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ABSTRACT This study presents an innovative and compact monopole antenna with dual-band frequency
reconfigurability for LoRa applications. It operates within the 915 MHz and 868 MHz frequencies, aligning
with the designated bands for use in America, Asia and Europe. No existing compact reconfigurable
antenna with these features for LoRa applications within ISM bands below 1 GHz is known. Employing
an economical FR-4 substrate in its design, the antenna attains a compact size of 40 × 42 mm2 (0.12
λ0 × 0.12 λ0), where λ0 denotes the wavelength in free space corresponding to 868 MHz. A single
RF PIN diode enables seamless switching between 868 MHz and 915 MHz bands. Design, simulation,
and optimization employed CST MWS® software. Supervised regression Machine Learning (ML) models
predicted resonance frequencies, with Gaussian Process Regression emerging as optimal, achieving
R-squared and variance scores of 92.87% and 93.77%, respectively. A maximum gain of 2 dBi at 915 MHz
and 70% efficiency, boasting good radiation patterns and matching was demonstrated by the antenna.
Experimental validation in a football field at Universiti Teknologi PETRONAS, Malaysia, assessed the
proposed antenna’s performance on a LoRa transceiver system based on LoRa SX1276. The Received Signal
Strength Indicator (RSSI) of the proposed antenna consistently exceeded the conventional commercially
available monopole antenna by an average of −12 dBm at every point up to 300 m, showcasing enhanced
signal reception. The antenna proves promising for wireless sensor nodes in long-range applications.

INDEX TERMS Dual-band, LoRa, PIN-diode, reconfigurable, RSSI.

I. INTRODUCTION
In our contemporary lives, the Internet of Things (IoT) stands
as a transformative force, seamlessly connecting diverse
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objects to a central network and facilitating information
exchange. This powerful and omnipresent technology enables
individuals to remotely manage or monitor objects from
systems located hundreds of kilometers away, employing
diverse IoT technologies [1]. In the context of the fourth
industrial revolution, the IoT emerges as a pivotal force,
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poised to shape the future with billions, if not trillions,
of interconnected devices. Its exponential growth is foreseen
to be a cornerstone of the evolving technological landscape,
particularly as [2] predicts a connection of over 75 billion
devices to the Internet by 2025.

IoT has revolutionized daily life by seamlessly connecting
ordinary objects, transforming them into smart devices that
bridge the physical and digital worlds [3]. This transformative
power extends beyond personal convenience to impact
diverse industries, offering innovative solutions that enhance
both professional and personal domains.

In the era of smart devices, there is a growing demand
for communication technologies with reliable long-range
connectivity, low-cost, and power-efficient solutions [4].
Addressing this need, LPWANs (Low Power Wide Area
Networks) have surfaced as a crucial solution, offering
a scalable, power-efficient, and long-range communication
platform for IoT applications [5], [6].
The foundation of LPWANs often relies on technologies

like LoRa (Long Range), wherein the physical layer is served
by LoRa radio and and the MAC layer is operated by
Long Range Wide Area Networks (LoRaWAN). LoRaWAN
adopts a star topology, facilitating communication between
the Network Gateway (GW) andmultiple EndDevices (EDs).
To ensure reliable long-range communication, CSS (Chirp
Spread Spectrum) modulation is employed to effectively
manage interference in LoRa signals. Moreover, the Adaptive
Data Rate (ADR) mechanism enables dynamic adjustment of
critical LoRa parameters—like carrier frequency, Spreading
Factor (SF), Code Rate (CR), and Spreading Factor (SF)—
allowing adaptation to varying communication conditions in
dense networks [2], [7].
In addition to its technological attributes, the efficacy of

LoRa communication is closely tied to the performance of
antennas. In wireless communication systems domain, the
critical role of antennas is evident as they facilitate both
the transmission and reception of signals [8], [9], [10], with
LoRa being no exception. The choice of antennas in LoRa
technology significantly influences the range, coverage, and
overall reliability of IoT applications. Proper antenna design
ensures optimal signal propagation, allowing for extended
communication distances and improved connectivity in
diverse environments.

The surge in internet-connected devices highlights the need
for compact and versatile wireless solutions. Reconfigurable
antennas, especially small and lightweight ones like patch
antennas, play a key role in meeting this demand. As tech-
nology evolves, the growing demand is for devices capable
of multitasking. The emergence of IoT and the Industrial
Internet of Things (IIoT) emphasizes the importance of
wireless systems adaptable to various tasks, underscoring
the significance of antennas with reconfigurable properties.
A compact antenna with the ability to adjust frequency as
needed becomes crucial for enhancing device functional-
ity [11].

In the preceding decade, notable strides have been
taken in the conceptualization and realization of antennas
specifically designed for LoRa applications. Researchers
have systematically explored a variety of antenna types,
materials, and configurations, all directed towards optimizing
the performance of LoRa antenna for IoT systems.

In [12], an antenna aimed for 923 MHz LoRa IoT appli-
cations was designed and fabricated. The antenna utilized
folded monopole techniques and adopted an inverted-F
configuration to achieve compactness and size reduction. The
fabrication of the antenna having a dimension of 13.11 ×

22.95 mm2 was implemented on FR-4 PCBmaterial. Despite
its low profile, the antenna demonstrated −11.86 dBi as its
maximum gain at the designed frequency, and it featured an
omnidirectional radiation pattern, ensuring efficient signal
propagation in all directions. However, the antenna’s fixed
frequency design and relatively low gain raise considerations
about its suitability for IoT applications, especially in
scenarios requiring higher gain or frequency agility.

In a study by [13], a compact antenna designed for LoRa
sensor node IoT applications was discussed. Fabricated on
an FR-4 substrate utilizing a PIFA structure, the antenna
seamlessly integrated cut slots on its ground plane, result-
ing in a deliberate reduction of the operating frequency
to 410 MHz from 450 MHz. Strategically positioned at the
edge of a compact LoRa sensor node circuit board measuring
125 mm × 103 mm × 1.6,mm, the antenna effectively
occupied a space measuring 125 mm × 20 mm × 1.6 mm.
Operating effectively between 402.4 MHz and 441.6 MHz
with S11 < −6 dB, the antenna showcased a nearly
omnidirectional radiation pattern. However, challenges were
noted, including a lower realized gain (−6 dBi) and relatively
larger dimensions. Furthermore, the fixed-frequency design
may present difficulties in scenarios requiring frequency
adaptability for diverse IoT applications.

Additionally, a method for downsizing a patch antenna to
operate below 1 GHz for LoRa applications was presented
in [14]. The study introduced a rectangular patch antenna
featuring an inset feed which was initially designed at
1.57 GHz on an FR-4 substrate using Ansys HFSS. A slot
was incorporated just below the patch to shift the resonance
frequency to 881 MHz. The evaluated S11 < −10 dB
characteristic of the antenna revealed that the fabricated
antenna achieved a gain of 0.58 dB. However, it is noteworthy
that the gain remains relatively low, and the fixed frequency
design may pose limitations in scenarios requiring flexibility
for various IoT applications.

A comprehensive investigation by [15] explored the
development of a multiband MPA on an FR-4 PCB material.
Featuring a rectangular patch with strategically positioned
slots, the antenna aimed for multiband functionality, covering
LoRaWAN, UMTS, and European GSM-1800 frequency
bands for RF energy harvesting. It’s noteworthy that despite
its multiband capability, the antenna lacks reconfigurability
and is limited to a single LoRa band, potentially constraining

VOLUME 12, 2024 10971



M. S. Yahya et al.: ML-Optimized Compact Frequency Reconfigurable Antenna With RSSI Enhancement

its adaptability to diverse frequency requirements in the LoRa
spectrum.

In the pursuit of miniaturizing antennas for LoRaWAN
applications, a microstrip meandered line was introduced
to induce a lower resonance in the PIFA structure [16].
This involved incorporating a meandered microstrip line on
an FR-4 substrate, extending the current path and resulting
in a downward shift of the antenna’s resonant frequency.
While this technique proved effective for achieving compact
antenna designs, it is essential to note its limitation in
terms of fixed frequency operation (non-reconfigurable). The
optimized antenna, measuring 40×26×1.6 mm3, exhibited a
bandwidth of 102 MHz, ranging from 848 MHz to 950 MHz,
and a maximum gain of 2.1 dBi across its entire operating
frequency band.

In the work by [17], an energy harvesting antenna sup-
porting dual-band operation for LoRaWAN and EGSM-900
networks was developed. The E-shaped antenna underwent
optimization using the GWO algorithm and HFSS, resulting
in dual-band functionality at 865.1 MHz and 935.8 MHz.
However, drawbacks include suboptimal gain, measuring
1.0201 dB at 866 MHz and -5.4037 dB at 937 MHz.
Furthermore, the lack of reconfigurability of the antenna
impacts its adaptability to different operational frequencies
within the LoRa spectrum.

In the study presented by [18], a dual-band PIFA antenna
was designed to cater to the frequencies of 868 MHz
(European LoRaWAN, ZigBee, Sigfox, and Z-Wave) and
2.4 GHz (ZigBee, Wi-Fi, Bluetooth). The antenna, imple-
mented on an FR-4 substrate with a distinctive ground plane
placement, demonstrated effective dual-band performance.
However, its relatively larger dimensions measuring 100 ×

40 x 1.6 mm3 might limit its application in scenarios with
space constraints. Despite optimizing impedance matching
and achieving a commendable maximum gain of 4.2 dBi at
2.4 GHz, the antenna’s lack of reconfigurability for other
LoRa frequencies restricts its versatility across various IoT
applications.

In [19], a triangular-shaped multiband printed antenna for
LoRaWAN applications was introduced. Designed on an FR-
4 substrate, the antenna exhibited significant dimensions,
measuring 160 mm x 170 mm x 1.6 mm. Despite showcasing
dual-band functionality at 400 MHz and 900.2 MHz,
it achieved a maximum gain of -5.2 dB. The antenna’s
considerable size, limited gain, and fixed-frequency opera-
tion may pose challenges, particularly in applications where
compactness, higher gain, and frequency adaptability are
critical requirements.

In [20], a unique LoRa antenna designed for 868 MHz
operation in both overwater and underwater surface com-
munication scenarios was presented on an FR-4 sub-
strate. To address bandwidth degradation issues in aquatic
environments, the authors introduced a barrier (hollow)
around the antenna filled with oil-impregnated papers. The
resulting buffered antenna achieved an expansive bandwidth

of 400 MHz, spanning from 668 MHz to 1068 MHz.
Performance evaluations revealed that the sensor node with
the buffered antenna could communicate up to 6 meters
underwater and extended to 160 meters over the water
surface. In contrast, the sensor node without the buffered
antenna achieved a communication range of only 80 meters
over the water surface. However, the braided antenna’s
dimensions, measuring 120 mm x 70 mm x 2.4 mm, may
be considered relatively large, and its operation limited to a
single frequency may pose constraints in applications where
compactness and frequency adaptability are essential.

In a work presented by [21], a rectangular MPA for
LoRaWAN applications was designed on a PCB fabricated
with FR-4 material. The antenna’s design aimed to augment
gain and efficiency by incorporating at its ground plane two
slots (T-shaped). Despite achieving a gain of 2.194 dB, which
signifies improved performance, notable limitations include
the antenna’s non-reconfigurable nature and relatively large
dimensions measuring 210.82 mm x 164.79 mm x 5.5 mm.
These factors may pose challenges in scenarios where
adaptability and compact size are essential considerations.

In [22], two LoRa antennas operating at 868 MHz were
ingeniously designed to resemble the logos of the University
of Information Technology (UIT) and Universite Cote d’Azur
(UCA). The antennas were designed on an FR-4 substrate
with dimensions of 34 × 80 × 0.8 mm3. While the S11 <
−6 dB characteristic suggests commendable impedance
matching, a notable limitation lies in the non-reconfigurable
nature of the antennas, as they operate at a fixed LoRa
frequency. This lack of adaptability may restrict their
versatility in applications requiring frequency adjustments or
dynamic configurations.

The authors in [23] presented a dual-band antenna for
LPWAN applications, covering frequencies at 433 MHz
and 868 MHz. The antenna, implemented on an FR-4
substrate, exhibited modest dimensions of 90 mm x 30 mm x
1.6mm and featured a distinctive geometric shape resembling
the Universite Cote d’Azur logo. A notable drawback is the
antenna’s non-reconfigurable nature, limiting its adaptability
to different LoRa operational frequencies. Additionally, the
functionally achieved maximum gains at 433 MHz (-4.1 dB)
and 868 MHz (-2.2 dB) suggest relatively low gain values in
comparison to other antenna designs.

In the study by [24], an IoT terminal with dimensions
(300 mm x 30 mm x 0.8 mm) was introduced, featuring
three antennas designed for operation across four frequency
bands. The terminal integrated antennas for dual-band GSS
(Galileo L1 and L2 frequencies), and LoRa antennas at
2.4 GHz and 868 MHz. Despite the versatility of the antenna
system in the IoT terminal, allowing for communication
across multiple frequency bands, a notable limitation is its
non-reconfigurable nature. Furthermore, while the terminal
supports multiple bands, it covers only one LoRa band,
specifically 868 MHz, potentially restricting its adaptability
to different LoRa frequencies.
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In [25], a reconfigurable antenna was developed to support
multiple frequency bands, including 868MHz for LoRaWAN
and 401 MHz/466 MHz for UHF satellite communication.
The antenna features meandered lines on its patch loaded
with lumped components, and its resonance frequency is
controlled by a PIN diode. In the in-active mode, the antenna
operates at 466 MHz, while in the ON state, it operates
at 401MHz and 868MHz. Despite its versatility in frequency
operation, a limitation is the relatively low gain, with
maximum gains of -8.5 dB, -5.2 dB, and -2.5 dB at 401 MHz,
466 MHz, and 868 MHz, respectively.

In [26], a dual-band wearable patch antenna designed for
BLE-2.4 GHz and LoRa 868 MHz applications was intro-
duced. The antenna utilizes silver-ink-printed polystyrene
fabrics for the radiator and ground plane, with a neoprene
substrate. Employing an aperture-coupled feeding technique,
the antenna achieves dual-band functionality without a con-
ventional metallic SMA connector, enhancing its suitability
for wearables. Despite large dimension of 150 mm2, the
antenna is non-reconfigurable and covers only the 868 MHz
frequency for LoRa, limiting its adaptability to different LoRa
bands.

In [27], an MPA with a double leaf-shaped structure
was hosted on an FR-4 substrate, featuring dimensions of
22 × 34 mm2. Covering all sub 1-GHz LoRa bands, includ-
ing 433 MHz, 915 MHz, and 868 MHz, the antenna suits
diverse LoRa applications. While boasting a gain of 2.56 dB
for efficient signal transmission and reception, its wideband
nature makes it susceptible to interference, particularly due
to the proximity of frequencies like 868/915 MHz.

Recent investigations [28], [29] present LoRa antennas
with triple band frequency reconfigurable features. The
antenna employs a PIN diode mechanism to facilitate fre-
quency selection among 868 MHz, 433 MHz and 915 MHz,
providing adaptability for diverse LoRa bands. With dimen-
sions less than that of a standard credit card (80 mm ×

50 mm). They have attained up to 2 dBi peak gain. Despite
their capability for frequency reconfiguration, the relatively
large sizes of the antennas need to be reduced further for their
suitability for very compact IoT solutions.

This paper introduces an innovative and compact
monopole antenna with dual-band frequency reconfigura-
bility (868/915 MHz) for LoRa applications, featuring a
compact design of 40 × 42 x 1.6 mm3. Unlike many designs
suffering from limitations such as single-frequency operation,
large profiles, lack of reconfigurability, and low gain, this
antenna addresses these concerns. It utilizes machine learning
for resonance frequency prediction, a novel approach not
explored in the reviewed literature. Notably, the majority
of prior works rely solely on full-wave simulation software
without considering ML-based optimization. The study
critically observes that previous designs often lack com-
prehensive evaluation, specifically in real-world conditions
using a LoRa system. Unlike most, [23] is an exception,
but it does not assess the RSSI using the LoRa system.
An experimental setup was used to meticulously evaluate

RSSI of the proposed antenna, a crucial metric for wireless
communication quality, in an open environment—a football
field at Universiti Teknologi PETRONAS, minimizing inter-
ference and reflecting surfaces. This comprehensive approach
enhances the understanding and practical applicability of the
presented antenna.

The paper unfolds as follows: Section II details the
antenna’s design and structure, while Section III explores
its frequency-switching techniques. In Section IV, a com-
prehensive parametric study using CST MWS is conducted.
Section V investigates antenna’s optimization using machine
learning. Findings and analysis are presented in Section VI.
Sections VII-IX cover experimental validation and RSSI
evaluation. The paper concludes in Section X with key
insights and conclusions.

II. DESIGN AND GEOMETRY OF THE ANTENNA
Here, the proposed antenna’s design and structure for
operation within the 868 and 915 MHz LoRa frequency
bands are presented. The primary goal is to seamlessly switch
between 868 MHz and 915 MHz frequencies, facilitated
by a single RF PIN Diode (BAR50-02V) from Infineon.
Regulatory requirements dictate the global categorization
of LoRa operating frequencies, with 868 MHz commonly
utilized in Europe and 915 MHz in the United States and
some Asian countries. The antenna’s geometry, illustrated in
Fig. 1, integrates patches of meandered monopoles on an FR-
4 substrate’s upper surface, 1.6 mm thick, featuring tan δ =

0.02, and εr = 4.4. Complementing this design is a partial
ground positioned on the substrate’s lower side as depicted
in Fig. 1(b). The meandered monopoles, strategically folded
based on equations in [30], facilitate resonance at 868 MHz
and 915 MHz, contingent on the diode’s mode. Chosen
for its wide availability and cost-effectiveness, the substrate
undergoes design, tuning, and analysis through CST MWS.
Excitation is achieved via a 50� microstrip feed line having
a width of 3 mm.

A matching stub with dimensions of 18mm × 2mm,
illustrated in Fig. 1(a), is integrated to enhance the antenna’s
matching at the operational bands. This stub is crucial for
ensuring efficient power transfer between the antenna and
the transmission line, optimizing signal transmission and
reception. The inclusion of a matching stub further refines
the antenna’s performance, ensuring effectiveness in diverse
applications within the designated frequency bands.

III. FREQUENCY SWITCHING TECHNIQUES
There is a growing interest in reconfigurable antennas due
to their ability to overcome design limitations and adapt to
the evolving needs of wireless communication. Researchers
commonly employ various radiofrequency (RF) switches
such as FET switches, PIN diodes, and MEMS switches to
enable reconfiguration of antenna. The fundamental principle
underlying these switches is their capacity to regulate the
flow of RF current, allowing for antenna reconfigurability.
Precise positioning and optimization of the RF switch are

VOLUME 12, 2024 10973



M. S. Yahya et al.: ML-Optimized Compact Frequency Reconfigurable Antenna With RSSI Enhancement

FIGURE 1. Geometry of the proposed antenna (a) Front (b) Back.

crucial aspects of effective antenna design. Among the
different methods for achieving reconfigurable frequency
antennas, PIN diodes are favored for their impressive
handling capabilities and cost-effectiveness.

This study utilizes a single PIN diode (BAR50-02V) from
Infineon to enable seamless operation of the antenna at two
distinct LoRa frequencies: 868/915 MHz. The BAR50-02V,
known for its low forward resistance and minimal harmonic
distortions, plays a key role in facilitating swift and efficient
frequency switching. In the ON state of the diode, current
flows, inducing resonance at 868 MHz, while the OFF state
strategically isolates specific monopole elements, generating
resonance at the higher frequency of 915MHz. This approach
aligns with theoretical considerations, where the relationship
between patch length and resonance is critical. The circuit
representation of the PIN diode in both states depicted in
Fig. 2, characterized by RLC (Resistance, Inductance and
Capitance), is derived from the data sheets of the RF PIN
diode.

In Fig. 2(a), during the active mode, the PIN diode
exhibits a series arrangement comprising an inductor (L)
and a resistor (R). The L and R are chosen to be small
enough that the diode functions as a short circuit, enabling
current flow within the radiating elements of the antenna.
Conversely, in the OFF mode illustrated by Fig. 2(b), the
diode assumes the form of a parallel combination of a
capacitor (C) and a resistor (R) connected in series with an
inductor (L). Specifically chosen values for these components
ensure that the current flow through the radiating monopoles
is impeded. The biasing circuit of the PIN diode, as depicted
in Fig. 3, provides a practical understanding of the frequency-
switching mechanism. The use of CST with touchstone files

FIGURE 2. Representation of the active and in-active modes of RF PIN
diode.

allows for a comprehensive insight into the S-parameters at
both ON and OFF states, enhancing an understanding of
this intricate frequency-switching process. Fig. 4 illustrates
the plots of simulated S11 corresponding to the active and
in-active modes of the diode. In the active mode, a resonance
at 868 MHz was achieved by the antenna, the simulated S11
exhibits a magnitude of -19.1 dB. Conversely, in the OFF
state, where the antenna operates at 915 MHz, the simulated
S11 magnitude is 19 dB.

IV. PARAMETRIC STUDIES USING CST MWS
An extensive exploration of the antenna design’s parame-
ters was undertaken to optimize its performance. Critical
parameters such as substrate length (Ls), substrate width (Ws),
matching stub width (Wmstub), matching stub length (Lmstub),
and ground plane length (Lg) were methodically examined
to understand their effects on the designed antenna. The
overarching goal of these investigations is to utilize CST
MWS for identifying optimal values for these parameters,
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FIGURE 3. RF PIN diode biasing circuit.

FIGURE 4. S11 at active and in-active modes of the PIN diode.

aiming for enhanced S11 characteristics and impeccable
matching at the designated operating frequencies of 868MHz
and 915 MHz.

A. SUBSTRATE LENGTH (LS ) AND SUBSTRATE WIDTH (WS )
A systematic investigation of both Ls andWs was carried out
to enhance the antenna’s performance within the operational
frequencies of the antenna as illustrated in Fig. 5 and
Fig. 6. Fig. 5 depicts the parameter sweep conducted on
Ls, ranging from 40 mm to 45 mm, with the optimal
value determined as 42 mm, ensuring precise resonance
and maximizing efficiency within the designated frequency
bands. Similarly, Fig. 6 showcases the parameter sweep for
Ws, spanning from 37 mm to 41 mm, and identifies the
optimumwidth as 40mm. This specificwidth played a crucial
role in fine-tuning the antenna’s response, ensuring accurate
frequency operation, and enhancing overall performance.
Through the optimization of both Ls and Ws, the antenna’s
performance was enhanced, guaranteeing optimal resonance
and excellent matching at both 915 MHz and 868 MHz.
This precise tuning solidifies the antenna’s efficiency and
reliability.

B. LENGTH OF GROUND PLANE (LG)
Fig. 7 illustrates the optimization carried out on the ground
plane length (Lg), ranging from 2 mm to 7 mm. The analysis

FIGURE 5. Variation of Ls and its effect on S11.

FIGURE 6. Variation of Ws and its effect on S11.

revealed that an Lg of 5 mm achieved the desired resonance.
This specific length played a crucial role in establishing
the necessary grounding, significantly contributing to the
antenna’s stability and resonance characteristics.

C. LENGTH AND WIDTH OF MATCHING STUB
Parametric investigations were extended to include Lmstub and
Wmstub. Fig. 8 and Fig. 9 depict the systematic exploration
of Lmstub (ranging from 16 mm to 20 mm) and Wmstub
(ranging from 1 mm to 4 mm), respectively. The analysis
identified optimal values of 18 mm for Lmstub and 2 mm for
Wmstub, resulting in the desired resonance. These dimensions
played a crucial role in precisely tuning impedance matching,
facilitating efficient power transfer, and minimizing signal
losses.

V. MACHINE LEARNING (ML) BASED OPTIMIZATION
In this section, ML techniques, particularly regression mod-
els, are explored for predicting the resonance frequency based
on antenna parameters. Conventional antenna modeling
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FIGURE 7. Variation of Lg and its effect on S11.

FIGURE 8. Variation of Lmstub and its effect on S11.

FIGURE 9. Variation of Wmstub and its effect on S11.

often employs Commercial Computational Electromagnetics
(CEM) software such as FEKO, HFSS, ADS, IE3D, and
CST for obtaining solutions to partial differential equations

FIGURE 10. Workflow for data acquisition using ML.

under specified boundary conditions through computer-based
methods. These software tools are extensively utilized for
antenna design, applyingMaxwell’s equations to simulate the
interaction between electromagnetic fields and antennas [31].
While widely applied in antenna simulation and test-

ing [32], numerical analysis approaches like Methods of
Moments (MoM), Finite Element Method (FEM), and Finite
Difference Time Domain (FDTD) exhibit commonality.
However, the time required for execution increases signifi-
cantly in software such as CST and HFSS as the complexity
of the antenna’s topology grows. This limitation complicates
current optimization methods, which are crucial for ensuring
an antenna emits at its maximum capacity [33].
Recognizing these challenges, researchers are exploring

ways to improve the effectiveness of antenna design using
ML algorithms [34], [35]. The utilization of ML algorithms,
with their significant speed-up capabilities while maintain-
ing high accuracy, holds enormous potential in predicting
antenna behavior and optimizing design. The success of
antenna design with machine learning systems relies on
the quantity, quality, and accessibility of data. Gathering
sufficient data can be challenging, especially as standard
antenna datasets are limited. To address this, datasets using
CEM simulation software are generated from the proposed
antenna across a wide range of values.

In this work, the optimization process involves two
distinct stages. In the first stage, the dual-band frequency
reconfigurable antenna for LoRa applications is designed
in CST MWS, a simulation tool. The necessary dataset are
then extracted through a parametric sweep. The flowchart
outlining this process is depicted in Fig. 10. Subsequently,
a machine learning model is trained on the dataset to
determine the most reliable approach for predicting the
resonance frequency.
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FIGURE 11. Step for developing ML algorithm.

The proposed antenna is simulated using CST MWS, gen-
erating a dataset of 164 data points. Multiple regression ML
methods are employed to predict the resonance frequency.
Of the total data points, 80% are utilized for the learning
phase, while the remaining 20% are reserved for assessment.
The dataset includes input variables such as the substrate’s
length, width, and height, along with the feed’s width and
length, matching stub length, and width. The primary output
parameter is the resonance frequency, as illustrated in Fig. 11.

The machine learning technique applied to the training of
the dataset considers both features and labels. Once themodel
training and validation are completed, the trained model can
reliably predict outputs, such as resonance frequency, based
on the respective inputs.

In this study, predictions are conducted using five
distinct machine-learning algorithms, including Random
Forest Regression, Linear Regression, RANSAC Regression,
SVRM, and Gaussian Process Regression. These models
are selected for their efficacy in the analysis of non-
linear regression, which aligns with the study’s objective of
numerical predictions. The choice of regression models is
particularly apt for the nature of the predictions sought. The
term ‘‘error’’ serves as the primary statistic in regression
analysis, measuring the variance between predicted and
actual values.

All machine learning experiments are conducted in the
Python simulation environment provided by Google and
Google Colab. The regression models are efficiently con-
structed using the sci-kit learn machine learning frame-
work. Throughout the research, including data analysis and
visualization, Matplotlib is extensively utilized, ensuring a
comprehensive and visually informative exploration of the
results [36].

A. SELECTION OF ML MODEL
The optimal performance of a machine learning model
is often achieved through the careful selection of various
models. In this study, regression analysis is employed,
a statistical technique designed to evaluate the cause-and-
effect relationship between variables. While our problem is
tackled using regression analysis, we further enhance our
approach by incorporating five highly practical machine
learning regression models, each briefly outlined below:

1) Random Sampling and Consensus (RANSAC)
Regression:
RANSAC is a regression technique employed to fit
models to data that may contain outliers or noise.
It proves to be a robust and reliable statistical tool,
particularly effective when dealing with datasets where
certain observations deviate from the expected pattern
or model [37].

2) Linear Regression:
Linear regression establishes a correlation between
dependent and independent variables through a linear
model, indicating that alterations in independent vari-
ables align proportionally with dependent factors. This
model presupposes that errors, signifying discrepancies
between anticipated and actual values, adhere to a
normal distribution and display consistent variance.
The fundamental aim of linear regression is to depict
the association between two variables by aligning a
linear equation with observed data. In this context, the
initial variable acts as an explanatory factor, while the
second functions as the dependent variable [38].

3) Random Forest Regression:
Random Forest, an ensemble methodology, effectively
deals with both classification and regression chal-
lenges. By merging the Bootstrap and Aggregation
technique, widely known as bagging, with multiple
decision trees, this strategy entails training diverse
models using randomly chosen subsets of the data [35].
Random Forest Regression proves invaluable, demon-
strating proficiency in managing high-dimensional
data and capturing intricate non-linear relationships
between features and the target variable [39].

4) Support Vector Regression:
Support Vector Regression (SVR) stands as a crucial
element within Statistical Learning Theory, acclaimed
for its efficacy in modeling time-sequential events.
Introduced by Vapnik, the Support Vector Machine
(SVM) leans on the Vapnik–Chervonenkis Dimension
theory and the principle of structural risk minimization.
SVM offers distinctive advantages in addressing chal-
lenges of pattern recognition marked by nonlinearity
and high dimensionality, especially in scenarios with a
limited number of samples. Its intrinsic resistance to the
curse of dimensionality ensures superior generalization
through structural risk minimization, mitigating over-
fitting and necessitating fewer training features [40].
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The global and unique solution provided by SVM,
framed as a convex optimization problem, contributes
to its robustness, simplicity in geometric interpretation,
and sparse solution [41].

5) Gaussian Process Regression (GPR):
Gaussian Process Regression is a preferred non-
parametric method for machine learning in regression
tasks. Unlike standard regression models that assume
specific functional forms for relationships between
variables, GPR offers a flexible framework, mak-
ing minimal assumptions about the underlying data
distribution. It excels in assessing uncertainty and
modeling intricate, non-linear interactions. GPR is
known as a supervised machine learning technique
that successfully addresses regression and classifica-
tion issues, providing advantages such as effective
performance with small datasets and the provision of
uncertainty metrics for predictions [38]. Essentially,
GPR operates as nonparametric kernel-based proba-
bilistic models, offering a general-purpose solution
for supervised learning in regression and probabilistic
classification [42], [43].

B. METRICS FOR PERFORMANCE MEASUREMENT
The primary measure of success in regression analysis is
the level of error. To assess the relative performance of
each method, various statistical indicators were employed.
A battery of five statistics was used to evaluate the
algorithms’ performance, and the results were compared. The
evaluation metrics included root-mean-square error (RMSE),
coefficient of determination (R2), variance score, and mean
absolute error (MAE).

Mean Absolute Error (MAE) is a statistic utilized to gauge
the disparity between predicted values and actual values in a
regression problem. A lower MAE indicates higher accuracy
in predicting the dependent variable. Equation (1) illustrates
the formulation of MAE [44].

MAE =
1
n

n∑
i=1

|Pi − Oi| (1)

where, n is the number of errors, |Pi − Oi| represents the
absolute error.

The widely used representation of the regression loss
function is the Mean Squared Error (MSE). This loss is
computed by averaging the squared differences between the
observed and predicted values across all data points. The
formulation for MSE is given by (2).

MSE =
1
N

N∑
i=1

(yi − ŷi)2 (2)

A frequently employed statistic to assess the accuracy
of a prediction model, particularly within the domain of
regression analysis, is the RootMean Squared Error (RMSE).
This metric obtained from (3) gauges the typical magnitude

of differences, referred to as errors or residuals, between
predicted and observed values within a dataset.

RMSE =

√√√√1
n

n∑
i=1

(Pi − Oi)2 (3)

The coefficient of determination (R2) given by (4) for
a regression model expresses the amount of variation in
the dependent variable (the variable you’re attempting to
forecast) that can be attributed to changes in the model’s
independent (predictive) variables. Another way of stating
this is to measure howwell the model’s independent variables
adequately explain the dependent variable. R-squared is
commonly used to determine how well a regression model
fits the data.

If the coefficient of determination (R2) is zero, it signifies
that the model’s independent variables do not account for
any of the variance in the dependent variable, indicating no
predictive value in the model. Conversely, an R2 value of
1 means that all the variability in the dependent variable
is perfectly explained by the model. Achieving a perfect
R-squared of 1 is rare in practice and generally indicates
overfitting.

R2 = 1 −

∑N
i=1(yi − ŷi)2∑N
i=1(yi − ȳ)2

(4)

The R-squared (R2) value, often termed the ‘‘variance
score’’ given by (5) in machine learning and regression
studies, serves as a statistical indicator. It quantifies the
proportion of total variance in the dependent variable that
can be ascribed to the independent variables of the model.
Essentially, it elucidates the extent to which the model
captures the variation in the dependent variable and its
alignment with the dataset.

explained variance(y, ŷ) = 1 −
Var(y− ŷ)
Var(y)

(5)

C. RESULTS AND ANALYSIS OF ML BASED PREDICTION
The comparison of five regression models in predicting
resonant frequency based on six input parameters is sum-
marized in Table 1. The accuracy of each algorithm is
assessed using MAE, MSE, and RMSE metrics, resulting in
scores of 6.39%, 1.38%, and 6.98%, respectively. Gaussian
Process Regression stands out with remarkable performance,
achieving an R-squared score of 92.87% and a variance
score of 93.77%. Fig. 12 visually presents the comparison of
outcomes obtained from the various models.

The values of the predicted and simulated resonance
frequencies, along with their differences, are displayed in
Table 2. In this study, there are 32 samples that make up the
test set, representing 20% of the entire dataset. The variability
in the difference between simulated and predicted resonance
frequencies is illustrated in Fig. 13. The GPR model was
chosen due to its superior accuracy in predicting frequencies
compared to other ML models considered.
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FIGURE 12. Comparison of regression models.

FIGURE 13. Comparison between simulated and predicted frequencies using GPR regression.

VI. RESULTS AND ANALYSIS
An in-depth analysis of the proposed antenna’s performance
is presented, focusing on critical metrics such as return loss
(S11), surface current distribution, radiation patterns, gain,
and efficiency. A thorough comparison between simulation
and measurement results is carried out across these param-
eters. The fabrication of the proposed antenna prototype,
depicted in Fig. 14, takes place on a cost-effective FR-4
substrate. To ensure accuracy and reliability, measurements
of the (S11), radiation pattern, and gain of the proposed
antenna were conducted.

A. RETURN LOSS
The S11 (measured and simulated) responses of the antenna
in both active and in-active modes of the PIN diode are
illustrated in Fig. 15 and Fig. 16. The antenna exhibits
operation at 868 MHz and 915 MHz, depending on the
mode of the diode. In the ON state, the antenna functions
at 868 MHz with magnitudes of −19.1 dB (simulation)
and −20.5 dB (measurement). This behavior is attributed
to the forward-biased diode allowing RF signals through
all the meandered antenna’s monopole elements. Conversely,
in the OFF state, the antenna resonates at 915 MHz, with

VOLUME 12, 2024 10979



M. S. Yahya et al.: ML-Optimized Compact Frequency Reconfigurable Antenna With RSSI Enhancement

TABLE 1. Comparison of performance of various prediction models.

FIGURE 14. Prototype of the proposed antenna (a) Front (b) Back.

FIGURE 15. Comparison of (S11) when the PIN diode is ON (868 MHz).

magnitudes of −19 dB (simulation) and −16 dB (mea-
surement), as a consequence of the diode being in reverse
bias, isolating the uppermost monopoles. In both cases, the
measured and simulated S11 exhibit agreement. Remarkably,
the proposed antenna spans two significant LoRa bands
(915 MHz and 868 MHz), establishing it as a novel
antenna with these characteristics. The antenna demonstrates
good matching in each scenario, with comparatively good
matching.

B. SURFACE CURRENT DISTRIBUTION ANALYSIS
The performance of an antenna is closely connected with
how electric current flows within its radiating elements.
This fundamental aspect enables precise control over antenna

FIGURE 16. Comparison of (S11) when the PIN diode is OFF (915 MHz).

FIGURE 17. Current distribution (a) Active Mode (868 MHz) (b) In-active
Mode (915 MHz).

behavior, allowing for resonance at specific frequencies for
particular applications. In this study, a comprehensive exam-
ination to explore the behavior of the monopole elements
that constitute the proposed antenna is conducted. Each
of these elements is fundamental to establishing resonance
under different diode states. The analysis uncovered distinct
monopoles responsible for generating resonance at different
frequencies. Notably, these elements exhibited maximum
surface current density precisely at their respective resonance
frequencies, a pivotal factor influencing the manifestation of
resonance phenomena.

The surface current distribution in theON/OFF states of the
diodes is vividly depicted in Fig. 17. In Fig. 17(a), the current
distribution during the ON state is showcased. The illustration
reveals a harmonious convergence of all antenna elements,
establishing resonance at 868 MHz. This convergence is
facilitated by the unobstructed flow of electric current
across all monopole elements, thanks to the forward biasing
of the diode. The biasing enables seamless current flow,
synchronizing the behavior of the elements and resulting in
the observed resonance at 868 MHz.

In contrast, Fig. 17(b) depicts a distinctive behavior when
the diode is in the OFF state. The current flow is selectively
constrained from entering the uppermost inverted L-shaped
monopole of the antenna. This constraint leads to resonance
at 915 MHz due to the shortened electrical length of the
antenna caused by the restricted current flow.
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TABLE 2. Comparison between simulated and predicted resonant frequencies utilizing GPR.

C. ANALYSIS OF RADIATION PATTERNS
Here, the proposed antenna’s radiation characteristics are
explored to understand its coverage and communication
effectiveness within the LoRa frequency bands. Fig. 18 and
Fig. 19 provides a clear visualization of the antenna’s patterns
in both the diodes’s active and in-active modes, offering
valuable insights into its directional properties.

At 868 MHz, corresponding to the ON state of the diode,
Fig. 18 illustrates bidirectional and omnidirectional radiation
characteristics for the E-plane and H-plane respectively.
These patterns are crucial for LoRa communications, allow-
ing the antenna to effectively cover a broad area while
directing communication efforts in specific directions.

Conversely, in the OFF state of the diode operating
at 915 MHz, Fig. 19 shows that the antenna maintains
bidirectional and omnidirectional radiation characteristics for
the E-plane and H-plane respectively.

Notably, these patterns closely resemble those observed
during the ON state of the diode. This consistency highlights
the antenna’s stable characteristics across different opera-
tional states, emphasizing its reliability and predictability in
diverse communication scenarios. These distinctive radiation
characteristics underscore the proposed antenna’s flexibility
and adaptability at both 868 MHz and 915 MHz, making it a
robust choice for LoRa IoT applications.

D. GAIN AND EFFICIENCY
This section investigates the efficiency and gain character-
istics of the proposed antenna. In the active mode of the
switch, the antenna exhibits a gain of 1.9 dBi at 868 MHz,
which slightly increases to 2 dBi at 915 MHz. Additionally,
the antenna maintains an efficiency consistently above 70%
at both frequencies. Fig. 20 visually represents plots of the
gain and efficiency as functions of frequency, offering a
comprehensive overview of the antenna’s performance.

The efficiency and gain metrics are particularly relevant
in antenna design. The peak gain of 2 dBi at 915 MHz
emphasizes the antenna’s capability to focus signals in

FIGURE 18. Radiation patterns for active mode (868 MHz).

specific directions, making it suitable for applications such
as LoRa IoT.

Additionally, the antenna’s effectiveness in converting
input power into radiated energy is evident, with measured
efficiency closer to 70% at both bands. In LoRa IoT appli-
cations, where energy conservation is crucial for extending
device battery life, high efficiency becomes paramount.
The proposed antenna’s efficiency ensures that a significant
portion of the input power contributes to communication,
minimizing energy wastage and maximizing the overall
efficiency of the network.

Table 3 provides a comprehensive comparison between
the performance of the proposed antenna and established
counterparts, emphasizing its exceptional superiority. The
antenna’s key strength is its compact design, dual-band
coverage, and reconfigurable features specifically for the
LoRa frequency bands at 868 and 915 MHz. Notably, it has
attained amaximum gain of 2 dBi, rendering it highly suitable
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FIGURE 19. Radiation patterns for in-active mode (915 MHz).

FIGURE 20. Plots of gain and efficiency as functions of frequency for the
ON and OFF state of the diode.

for LoRa communication applications. Taken together, these
distinctive features underscore the antenna’s outstanding
performance in comparison to alternatives documented in the
current literature.

VII. EXPERIMENTAL VALIDATION
This section provides a detailed overview of the methodology
employed to assess the proposed antenna’s capability in
enhancing the Received Signal Strength Indicator (RSSI)
within a LoRa system. RSSI is a crucial metric that measures
the signal strength received by the antenna, offering insights
into the quality and reliability of wireless communication.
It quantifies the power level of the received signal, indicating
the signal’s robustness against interference and distance
attenuation. A higher RSSI value signifies a stronger and
more reliable signal, essential for effective data transmission
and reception in wireless communication systems.

RSSI plays a pivotal role in evaluating antenna efficiency,
particularly in scenarios where maintaining a stable and

FIGURE 21. Components of received radio frequency signal.

strong connection is crucial, such as in long-range IoT
applications facilitated by LoRa technology. A comprehen-
sive understanding of RSSI dynamics enables the evaluation
of antenna performance under varying conditions, assisting
in the selection of optimal configurations for specific
applications.

The received signal can be viewed as a function of
frequency and antenna properties, with distance playing a
predominant role (6):

Pr = f (d, f ,Ap) (6)

where Pr is the power of the received signal,
d represents the separation distance between the Rx and
Tx,
f is frequency of operation, and
Ap represents antenna characteristics

The received signal comprises various components, illus-
trated in Fig. 21, where the Line-of-Sight (LOS) component
stands out as the most robust [45].

The Received Signal Strength Indicator (RSSI) can be
modeled as follows (7):

Pr = D+ ψ + α (7)

• D represents the deterministic part of the signal,
influenced by path-loss models like the single-slope
model, Stanford University Interim (SUI) Model, Hata
model, Okumura’s Model, etc. It is mainly governed by
the Line-of-Sight (LOS) component.

• ψ represents large-scale fading or shadowing, character-
ized as a random variable that predicts signal variation
in obstructed environments.

• α signifies small-scale fading or multipath effects,
resulting from reflected, scattered, diffracted, and atten-
uated signal copies reaching the receiver. [45].

As highlighted in Section I, antennas designed for LoRa
have not been thoroughly evaluated in outdoor/indoor settings
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TABLE 3. Performance comparison of the proposed antenna with existing work.

FIGURE 22. Site of experiment.

for RSSI. This aspect adds a novel dimension to the present
study, addressing a gap in the existing literature.

VIII. EXPERIMENTAL SETUP
The experimental environment as shown in Fig. 22 was
carefully chosen to replicate real-world scenarios, utilizing
an open football field at Universiti Teknologi PETRONAS,
Malaysia. This deliberate selection aimed to minimize inter-
ference from surrounding structures and surfaces, ensuring
the experiments closely resembled practical applications for
accurate and relevant outcomes.

A. SETUP AND DEVICES
LoRa communication modules, consisting of both transmit-
ting (Tx) and receiving (Rx) devices, were meticulously pre-
pared as shown in Fig. 23. These devices incorporated LoRa
SX1276 wireless communication modules based on TTGO
LoRa32 technology, equipped with antennas operating at a
frequency of 915 MHz.

Two types of antennas were employed: the proposed
Dual-Band Frequency Reconfigurable Antenna and a con-
ventional monopole whip antenna. The validation process
encompassed four configurations, involving both antennas
as Tx and Rx individually, allowing for a comprehensive
assessment.

FIGURE 23. Positioning of Tx and Rx.

The devices as shown in Fig. 24 were initialized, config-
ured for the operating frequency of 915 MHz. Systematic
experiments involved moving the Tx away from the Rx in
precise 50 m intervals. Data packets were transmitted and
RSSI values were recorded, providing insights into signal
strength and quality.

The transmitter’s relocation to subsequent positions facil-
itated a thorough assessment of signal strength at distances
up to 300 m. The recorded RSSI values were meticulously
analyzed, enabling a detailed comparison between the
proposed antenna and the conventional monopole whip
antenna. Graphical visualizations conveyed the differences in
signal strength between the two antennas.

IX. PROPOSED ANTENNA’S RSSI EVALUATION
A comprehensive bidirectional performance assessment was
conducted by employing the proposed antenna on both
the Tx and Rx modules concurrently, contrasting with a
scenario where the conventional antenna was utilized for
both modules. This experimental configuration allowed for
an independent evaluation of each antenna’s performance in
both transmission and reception modes.

The RSSI values were measured and analyzed for both
scenarios, providing distinct insights into each antenna’s
performance when handling the dual responsibility of
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FIGURE 24. Setup of Tx and Rx.

FIGURE 25. Comparison of RSSI.

transmission and reception in a real-world communication
setting. Fig. 25 illustrates the RSSI plots for the two distinct
cases. The analysis demonstrates a notable improvement in
signal strength when using the proposed antenna compared
to the conventional antenna across distances up to 300 m.

The proposed antenna as depicted by Fig. 25 consistently
outperformed its conventional counterpart at each measure-
ment point. This proved its efficacy in enhancing signal
reception. At the 300 m mark, the RSSI for the proposed
antenna registers at -99 dBm, while the conventional

FIGURE 26. RSSI of the reciprocity test.

antenna lags behind at -110 dBm. This substantial difference
underscores the superior signal strength achieved by the
proposed antenna, positioning it as a compelling choice for
reliable communication over long distances.

A. RECIPROCITY TEST AND ANALYSIS
To confirm the reciprocity between the proposed antenna
and the conventional antenna, we conducted additional tests
by swapping the antennas between the Rx and Tx modules.
In Case 1, the conventional antenna was used on the Rx
module, while the proposed antenna was used for the Tx
module. Conversely, in Case 2, we switched the antennas,
with the proposed antenna used on the Rx antenna and the
conventional antenna as the Tx antenna. The obtained RSSI
values for both cases were plotted and are presented in
Fig. 26.

The reciprocity tests reveal a noteworthy observation:
the RSSI values measured for a distance up to 300 m
for Case 1 precisely align with those obtained in Case 2,
as illustrated in Fig. 26. This consistency in RSSI values
between the two cases indicates the presence of reciprocity,
demonstrating that the proposed antenna’s performance char-
acteristics remain consistent whether used for transmission
or reception. The agreement in RSSI values reinforces the
reliability and symmetry in the behavior of the proposed
antenna in both Tx and Rx configurations.

Reciprocity is a crucial aspect in wireless communi-
cation systems, ensuring that the antenna’s performance
remains consistent regardless of its role in transmission or
reception. The results of these reciprocity tests underscore
the robustness of the proposed antenna design, affirming
its suitability for bidirectional communication applications
where symmetry and reliability are paramount.

The comparison of RSSI results between the conventional
antenna and the proposed antenna, as well as with results
from previous literature, provides valuable insights into
the performance of the antennas in the context of LoRa
communication. The RSSI values, measured at various
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TABLE 4. Comparison of RSSI values for different antennas.

distances from 50m to 300m, serve as a quantitative measure
of signal strength, influencing the reliability and range of
communication.

Firstly, when comparing the proposed antenna with the
conventional whip antenna, it is evident that the proposed
antenna consistently outperforms the conventional antenna
across all distances. At 300m, the RSSI for the proposed
antenna is -99 dBm, whereas the conventional antenna lags
behind at -110 dBm. This consistent improvement in RSSI
values highlights the superior signal reception capabilities of
the proposed antenna.

Secondly, comparing the results with previous literature,
particularly [46] and [47] as presented in Table 4, showcases
the competitive performance of the proposed antenna. In the
300m scenario, the RSSI for the proposed antenna (-99
dBm) surpasses the RSSI values reported in the literature for
the same distance. This suggests that the proposed antenna
excels in maintaining signal strength over extended distances
compared to the referenced LoRa technologies.

The improvement in RSSI values exhibited by the proposed
antenna is crucial for ensuring dependable communication,
particularly in scenarios where establishing a strong and
consistent connection is essential. This contrast emphasizes
the effectiveness of the proposed antenna in enhancing signal
reception within a LoRa communication system, positioning
it as a promising solution for applications with extended-
range requirements.

The comparison of RSSI results confirms the superiority of
the proposed antenna over the conventional counterpart and
demonstrates its competitive performance when compared to
established LoRa technologies outlined in previous literature.
This affirms the antenna’s effectiveness in practical scenarios
and underscores its potential for applications that demand
robust and long-range communication capabilities.

X. CONCLUSION
This paper presents a novel and compact monopole antenna
with dual-band frequency reconfigurability specifically
designed for applications in LoRa IoT, representing a
notable advancement in wireless communication technology.
Operating at 868 MHz and 915 MHz, aligning with LoRa
bands across major continents, this antenna bridges a crucial
gap in the current landscape, as there is currently no existing

compact reconfigurable antenna designed for these specific
LoRa bands within the ISM bands below 1 GHz.

Constructed on an accessible FR-4 substrate, the antenna
leverages meandered monopole patches to achieve a compact
size of 40×42mm2 (0.12 λ0 × 0.12 λ0), with λ0 representing
the wavelength in free space corresponding to 868 MHz.
The implementation of a single RF PIN diode enables
seamless switching between 868 MHz and 915 MHz bands.
The design, simulation, and optimization processes were
meticulously executed using CST MWS software.

The incorporation of supervised regression machine learn-
ing (ML) models, particularly Gaussian Process Regression,
for predicting resonance frequencies at different antenna
parameters demonstrated exceptional accuracy, achieving an
impressive R-squared score of 92.87% and a variance score
of 93.77%. This underscores the efficacy of Gaussian Process
Regression as the preferred choice for resonance frequency
prediction. This approach saved computational time for the
full-wave simulation software (CSTMWS), contributing to a
more streamlined design process.

Experimental validation in a real-world setting encom-
passed open-field testing of the fabricated prototype antenna
in a football field at Universiti Teknologi PETRONAS,
Malaysia. The assessment of the antenna’s performance
on a LoRa transceiver system based on LoRa SX1276
demonstrated consistent superiority. The Received Signal
Strength Indicator (RSSI) of the proposed antenna consis-
tently outperformed the conventional antenna by an average
of -12 dBm at each point within a range of up to 300 m,
affirming its enhanced signal reception capabilities.

The presented antenna is a promising solution for wireless
sensor nodes in long-range applications, substantiated by
its robust performance metrics and meticulously conducted
experimental validations.
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