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ABSTRACT: The article presents the geometry and optimization of a small-sized dual-band F-shaped monopole antenna for medical
applications in the 2.45/5.8 GHz ISM bands. The antenna is printed on a partial ground FR4 substrate, and its geometrical parameters
are optimized using Artificial Neural Networks (ANNs) and Particle Swarm Optimization (PSO). Two ANN architectures, Feedforward
Backpropagation Neural Network (FFBPN) and Generalized Regression Neural Network (GRNN), are trained on a dataset of 121 samples
generated using varying patch sizes. The FFBPN model is better with a mean squared error of 3.9506 x 10~° at epoch 21. The optimized
antenna has resonances at 2.448 GHz and 5.8 GHz with S1; < —10dB, bandwidths of 610 MHz (2.21--2.82 GHz) and 400 MHz (5.61—
-6.01 GHz), and peak gains of 2.262 dBi and 3.9 dBi, respectively. Measurements on a prototype are in agreement with simulations to
confirm the appropriateness of the design for wireless medical devices, such as wearable sensors and telemedicine systems.

1. INTRODUCTION

ntennas are essential for wireless communication systems

because they interact with electromagnetic waves as front-
end devices in free space. Current communication systems use
antennas for many applications, including portable wireless de-
vices [1-3], radar systems [4,5], and other medical applica-
tions [6—10]. Monopole antennas have specific prominence in
biomedical engineering not only because of their user-friendly
design but also their ease to manufacture and reliability [11, 12].
A monopole antenna is capable of wireless communication be-
tween medical devices which enables remote monitoring of vi-
tal physiological data such as blood pressure and ECG read-
ings [3,13-19]. The increasing demand for small, flat, dual-
band antennas operating within the 2.45/5.8 GHz Industrial,
Scientific, and Medical (ISM) bands originates from applica-
tions in wireless health monitoring, implantable sensors, and
wearable healthcare devices [3,6-8, 13, 17, 19]. Antennas that
operate in the 2.45/5.8 GHz bands will facilitate the real-time
transmission of physiological data as they support telemedicine
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applications connecting patients who are well beyond the reach
of a medical provider [20, 21].

Dual-band antennas have numerous applications in wire-
less body area networks (WBANSs) [7,22-27], RFID systems
[28], WLAN [29], and biomedical devices [30—44]. Although
the designs of dual-band antennas are many, some basic engi-
neering criteria include: low dimensions, acceptable radiation
characteristics, simple configurations, low profiles, manage-
able gains, and high efficiencies [45]. Some design solutions
have been presented for ISM band applications. A chip an-
tenna designed for the 2.4 GHz band indicated a gain of 3.5 dBi
with 126 MHz bandwidth [46]. A wire antenna on an FR-4 sub-
strate indicated a gain of 2 dBi and bandwidth of 200 MHz. An
inverted-F antenna exhibited 2.5 dBi of gain [47], and another
example possessed 1.5 dBi of gain [48] which revealed quasi-
omnidirectional radiation patterns [49]. Compact monopole de-
signs with proper bandwidth yielded 1.354 dBi of gain with
330 MHz bandwidth [50], although a microstrip antenna de-
signed using shorting pins demonstrates 0 dBi gain [51]. The
microstrip line feeding showed effectiveness in impedance
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FIGURE 1. The proposed antenna front and back views.

matching and gain objective [25]. The dielectric resonator an-
tenna from literature evidenced a gain of 5.5 dBi [52].

Recent progress includes the development of small-form
printed antennas for medical applications [53-55], fractal an-
tenna designs optimized by PSO [56,57], and using spiral
structures with coverage in MICS and ISM bands [58], Dual-
band antennas for WiFi applications were inspired from fractal
Hilbert curves [59]. Artificial Neural Networks (ANNs) can
assist in the optimization process of an antenna design, with
some specific layer architectures being feed forward back prop-
agation network (FFBPN) [60] and General Regression Neural
Networks (GRNNs) [61]. Despite previous work on dual-band
ISM antennas and optimization methods such as PSO [30-32],
as well as review of ANN techniques in medical applications,
the use of ANN with PSO to aid in medical antennas design
is less documented [57,58]. This research will establish this
by providing optimization design methods based on ANNs and
PSO for a dual-band monopole antenna.

Our main contributions include:

* An optimization framework employing both ANNs and
PSO for antenna parameter prediction

* A compact dual-band design operating at 2.448 GHz
(610 MHz bandwidth) and 5.8 GHz (400 MHz bandwidth)

* Peak gains of 2.262 dBi and 3.9 dBi at respective frequen-
cies

» Comprehensive validation through simulation and mea-
surement

The paper is organized as follows. Section 2 describes the an-
tenna design. Section 3 presents numerical specifications. Sec-
tion 4 details the numerical analysis and ANN modeling. Sec-
tions 5-6 explain curve fitting and PSO optimization. Section
7 presents performance evaluation, and Section 8 concludes the
work.
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2. ANTENNA DESIGN AND CONFIGURATION

Figure 1 shows the proposed dual-band planar antenna design.
The F-shaped radiating element is printed on an FR4 substrate
(e, = 4.3, thickness = 1.6 mm, tan § = 0.019) with a truncated
ground plane. A 50 2 microstrip feed line (width = 3 mm) de-
signed using transmission line theory [25] is connected to an
SMA port for excitation.

2.1. Antenna Design

A planar monopole antenna was designed for dual-band opera-
tion at 2.45 GHz and 5.8 GHz, targeting medical applications in
the ISM bands. The antenna dimensions were determined us-
ing transmission line theory [25, 62], with key parameters cal-
culated through the following analytical approach.

2.2. Dimensional Calculations

The effective dielectric constant (e,;) and length extension

were computed using:
1 h\ "
(1+122)
w

¢, = dielectric constant of substrate

er+1
2

Ep —

2

(M

Ereff =

where:

+ w = width of radiating patch
* h = substrate height

The effective resonant length (L) was derived from surface
current distributions, corresponding to quarter-wavelength res-

onance:
Vo

2f7‘ \/Ereff

where vy is the speed of light in free space, and f, is the resonant
frequency.

Loy = 2
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TABLE 1. Geometrical parameters of the proposed antenna.

Parameters | Value (mm) | Parameters | Value (mm)
Ly 19 Ly 17.5
Lo 35 W, =W, 35
L3 4.6 Ls 40
Ly 3 Ly 16
Ls w 3

2.3. Antenna Parameters

The complete geometrical parameters of the proposed design
are summarized in Table 1. These dimensions were opti-
mized to achieve dual-band operation while maintaining com-
pact form factor suitable for medical applications.

The design achieves resonance at both target frequencies
through careful control of the patch geometry and ground plane
configuration, as described in the following sections.

3. ANN MODEL

The Artificial Neural Network (ANN) serves as a powerful tool
for establishing a relationship between the antenna’s geometri-
cal parameters and its resonant frequencies. Utilizing the feed-
forward backpropagation model, the ANN is structured into
three primary layers: input layer, hidden layer, and output layer.
The input layer is composed of neurons that correspond to the
input vector dimensions X = {z1,x2,23,24,...,%,}, cach
representing a distinct input parameter. The outputs of these
input neurons are fed into the hidden layer, which processes
the data and passes the results to the output layer. The cru-
cial task of determining the optimal weights for the connections
between neurons, known as training the network, ensures that
the ANN accurately models the relationship between inputs and
outputs. Fig. 2 illustrates the developed feedforward backprop-
agation network (FFBPN) model applied to the proposed com-
pact dual-high frequency antenna design. Table 2 illustrates the
parametric configuration of the ANN. In the proposed FFBPN
model, the two inputs consist of the geometrical parameters of
the patch, while the outputs correspond to the resonant frequen-
cies. The dataset is generated using CST software, comprising
121 randomly generated samples along with their correspond-
ing resonant frequencies, f.; and f.o. Ofthese 121 samples, 85
are utilized for training the network, while the remaining 18 are
reserved for testing and validation purposes. The model’s per-

Hidden layer (10 neurons)

Input layer Output layer

(1)
Ls \E/V fra

FIGURE 2. ANN-based analysis model (Feedforward Backpropagation
Network).
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TABLE 2. ANN-based analysis model for the proposed antenna.

ANN parameters Values
Number of inputs (L2, L3) 2
Number of outputs (fr1, fro) 2
Number of hidden neurons 10
Number of epochs 1000
Training algorithm Levenberg-Marquardt

formance is evaluated based on the error value obtained during
this process. The error is calculated using the following expres-
sion:

Absolute Error

= |Simulated Outcome — ANN Model Outcome| (3)

4. CURVE FITTING APPROACH

The primary aim of this technique is to depict empirical data
using a model, such as a function or mathematical equation and
assess the parameters linked to that model. In simple terms,
it offers the most accurate depiction of experimental data by
employing a mathematical model. It calculates the coefficient
values that result in a function closely approximating the given
data set. This study employs a curve-fitting method to establish
a straightforward mathematical correlation between the param-
eter values Lo and L3 and related operating frequencies (f,1
and f,2). A data collection including 121 samples is generated
randomly by selecting various parameters. By employing this
methodology, the subsequent pair of mathematical equations is
produced.

The MATLAB software enables the creation of curves, sur-
faces, and mathematical functions through the process of curve
fitting. This technique facilitates the establishment of a practi-
cal correlation between observed data and parameter values, re-
sulting in the optimal alignment with the data set. The primary
methodologies for curve fitting are least squares regression and
interpolation. The current study utilises the curve-fitting tech-
nique to establish a correlation between parameter values and
the corresponding resonant frequencies (f,; and f,2). The data
set of 121 samples is obtained by systematically altering the pa-
rameter values Lo and L3 of the proposed antenna. The selected
range of Lo is 2.5 to 4.5 mm and L3 is 3 to 5 mm. The resonant
frequency corresponding to each sample is noted down.

Based on this data set, the equations for f,; and f,o are de-
rived and presented in Egs. (4) and (5).

fri = —0.05375Ly — 0.0007603L3 + 2.638
fra = —0.09278Ly — 0.345L3 + 7.716

4)
)

5. PSO REALIZATION

PSO technique, first proposed by Dhaliwal and Pattnaik [56],
is characterised by its efficient utilisation of the cooperative be-
haviour exhibited by particles. A set of particles with randomly
assigned positions is defined in an N-dimensional design space.
The positions of these particles are updated in each iteration
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based on velocity updates [63]. Once the position and velocity
of each particle in the population have been set, the velocity of
each particle is updated [57]. In each iteration, every particle
modifies its position based on its current position, current ve-
locity, the distance to its personal best position (pbest), and the
distance to the global best position (gbest) [63].

The selection of the fitness or cost function is meticulously
made to guarantee optimal performance of PSO algorithm. The
design space and cost function are unique to the optimisation
problem. The PSO algorithm employs Egs. (6) and (7) to update
the velocity and position of each particle [57]:

vi(t+1) = wu(t) + err [pbest(t) — x;(t))
“+earg [gbest(t) — x;(t)] . 6)
.Ti(t+1) = l‘z(t) +Ui(t+1) @)

where v; represents the particle’s velocity; x; represents the par-
ticle’s position; w is the inertial weight; ¢; and co are accelera-
tion constants, both having a value of 1.5.

The algorithm concludes when a satisfactory solution is
achieved. An objective function is formulated to guarantee that
the proposed antenna achieves resonance at frequencies speci-
fied by the user, as represented by Eq. (8). Fig. 3 displays the
comprehensive flowchart of the PSO algorithm used to calcu-
late parameters Ly and Ls.

cost function = \/(2.45 — f1)2 + (5.8 — fr2)2

Initialize particles (position, velocity)
¥

Evaluate fitness function
¥

Update pbest and gbest
¥

Update velocity and position

®)

Stopping condition?

FIGURE 3. Flowchart of the PSO algorithm.

6. RESULTS AND DISCUSSIONS

The evaluation of the antenna’s performance is conducted
through a thorough approach that encompasses the devel-
opment, modelling, and analysis of its radiating structure
using CST. When the antenna is excited via a waveguide
port, essential performance metrics such as directivity, voltage
standing wave ratio (VSWR), gain, reflection coefficient,
surface electric field, and far-field pattern are evaluated.

By integrating open add-space boundary conditions into the
simulations, a comprehensive assessment of the antenna’s per-
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formance and behaviour is attained. This method offers a pre-
cise representation of how the antenna interacts with the sur-
rounding environment. This methodology provides valuable
insights into the effectiveness, focussing capability and disper-
sion of electromagnetic fields of the antenna, allowing for op-
timisation based on specific design criteria.

6.1. Bandwidth and Scattering Parameters S,

The objective of the design being discussed is to attain dual-
band capabilities specifically for medical applications. It has
been achieved by utilising an antenna design featuring a mod-
ified radiation patch. Fig. 4 compares the return loss charac-
teristics of three different antennas: the rectangular monopole
antenna (Fig. 4(a)), the antenna with an L inverse-shaped radiat-
ing patch (Fig. 4(b)), and the antenna with a modified F-shaped
radiator (Fig. 4(c)).

In order to assess the effectiveness of the proposed an-
tenna, a frequency range spanning from 1 to 9 GHz was cho-
sen for analysis. The two frequency sub-bands of interest are
2.21-2.82 GHz and 5.61-6.01 GHz, with center frequencies of
2.448 GHz and 5.8 GHz, respectively.

In the first design, the antenna resonates at 2.645 GHz and
7.3 GHz, exhibiting S1; values of —24.4 dB and —11.99 dB, re-
spectively, as illustrated in Fig. 5. The second design of the an-
tenna resonates at 2.33 GHz and 5.58 GHz, exhibiting S, val-
ues of —25.445 dB and —18.95 dB, respectively. The proposed
antenna functions within the ISM frequency bands, specifically
(2.4-2.5GHz) and (5.61-6.01 GHz).

The S11 values of —27.97 dB and —14.63 dB are measured
at the respective resonant frequencies. The bands utilise fre-
quencies of 610 MHz (2.21-2.82 GHz) and 400 MHz (5.61—
6.01 GHz). The specified bandwidth of 610 MHz is greater than
the usual range of frequencies for the ISM band, which is from
2.4 t0 2.4835 GHz. On the other hand, the 400 MHz bandwidth
fits well within the higher frequencies of the ISM bands, which
range from 5.725 to 5.875 GHz. These bands are designated
for non-communication uses; however, they can be utilised for
communication within certain regulations, such as Wi-Fi, Blue-
tooth, and selecting cordless phones. Fig. 6 shows the S77 plot
containing simulated values.

6.2. Gain and Directivity

Gain and directivity are crucial factors for evaluating the per-
formance of an antenna. Figs. 7(a) and 7(b) depict the three-
dimensional gain patterns of the proposed antenna for fre-
quencies of 2.45 GHz and 5.8 GHz, respectively. Figs. 8(a)
and 8(b) display the three-dimensional directivity plots that cor-
respond to the same frequencies. The maximum gain values are
3.9dB at a frequency of 2.45 GHz and 5.2 dB at a frequency of
5.8 GHz. At these frequencies, the directivity peaks are 3.9 dB
and 5.2 dB, respectively.

The antenna under consideration has an efficiency of roughly
87%, and at the resonant frequency of 5.8 GHz, the efficiency
is approximately 74%.

Figure 9 illustrates the peak gain versus frequency. The an-
tenna gain is calculated as 2.262 dB and 3.9 dB for the resonant
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FIGURE 4. Antenna structure. (a) Base structure.. (b) L inverse-shaped. (c) F-shaped.
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FIGURE 5. S1; parameter comparison across three antenna design iterations.
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FIGURE 6. Simulated S11 characteristics of the proposed antenna.

frequencies of 2.45 GHz and 5.8 GHz, respectively. A 2.262 dB
gain is generally moderate but may be adequate for commu-
nication over short distances, such as within a hospital room
or between body-worn sensors and a receiver in close prox-
imity. Reducing the gain can also be beneficial in minimis-
ing the possibility of interaction with other devices and ensur-
ing safety. Medical gadgets are required to adhere to stringent
safety standards and regulations. Using antennas with lower
gain might decrease the specific absorption rate (SAR), thereby
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ensuring the safety of the device for human use. A 3.9 dB value
at 5.8 GHz offers a slightly greater level of performance, which
can be advantageous for applications that demand longer range
or larger data rates.

6.3. Current Distribution

Surface current distribution refers to the spatial arrangement of
current density across a patch, indicating current density vari-
ation at different frequencies of operation. Figs. 10 and 11
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FIGURE 7. 3D gain plot of proposed antenna at (a) 2.45 GHz. (b) 5.8 GHz.

(b)

FIGURE 8. 3D directivity plot of proposed antenna at (a) 2.45 GHz. (b) 5.8 GHz.

Max Gan over Frequency

Frequency / GHz

FIGURE 9. Peak gain of the proposed antenna.

display the surface current distribution plots at specific res-
onant frequencies for the proposed antenna. The analysis
demonstrates that the highest current density is achieved at the
feed, indicating a significant coupling effect. The monopole
antenna exhibits the lowest current density at its upper sec-
tion. The current distribution on the monopole antenna con-
firms its favourable radiation characteristics and showcases en-
hanced performance in relation to the reflection coefficient and
impedance matching.
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6.4. Radiation Pattern

The radiation pattern of the antenna is shown in Figs. 12 and 13.
The antenna is linearly polarized; therefore, its £- and H-plane
patterns are analyzed to gain insight into its radiation character-
istics in the two orthogonal planes. Pattern analysis reveals that
the proposed antenna exhibits figure-of-eight radiation charac-
teristics in the E-plane (X Z) and produces a similar figure-of-
eight pattern in the H-plane (Y 2).
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FIGURE 10. Surface current distribution for proposed antenna at 2.45 GHz.

surface current (f=5.8) [1] {peak)

Component: abs
3D Maximurn [Afm]: 5.7
Frequency: 5.5
Phase: a

A/m (log)

FIGURE 11. Surface current distribution for proposed antenna at 5.8 GHz.

6.5. ANN Results

A dataset consisting of 121 samples was utilized to train the
ANN models. For the Feedforward Backpropagation Neural
Network (FFBPN), the architecture was configured with 2 neu-
rons in the input layer, 10 neurons in the hidden layer, and 2
neurons in the output layer. The training function used was
trainlm, and the learning rate was set to 0.15. For training the
General Regression Neural Network (GRNN), a spread con-
stant of 1 was selected. Fig. 14 illustrates the performance plot
of Mean Squared Error (MSE) versus the number of epochs.
The best validation performance achieved was 3.9506 x 1075
at epoch 21.

Tables 3 and 4 present the performance evaluation results of
two different models using Mean Squared Error (MSE) and
regression values across the training, validation, and testing
phases for the General Regression Neural Network (GRNN)

267

and Feedforward Backpropagation Neural Network (FFBPN),
respectively.

Based on the evaluation results of both FFBPN and GRNN,
it is observed that the FFBPN achieves lower MSE across all
training, validation, and testing phases than GRNN. Since the
primary objective of this work is the accurate prediction of res-
onant frequency values in antenna design, the accuracy of pre-
dicted values is crucial, making MSE the most significant indi-
cator in this context.

Although the regression coefficient (R) is slightly higher in
the GRNN model, this metric only measures the linear relation-
ship between actual and predicted outputs and does not always
reflect the magnitude of the absolute error. Therefore, consid-
ering the need for precise frequency prediction in antenna ap-
plications, where even small deviations are critical, the FFBPN
model is more suitable due to its superior accuracy in absolute
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(a) Farfield E-Field(r=1m) Abs (Phi=90)
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FIGURE 12. The E-plane and H-plane characteristics of the proposed
antenna at 2.45 GHz.

Best Validation Performance is 3.9506e-05 at epoch 21
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FIGURE 14. Mean Square Error (MSE) performance over epochs during
training.

TABLE 3. Performance results in terms of MSE and regression for
GRNN.

Phase MSE Regression
Train 0.0089717 0.99557
Validation | 0.0094297 0.99901
Test 0.0085885 0.85399

value predictions, as confirmed by the plotted results and abso-
lute error comparisons.

(@) Farfield E-Field(r=1m) Abs (Phi=90)

farfield (f=5.8)
Phi= 9

Frequency = 5.8

120 ‘ Main lobe magnitude = 17.3 dBV/m
Main lobe direction = 137.0 deg.
Angular width (3 dB) = 167.9 deg.
Theta / Degree vs. dBV/m Side lobe level = -8.3 dB

(b) Farfield H-Field(r=1m) Abs (Phi=90)

farfield (f=5.8)

Phi= 90 30 30 Phi=270
60

Q0 20
Frequency = 5.8
120 120 Main lobe magnitude = -34.2 dBA/m
150 180 150 Main lobe direction = 137.0 deg.
Angular width (3 dB) = 167.9 deg.
Theta / Degree vs. dBA/m Side lobe level = -8.3 dB

FIGURE 13. Characteristics of the proposed antenna at 2.45 GHz. (a)
FE-plane and (b) H -plane.
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—¥— Desired Cutput
—&—FFBPN Predicted Output

2513 “#— GRNN Predicted Otput

Frequency 1 (Ghz)

0 20 40 60 80 100 120 140
Number of Samples

FIGURE 15. Comparison of ANN outputs with desired output for fre-
quency 1

TABLE 4. Performance results in terms of MSE and regression for FF-
BPN.

Phase MSE Regression

Train 2.5038 x 107° 0.99393
Validation | 3.0653 x 107> 0.96992

Test 8.6203 x 107° 0.84270

The performance of two distinct artificial neural networks
(ANNSs) was assessed using the same dataset. Tables 5 and 6
illustrate the comparison between FFBPN and GRNN outputs
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TABLE 5. Comparison of desired and FFBPN outputs with errors.

Frequency 2 (Ghz)

36T

L2 | L3 | Desired f1 | Desired f2 | FFBPN f1 | FFBPN f2 | Absolute Errorl | Absolute Error2
35| 48 2.448 5.728 2.4469 5.7299 0.0010575 0.0018825
4.1 | 42 2.416 5912 2.4134 5.8983 0.0026017 0.013716
39 | 3.6 2.424 6.112 2.4228 6.1159 0.0011639 0.0038604
2.7 | 5.0 2.488 5.712 2.4894 5.7049 0.0013718 0.0070951
29 | 3.8 2.480 6.144 2.4814 6.1390 0.0013789 0.0050485
33 | 48 2.456 5.774 2.4578 5.7510 0.0018402 0.022974
35| 4.0 2.448 6.016 2.4448 6.0221 0.0032136 0.0060647
2.5 | 4.0 2.496 6.112 2.4995 6.1165 0.0034875 0.0045105
33| 44 2.456 5.896 2.4561 5.8908 0.0000626 0.0052446
3.1 | 32 2.472 6.344 2.4687 6.3356 0.0033413 0.0084424

TABLE 6. Comparison of desired and GRNN outputs with errors.
L2 | L3 | Desired f1 | Desired f2 | GRNN fl | GRNN f2 | Absolute Errorl | Absolute Error2
35| 48 2.448 5.728 2.4464 5.8966 0.0016241 0.16857
4.1 | 42 2.416 5.912 2.4326 5.9594 0.0166010 0.047429
39 | 3.6 2.424 6.112 2.4372 6.0569 0.0131600 0.055131
2.7 1 5.0 2.488 5.712 2.4642 5.9001 0.0238080 0.18809
29 | 3.8 2.480 6.144 2.4605 6.0686 0.0195270 0.075398
3.8 | 48 2.456 5.774 24511 5.9042 0.0048849 0.13023
35| 4.0 2.448 6.016 2.4465 6.0136 0.0015037 0.0023561
25 | 4.0 2.496 6.112 2.4683 6.0514 0.0276580 0.060625
33| 44 2.456 5.896 2.4512 5.9607 0.0048282 0.064692
3.1 | 32 2.472 6.344 2.4563 6.1455 0.0157270 0.19847

: : : 03 . . : :

—¥— Desired Output 1 ©— L2 of FFBPN

—&— FFBPN Predicted Output —&—L3 of FFBPN

#— GRNN Predicted Output | | 0.25 %llf T T—;— ti E;ggm |
k] 1]
e
s

3.5

40

60 80
Number of Samples

100 120

140

FIGURE 16. Comparison of ANN outputs with desired output for fre-

quency 2.

TABLE 7. Average absolute errors for different networks.

Network | Avg Abs Error f1 | Avg Abs Error 2
FFBPN 0.002292 0.0056708
GRNN 0.017468 0.1128900

50 80 100

Number of Samples

40

140

FIGURE 17. Comparison of errors of both ANNSs versus number of sam-
ples.

against the desired outputs based on absolute error. Addition-
ally, Table 7 provides a comparison of the average absolute er-
rors for both ANNs with respect to f1 and f,2. The results in-
dicate that FFBPN consistently exhibits lower average absolute
errors than GRNN for both f,; and f,2. Consequently, FFBPN
is favored over GRNN for this study. Figs. 15 and 16 present
graphical comparisons of FFBPN and GRNN outputs against
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TABLE 8. Comparison between PSO by curve fitting and ANN highlighting the superiority of ANN.

PSO by Curve Fitting

ANN (Neural Network)

Searches for coefficients of a predefined function

Learns the relationship directly from the data

Limited to the chosen mathematical form

Can represent any linear or nonlinear relationship

Requires fewer data samples

Requires more data but utilizes it efficiently

Accuracy is medium and depends on
the correctness of the function

Generally higher accuracy,
especially when the relationship

is unknown or complex

the desired outputs for f,.; and f.o, respectively. Fig. 17 de-
picts a comparative analysis of the errors for both ANNs as a
function of the number of samples.

6.6. PSO Results

The objective of Particle Swarm Optimization (PSO) is to opti-
mize the parameter values Lo and L3 to achieve the desired res-
onance frequencies (f,; and f2). The algorithm is initialized
with a cohort of 40 particles and a maximum of 1000 iterations.
The design parameters are established within suitable minimum
and maximum limits, creating a two-dimensional search space
for optimization. PSO subsequently identifies the optimal pa-
rameter values of the proposed antenna. The cost function de-
termines that the optimal parameter values are Lo = 3.5 mm
and L3 = 4.6 mm.

6.7. Comparative Optimization Analysis

Table 8 summarizes the differences between PSO by curve fit-
ting and ANN. While PSO depends on predefined mathematical
functions and offers moderate accuracy with fewer data, ANN
learns directly, from data, captures both linear and nonlinear
relations, and generally provides higher accuracy for complex
optimization problems.

Table 9 presents a comparison between the proposed antenna
and currently existing antennas. A dual-band antenna is de-
scribed in [58]; however, it exhibits a larger surface area than
the proposed antenna. According to [33], the two-sleeve patch
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antenna is effective only for the ISM band and has a lower
maximum realized gain than the proposed antenna. The an-
tennas described in [34—37] operate within a single frequency
band, and their dimensions are significantly larger than those
of the proposed antenna. The antennas in [38—43] function at
the 2.45 GHz ISM band, whereas the proposed antenna sup-
ports two ISM frequency bands. Hence, the proposed antenna
offers several advantages over the antennas listed in Table 9, in-
cluding smaller size, increased gain, improved efficiency, and
enhanced compatibility with ISM frequency bands.

6.8. Antenna Prototype

The fabricated antenna is shown in Fig. 20. It is printed on
an FR4 substrate and features an F-shaped radiating structure.
This geometry is specifically designed to support dual-band op-
eration at 2.45 GHz and 5.8 GHz.

Figure 21 illustrates the measurement setup used to evaluate
the return loss (S71) performance of the antenna. The device
is connected to a Vector Network Analyzer (Agilent PNA-L)
through a coaxial cable. To reduce undesired reflections and
external interference, the antenna is placed on pyramidal RF
absorbing foam during measurement.

The comparison between simulated and measured return loss
results is presented in Fig. 22. Good agreement is observed
between the two curves, with resonances appearing around
2.45GHz and 5.8 GHz in both cases. Slight discrepancies in
the return loss levels can be attributed to fabrication tolerances
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TABLE 9. Comparison of proposed antenna with existing antennas.

Reference Substr‘ftte VOIHTe Frequency Band Design Description
Material (mm®) (GHz)
[33] FR4 1925.6 2.45 (ISM) Two Sleeve Patch Geometry
[34] FR4 62083.2 0.402-0.405 (MICS) Fractal Cantor Design
[35] Rogers 3210 10240 0.402-0.405 (MICS) Spiral Radiator
[36] Rogers 4350B 9534 2.4-2.5 (ISM) L-Probe Circular Patch
[37] FR4 9242 2.4-2.5 (ISM) Rectangular Patch with Inset Feed
[38] FR4 1624 2.45 (ISM) U-shaped Meandered Patch
[39] Copper clad 992 2.4-2.5 (ISM) Rectangular Patch
[40] FR4 768 2.45 (ISM) Tree-shaped Hybrid Patch
[41] Jean 800 2.45 (ISM) Wearable PIFA
[42] Rogers 3210 643 0.402-0.405 (MICS) II-shaped Patch with L-strips
[43] FR4 588 2.4-2.48 (ISM) Slotted Patch
[58] FR4 2897.2 0.402-0.406 (MICS), Spiral Patch
2.4-2.5 (ISM)
Proposed Antenna FR4 2240 2.45 (ISM), 5.80 (ISM) F-shaped Structure

FIGURE 20. Top view of the fabricated F-shaped microstrip antenna.

FIGURE 21. Measurement setup using a Vector Network Analyzer
(VNA).
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FIGURE 22. Comparison of simulated and measured S11 results.

and connector losses, which are common in practical imple-
mentations.

7. CONCLUSION

This paper presents an F-shaped compact dual-band monopole
antenna optimized at 2.45/5.8 GHz ISM medical application us-
ing ANN and PSO approaches. The proposed antenna, which
is printed on an FR4 substrate, features the frequencies of
2.448 GHz and 5.8 GHz with bandwidths of 610 MHz (2.21—
-2.82 GHz) and 400 MHz (5.61-—6.01 GHz) with the gains of
2.262 dBi and 3.9dBi. The PSO algorithm adjusted the patch
parameters to Ly = 3.bmm and L3 = 4.6mm, whereas Feed-
forward Backpropagation Neural Network (FFBPN) surpassed
Generalized Regression Neural Network (GRNN) with a mean
squared error of 3.9506 x 10~°. Measurements from the fab-
ricated prototype show excellent consistency with simulations,
confirming the antenna’s viability for wireless medical applica-
tions, such as wearable sensors and telemedicine devices. The
constructed ANN-PSO approach is highly efficient and accu-
rate, being a powerful technique for future optimization of an-
tennas in biomedical engineering.
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