. M. Abu-
Mahfouz, “A survey on 5G networks for the Internet of
(ings: communication technologies and challenges,” IEEE
Access, vol. 6, pp. 3619–3647, 2017.

[27] B. Benmammar, “Internet of things and cognitive radio,”
International Journal of Organizational and Collective Intel-
ligence, vol. 11, no. 1, pp. 39–52, 2021.

[28] M. N. Ahangar, Q. Z. Ahmed, F. A. Khan, and M. Hafeez, “A
survey of autonomous vehicles: enabling communication
technologies and challenges,” Sensors, vol. 21, no. 3, p. 706,
2021.

[29] A. E. Varjovi and S. Babaie, “Green internet of things (GIoT):
vision, applications and research challenges,” Sustainable
Computing: Informatics and Systems, vol. 28, Article ID
100448, 2020.

[30] D. Miorandi, S. Sicari, F. De Pellegrini, and I. Chlamtac,
“Internet of things: vision, applications and research chal-
lenges,” Ad Hoc Networks, vol. 10, no. 7, pp. 1497–1516, 2012.

[31] A. Al-Fuqaha, M. Guizani, M. Mohammadi, M. Aledhari, and
M. Ayyash, “Internet of things: a survey on enabling tech-
nologies, protocols, and applications,” IEEE Communications
Surveys & Tutorials, vol. 17, no. 4, pp. 2347–2376, 2015.

[32] U. M. V. V. Hemanth, N. Manikanta, M. Venkatesh,
M. Visweswara Rao, and D. Nandan, “Impact study of in-
ternet of things on smart city development,” Lecture Notes in
Electrical Engineering, Springer, Berlin, Germany, pp. 1007–
1017, 2021.

[33] S. Sojuyigbe and K. Daniel, “Wearables/IOT devices: chal-
lenges and solutions to integration of miniature antennas in
close proximity to the human body,” in Proceedings of the 2015
IEEE Symposium on Electromagnetic Compatibility and Signal
Integrity, pp. 75–78, IEEE, Santa Clara, CA, USA, March 2015.

[34] J.-I. Oh, H.-w Jo, K.-S. Kim, H. Cho, and J.-W. Yu, “A
compact cavity-backed slot antenna using dual-mode for IoT
applications,” IEEE Antennas and Wireless Propagation Let-
ters, vol. 20, 2021.

[35] L. Lizzi, F. Ferrero, C. Danchesi, and S. Boudaud, “Design of
antennas enabling miniature and energy efficient wireless IoT
devices for smart cities,” in Proceedings of the 2016 IEEE
International Smart Cities Conference (ISC2), pp. 1–5, IEEE,
Manchester, UK, September 2016.

[36] W.-S. Chen, G.-L. Lin, and C.-K. Yang, “Small monopole
antenna with two curved strips for wireless USB applications,”
in Proceedings of the 2015 Asia-Pacific Symposium on Elec-
tromagnetic Compatibility (APEMC), pp. 200–203, IEEE,
Taipei, Taiwan, May 2015.

[37] W.-S. Chen, G.-Q. Lin, and H.-M. Liu, “(e multi-band
monopole antenna for USB devices,” in Proceedings of the
2015 Asia-Pacific Symposium on Electromagnetic Compati-
bility (APEMC), pp. 204–207, IEEE, Taipei, Taiwan, May 2015.

[38] R. Gonçalves, N. B. Carvalho, and P. Pinho, “Small antenna
design for very compact devices and wearables,” IET Mi-
crowaves, Antennas & Propagation, vol. 11, pp. 874–879, 2017.

[39] H. S. Saini, A. (akur, R. Kumar, A. Sharma, and N. Kumar,
“A small size wideband planar inverted-F antenna for USB
dongle devices,” in Proceedings of the 2016 IEEE 1st Inter-
national Conference on Power Electronics, Intelligent Control
and Energy Systems (ICPEICES), pp. 1–3, IEEE, New Delhi,
India, July 2016.

[40] Y. Yang and Y. Liu, “A CPW-fed triple-band planarmonopole
antenna for internet of things applications,” in Proceedings of
the 2014 International Conference on Cyber-Enabled Dis-
tributed Computing and Knowledge Discovery, pp. 380–383,
IEEE, Shanghai, China, October 2014.

[41] L. Li, X. Zhang, X. Yin, and L. Zhou, “A compact triple-band
printedmonopole antenna forWLAN/WiMAX applications,”
IEEE Antennas and Wireless Propagation Letters, vol. 15,
pp. 1853–1855, 2016.

[42] S. Ullah, S. Hayat, A. Umar, U. Ali, F. A. Tahir, and J. A. Flint,
“Design, fabrication and measurement of triple band fre-
quency reconfigurable antennas for portable wireless com-
munications,” AEU-International Journal of Electronics and
Communications, vol. 81, pp. 236–242, 2017.

[43] S. Saxena, B. K. Kanaujia, S. Dwari, S. Kumar, and R. Tiwari,
“A compact microstrip fed dual polarised multiband antenna
for IEEE 802.11 a/b/g/n/ac/ax applications,” AEU-Interna-
tional Journal of Electronics and Communications, vol. 72,
pp. 95–103, 2017.

[44] C.-W. Hsu, M.-H. Shih, and C.-J. Wang, “A triple-strip
monopole antenna with dual-band circular polarization,” in
Proceedings of the 2016 IEEE 5th Asia-Pacific Conference on
Antennas and Propagation (APCAP), pp. 137-138, IEEE,
Kaohsiung, Taiwan, July 2016.

[45] H.-R. Kou, B.-Z. Zhang, J.-P. Duan, and S.-L. Ge, “Triple-band
monopole planar antenna designed for WLAN/WiMAX
application,” in Proceedings of the 2016 IEEE International
Conference on Microwave and Millimeter Wave Technology
(ICMMT), pp. 555–557, IEEE, Beijing, China, June 2016.

[46] V. K. Pandit and A. Harish, “A compact CPW-fed triple band
monopole antenna for WLAN/WiMAX applications,” in

International Journal of Antennas and Propagation 11



Proceedings of the 2016 Asia-Pacific Microwave Conference
(APMC), pp. 1–4, IEEE, Delhi, India, December 2016.

[47] S. Swathi and V. Bhanumathi, “Triple band monopole an-
tenna forWLAN andWIMAX applications,” in Proceedings of
the 2016 International Conference on Recent Trends in In-
formation Technology (ICRTIT), pp. 1–4, IEEE, Chennai,
India, April 2016.

[48] N. Tangthong, P. Moeikham, and S. Akatimagool, “A compact
multi band CPW-Fed monopole antenna using L-shaped and
straight slots,” in Proceedings of the 2016 13th International
Conference on Electrical Engineering/Electronics, Computer,
Telecommunications and Information Technology (ECTI-
CON), pp. 1–4, IEEE, ChiangMai, (ailand, June 2016.

[49] K. Yu, Y. Li, and Y. Wang, “Multi-band metamaterial-based
microstrip antenna for WLAN and WiMAX applications,” in
Proceedings of the 2017 International Applied Computational
Electromagnetics Society Symposium-Italy (ACES), pp. 1-2,
IEEE, Firenze, Italy, March 2017.

[50] A. Kumar, D. Jhanwar, and M. M. Sharma, “A compact
printed multistubs loaded resonator rectangular monopole
antenna design for multiband wireless systems,” International
Journal of RF and Microwave Computer-Aided Engineering,
vol. 27, no. 9, Article ID e21147, 2017.

[51] D. Oh Kim, C.-Y. Kim, D.-G. Yang, and M. Sajjad Ahmad,
“Multiband omnidirectional planar monopole antenna with
two split ring resonator pairs,” Microwave and Optical
Technology Letters, vol. 59, no. 4, pp. 753–758, 2017.

[52] T. Ali and R. C. Biradar, “A compact multiband antenna using
λ/4 rectangular stub loaded with metamaterial for IEEE
802.11N and IEEE 802.16E,” Microwave and Optical Tech-
nology Letters, vol. 59, no. 5, pp. 1000–1006, 2017.

[53] M. Al-Khaldi, “A highly compact multiband antenna for
Bluetooth/WLAN, WiMAX, and Wi-Fi applications,” Mi-
crowave and Optical Technology Letters, vol. 59, pp. 77–80,
2017.

[54] W.-S. Chen, C.-K. Yang, and G.-Q. Lin, “Compact design of
printed antenna with a ground slot for USB applications,” in
Proceedings of the 2016 IEEE 5th Asia-Pacific Conference on
Antennas and Propagation (APCAP), pp. 127-128, IEEE,
Kaohsiung, Taiwan, July 2016.

[55] A. Chen, M. Sun, Z. Zhang, and X. Fu, “Planar monopole
antenna with a parasitic shorted strip for multistandard
handheld terminals,” IEEE Access, vol. 8, pp. 51647–51652,
2020.

[56] H. Zhang, D. Chen, and C. Zhao, “A novel printed monopole
antenna with folded stepped impedance resonator loading,”
IEEE Access, vol. 8, pp. 146831–146837, 2020.

[57] J. Guo, W. Feng, J.-M. Friedt, Q. Zhao, and M. Sato, “A half-
cut compact monopole antenna for SFCW radar-based
concrete wall monitoring with a passive cooperative target,”
IEEE Geoscience and Remote Sensing Letters, vol. 17,
pp. 973–977, 2019.

[58] H. M. Santos, P. Pinho, R. P. Silva, M. Pinheiro, and
H. M. Salgado, “Meander-line monopole antenna with
compact ground plane for a bluetooth system-in-package,”
IEEE Antennas and Wireless Propagation Letters, vol. 18,
no. 11, pp. 2379–2383, 2019.

[59] J. Kulkarni, “Multiband triple folding monopole antenna for
wireless applications in the laptop computers,” International
Journal of Communication Systems, vol. 34, Article ID e4776,
2021.

12 International Journal of Antennas and Propagation


