
Received 28 June 2024, accepted 20 July 2024, date of publication 29 July 2024, date of current version 6 August 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3434595

Optimization of a Compact Wearable LoRa Patch
Antenna for Vital Sign Monitoring in WBAN
Medical Applications Using
Machine Learning
MOHAMED I. WALY 1, (Member, IEEE), JAMEL SMIDA 2,3, (Member, IEEE),
MOHSEN BAKOURI 1, (Senior Member, IEEE), BAKHEET AWAD ALRESHEEDI1,
TARIQ MOHAMMED ALQAHTANI1, KHALID A. ALONZI 4, (Member, IEEE),
AND AMOR SMIDA 1,3, (Member, IEEE)
1Department of Medical Equipment Technology, College of Applied Medical Sciences, Majmaah University, Al Majma’ah 11952, Saudi Arabia
2College of Applied Science, AlMaarefa University, Riyadh 11597, Saudi Arabia
3Microwave Electronics Research Laboratory, Faculty of Sciences of Tunis, University of Tunis El Manar, Tunis 1068, Tunisia
4Health Services, Ministry of Defense, Riyadh 12426, Saudi Arabia

Corresponding authors: Mohamed I. Waly (m.waly@mu.edu.sa) and Jamel Smida (jsmida@um.edu.sa)

This work was supported in part by the Deanship of Scientific Research at Majmaah University under Project R-2024-1210.

ABSTRACT This study introduces an innovative and compact wearable Long-Range (LoRa) patch antenna
developed for monitoring vital signs, with a focus on heart rate and body temperature, in medical applications
of Wireless Body Area Networks (WBAN). The antenna functions within the 868 MHz and 915 MHz
LoRa bands, filling a notable gap in current literature regarding compact, wearable antennas operating
below 1 GHz. Fabricated on a Rogers Duroid RO3003 substrate, the antenna incorporates a U-slot on a
conventional rectangular patch, a matching stub, and a partial ground plane to enhance impedance matching
and performance efficiency. Furthermore, the antenna displays a bidirectional radiation pattern in the
E-plane and an omnidirectional pattern in theH-plane at both frequencies, achieving a peak gain of 2.12 dBi
and a radiation efficiency of 99.8% at 868 MHz. The antenna, measuring 80× 60mm2 (0.23 λ0 × 0.17 λ0),
was designed, simulated, and optimized using CST Microwave Studio (MWS) software. The performance
under bending conditions was also assessed, revealing a bending an excellent efficiency with minimal
impact on bandwidth and gain. Specific Absorption Rate (SAR) analysis indicated that all values were
within the safety limits set by FCC and ICNIRP standards. Supervised regression machine learning models,
specifically the ensemble regression model, were employed to predict resonance frequencies based on
various antenna parameters, resulting in an R-squared score of 87.68%. This approach significantly reduced
the computational time required for full-wave simulations, streamlining the design process. Real-world
experimental validation involved open-field testing of the fabricated prototype forWBANLoRa applications.
The performance, evaluated on a LoRa transceiver system utilizing the LoRa SX1276, demonstrated the
superior capabilities of the proposed antenna in heart rate and temperature monitoring, with an average
RSSI improvement of -5 dBm at various points within a range of up to 1 km. This confirmed its improved
signal transmission and reception capabilities in vital sign monitoring. The proposed antenna shows strong
performance metrics and significant potential for WBAN in long-range applications, as evidenced by
thorough experimental validations.

INDEX TERMS LoRa, WBAN, RSSI, wearable, IoT, microstrip patch antenna, machine learning,
optimization.
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approving it for publication was Tutku Karacolak .

I. INTRODUCTION
The evolution of the Internet of Things (IoT) has cre-
ated an era of interconnected devices, facilitating efficient
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communication and data exchange. The Internet acts as
a global platform transcending geographical, cultural, lin-
guistic, and temporal boundaries, enabling real-time data
transmission and connectivity among individuals worldwide.
It integrates diverse devices into a unified network, promising
an intricate web of interconnected ‘‘smart’’ entities like
sensors, cameras, and consumer electronics [1], [2], [3].
By 2025, nearly every object could serve as an Internet node,
with Cisco estimating 500 billion connected devices by 2030.
This proliferation will blur physical and digital boundaries,
fostering unparalleled levels of automation, data exchange,
and connectivity [4], [5].
Low-power wide-area network (LPWAN) technologies,

particularly LoRa (Long Range), are emerging as prominent
forces within the interconnected world of IoT. These
technologies enable long-distance communication, covering
1-5 km in urban areas and up to 10-40 km in rural areas,
with minimal power consumption [6]. LoRa utilizes the
LoRaWAN protocol, offering advantages like low cost and
efficient chirp spread spectrum (CSS) modulation [7], [8],
[9], making it an optimal choice for low-power, long-range
wireless communication crucial in IoT deployments [10],
[11]. It operates in unlicensed frequency bands globally, with
frequencies ranging from 433 MHz to 923 MHz, depending
on regional regulations as presented in Table 1, and finds
applications in diverse fields, including asset tracking in
logistics, manufacturing, and agriculture, as well as smart city
initiatives, environmental monitoring, building automation,
and utility management.

Wireless Body Area Networks (WBANs) play pivotal
roles across various sectors, particularly in healthcare, where
real-time monitoring of vital signs and patient activities is
crucial for enhancing healthcare outcomes and efficiency.
Leveraging the characteristics of LoRa, wherein a LoRa
sensor can last for over ten years on a battery without the
need for recharge, LoRa-powered WBANs not only facilitate
such monitoring but also extend healthcare services to remote
and underserved areas, thereby promoting inclusivity in
healthcare delivery. Moreover, the adoption of LoRa in
WBANs aligns with global sustainability goals, notably
Sustainable Development Goal (SDG) 7, by promoting
affordable and energy-efficient healthcare solutions. This
is critical in healthcare settings where continuous mon-
itoring is imperative while responsibly managing energy
resources [12], [13], [14], [15], [16], [17], [18], [19].

TABLE 1. LoRa frequency bands by region.

The effectiveness of LoRa communication depends sig-
nificantly on antenna performance, highlighting the critical
role of antennas in wireless systems. Just as in other wireless
technologies, antennas are essential for signal transmission
and reception in LoRa. Their design greatly impacts the

range, coverage, and reliability of communication. A well-
designed antenna promotes efficient signal propagation,
leading to extended communication distances and enhanced
connectivity in diverse environments. When focusing on
WBANs, antennas play an even more critical role due to
the specific requirements of wearable and compact devices.
WBAN antennas must be designed to be mechanically robust
in a straightforward fabrication process. They should offer
comfort, compactness, lightweight design, and a comfortable
fit for wearability. In the context of LoRa-powered WBANs,
specialized antennas are essential to ensure effective com-
munication for vital sign monitoring and other healthcare
applications. These antennas must meet stringent criteria
for efficiency, reliability, and compatibility with wearable
devices, making them a key focus in WBAN system
design.

In the last decade, substantial progress has been made in
designing microstrip patch antennas specifically for LoRa
applications. Researchers have explored various antenna
types, materials, and setups to enhance LoRa antenna
performance in IoT systems. Notably, a few reported
antennas have been specifically aimed for LoRa wearable
applications.

A wearable patch antenna was designed to operate at both
LoRa 868 MHz and BLE-2.4 GHz frequencies [20]. The
antenna’s construction included a radiator and ground plane
comprising Silver-ink printed fabrics made of polystyrene,
with the substrate crafted from neoprene, a blend of
synthetic rubbers and textiles. It utilized an aperture-coupled
feeding technique for excitation, eliminating the need for a
conventional metallic SMAconnector known for its bulkiness
in wearable antennas. However, this technique induced an
additional resonance at 2.4 GHz. The antenna had a size
of 150 mm2 and achieved gains of 3.28 dBi and 3.25 dBi
at 868 MHz and 2.44 GHz, respectively. While this antenna
design showcases innovative techniques and achieves decent
gains at the specified frequencies, it may not be optimally
suited for WBAN LoRa applications. The size of 150 mm2

may be considered relatively large for wearable applications,
where compactness and minimal obtrusiveness are critical.
Additionally, the operating frequency of BLE-2.4 GHz is
not entirely within the ISM bands below 1 GHz, which
are typically preferred for LoRa due to its reduced signal
absorption by physical obstacles.

An antenna designed for LoRa applications, specifically a
wearable Planar Inverted-F Antenna (PIFA), was introduced
in [21]. This antenna featured slots on both the patch and
ground plane, enabling dual-band operation at 433 MHz
and 868 MHz. With the form factor of 85 × 169.4 × 5 mm3,
the antenna exhibited a maximum gain of 1.25 dBi. Critically
evaluating this antenna for WBAN LoRa applications where
miniaturization and unobtrusive designs are paramount, its
size of 85 × 169.4 × 5 mm3 could be a limiting factor. This
size could potentially hinder the seamless integration of the
antenna into wearable devices, impacting user comfort and
overall usability in WBAN environments.
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An antenna designed for LPWAN applications in the
UHF frequency band adopts an eighth-mode substrate inte-
grated waveguide (EMSIW) configuration [22]. Operating
at 867 MHz through the fundamental mode of an EMSIW
cavity, this antenna demonstrates a gain measured at−2.7 dB
and total dimension of 103.8mm× 94.2mm.When assessing
this antenna for WBAN LoRa applications, its size and
relatively low gain are notable considerations. While the use
of an EMSIW configuration and high isolation from the
human body are advantageous, the antenna’s dimensions may
pose challenges for integration into wearable devices, where
compactness and unobtrusiveness are crucial. Additionally,
the measured gain of -2.7 dB may indicate suboptimal
performance in terms of signal strength and coverage,
potentially limiting its effectiveness in WBAN environments
requiring reliable and robust communication.

A dual-band wearable antenna, detailed in [23], is intro-
duced as a textile-based design utilizing an SIW cavity. The
miniaturization of the antenna is achieved by capitalizing on
the inherent symmetry of the magnetic field within a square
SIW cavity, leading to an eighth-mode SIW configuration
and reducing the size to 1

8 of the full square cavity.
This design is specifically targeted for LoRa applications,
covering both European (863-870MHz) and North American
(902-928 MHz) UHF LoRa bands. However, the antenna’s
dimensions are 125 mm × 120 mm. In testing, the antenna
displayed a measured gain of −1.3 dBi at 867 MHz and
−0.6 dBi at 915 MHz when placed near a liquid body
phantom. Critiquing this antenna design for WBAN LoRa
applications, its size remains a concern despite efforts to
miniaturize it through the SIW cavity configuration. The
dimensions of 125 mm × 120 mm may still be considered
relatively large for wearable devices, potentially impacting
comfort and usability. Additionally, the measured gains
of −1.3 dBi and −0.6 dBi suggest a lower-than-desired
performance in terms of signal strength, which could limit
the antenna’s effectiveness inWBAN environments requiring
robust and reliable communication.

A dual-band footwear textile antenna aimed for LoRa
off-body communication is discussed in [24]. This antenna,
engineered for flexibility and conformity to the heel, operates
across the 433 MHz, 868 MHz, and 915 MHz bands.
By employing slotted and loaded elements, it achieves
dual-band performance with ample bandwidths of 51 MHz
and 257 MHz in the lower and upper bands, respectively.
Both simulation and measurement results showcase an
omnidirectional radiation characteristics suitable for off-body
communication. Critically evaluating this antenna, its size of
95 mm × 65 mm is comparatively larger.

A novel and compact wearable patch antenna, designed
to cover the 915 MHz and 868 MHz frequencies for LoRa
applications in Asia, North America and Europe is presented
in this paper. The antenna boasts a compact design measuring
80 × 60 × 0.5 mm3. This size is approximately equivalent
to a standard credit card, addressing common limitations
seen in other designs such as low gain, large profiles,

single-frequency operation, and low efficiency. A unique
aspect of this work is the integration of machine learning
techniques for resonance frequency prediction during antenna
optimization. This novel approach sets it apart from previous
works, often relying on full-wave simulation software as
the primary optimization tool without exploring machine
learning-based optimization. Another unique aspect of this
work is the In-depth characterization conducted in a practical
setting, particularly with LoRa systems, to evaluate the
performance of our designed antenna in vital signmonitoring.
This aspect is often overlooked in prior designs, highlighting
the thoroughness and applicability of the study.

To assess the proposed antenna’s performance thoroughly,
the study includes an experimental setup comprising a LoRa
device and sensors, specifically for WBAN LoRa systems
used in vital sign monitoring. This setup enables meticulous
evaluation, with a specific focus on Received Signal Strength
Indicators (RSSI) to gauge the antenna’s effectiveness in this
critical application domain.

The key contributions of this paper can be summarized as
follows:

1) To the best of our knowledge, this study presents
the most compact wearable patch antenna for LoRa
applications, addressing a significant gap in current
research.

2) The antenna optimization was performed using
machine learning techniques, which are significantly
faster than traditional methods relying on full-wave
simulation software such as CST MWS. This innova-
tive approach has been underexplored in the context of
wearable antennas.

3) An equivalent circuit model for the antenna was devel-
oped and validated against simulation and prototype
measurement results. This validation method is rarely
used in existing literature, adding robustness to our
findings.

4) The paper provides a detailed analysis of the antenna’s
performance under bending conditions on human
phantom and SAR evaluation when placed near or on
the human body. Simulated results were rigorously
compared with measured data, addressing aspects often
neglected in previous studies.

5) Extensive real-world testing of the prototype antenna
on LoRa system for heart rate and temperature
monitoring was conducted. This approach is seldom
explored in prior research on wearable LoRa patch
antennas.

This paper is presented in the following manner: Section II
details the design evolution of the antenna, outlining the
iterative development process. Section III conducts para-
metric studies using CST MWS to optimize the antenna’s
performance. Section IV explores machine learning (ML)-
based optimization, utilizing supervised regression machine
learning models to predict resonance frequencies and
enhance design efficiency. SectionV introduces an equivalent
circuit model of the proposed antenna to provide a simplified
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FIGURE 1. Illustration of the evolution steps for the proposed antenna.

representation of its electrical behavior. Section VI presents
the results and analysis of performance metrics such as
S11, current distribution, efficiency, radiation pattern, and
gain, for both simulations and measurements. Section VII
explores how the antenna’s performance is affected by
bending. Section VIII conducts SAR analysis to ensure
safety standards are met when the antenna is worn on the
human body. Section IX assesses the antenna’s performance
near the human body, considering real-world application
scenarios. Section X includes experimental validation with
real-world testing of the fabricated prototype, featuring
open-field performance evaluations. Section XI evaluates the
performance of the proposed system when integrated with a
LoRa device, focusing on long-range communication capa-
bilities. Section XII summarizes the findings and highlights
the potential applications of the proposed antenna in WBAN
medical applications.

II. ANTENNA’S DESIGN EVOLUTION
The development of the proposed LoRa wearable antenna
involved an iterative process aimed at optimizing its perfor-
mance for LoRa applications. The antenna as shown in Fig. 1
underwent several design iterations, each contributing to its
overall functionality and effectiveness.

The initial design of the proposed antenna, labeled as
ANT 1, featured a conventional rectangular patch antenna
fed by a 50 � microstrip transmission line. The patch’s
dimensions, including its length and width, were computed
using the transmission line model approach as outlined
in [25]. The substrate material chosen was Rogers Duroid
RO3003TM, characterized by a loss tangent coefficient of
0.0013, a dielectric constant of 3, and a height of 0.5mm. This
initial design using CST MWS software laid the foundation
for subsequent improvements.

Recognizing the importance of impedance matching for
efficient power transfer, Antenna 2 (ANT 2) introduced a
matching stub to improve the impedance match between the

FIGURE 2. Geometry of the proposed LoRa wearable antenna depicting
its (a) Front and (b) Back views.

antenna and the feed line. The dimensions of this matching
stub, denoted as lm×wm, were carefully optimized to enhance
return loss and minimize signal reflection. Antenna 3 (ANT
3) was developed to cover both the 868 MHz and 915 MHz
LoRa communication frequencies. This design incorporated
a U-slot cut into the rectangular patch, which effectively
lowered the resonant frequency, enabling operationwithin the
desired frequency bands. Building upon the insights gained
from the previous iterations, the final proposed antenna
design further refined the patch geometry for improved
performance. An additional slot was strategically added at
the top left corner of the rectangular patch, enhancing control
over current distribution and achieving a return loss value <

−10 dBwhich covered both 868MHz and 915MHz for LoRa
communications. The optimized design and dimensions of
the proposed LoRa wearable antenna are visually represented
in Fig. 2, with detailed parameter values provided in Table 2.

The innovative aspect of the proposed LoRa wearable
antenna lies in the use of meandered monopoles to achieve
lower resonance frequencies while maintaining small antenna
dimensions. Ordinarily, the size of a conventional antenna
at 868 MHz would have been significantly larger, but
the meandered structure allows for compactness without
compromising performance. This unique design approach
enables the antenna to operate efficiently at the desired LoRa
frequencies of 868 MHz and 915 MHz, making it suitable for
wearable applications where space is limited. The meandered
monopole design not only reduces the overall size of the
antenna but also enhances its functionality, demonstrating
a significant advancement in antenna miniaturization and
performance optimization.

III. PARAMETRIC STUDIES USING CST MWS
In this section, critical parameters of the proposed antenna
such as matching stub width (Wm), matching stub length (lm),
ground plane length (lg), U-slot dimensions (la5, la6, wa1,
wa4), feedline width (wf ), and the width (G) of the second
slot were systematically examined to understand their impact
on the antenna’s performance. This analysis aims to identify
optimal values for these parameters using CST MWS,
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TABLE 2. Dimensions of parameters in the proposed antenna.

FIGURE 3. Optimization of wm and its effect on S11.

enabling the fine-tuning of the antenna design for enhanced
efficiency, broader frequency coverage, and improved signal
reception in LoRa applications. Additionally, another aim
is to compare the results of these optimizations with those
carried out using machine learning in Section IV.

The initial antenna design (ANT 1) exhibited suboptimal
impedance matching, prompting the introduction of a match-
ing stub in ANT 2. Parametric studies on Wm and lm as
depicted in Fig. 3 and Fig. 4 respectively revealed optimal
values ofWm = 3 mm and lm = 12 mm, achieving resonance
at both 868MHz and 915MHz frequencies essential for LoRa
communication.

Similarly, parametric studies as shown in Fig. 5 and Fig. 6
optimized the U-slot dimensions (la1 = 58 mm, la6 =

33 mm) respectively to manipulate current distribution on
the antenna, enhancing resonant characteristics for LoRa
applications. Additionally, varying Lg from 12 mm to
16 mm as shown in Fig. 7 identified Lg = 14 mm as
optimal, ensuring stable grounding and resonant frequency
achievement.

IV. OPTIMIZATION OF THE ANTENNA USING MACHINE
LEARNING
Advancements in machine Learning (ML) within the context
of electromagnetics (EM) are revolutionizing antenna design
methodologies. Traditional approaches, such as parameter
sweeps using full-wave simulation software like CST MWS,
have proven laborious due to the intricate nature of modern
antennas and their performance demands. This complexity

FIGURE 4. Optimization of lm and its effect on S11.

FIGURE 5. Optimization of la1 and its effect on S11.

FIGURE 6. Optimization of la6 and its effect on S11.

often necessitates the use of numerical analysis techniques
like the Finite Difference Time Domain (FDTD), Methods of
Moments (MoM), and Finite Element Method (FEM), with
3D EM simulators such as ADS, HFSS, and CST programs.
However, these software tools can be time-consuming,
particularly for sophisticated antenna designs. Recognizing
this challenge, researchers are exploring the integration of
deep learning (DL) and ML algorithms to streamline antenna
design processes. ML and DL, both branches of artificial
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TABLE 3. Comparison of various regression models.

FIGURE 7. Optimization of lg and its effect on S11.

intelligence, offer the potential to significantly accelerate
design iterations while maintaining high accuracy, presenting
a promising avenue for enhancing design workflows and
predicting antenna behavior [26]. In this section, we examine
how ML techniques are employed to predict the resonant
frequencies of the proposed antenna. These predictions are
then compared with the simulated results obtained using CST
MWS.

A. SELECTION OF THE DATA SETS AND THE ALGORITHM
For any prediction to be made, there must be sets of input data
to feed the system. The proposed antenna was modeled in
CST MWS and optimized using the Trust Region framework
and Genetic algorithm. Datasets of critical parameters of

the proposed antenna model from this optimization were
extracted. The input variables included Wm, lm, lg, la1, la6,
and each corresponding output variable (resonant frequency)
was obtained for each optimization run. A total of 8007 sets
of inputs and outputs were used for resonance frequency
prediction. The available data was divided into 90% for
training and 10% for validation. A separate 10% dataset was
obtained and used for testing to substantiate the robustness of
the model. In this work, the data preparation and extraction
process, illustrated in Fig. 8, involves three key stages.
First, the proposed wearable antenna for LoRa applications
is designed and optimized in CST to achieve the desired
frequency. Next, a parameter study is conducted to generate
extensive datasets suitable for regression analysis using
machine learning algorithms. Finally, the simulation results,
including return loss (S11), are exported from CST for further
analysis.

The ML algorithms utilized for optimization and pre-
diction included Linear Regression (LR), Efficient Lin-
ear Regression (ELR), Decision Trees Regression (DTR),
Support Vector Machines Regression (SVMR), Gaussian
Process Regression (GPR), Kernel Approximation Regres-
sion (KAR), and Ensemble Tree Regression (ETR). Each
algorithm offers unique advantages and capabilities in
handling regression tasks, as summarized in Table 3.

The flowchart in Fig. 9 illustrates a systematic process
for predicting resonance frequency using various regression
algorithms. These algorithms are trained using the training
dataset, allowing them to learn the relationship between
the the target variable (resonance frequency) and the input
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FIGURE 8. Workflow for data collection for ML analysis.

features. After the training, the models are evaluated based
on their performance on the testing dataset. This evaluation
involves applying the trained models to the testing data
to predict resonance frequencies and comparing these pre-
dictions with the actual values. Key performance metrics,
such as error and accuracy, are calculated to assess how
well each model has performed. The decision point in the
flowchart checks whether the models’ error and accuracy
metrics meet predefined criteria. If a model’s performance
is satisfactory, indicated by low error and high accuracy,
it is selected as the best model for predicting resonance
frequencies. If the performance is not satisfactory, another
model is applied, and this iterative process continues until the
model with the best performancemetrics is identified. Finally,
the best-performing model is used to make predictions on
new data. This involves applying the input datasets to the
model to predict resonance frequency based on the learned
patterns. This structured approach ensures that the most
effective machine learning model is selected, leveraging the
strengths of various regression algorithms to achieveccurate
and reliable predictions. The systematic evaluation and
selection process ensures that the chosen model provides the
best possible performance on unseen data, leading to robust
and precise resonance frequency predictions.

B. METRICS FOR PERFORMANCE MEASUREMENT IN
REGRESSION ANALYSIS
In regression analysis, the key measure of success hinges
on minimizing the discrepancies between predicted and
actual values, often referred to as errors. To assess the
effectiveness of each model in this regard, a comprehensive
evaluation using various statistical metrics was conducted.
A comprehensive set of seven (7) statistical indicators were

FIGURE 9. Flowchart illustrating the process of the prediction.

employed to assess the performance of the algorithms, and
their results were compared. The following statistical mea-
sures were utilized for the assessment: Root Mean Squared
Logarithmic Error (RMSLE), Mean Squared Logarithmic
Error (MSLE), Mean Squared Error (MSE), Root Mean
Squared Error (RMSE), Mean Absolute Error (MAE), Mean
Absolute Percentage Error (MAPE), and variance score
(R-squared). Table 4 presents the features of each of these
metrics.

C. ML BASED PREDICTION ANALYSIS
In assessing the performance of various machine learning
algorithms for predictive modeling, a comprehensive eval-
uation was conducted utilizing the aforementioned seven
(7) statistical metrics. Multiple iterations were executed
to determine the most effective algorithm for prediction
within the given dataset. It is acknowledged that no single
algorithm inherently outperforms others; rather, the selection
of an algorithm depends on the specific characteristics of
the problem being addressed. Upon analyzing the results
presented in Table 5, several key observations emerged:
Optimal predictive performance is indicated by lower

values of MAE, MSE, and RMSE, reflecting reduced error
in predictions. A higher R-squared value is indicative of
a better overall fit of the model to the data. Given these
criteria, the Ensemble Regression model emerged as the
most favorable. Its superior performance is evidenced by its
lowest MAE, relatively modest MSE and RMSE, and notably
high R-squared value compared to other models evaluated.
Ensemble methods, known for their ability to integrate
diverse models for improved performance, demonstrated
their efficacy in producing a more accurate and robust
predictivemodel for this particular dataset. Thus, based on the
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TABLE 4. Summary of evaluation metrics for regression analysis.

TABLE 5. Comparison of performance of various regression models.

comprehensive analysis of the providedmetrics as depicted in
Fig. 10 and Fig. 11, the Ensemble Regression model stands
out as the optimal choice for regression modeling in this
context. The negative R-squared values observed in the SVM
Regression and Efficient Linear Regression models signify
that these models exhibit predictive performance inferior to a
horizontal line, indicating an inability to capture the variance
in the dependent variable. Possible factors contributing to this
suboptimal performance might be violations of regression
assumptions.

Fig. 12 illustrates some predicted S11 plots of the proposed
antenna alongside the actual simulated plots for various
regression models. The Ensemble Regression model stands
out as the best performer, closely matching the actual values,
followed by Gaussian Process Regression. In contrast, the

worst performance is observed in the SVM Regression and
Efficient Linear Regression models, as indicated by their
significantly higher error metrics. These models enable the
approximate determination of the S11 of the proposed wear-
able antenna by merely inputting the antenna parameters,
thereby eliminating the need to use CST Studio Suite or
other full-wave simulation software such as HFSS or FEKO
for modeling the antenna from scratch. Additionally, this
prediction approach significantly reduces the time required
for conventional optimization methods.

V. CIRCUIT MODEL ANALYSIS OF THE PROPOSED
ANTENNA
An equivalent circuit can be used to model characteristics
such as resonant frequency, bandwidth, and impedance

VOLUME 12, 2024 103867



M. I. Waly et al.: Optimization of a Compact Wearable LoRa Patch Antenna for Vital Sign Monitoring

FIGURE 10. Illustration of bar charts of errors for different algorithms.

FIGURE 11. Illustration of bar charts of accuracy levels of each algorithm.

matching [33] of an antenna. This guides the design process
before conducting detailed simulations or measurements.
Fig.13 depicts the evolution of the equivalent circuit of

the proposed antenna. S11 data will be extracted from
the equivalent circuit model using ADS software and
compared with simulated data from CST MWS® software.
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FIGURE 12. Comparison of some simulated and predicted S11 (a) Ensemble regression (b) Gaussian process regression and (c) Efficient linear
regression.

TABLE 6. Comparison of antennas optimized using machine learning techniques.

Generally, a microstrip patch antenna is analogous to an
open-ended transmission line. The equivalent circuit model
of ANT 1, designed and simulated using ADS software, can
be represented by parallel lumped elements: resistance (R1),
inductance (L1), and capacitance (C1). The values for R1, L1,
and C1 are calculated using equations from references [34]
and [35]. ANT 2, which introduced a matching stub to
improve impedance matching between the antenna and the
feed line, is represented by the parallel lumped elements R2,
L2, and C2, as shown in Fig.13(a). ANT 3 was developed to
cover both the 868 MHz and 915 MHz LoRa communication
frequencies. This design incorporated a U-slot cut into
the rectangular patch, effectively lowering the resonant
frequency to operate within the desired bands; they can
be represented as additional series inductance (1L) and
capacitance (1C) in the equivalent circuit of the patch
antenna and can be calculated using equations from [36]
and [37]. An additional slot was strategically added at the

top left corner of the rectangular patch, enhancing control
over current distribution and achieving a return loss value of
less than −10 dB, covering both 868 MHz and 915 MHz for
LoRa communications, as shown in Fig.13(b). The equivalent
circuits of the rectangular patch, matching stub, U-slot, and
additional slot are combined via mutual inductance (Lm)
and mutual capacitance (Cm), as illustrated in Fig.13(c). The
values of each element are listed in Table 7.

VI. RESULTS AND ANALYSIS
To validate the design and simulations of the proposed
antenna, a prototype of the antenna was fabricated, as shown
in Fig. 14. The antenna’s characterization was carried out
using an anechoic chamber and a Keysight Vector Network
Analyzer (VNA) with model N5234B as depicted in Fig. 15.
The S11 parameters were measured with the VNA, as illus-
trated in Fig. 15(a). Furthermore, far-field measurements,
including gain and radiation patterns were conducted in the
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FIGURE 13. Equivalent circuit (a) Patch antenna (b) Additional slots (c) Proposed antenna.

TABLE 7. Values of lumped elements.

FIGURE 14. Fabricated antenna (a) Top (b) Back.

anechoic chamber, shown in Fig. 15(b). During these tests,
the proposed antenna functioned as the receiver, while a
horn antenna was used as the transmitter, moving in both the
azimuth and elevation planes. The analysis focuses on key
metrics such as S11, gain, radiation patterns, efficiency, and
surface current distribution. To ensure the design’s accuracy
and reliability, a comprehensive comparison between the
simulation and measurement results across these parameters
was conducted.

A. RETURN LOSS
The S11 results of the proposed antenna, as shown in
Fig. 16, compare the simulation model, equivalent circuit
model, and measured prototype. Each model exhibits a return

FIGURE 15. Measurement setup for the proposed antenna (a) S11
measurement (b) Far-field measurements in anechoic chamber.

FIGURE 16. Comparison of S11 of the proposed antenna for simulation,
measurement, and equivalent circuit model.

loss < −10 dB with magnitude greater than −25 dB,
sufficiently covering the bandwidth requirements of LoRa
bands in various regions: Europe (867-869 MHz), North
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FIGURE 17. Current distribution characteristics of the proposed antenna
(a) 868 MHz (b) 915 MHz.

FIGURE 18. Radiation characteristics of the proposed antenna in E-plane
and H-plane: (a) 868 MHz (b) 915 MHz.

America (902-928 MHz), Korea/Japan (920-925 MHz), and
India (865-867 MHz). The figure demonstrates a satisfactory

FIGURE 19. Gain and efficiency trends across different frequencies.

correlation among the S11 results from the simulation,
measurement, and equivalent circuit model.

B. SURFACE CURRENT DISTRIBUTION ANALYSIS
The current distribution of the proposed antenna is depicted
in Fig. 17. The maximum current density is concentrated
around the feed line and the edges of the U-slot, as shown
in Fig. 17(a) and (b). For each operational band (868 MHz
and 915 MHz), the same elements are responsible for gen-
erating resonance. The surface current distributions validate
the preliminary design of the antenna, which effectively
generates resonances at both 868 MHz and 915 MHz through
the conventional patch and the U-shaped slot. These findings
are consistent with the theoretical principles discussed in
an earlier study [30], which emphasize that the length of
the current path on the patch influences the operational
frequencies.

C. ANALYSIS OF RADIATION CHARACTERISTICS
The radiation characteristics of the antenna are examined
at both the 868 MHz and 915 MHz resonant frequencies.
Fig. 18 illustrates the radiation patterns of the proposed
antenna, comparing simulation and measurement results at
these frequencies. In Fig. 18(a) and 18(b), corresponding
to 868 MHz and 915 MHz respectively, bidirectional
radiation patterns are evident in the E-plane, displaying an
‘Eight’ shape with a null lobe at θ = 90◦. Meanwhile,
an omnidirectional pattern is observed in the H-plane. These
characteristics hold for both simulated and measured data.

Fig. 19 presents plots of the antenna’s gain and efficiency
against frequency. Notably, the antenna exhibits nearly uni-
form gain (2.1 dBi) across all operational bands, with a peak
radiation efficiency of 99.8% at 868 MHz. This suggests that
the antenna is capable of transmitting and receiving signals
with consistent strength across its operational frequency
bands.

VII. BENDING INVESTIGATION
When antennas are placed on the human body, they may
experience bending. Therefore, it is crucial to investigate their
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FIGURE 20. Bending investigation on the proposed antenna for various diameters (a) y-axis and (b) x-axis.

FIGURE 21. Comparison of radiation patterns under bending investigation on the proposed antenna for various diameters (a) 868 MHz (y-axis)
(b) 868 MHz (x-axis) (c) 915 MHz (y-axis) and (d) 915 MHz (x-axis).

performance under bending conditions for WBAN applica-
tions. The bending investigation was conducted along both
the y-axis and x-axis through simulations and measurements.
The performance was analyzed for bending diameters of
80 mm, 100 mm, and 120 mm.

The simulated S11 results as depicted in Fig. 20 were
consistent for both the y-axis and x-axis. However, along
the x-axis, a slight variation in S11 was observed when
the diameter decreased to 80 mm, although the antenna
continued to operate at 868 MHz. For the measurements,
Styrofoam was used to simulate bending conditions. It was
found that the resonance frequencies shifted slightly for each
Styrofoam diameter. Nonetheless, the impact was minimal,
as the −10 dB bandwidth still covered the required 868 MHz
and 915 MHz LoRa frequency bands. The simulation out-
comes exhibited a notably higher level of accuracy compared
to the measured results, possibly attributed to factors such as
the utilization of Styrofoam, errors in fabrication, and losses
in the cable connections.

Additionally, the radiation patterns were examined for
various bending diameters ranging from 80 mm to 120 mm

FIGURE 22. Plots of gains and efficiencies as functions of frequency
under various bending conditions.

in simulations, while measurements were conducted using
a 120 mm diameter, as illustrated in Fig. 21. The radiation
patterns across different diameters showed consistent behav-
ior with only minor deviations from the unbent scenario.
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FIGURE 23. Simulated SAR values for the proposed antenna at (a) 868 MHz for 1 gram of tissue, (b) 868 MHz for 10 grams of tissue, (c) 915 MHz for
1 gram of tissue, and (d) 915 MHz for 10 grams of tissue.

FIGURE 24. Simulated S11 parameters of the proposed antenna in
different scenarios: Free space, on the arm, on the chest, and on the lap.

These deviations are likely due to the minimal impact of
bending on the antenna materials. The gain under bending
conditions ranged from 1.1 dBi to 2.3 dBi along both the
y-axis and x-axis for 868 MHz and 915 MHz, as depicted in
Fig. 22. The results demonstrated a good correlation between
the simulation and measurement data.

VIII. SAR ANALYSIS
In designing antennas for WBAN applications, it is crucial
to measure the Specific Absorption Rate (SAR) since the
antenna may be positioned close to the human body [41].
SAR is a measurement that tells how much radiofrequency
(RF) energy a body absorbs from a source [42], typically
an antenna in this case. It’s expressed as the rate of power
absorbed per unit mass of tissue. According to FCC and
ICNIRP standards, SAR must not exceed 1.6 W/kg for 1 g
of tissue and 2 W/kg for 10 g of tissue [43], [44], [45]. These
limits are calculated using the IEEE C95.1 standard in CST
MWS® software.

To effectively determine SAR levels, the antenna’s per-
formance was evaluated on a human phantom. Fig. 23
illustrates the simulated SAR values for 1g and 10g of human
tissue at the antenna’s operating frequencies. As shown in

FIGURE 25. Illustration of the proposed antenna when placed on the
(a) chest (b) arm (c) lap.

Fig. 23(a) and 23(b), the SAR values at 868 MHz are
1.43 W/kg for 1g of tissue and 1.33 W/kg for 10g of tissue
with an input power of 100 mW. Similarly, at 915 MHz, the
SAR values are 1.34 W/kg for 1 g of tissue and 1.25 W/kg
for 10 g of tissue, as depicted in Fig. 23(c) and 23(d). These
results confirm that the antenna complies with FCC and
ICNIRP standards for SAR limits.

IX. EFFECT OF HUMAN BODY ON THE PROPOSED
ANTENNA’S PERFORMANCE
Since the proposed antenna is intended for wearable appli-
cations and will be used in close proximity to the human
body, it is crucial to examine the influence of the body on its
performance. Fig. 24 presents the simulated S11 parameters
for the antenna when positioned on various parts of the body,
including the arm, chest, and lap, as well as in free space. The
findings demonstrate that the antenna consistently achieves
the desired resonant frequencies of 868 MHz and 915 MHz
across all tested scenarios.

Additionally, Fig. 25 illustrates the antenna’s behavior
when positioned on various parts of an actual human body,
such as the lap, arm, and chest. The measured S11 parameters
for the antenna in these configurations, as depicted in Fig. 26,
reveal a slight shift, particularly noticeable when the antenna
is directly placed on the arm. This shift is attributed to the
higher dielectric constant of human tissue, which affects the
lower resonant frequencies.

The simulated radiation patterns of the proposed antenna
when placed on different body parts like the chest, arm, and
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FIGURE 26. Performance of the proposed antenna showing its S11
characteristics in free space and when placed on the chest, arm and lap.

FIGURE 27. Simulated radiation patterns of the proposed antenna when
placed on different parts of a human phantom at 868 MHz.

lap are displayed in Fig. 27 and Fig. 28. Both 868 MHz
and 915 MHz exhibit minimal variation. This suggests the
antenna’s radiation characteristics are relatively insensitive to
body placement.

Fig. 29 displays the simulated gain of the antenna on the
arm, chest, and lap, ranging from 1.4 dBi to 2.3 dBi. This
variation is influenced by the differing dielectric properties
of these body areas. Despite these variations, the antenna

FIGURE 28. Simulated radiation patterns of the proposed antenna when
placed on different of a human phantom at 915 MHz.

FIGURE 29. Gain of the antenna when placed on different parts of a
human phantom at 868 MHz and 915 MHz.

maintains a consistent and acceptable level of performance
across placements, ensuring reliable signal reception and
transmission in wearable applications.

X. EXPERIMENTAL VALIDATION
Vital indicators provide essential information about an
individual’s health status. Body temperature is a fundamental
parameter, as deviations from the normal range can indicate
various health issues, from infections to metabolic disorders.
Similarly, heart rate is a critical indicator of cardiovascular
health, with abnormal rates potentially signaling conditions
such as arrhythmias, heart disease, or stress responses. The
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proposed antenna’s effectiveness for vital sign monitoring
has been rigorously tested through a series of experimental
validations. The focus was on monitoring key vital indicators
such as body temperature and heart rate, which are critical for
assessing the functioning of life-supporting processes and the
severity of medical conditions.

A. WBAN COMMUNICATION USING LORA
LoRa technology was chosen for WBAN communication
due to its advantageous features. One key benefit is its non-
cellular connectivity, allowing it to operate independently
of cellular networks. This makes it particularly suitable for
remote and rural areas where cellular coverage may be
unreliable. Additionally, LoRa technology supports long-
distance communication, with ranges extending up to several
kilometers, ensuring reliable data transmission even in
expansive environments. Another significant advantage is
its low power consumption; LoRa devices are designed to
use minimal power, making them ideal for battery-powered
applications and extending the operational life of the
devices. Furthermore, LoRa is particularly well-suited for
IoT applications, providing robust and scalable connectivity
solutions that enhance its utility in diverse scenarios [35],
[46].

B. EXPERIMENTAL SETUP
Conventional LoRa whip antennas, while effective for
general applications, pose several challenges for WBAN
use. Ergonomic issues arise because whip antennas are
typically rigid and can be uncomfortable when worn on
the body, potentially hindering the wearer’s movement and
comfort. Additionally, the size and shape of traditional whip
antennas are not optimized for wearable applications, making
them impractical for continuous use in a WBAN setting.
These limitations necessitate the development of a more
suitable antenna for wearable applications, prompting this
study.

In this study, both the conventional LoRa whip antenna
and the proposed antenna were utilized in the LoRa
receiver (Rx) and transmitter (Tx) setups to evaluate their
performance in monitoring vital signs. The experimental
setup involved integrating the SEN11547 pulse sensor and
the LM35 temperature sensor with the LoRa Tx. The
SEN11547 pulse sensor was used to measure heart rate, while
the LM35 temperature sensor measured body temperature.
These sensors were connected to the LoRa Tx, which was
responsible for transmitting the collected vital sign data. Once
the sensors gathered the heart rate and body temperature data,
this information was wirelessly transmitted from the LoRa
Tx to the LoRa Rx. The LoRa Rx then displayed the received
data along with the corresponding Received Signal Strength
Indicator (RSSI) values. The RSSI provided an indication of
the signal quality and strength, which is crucial for assessing
the reliability of the communication link between the Tx and
Rx. The experimental setup for the validation process are
depicted in Fig. 30.

FIGURE 30. Validation setup.

FIGURE 31. System block diagram.

C. SYSTEM CONFIGURATION
The system block diagram of the proposed vital sign moni-
toring setup is illustrated in Fig. 31. This system integrates
sensors, antennas, and SX1276 LoRa devices based on
TTGO LoRa32 technology to facilitate efficient monitoring
and data transmission. At the core of the system are the
SEN11547 pulse sensor and the LM35 temperature sensor,
which serve as input devices for measuring heart rate and
body temperature, respectively. These sensors are connected
to a LoRa device integrated with a microcontroller. The
microcontroller, programmed using open-source Arduino
IDE software, plays a crucial role in the system. The Arduino
IDE, which is compatible with multiple operating systems,
facilitates the coding process and enables easy uploading of
sketches to boards. The LoRa technology ensures long-range,
low-power communication, which is essential for reliable
data transmission over significant distances. Upon receiving
the signals, the LoRa Rx displays the measured heart rate
and body temperature data along with the corresponding
Received Signal Strength Indicator (RSSI) values, providing
an immediate indication of the signal quality and reliability.

In the experimental setup, the position of the LoRa Rx
was varied up to a distance of 1 km to evaluate the WBAN
communication performance at 100 m intervals. It was
observed that even at a distance of 1 km, the RSSI remained
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FIGURE 32. Comparison of measurements of heart rate and body
temperature using the proposed antenna and commercially available
conventional whip antenna.

strong at −110 dBm, demonstrating the robustness and
reliability of the proposed antenna and LoRa technology
for WBAN applications. This setup highlights the practical
advantages of using the proposed antenna in real-world
scenarios, ensuring effective monitoring and communication
over long distances without the limitations associated with
conventional cellular-based systems. Previous studies have
not explored using LoRa to establishWBAN communication,
highlighting the novelty of this approach.

XI. PERFORMANCE EVALUATION OF THE PROPOSED
SYSTEM
To evaluate the performance of the proposed system,
heartbeats and body temperatures were measured. Data were
collected over a 10-minute period with samples taken every
minute, resulting in 10 samples. These measurements were
recorded under relaxed conditions, without any physical
activity. For comparison and validation, the results were
compared with those obtained using a conventional whip
monopole antenna as a reference. Graphical representations
of the vital signs measured are displayed in Fig. 32. It is
evident from the figure that the measured heart rates ranged
from 82 to 95 BPM. Despite these variations, all recorded
values fell within the normal range for adults, which is
between 60 and 100 BPM.

Additionally, body temperature data were collected and
evaluated. An increase in body temperature is associated
with a rise in heart rate, while a decrease in temperature
corresponds to a slower heart rate. The recorded temperatures
ranged from 35.20 to 38.80 ◦C, which is within the healthy
range for adults (35 to 38 ◦C).
Overall, the analysis indicates a strong correlation between

the measurements obtained using the proposed antenna and
those obtained with the commercially available conventional
monopole whip antenna. Minor variations in temperature
readings can be attributed to measurement conditions.

To further validate the performance of the proposed
antenna, the RSSI for each data packet was recorded at
100 m intervals using both the proposed antenna and a

FIGURE 33. Comparison of RSSI values for the proposed antenna and the
commercially available whip monopole antenna.

commercially available whip monopole antenna. The results,
as presented in Fig. 33, show a consistent pattern. The overall
comparison of RSSI indicates that the proposed antenna
consistently demonstrates higher RSSI values across all
distances when compared to the whip antenna. This suggests
that the proposed antenna has superior signal reception
capabilities. Both antennas exhibit a typical decrease in RSSI
with increasing distance, which is expected due to path loss
in wireless communications. However, the proposed antenna
maintains a higher RSSI at each interval, indicating it is more
efficient in mitigating signal loss over distance.

In examining performance at various distances, from 0 to
400 m, both antennas show a gradual decrease in RSSI, but
the proposed antenna’s RSSI remains about 5-10 dBm higher
than that of the whip antenna. Between 400 and 800 m, the
gap between the two antennas’ performance widens slightly.
The proposed antenna’s superior performance is more
pronounced, maintaining better signal strength. At distances
from 800 to 1000 m, both antennas experience significant
signal degradation, but the proposed antenna still performs
better, indicating its robustness at longer distances.

In conclusion, the analysis of the RSSI data indicates
that the proposed antenna outperforms the commercially
available whip monopole antenna in all tested scenarios. The
higher RSSI values across various distances suggest that the
proposed antenna is more efficient in receiving signals and
maintaining communication quality over extended ranges.
Given these findings, the proposed antenna is highly effective
for WBAN communications using LoRa technology, provid-
ing stronger and more reliable signal reception and making it
a suitable choice for applications that require consistent and
long-range wireless communication.

Table 8 compares the proposed antenna with antennas
presented in recent literature. The proposed design offers a
compelling alternative due to its compact size (0.23 λ0 ×

0.17 λ0), significantly smaller compared to other antennas
utilizing semi-flexible, non-flexible, and flexible substrates.
Notably, the proposed antenna achieves good performance
across its operational bands (868 MHz and 915 MHz)
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TABLE 8. Comparison of the performance of the proposed antenna with available literature.

with acceptable impedance bandwidth and promising gain
values (2.06 dBi and 2.12 dBi). Furthermore, it features
a bidirectional radiation pattern, making it suitable for
LoRa WBAN communication applications. Crucially, this
work goes beyond simulations to validate the antenna’s
performance. The proposed antenna was integrated into a
functional LoRa system and employed for real-life vital
sign measurements. This comprehensive validation process
demonstrates the antenna’s effectiveness in capturing and
transmitting vital sign data through a LoRa communication
link.

XII. CONCLUSION
This work introduces a novel and compact wearable patch
antenna specifically designed for monitoring vital signs in
WBANmedical applications. The antenna operateswithin the
globally prevalent LoRa bands of 868 MHz and 915 MHz,
addressing a critical gap in the existing literature for compact
wearable antennas suited for these specific sub-1 GHz
bands. The fabrication utilizes a Rogers Duroid RO3003TM

substrate, incorporating a U-slot on a traditional rectangular
patch alongside a matching stub and partial ground plane for
optimized impedance matching and enhanced performance
efficiency. The resulting antenna boasts a compact size of
80 × 60mm2 (0.23 λ0 × 0.17λ0), where λ0 represents the
free-space wavelength at 868MHz. Additionally, the antenna
exhibits a favorable radiation pattern, with a bidirectional
pattern in the E-plane and an omnidirectional pattern in the
H-plane, observed at both frequencies. The peak gain reaches
2.12 dBi at 868 MHz.

The design, simulation, and optimization processes lever-
aged the capabilities of CST MWS® software. Notably,
this work integrates supervised regression machine learning
models, particularly an ensemble regression model, to predict
resonance frequencies based on various antenna parameters.
This approach yielded remarkable accuracy, achieving an
R-squared score of 87.68%. This success highlights the
ensemble regression model’s efficacy in predicting resonance
frequencies, leading to reduced computational time require-
ments for full-wave simulations within CST MWS and a
streamlined design process.

The antenna’s performance was further evaluated by
analyzing its characteristics under bending conditions. This
assessment revealed that the antenna maintains excellent
efficiency, with minimal degradation in bandwidth and
gain even when subjected to bending. Additionally, a SAR
analysis was conducted, ensuring all values fall well within
the safety guidelines established by FCC and ICNIRP stan-
dards, demonstrating the antenna’s suitability for wearable
applications.

To validate performance in real-world settings, the fab-
ricated prototype antenna underwent open-field testing for
WBAN LoRa applications. Performance assessments were
conducted using a LoRa transceiver system based on the
LoRa SX1276 chip. The proposed antenna consistently
surpassed a conventional antenna, demonstrating an average
improvement of −5 dBm in Received Signal Strength
Indication (RSSI) across various points within a 1 km
range. This confirms the proposed antenna’s superior signal
reception capabilities, making it a promising solution for
long-range WBAN applications, supported by robust perfor-
mance metrics and comprehensive experimental validations.
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