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This paper presents a compact frequency-reconfigurable multiband antenna
design suitable for 5G and Wi-Fi 6E/7 applications. Designed on a low-cost
FR4 substrate, the antenna occupies a compact footprint of 28x15x1.6 mm,
making it one of the smallest designs reported and suitable for integration
into space-constrained devices. Its simple geometry enables easy design and
integration across platforms. Frequency reconfigurability is achieved using
PIN-diode-controlled reactive elements that manipulate current distribution
to shift resonant frequencies. The design and optimization were performed
using CST Microwave Studio to ensure accurate -electromagnetic
performance. Simulation results demonstrate that the proposed design
supports up to eight distinct operating modes, highlighting its versatile
frequency-reconfigurable capability. Among these modes, some achieve
excellent performance at specific frequency bands including Wi-Fi 6E/7
(24, 5 and 6 GHz) and 5G sub-6 GHz (3.5 GHz). These findings are
confirmed with simulation results showing clearly that the antenna exhibits
S 11 below —20 dB across the targeted frequency bands. The antenna also
demonstrates satisfactory gain, with values above 1.5 dBi across the desired
frequency bands. The antenna reveals a voltage standing wave ratio (VSWR)
below 1.5 across the intended frequency bands. These characteristics make
the proposed antenna a compact, versatile and efficient solution for current
and future wireless communication systems.
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1. INTRODUCTION

In the context of rapidly evolving technology and the increasing demand for connected objects
[1]-[4], wireless communication systems are constantly evolving to provide higher data rates, better energy
efficiency and broad application integration. [5]. Hence, the fifth generation (5G) of mobile communication
networks appears suitable to tailor these requirements in particular in the sub-6 GHz frequencies.
Furthermore, the deployment of 5G [6] involves the cohabitation with other services in particular with those
derived from the local-area network (WLAN) [7]. To tailor this exponential demand [8], a promising
approach is the development of multi-standard antennas supporting 5G and Wi-Fi 6E/7, while addressing
space constraints in smartphones and improving cost and energy efficiency [9]. Therefore, the antenna design
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must balance compactness with efficient multi-band performance [10]. The sub-6 GHz frequency range
supports modern wireless applications with robust connectivity, fast speeds, and low latency, though it offers
slightly lower data rates than millimeter-wave bands. This paper focuses on frequency reconfigurable
antennas for sub-6 GHz applications.

Reconfigurability refers to the ability to adjust and adapt the radiation pattern, polarization and
resonant frequency [11]. One or more mechanisms can be integrated into the same antenna [12] and the most
suitable mechanism for the antenna design depends on the desired functionalities and properties [12]. Indeed,
the reconfigurable antenna can be implemented in various applications including cognitive radio, multiple
input-multiple-output (MIMO), satellites and wireless communication [13], [11]. In the mono-
reconfiguration approach, three main types of antennas are identified: (i) frequency-reconfigurable antenna,
(if) pattern-reconfigurable antenna and (iii) polarization-reconfigurable antenna. Hussain et al. [14], a
4-element annular slot-based MIMO system integrated within Ultra-Wide Band (UWB) is introduced.
However, this design suffers from a relatively large footprint of 60x120x1.5 mm, which limits its suitability
for compact, space-constrained devices. The design of an asymmetric I-shaped dual broadband microstrip
patch antenna with notch-based frequency reconfiguration is presented in [15]. However, the design is
limited to only two operating bands and occupies a relatively large footprint of 39.6x47.6x1.6 mm that
restricts its applicability in compact, multiband systems. Kumar et al. [16], the authors consider the design of
a new A-shaped UWB antenna, operating over only a single frequency band. Tawk et al. [17],
a novel approach to frequency reconfigurable antenna dual-band design using photoconductive silicon
elements as optical switches is investigated but the design suffers from a large footprint and supports only
two frequency bands. Bharathi and Gosula [18], a MIMO antenna design that is distinguished by its ability to
operate in both triple and dual bands for WLAN applications is introduced. Even though the antenna operates
in tri-bands, all bands are dedicated to WLAN applications with no 5G support. Moreover, it has a relatively
large footprint (77.5x55.1x1.6 mm). Ghaffar et al. [19], the design and implementation of a compact
frequency-reconfigurable multi-band antenna is presented, with a footprint of 30x15x1.6 mm. Dildar et al.
[20], the authors introduce a frequency-reconfigurable antenna designed for IoT applications in 5G and sub-6
GHz wireless. However, it has a relatively large footprint 40x32x1.6 mm. Reconfigurable antennas offer the
possibility to dynamically modify their radiation pattern, allowing them to adapt to different operating
conditions and environments. This can result in improved signal quality and coverage [21]. Polarization
reconfigurable antennas significantly reduce multipath fading. Most research into polarization reconfigurable
antennas focuses on switching between right and left circular polarization at a specific frequency. In generals,
electrical control devices such as PIN diodes or RF-MEMS are used [22].

Based on the previously cited methods, coplanar waveguide (CPW) structures have been widely
used for broadband antennas due to their low signal distortion, minimal radiation loss and ease of fabrication.
Building upon the cited designs and addressing their limitations, in this paper we present a compact
FR4-based CPW-fed reconfigurable antenna tailored for multi-standard wireless applications, including
Wi-Fi 6E/7, 5G sub-6 GHz and 10T, which are becoming increasingly essential in modern communication
systems. The proposed antenna is one of the smallest reported in the literature, with overall dimensions of
28x15x1.6 mm, making it highly suitable for integration into space-constrained devices such as smartphones,
wearable electronics and lIoT modules. The antenna is capable of covering eight distinct operating modes,
simultaneously supporting Wi-Fi 6E/7 and sub-6 GHz 5G, providing flexibility and adaptability for multi-
standard wireless communications. The design adopts simple geometric shapes, which not only simplifies the
analysis and optimization processes but also facilitates adaptation to different platforms unlike some of the
cited methods that are often more complex and challenging to implement. Three PIN diodes are strategically
employed to enable dynamic reconfiguration of the resonant behavior across the eight modes, allowing the
antenna to adjust its frequency response according to specific application requirements. Furthermore, the use
of an FR4 substrate combined with the simple geometry contributes to cost-effective fabrication, reducing
production expenses compared to many of the previously reported designs. This approach addresses the
limitations of cited methods that are relatively large or complex while ensuring efficient radiation
performance, broad bandwidth coverage and ease of integration in compact wireless devices. Overall, the
proposed antenna offers a promising solution for modern multi-standard wireless systems, combining
compact size, simplicity, reconfigurability and cost efficiency, which are critical factors for next-generation
communication technologies. Simulation results confirm its ability to provide satisfactory impedance
matching, satisfactory gain and stable performance. In particular, the antenna demonstrates multi-band
operation at 2.4-2.6 GHz, 3.1-3.8 GHz, 4.9-5.5 GHz, 6.0-6.8 GHz, and up to 7.3 GHz, which correspond to
the targeted Wi-Fi (2.4/5/6 GHz), 5G sub-6 GHz, and ITU bands. These findings highlight the proposed
antenna as a promising candidate for future multifunctional, reconfigurable and space-constrained wireless
communication systems. The remainder of the paper is organized as follows. Section 2 introduces the
followed methodology and the design of the proposed antenna. Section 3 presents the obtained results on the
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conducted experiments. Section 4 compares the obtained results with those of several state-of-the-art
antennas. Finally, section 5 concludes this paper.

2. CONSIDRED METHODOLOGY AND ANTENNA DESIGN
2.1. General characteristics of designed antenna

Figure 1 illustrates the geometry of the proposed frequency-reconfigurable antenna, including its top
and bottom. As it can be seen, the design is based on simple geometric forms, which helps to reduce
fabrication complexity and facilitates low-cost manufacturing compared to some existing antenna.
The geometry of the proposed antenna is fed by a CPW line. Figure 1(a) shows the top view, where the CPW
conductor is connected to the rectangular patch. The CPW feed is divided into two sections, denoted as
CPW,; and CPW,. Each section is characterized by its length Lepy and width Wepy which define the
impedance of the feeding line and ensure proper matching with the radiating patch. Figure 1(b) presents the
side view of the antenna geometry, while Figure 1(c) shows the bottom view with the arrangement of the
metallic via pads. The antenna is implemented on an FR4-epoxy dielectric substrate (¢, = 4.4, § =
0.002,h = 1.6 mun) with a compact overall size of 25 x 18 x 1.6 mm. The use of FR-4 is dictated by its
low cost, ease of fabrication and suitable electrical. The bottom layer hosts a rectangular patch that forms the
main radiator of the antenna. To achieve frequency reconfigurability, both the left and right edges of this
rectangular patch are connected to I-shaped extensions through PIN diodes. By selectively activating these
diodes, additional current paths are created, which broaden the operating bandwidth and enable coverage of
sub-6 GHz 5G frequency bands. Furthermore, an inverted L-shaped patch is positioned at the center of the
structure and connected via a third PIN diode. This element further extends the resonance capabilities of the
antenna. Metallic vias are employed to connect different layers of the structure ensuring stable electrical.
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Figure 1. Geometry of the proposed reconfigurable antenna; (a) top view, (b) side view, and (c) bottom view

2.2. Design methodology

This subsection outlines the design procedure of the proposed antenna, which is based on a
conventional monopole antenna due to its simple structure and efficient radiation characteristics. As observed
in Figure 2, the proposed antenna is characterized by a simple and compact geometry, mainly composed of
basic rectangular and linear elements. Such a structure not only simplifies the design process but also ensures
ease of manufacturing. The reduced complexity minimizes fabrication errors and enhances reproducibility,
making the antenna highly suitable for large-scale production. The initial structure consists of a rectangular
patch placed on the bottom layer of the FR4 substrate and fed CPW as shown in Figure 2(a). From the
literature review, the FR-4 is chosen for its efficient radiation properties, ease of integration with other RF
components and simple fabrication process. The CPW is chosen as the feeding technique because it offers
improved radiation characteristics. CPW feeding is advantageous for antenna design, offering a wide
operating bandwidth, low dispersion and simplified construction. It also facilitates easy surface mounting of
additional circuit components without the need for wraparound or via holes. The rectangular patch is defined
by two geometrical parameters: its length Lp and its width Wp. These parameters constitute the fundamental
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dimensions of the monopole radiator and were optimized to ensure proper integration with the feeding
structure. Given the overall antenna width of 15 mm, the rectangular radiator inside is set to approximately
14 mm to maintain a lateral clearance of about 0.5 mm on each side. This margin prevents unintended contact
with the antenna boundary. The rectangular radiator is dimensioned to achieve a quarter-wavelength
resonance around 5.2 GHz, which was the initial target frequency of the rectangular patch to effectively
cover the Wi-Fi band. L is the total effective length of the monopole, defined in (1):

Ly=Lp+g 1)

where L, represents the physical length of the monopole radiator and gdenotes the gap between the radiator
and the CPW feed line. L, can be calculated in (2):

c

= i )

Ly

here ¢ = 3 x 108 m /s denotes the speed of light in free space and f; the central resonant frequency, chosen
as 5.2 GHz. The term &, represents the effective dielectric constant, which must be used instead of the
relative permittivity e, [19].

Figure 3 illustrates the simulated result of S, loss parameters of the rectangular monopole showing
a clear resonance at 5.2 GHz corresponding to the targeted Wi-Fi band. The return loss at this frequency is
below —10 dB, confirming the effectiveness of the rectangular radiator and demonstrates the suitability of the
proposed antenna design for Wi-Fi applications. The second step of the design process extends the antenna
operation to the sub-6 GHz 5G bands, with a focus on the 3.5 GHz band. To achieve this, sleeve structures
are incorporated into the radiating patch, a widely adopted technique for lowering the resonant frequency and
enabling antenna miniaturization. As a result, the initial resonant frequency of 5 GHz is shifted to 3.5 GHz by
integrating two I-shaped stubs on both sides of the rectangular radiator. This configuration offers two main
advantages: (1) it enables the excitation of additional resonant modes, thereby extending the antenna’s
operational bandwidth, and (2) the I-shaped stubs preserve a simple geometry, ensuring ease of fabrication
and low production cost. The second step of the design process is illustrated in Figure 2(b). Each I-shaped
stub exhibits the following dimension: length L;and width W;. The final step of the design introduces an
additional resonance corresponding to the 2.4 GHz Wi-Fi band. To achieve this, an additional sleeve is
incorporated at the center of the antenna. Based on the literature, F-shaped and L-shaped structures are
commonly used as simple and effective solutions for generating lower-frequency resonances. In this work, an
L-shaped stub is selected due to its structural simplicity and ease of fabrication. Figure 2(c) shows the final
configuration of the proposed antenna. The inverted-L shaped strip is characterized by two main geometrical
parameters: (1) the vertical section, referred to the leg of the L, with length L;, and width W;; and (2) the
horizontal section, referred to the base of the L, with length L;, and width W, .

— Wy —>
P

Figure 2. Design evolution of the proposed antenna; (a) initial antenna configuration with a rectangular
radiator fed by a CPW line, (b) geometry of the antenna in the second design step, and
(c) final geometry of the proposed antenna design
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Figure 3. Simulated |S;, | of the rectangular monopole

Figure 4 shows the equivalent electrical circuit of the PIN diode. A 50-Q SMA connector was utilized
to excite the structure while limiting its influence on the antenna characteristics. The HPND-4005 diode was
implemented using a lumped RLC equivalent circuit. In the ON state Figure 4(a), the diode behaves as a series
combination of a 0.15 nH inductor and a 4.7 Q resistor. In contrast, in the OFF-state Figure 4(b), it is modeled
as an inductor of 0.15 nH in series with a parallel network composed of a 0.017 pF capacitor and a 7 kQ
resistor. The equivalent model along with the biasing circuit is illustrated in Figure 4(c).
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Figure 4. Equivalent electrical circuit of pin diode in (a) On state, (b) Off-state
and (c) Electrical model of biasing circuit

Table 1 summarizes the optimized dimensions of the proposed antenna, including the CPW feed,
rectangular patch, I-shaped patch, and inverted L-shaped patch.

Table 1. Optimized dimensions of the proposed antenna

Component Characteristic  Dimension (mm)

CPW feed Lepw 3.5
Wepw 6

Rectangular patch Lp 3.5
Wp 14

| shaped patch L, 9.5
w 1

L inverted shaped patch Ly 14
Wiy 1

Ly, 1

Wi, 6.5
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3. RESULTS AND DISCUSSION

This section presents the results obtained from the conducted simulations, evaluated through key
performance parameters including return loss, gain, directivity and voltage standing wave ratio (VSWR).
All simulations were carried out using CST Studio Suite, which provides a reliable framework for
electromagnetic modeling and validation. The antenna is simulated using CST Studio Suite. Open

(add space) boundary conditions are applied to emulate free-space radiation, with an added space of A/ 4
around the structure 31 mm. The time-domain solver is used with a hexahedral mesh.

3.1. Return loss (S-parameters)

Figure 5 presents the simulated return loss (Sii1) for all configurations, illustrating the distinct
resonant modes achieved through reconfiguration. This figure clearly highlights the impact of each switching
state on the antenna’s resonant behavior. To describe the multiple operating modes of the proposed antenna, a
binary notation is adopted where ‘1’ and ‘0’ denote the ON and OFF states of the PIN diodes, respectively.
This convention enables clear identification of the eight possible configurations, with case ‘000’
corresponding to all diodes in the OFF state.

Return loss 5 SN QQ 4
. :

ISl (dB)
, o
=

-30

-35

= = =Mode000
Mode001
Mode010

- — -Mode011
Mode100| T
Mode101

- = =Mode110 |4

- = =Mode111

40 i i L i I
2 3 4 5 6 T 8 9
Frequency (GHz)

Figure 5. Return loss comparison among various diode states

The following describes the antenna behaviour for each mode. The following described the antenna
behaviour for each mode.

— Case ‘000’: when all diodes are in the OFF state, the antenna operates over a wide frequency range from
4.3 to 8.14 GHz, with a clear resonance at 5.2 GHz suitable for Wi-Fi applications. This result confirms
that the considered monopole antenna effectively resonates at the targeted frequency. Moreover,
it achieves satisfactory impedance matching, with an S;;value around —22.55 dB. An additional
resonance around 7 GHz enables coverage of the ITU band and extended wireless services.

— Case 001°: this configuration exhibits a resonance around 3.5 GHz, making it suitable for sub-6 GHz 5G
applications. It achieves a bandwidth ranging from 3.16 to 3.8 GHz, with excellent impedance matching
characterized by an S;; value of —27.54 dB. This behavior is attributed to the incorporation of
I-shaped sleeves, which effectively reduce the resonant frequency of the monopole antenna by modifying
the current path, thereby enabling operation at lower frequencies. In addition, a second resonance is
observed around 6.5 GHz, covering Wi-Fi 6E/7 bands, with a wide bandwidth extending from 5.12 to
7.71 GHz and an Si1 of —17.96 dB.

— Case ‘010’: this configuration is dedicated to Wi-Fi applications, with resonances at 2.4 GHz
(2.46-2.74 GHz, S, arround —19.64 dB) and 5.2 GHz (S, arround —14.38 dB), along with an additional
resonance around 6 GHz for Wi-Fi 6E/7. This behavior is mainly due to the inverted L-shaped strip,
which increases the effective current path length, thereby lowering the resonant frequency and enabling
operation at 2.4 GHz, suitable for long-range Wi-Fi applications, while demonstrating that the addition of
sleeves to the monopole is a simple and effective approach for frequency tuning.

— Case ‘011’: multi-band operation is achieved with resonances at 2.4 GHz, 3.5 GHz, and between 5 GHz
and 6 GHz. These bands support Wi-Fi, sub-6 GHz 5G and extended Wi-Fi applications, demonstrating
high versatility.
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— Case “100’: its behavior is generally similar to that observed in case ‘001’ with S;, arround —26.27 dB for
the 3.4 GHz frequency.

— Case ‘101’: similar to Case ‘001, this mode exhibits good return loss around 3.5 GHz, ensuring effective
sub-6 GHz 5G operation.

— Case ‘110’: this mode is particularly suitable for 5G applications. This configuration exhibits three
resonant modes around 2.58 GHz (Su around —14.14 dB), 3.48 GHz (Su: around —23.13 dB), and
5.2 GHz (S11 around —16.38 dB), supporting Wi-Fi and sub-6 GHz 5G applications.

— Case ‘111: strong resonances are observed at 3.5 GHz and within the 6—7 GHz range. This mode
supports sub-6 GHz 5G and advanced Wi-Fi standards (Wi-Fi 6E/7), meeting next-generation wireless
system requirements.

The results summarized in Table 2 clearly highlight the versatility of the proposed antenna.
Depending on the switching configuration, the antenna is capable of operating in, single, dual- or tri-band
modes, efficiently covering the most relevant wireless standards. In particular, resonances are achieved at
2.4 GHz (Wi-Fi), 3.5 GHz (5G sub-6 GHz), 5 GHz (Wi-Fi), and between 6-7 GHz (Wi-Fi 6E/7 and
emerging 5G bands) as well as around 7 GHz, which corresponds to the ITU band. This confirms that the
antenna offers high reconfigurability while maintaining a compact and simple geometry.

Table 2. Summary of the simulated spectral bands for the proposed antenna under different
switching configurations, multi-standard communication systems

Switching mode  Operational mode  Resonance frequency (GHz) Simulated bands (GHz)
000 Wideband 52 4.34-8.14
001 Dual-band 35,65 3.1-4.71 and 6-6.8
010 Dual-band 24,52 2.47-2.77 and 4.82-7.06
011 Tri-band 2.49,35,5.2 2.44-2.59, 3.26-3.86 and 5,09 -7.11
100 Dual-band 34,52 3.11-3.78 and 5.07-7.17
101 Dual-band 35,65 3.10-4.71 and 6-6.8
110 Tri-band 2.49,34,5.2 2.46-2.66,3.29-3.77 and 4.95-7.25
111 Tri-band 2.49,35,5.2 2.45-2.51, 3.29-4.38 and 5.45-7.32
3.2. Gain

Figure 6 represents the gain of the proposed antenna versus frequency over the 2-9 GHz band for the
selected modes (negative-gain modes are omitted). The antenna reaches about 8-9 dBi at 2 GHz, then
decreases around 3 GHz. Between 3 GHz and 9 GHz, the gain remains relatively stable, ranging from 2 dBi
to 4 dBi with minimal variations, indicating good performance over a wide bandwidth.
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Figure 6. Gain comparison among various diode states

3.3. Directivity

Figure 7 shows the directivity of the proposed antenna versus frequency over the 2-9 GHz band for
different operating modes. The results indicate that the directivity generally increases with frequency.
At lower frequencies, it varies between 1.5 and 3 dBi. From 5 GHz to 9 GHz, higher values are achieved,
reaching up to approximately 5-5.5 dBi for some modes, particularly Mode 111. Overall, the antenna exhibits
improved directivity at higher frequencies with moderate variations between the different operating modes.
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3.3. VSWR
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Figure 7. Directivity comparison among various diode states

The VSWR is illustrated in Figure 8. The VSWR analysis shows that, for most modes, the values

remain below 1.5. This indicates a satisfactory impedance matching of the antenna at its resonant
frequencies, ensuring low reflection losses and adequate radiation efficiency.
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4. PERFORMANCE COMPRAISON

Table 3 presents a comparison between the proposed antenna and other state-of-the-art works for
similar applications. The proposed antenna stands out by offering a smaller size than the cited works and
supporting a larger number of operating bands. In addition, it features a simple and thin geometry, mainly
due to the CPW feeding technique, where the central conductor and the ground planes are placed on the same
side of the substrate. This configuration not only simplifies the design but also enhances integration with
modern circuits. In contrast, several reported designs rely on complex or moderately intricate structures to
achieve comparable or even inferior results. Moreover, the proposed antenna represents a promising solution

for modern wireless communication systems, as it covers both traditional Wi-Fi bands (2.4 and 5 GHz) and
the latest standards, including Wi-Fi 6E, Wi-Fi 7 and sub-6 GHz 5G.
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Figure 8. VSWR comparison among various diode states
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Table 3. Performance comparison of the proposed antenna with state-of-the-art works

Operational Principals’ Dimensions - Operational bands ~ Number of
Works region (GHz) frequencies (GHz) (mm?) NO. of switches per mode bands

[19] 2-9 2.4,35,5.2 15 x 30 3 PIN diodes Single, dual, tri, 12
wideband

[23] 2-8 2.4,35,4.7,58 35x%x35 3 PIN diodes Single, dual 5

[24] 29-532 3,4.2,46,5.2 25.34x 2533 2 Varactor diodes Single, tri 4

[25] 2-6 0.988, 2.67, 3.36, 80 x 80 2 PIN diodes Dual, triple, 6
4.58,4.76,4 wideband

[26] 1-6 1.9,24535.2,5.9 45 x 45 3 PIN diodes Wideband 6

[27] 1-4 15,35,1.62,25.3 60 x 60 4 PIN diodes Single, dualband 6

[28] 1-7 1.91-2.68, 3.3-3.75, 40 x 40 2 PIN diodes Triple, wideband 3

5.55-6.75

2-6 2.7,3.6,4.6,4.8 30 x 20 2 PIN diodes Single, dual, 4
tripleband

Our work 2-9 2.4,3.4,35,52 15 x 28 3 PIN diodes Single, dual, tri, 18
wideband

5. CONCLUSION

In this work, a compact frequency-reconfigurable antenna suitable for multi-standard wireless
communication systems has been proposed and analyzed. The antenna is designed on an FR4 substrate with
dimensions of 28 mmx15 mmx1.6 mm and fed by a CPW structure to ensure ease of integration and efficient
radiation. By employing three PIN diodes, the antenna achieves eight distinct reconfiguration modes, allowing
it to dynamically adapt to different wireless standards. Simulation results confirm that the antenna covers
several key frequency bands, including 2.4 GHz (Wi-Fi), 3.5 GHz (5G sub-6 GHz), 5.2/5.5 GHz (Wi-Fi),
6-6.8 GHz (Wi-Fi 6E/7) and up to 7.3 GHz (ITU band). The proposed design therefore demonstrates
versatility and robustness, while maintaining compactness, low cost and ease of fabrication through the use of
simple geometric structures. According to its performance and reconfigurability, the antenna stands as a strong
candidate for integration into future multifunctional wireless platforms, such as smartphones, 10T devices, and
emerging 5G/6G systems, where space, cost, and flexibility are critical factors. Thus, this antenna design can
reduce the need for multiple antennas in smartphones, lowering cost and improving energy efficiency.
As a future improvement, the antenna will be further miniaturized by reducing the number of PIN diodes to a
single switching element. This modification aims to decrease the overall size and complexity of the structure
while preserving similar resonant characteristics and maintaining comparable performance in terms of
operating frequency bands and impedance matching. Future work and perspectives include the integration of
the proposed antenna into MIMO systems to enhance overall system performance. Additionally, the design
could be fabricated using advanced substrates such as Rogers materials or flexible substrates to further
improve performance and adaptability. Finally, experimental validation in real-world applications such as
smartphones or 10T modules is recommended to assess practical feasibility and performance.
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