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ABSTRACT: This study presents the design, simulation, and fabrication of a compact patch antenna with metamaterials, dedicated to
biomedical applications. The proposed antenna was implemented on an FR4 substrate and resonated at a center frequency of 2.48GHz.
By the integration of metamaterial (MTM) unit cells as the primary radiating element, the design achieves performance improvements
compared with traditional patch antennas. The return loss was reduced from−13.45 to−67.20 dB, which indicates improved impedance
matching. In addition, the antenna showed enhanced radiation characteristics, with a gain of 1.96 dB and a directivity of 3.10 dB. As
the antenna was designed for biomedical use, specific absorption rate (SAR) analysis was conducted to ensure compliance with safety
standards. A prototype of the antenna was fabricated to validate the simulation results, and the measured results matched the simulations,
which confirms the reliability of the suggested design. The simulation results were obtained using HFSS and CST. Overall, the results
demonstrate that the proposed metamaterials-based antenna is a strong candidate for integration into biomedical devices.

1. INTRODUCTION

The continuous development of antennas has attracted at-
tention in many fields, including medicine. In our current

era, wearable antennas have become essential for ensuring the
continuous monitoring of patient health [1], medical telemetry
systems [2], facilitating easier and safer surveillance of patient
health [3]. Designing antennas for the medical field remains a
difficult and complex matter due to the sensitivity of the field
and its requirements, such as small size and flexibility, in addi-
tion to ensuring the safe use of these antennas to avoid any side
effects that could negatively affect the user’s health.
Over time, patch antennas have gained significant atten-

tion in biomedical applications due to their small size, low
cost, and ease of integration with flexible and biocompatible
substrates [4–6]. With all these advantages, traditional patch
antennas face several challenges, such as limited bandwidth,
low gain, and reduced efficiency, which limit their perfor-
mance in biomedical environments that demand high character-
istics. In order to solve these problems, various strategies have
been proposed, including substrate modification [7], defected
ground structures (DGSs) [8, 9], and integration of metamate-
rial (MTM) [10–12]. Among the suggested solutions, MTMs
have shown great potential for improving the performance of
conventional antennas. Owing to their unique electromag-
netic properties, such as negative permittivity and/or perme-
ability [13], MTM can improve the impedance matching, re-

* Corresponding author: Younes Siraj (sirajyounes95@gmail.com).

duce antenna size, and enhance radiation characteristics. These
capabilities make MTMs a suitable solution for the enhance-
ment of antennas designed for biomedical applications.
In [14], the gain enhancement of a patch antenna using a

grounded MTM is reported, where the integration of MTM re-
sults in an increase in the gain of approximately 3 dB. Another
study for the gain enhancement using an I-shaped MTM su-
perstrate was proposed in [15], in which an improvement in
the gain of the antenna by 74.28% was achieved. In [16], an
MTM-based patch antenna is introduced, and the proposed con-
figuration resonates at 3.5GHz with a reflection coefficient of
−40 dB and a bandwidth of 210.2MHz. The MTM integra-
tion results in a bandwidth enhancement of 151.3MHz. Fur-
thermore, the gain was increased by 2.23 dBi. In [17], a high
magnetic permeability MTM superstrate for a patch antenna
is presented, and the antenna operates at 2.4GHz with a gain
enhancement from 2.8 to 7.8 dB by integrating an single-ring
split-ring resonator (SRSRR) superstrate.
In contrast to earlier methods, our study introduces a fresh

approach by using MTM itself as the radiating element of
the antenna, instead of placing it underneath the patch or in
the ground plane. The proposed strategy helps to maintain a
compact size and also preserves strong electromagnetic perfor-
mance. By the integration of the MTM in this way, we were
able to enhance impedance matching, enhance radiation effi-
ciency, and reduce the overall size of the antenna, all while
maintaining flexibility. Compared to traditional patch antenna
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FIGURE 1. Unit cell (a) design, (b) equivalent circuit.

FIGURE 2. Unit cell design development.

designs, our results show clear improvements in the return loss,
gain, and directivity. In order to validate the simulation results,
we also fabricated the antenna prototype and measured its per-
formance, which confirmed the effectiveness of our design.
The rest of this work is organized as follows. Section 2

provides a detailed discussion of the use of patch antennas in
biomedical applications. Section 3 describes the simulation
setup and an MTM-based antenna configuration. Section 4
presents a parametric study. Section 5 discusses and compares
the simulated and experimental results, validating the proposed
design. Finally, Section 6 presents a conclusion and future re-
search directions.

2. MTM AND PATCH ANTENNA STRUCTURES

2.1. MTM Unit Cell
This section presents the structure of our proposed MTM unit
cell. The design comprised a square resonator with a total size
of 28 × 28mm2, which acts as the antenna radiating element.
In complement, two circular split-ring resonators with outer and
inner radii of 10mm and 6mm, respectively, were integrated.
These resonators were placed in a way that minimizes the elec-
tromagnetic interference and unwanted coupling. To reduce
mutual interactions, a 2mm spacing is maintained among all
three resonators. Additionally, as illustrated in Fig. 1(a), each
resonator included a 2mm slit, which helped to fine-tune the
resonance behavior and enhance the characteristics of the unit
cell. The equivalent circuit of the suggested unit cell is pre-
sented in Fig. 1(b). The outer, middle, and inner rings of the
complementary aplit-eing resonator (CSRR) are represented
by three inductances (L1–L3) in combination with capacitors

(C1–C3), while the connections between the rings are mod-
eled by additional inductances (L5–L9). Specifically, the ring
radii and widths determine the values of the inductances and
coupling capacitances, while the gap spacing between the rings
defines the capacitances. This configuration is specially de-
signed to enhance the patch antenna performances while keep-
ing a compact size and minimized losses. The unit cell dimen-
sions are listed in Table 1.

TABLE 1. Suggested MTM unit cell dimensions.

Parameters Values (mm) Parameters Values (mm)
M1 28 R1 2
M2 2 R2 6
M3 2 R3 10
M4 12

In order to obtain the final unit cell design, we went through
four steps, as illustrated in Fig. 2. Each stage presents some ad-
justments andmodifications to the dimensions, resonator place-
ments, and structural features, which optimize the unit cell char-
acteristics in terms of the resonance frequency and the coupling
among the three rings. Step 1 represents the initial square patch
resonator with two circular rings, where the dimensions are cal-
culated using classical patch antenna equations to achieve the
desired resonant frequency. Step 2 introduces an opening in the
two circular split-ring resonators, providing additional induc-
tive and capacitive loading to enhance bandwidth and minia-
turize the structure. Step 3 incorporates some connecting strips
among the rings, which fine-tunes the resonance, improves cur-
rent distribution, and optimizes impedance matching. The final
design integrates all these modifications and introduces an ad-
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FIGURE 3. (a) Unit cell simulation setup, (b) unit cell S11 and (c) unit cell S21.

(a) (b) (c)

FIGURE 4. Unit cell; (a) mu, (b) epsilon, and (c) refraction index.

ditional strip connecting the square ring to the circular rings
from the upper side, resulting in a compact unit cell with en-
hanced electromagnetic performance suitable for integration as
the radiating element in the proposed antenna.
Figure 3 illustrates the simulation setup used to extract the

characteristics of our proposed unit cell. Along the Y -axis,
two ports are placed to deliver the input signal and perform the
necessary excitation for the unit cell. To ensure accurate elec-
tromagnetic field distribution and boundary conditions, perfect
electric and perfect magnetic boundaries are placed along the
X- andZ-axes, respectively. This setup allows for the determi-
nation of the unit cell’s resonance behavior, impedance charac-
teristics, and overall performance of the unit cell in the designed
configuration. The obtained S11 and S21 results obtained for
each stage of the design process are presented in Fig. 3(a) and
Fig. 3(b), respectively. These results provide insights into the
performance improvements made throughout the optimization
process.
After getting S11 and S21 using the High Frequency Structure

Simulator (HFSS) software, we used MATLAB to extract the
unit cell parameters including mu(1), epsilon(2), and refraction
index(3), using the Nicolson-Ross-Weir (NRW) method which
is a standard technique that calculates the effective electromag-
netic properties of a material from its reflection and transmis-
sion coefficients. By relating S11 and S21 to the material’s
impedance and refractive index, the method allows the accurate
determination of frequency-dependent permittivity, permeabil-
ity, and refractive index of the unit cell. The extraction was

performed using the following equations [18]:

µ =
2

jkh
· 1− S21 + S11

1 + S21 − S11
(1)

ε =
2

jkh
· 1− S21 − S11

1 + S21 + S11
(2)

n =
√
εµ (3)

The obtained results are presented in Fig. 4. In Fig. 4(a), the
real and imaginary parts of the permeability are shown. The
real part indicates a negative value around 2.4GHz, accompa-
nied by a peak in the imaginary part, which indicates a magnetic
resonance behavior. Fig. 4(b) illustrates the real and imaginary
parts of the permittivity, which achieved negative values in the
entire studied frequency range from 2 to 3GHz, confirming
the presence of an electric resonance. Additionally, Fig. 4(c)
presents the real and imaginary components of the refractive
index, in which the real part presents a negative value near
2.4GHz, demonstrating the negative index characteristic of the
unit cell.

2.2. Suggested Antenna Configuration
The proposed MTM-based patch antenna has compact dimen-
sions of 66×60mm2 designed for biomedical applications. As
shown in Fig. 5(b), the antenna contained two identical MTM
units as the radiating elements, implemented horizontally on
an FR4 material substrate with a dielectric constant of 4.4, loss
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(a)

(b)

FIGURE 5. Patch antenna. (a) Design process. (b) Final structure design.

TABLE 2. Suggested antenna dimensions.

Parameters Values (mm) Parameters Values (mm) Parameters Values (mm)
WS 66 W3 2 L1 4
LS 60 W4 23 L2 8
W1 52 W5 22 L3 3
W2 15.5 W6 1 Lg 10
Wf 14 Lf 2

tangent of 0.022, and thickness of 1.6mm. A microstrip feed
line of 14 × 2mm2 is used to excite the antenna, while two
small slots are inserted between the feed line and the patch in
order to enhance the impedance matching and minimize reflec-
tion losses. In addition, a rectangular slot of 66 × 10mm2 is
incorporated into the ground plane, which improved the cur-
rent distribution and impedance characteristics. Moreover, two
parasitic rectangular elements, E1 and E2, with dimensions of
23 × 8mm2 and 22 × 8mm2, respectively, were placed be-
neath the unit cells to enhance the gain and radiation efficiency.
The dimensions of E1 and E2 were initially selected and sub-
sequently refined through parametric analysis in HFSS, evalu-
ating their impact on gain, radiation efficiency, and impedance
matching, until the final dimensions achieving the best overall
antenna performance were determined. All design modifica-
tions led to a compact, high-performance antenna designed for
biomedical applications. The initial design dimensions were
obtained using a standard patch antenna in Equations (4), (5),
(6), and (7), whereC is the speed of light, and h is the substrate
thickness, followed by iterative simulations in HFSS to adjust
the resonant frequency and optimize overall performance. The

design evolution process is illustrated in Fig. 5(a), and the com-
plete dimensions are summarized in Table 2.

Wp =
c

2fr

√
2

εr + 1
(4)

Lreff =
c

2fr
√
εreff

(5)

Lp = Leff − 2∆L (6)

∆L = 0.412h
(γreff + 0.3)

(
w
h + 0.264

)
(γreff − 0.258)

(
w
h + 0.8

) (7)

3. PARAMETRIC STUDY

3.1. Effect of Distance between the Two Cells
A parametric study was performed by varying the distance be-
tween the two unit cells (W3) from 1 to 4mm in 1mm incre-
ments. The objective was to investigate the effect of inter-
element spacing on the antenna’s reflection characteristics. As
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(a) (b)

FIGURE 6. S11 for different (a) values ofW3, (b) values of Lg .

(a) (b)

FIGURE 7. Suggested antenna; (a) S11 and (b) VSWR.

illustrated in Fig. 6(a), the variation inW3 influenced the reflec-
tion coefficient. Of the tested values, a 2mm spacing resulted in
optimal performance, achieving a minimum S11 of −67.20 dB
at 2.48GHz.

3.2. Effect of Distance Lg

To evaluate the impact of the inserted slot length in the ground
plane on the antenna characteristics, an analysis study was per-
formed by changing the parameterLg from 8 to 11mm in 1mm
increments. The results, presented in Fig. 6(b), demonstrate a
big impact of Lg on the impedance matching of the antenna.
As Lg increases, a remarkable improvement in S11 was ob-
served, which indicates enhanced antenna performance. The
optimal configuration is obtained with Lg = 10mm, which
provided the best impedance matching and overall reflection
performance.

4. RESULTS AND DISCUSSION

4.1. Return Loss and VSWR
The simulated reflection coefficient and voltage standing wave
ratio are illustrated in Fig. 7(a) and Fig. 7(b), respectively.
The antenna showed an enhanced reflection coefficient of
−67.20 dB, accompanied by a voltage standing wave ra-
tio (VSWR) of 1.01, which indicates a very good level of
impedance matching between the antenna and the feed line.
This high degree of compatibility led to a reduced energy loss
due to reflections, which ensures an efficient transmission
and reception of electromagnetic waves. Furthermore, the

antenna demonstrated a wide 10 dB bandwidth covering
the frequency range from 2.1GHz to 2.51GHz. This wide
bandwidth makes the suggested antenna a good choice for
biomedical communication systems, where large data rates are
essential. The combination of ultra-low reflection, near-perfect
VSWR, and wide bandwidth confirms the antenna’s suitability
for advanced applications, such as imaging and wireless
transmission in biomedical devices, where both performance
and frequency coverage are critical.

4.2. Radiation Pattern
The gains of the three antenna configurations are presented in
Fig. 8. The first antenna design in Fig. 8(a) showed a low gain
of −5.42 dB, which indicates poor radiation and strong signal
loss. In addition, the design 2 in Fig. 8(b), with one MTM unit
cell, achieved an improved gain of 0.5 dB. This improvement
confirms the big impact of design optimization. Finally, the fi-
nal and proposed design in Fig. 8(c), which contained two unit
cells, achieved a gain of 1.96 dB. This gain enhancement con-
firms the role of MTM in improving the radiation characteris-
tics and overall antenna performance.

4.3. Directivity
The directivity of the suggested antenna stages is illustrated in
Fig. 9. An enhancement in directivity was observed across the
three designs, resulting in a final enhanced value of 3.18 dB for
the proposed configuration. This obtained improvement high-
lights the impact of the integration of MTM structures to focus
the radiated energy more directly in the desired direction.

262 www.jpier.org



Progress In Electromagnetics Research C, Vol. 168, 258–266, 2026

(a) (b) (c)

FIGURE 8. 3D gain; (a) simple patch, (b) with one cell, and (c) with two cells.

(a) (b) (c)

FIGURE 9. 3D directivity; (a) simple patch, (b) with one cell, and (c) with two cells.

(a) (b)

FIGURE 10. Proposed configuration; (a) electric field and (b) magnetic field.

4.4. Electric and Magnetic Distribution

The electric and magnetic field distributions of the proposed
configuration at 2.48GHz are illustrated in Fig. 10(a) and
Fig. 10(b), respectively. The electric field achieved a strong
and confined concentration around the two unit cells, with a
peak value of 6 × 103 V/m, which indicates efficient excita-
tion and coupling within the structure. Similarly, the magnetic
field distribution is largely symmetric and uniform, with a max-
imum value of 2 × 10A/m. This approximate symmetry and
uniformity arise from the balanced geometry of the antenna

and the uniform current distribution across the MTM unit cells,
which ensures stable radiation behavior and effective magnetic
response. These field characteristics confirm the performance
enhancements achieved through the integration of MTM-based
unit cells.

4.5. Antenna Fabricated Prototype
To validate and confirm the validity of the obtained results, a
prototype of the proposed antenna was fabricated. The mea-
surement setup was performed through the use of a calibrated
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(a) (b)

FIGURE 11. Antenna fabricated prototype; (a) top view, (b) bottom view.

FIGURE 12. Antenna simulated and measured S11.

FIGURE 13. Measured antenna S11 on arm, on chest, and on hand.

vector network analyzer (VNA). To obtain better measurement
precision, the VNA was calibrated employing a standard open-
short-load-through (OSLT) technique.
The fabricated antenna prototype is presented in Fig. 11,

while Fig. 12 presents a comparison of the simulated and mea-
sured S11 in free space. The measured results achieved an S11
value of −49.69 dB at the target frequency, with a very good
agreement with the simulated results. This close correlation be-
tween the simulation and measurement confirms the accuracy
of the simulation model and validates the robustness of the de-
sign and fabrication processes.

The performance of the fabricated antenna was also evalu-
ated in practical cases by placing it on a human hand, chest,
and arm. However, the measured S11 are illustrated in Fig. 13.
The antenna achieved strong and consistent performance, with
return loss values of−33.10 dB on the hand,−20.90 dB on the
arm, and −27.35 dB on the chest, respectively. These results
confirm the antenna’s robustness and reliability, validating its
suitability for wearable biomedical applications in real-world
scenarios.
The Specific Absorption Rate (SAR) analysis was also taken

into account to ensure compliance with international safety
standards. The SAR was calculated using Computer Simula-
tion Technology (CST) over a 10 g tissue volume with a human
body model composed of three layers: skin, muscle, and fat as
presented in Fig. 14(a). The value should be less than 2W/kg
following the IEEE/IEC guidelines. The results in Fig. 14(b)
confirm that the SAR values remained well below the maxi-
mum permissible limits with a value of 1.49W/kg (less than 2),
validating the antenna’s safe integration into wearable biomed-
ical systems without posing health risks to the user.
The human body characteristics are listed in Table 3.

TABLE 3. Human body layers characteristics.

Tissue
Thickness
(mm)

Dielectric
εr

Conductivity
σ (S/m)

Muscle 8 49 1.69
Fat 5 5 0.1
Skin 2 39 1.43
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(a) (b)

FIGURE 14. (a) Human body model, (b) antenna simulated SAR at 2.48GHz.

TABLE 4. Comparison of the suggested antenna with previous published designs.

Ref. Size Substrate Freq. (GHz) Operating Band S11 (dB) VSWR Application
[19] 11× 10 cm2 Polyester 2.45 2.38–2.52GHz −20.86 1.19 Biomedical
[20] 75.85× 57.23mm2 FR4 2.42 2.39–2.45GHz −25.26 1.12 Wireless
[21] 56.90× 56.90mm2 FR4 2.45 2.479–2.4197 −63.062 1.001 Biomedical
[22] 28× 20mm2 FR4 2.4 ISM Band −52.04 - Biomedical
[23] 100× 100mm2 FR4 2.45 2.41–2.48GHz −20.40 1.211 Wireless
[24] 76× 59mm2 FR4 2.4 2.36–2.43GHz −44.78 1.013 -
This 66× 60mm2 FR4 2.48 2.1–2.51GHz −67.20 1.01 Biomedical

Table 4 presents a comparison between the proposed an-
tenna design and previously reported works. The comparison
includes some important parameters, including antenna size,
substrate type, resonance frequency, operating bandwidth, S11,
VSWR, and target application. The proposed design outper-
formed existing solutions by offering a more compact form
factor, broader bandwidth, and improved impedance matching.
These advantages highlight the effectiveness of the antenna and
make it a strong candidate for modern wearable and biomedical
applications.

5. CONCLUSION

This paper presents a compact 2.48GHz patch antenna de-
signed for biomedical applications. The antenna contained two
unit cells on an FR4 substrate with a total size of 66×60mm2. It
demonstrated enhanced performance, with simulated and mea-
sured return losses of −67.20 dB and −49.69 dB, respectively,
and excellent impedance matching, with a VSWR of 1.01. A
prototype was fabricated in order to validate the simulation
results, showing good agreement between the simulation and
measurement results. To evaluate the validity of the antenna
in real-world applications, the antenna was tested on a human
hand, chest, and arm to simulate wearable use, such as integra-
tion into clothing. The results confirmed enhanced characteris-
tics in proximity to the body, with an SAR value below 2W/kg
safety threshold, which supports its suitability for biomedical
use. Future work will focus on link budget calculations.
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