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Article history: This study will introduce a metamaterial antenna designing for use in
. biomedical implants. The antenna is compact and utilizes four slot
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Accepted Oct 30, 2024 reduced while the performance is enhanced. Simulation results show that the

antenna achieves satisfactory peak gain values of -22.6 dBi and a 34.5%
increase in bandwidth. Operating within the 2.4-2.5 GHz industrial,
Keywords: scientific, and medical (ISM) frequency bands, the antenna measures
7x7x1.27 mm3 and consists of substrate layers with patch radiation, four

Antenna . metamaterials hexagonal resonators on the upper surface, a ground layer,
Metamaterial and a second superstrate layer. The study also addresses the challenges and
ISM problems associated with the interaction between the antenna and human
Hexagonal resonators tissue, while aiming to maintain antenna performance, properties, and
Engraving minimize its impact on tissues. Evaluation of when using a 2.45 GHz

operating frequency, the specific absorption rate (SAR) shows values of
489.87 W/kg for 1 g of averaged tissue and 53.738 W/kg for 10 g of
averaged tissue. The results of placing the antenna in human skin tissue are
safe for use in the human body and appropriate for biomedical applications.
Simulations conducted using computer simulation technology (CST) and
high frequency structure simulator (HFSS) software emphasize the excellent
performance of the engraved metamaterial antenna.
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1. INTRODUCTION

With advancements in biomedical telemetry, there is a growing need for efficient, compact devices
in medical applications. In recent years, there has been a growing research interest in implantable
medical devices (IMDs). These devices are utilized in remote patient monitoring settings for tasks such as
glucose monitoring, capsule endoscopy [1], [2], cardiac pacemakers [3], and intracranial pressure (ICP)
monitoring.

IMDs utilize implantable antennas for bidirectional wireless communication [4], enabling the
transmission of physiological data to receiving devices used by healthcare providers in Figure 1. However,
designing these antennas presents several challenges [5]:
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— Frequency range optimization.
— Miniaturization constraints.

— Tissue compatibility assurance.
— Implant safety protocols.

— Resonance shift mitigation.

The MICS band frequency, ranging from 402 to 405 MHz [6], [7], is utilized for implantable
antennas in medical implant communication services. Additionally, industrial, scientific, and medical (ISM)
bands cover frequency 2,400-2,500 MHz, 868-868.6 MHz, 902.8-928 MHz, and 433.1-434.8 MHz [8].

For implant these types of antennas we have to miniaturize these devices size, proposed a verity
technique such as connecting the patch and ground by loading shorting pins [9], [10], a high dielectric
constant material [11], metamaterial split ring resonator [12].

Metamaterials are called doubly negative materials (DNG), (e< 0 et p < 0) [13], [14], the beginning
of the theoretical properties of this material was in 1986 by the scientist Veselago [15], in 2000, scientists
[16], [17] successfully demonstrated the properties of metamaterials exhibiting both negative permeability
and negative permittivity. Metamaterials have been used in many fields, and among the fields they have been
applied to implantable antennas. Various miniaturization techniques for antennas have been documented in
scientific literature [18], [19]. These techniques consist of:

— Employing metamaterial split ring resonators (SRRs).

— Utilizing complementary triangular ring resonators.

— Implementing complementary split ring resonators.

— Incorporating slots into patch antennas.

— Applying C-shaped slots.

— Using triangular electromagnetic resonators.

— Integrating complementary triangular electromagnetic resonators.

These approaches have demonstrated considerable potential for reducing antenna size while
maintaining performance. Researchers are making significant strides in addressing these challenges.
Recently, several antenna designs have been proposed for biotelemetry applications. Notably, scalp-
implantable systems with integrated antennas were developed [20]. Initially, A 200x200x200 mm3
homogeneous skin phantom (HSP) was used to model these antenna systems at a depth of 4 mm. Following
measurement validation of the simulated results, gain values of -28.5 dBi at 915 MHz and -22.8 dBi at 2.45
GHz were obtained. Nonetheless, it was discovered that the specific absorption rate (SAR) for both
frequencies was significantly high.

There has been an increase in interest in the application of metamaterials (MTMSs) in implantable
antenna design. With a gain of -25 dBi, researchers in reference [21] presented E-shaped and interdigital
resonators appropriate for biomedical implant applications. In a similar vein, a different study
suggested an antenna system with batteries, biosensors, and fake electronic parts in reference [22]
to demonstrate the device architecture. This antenna’s first simulations were carried out in a HSP that
measured 150x150x150 mm3, with a depth of 3 mm.
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Figure 1. Health monitoring system [23]

In this paper, we provide a new metamaterial antenna design tailored specifically for medical
applications, particularly in biotelemetry. This design is based on four complementary hexagonal
metamaterial resonators etched into a patch. In open space, the suggested antenna was simulated, and through
different human tissue layers, operating in the 2.4-2.5 GHz ISM band. Despite having dimensions
comparable to previous designs, the proposed antenna exhibits superior performance, especially by achieving
significantly lower SAR values than earlier models. A comparative performance analysis of the proposed
design with recent studies is provided presented in Table 1.
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Table 1. Comparing the proposed antenna with existing literature on the subject

Ref Fregq (GHz) Size (mm) Gain (dBi) SAR1g SAR 10g
[20] 2.45 8%6x0.5 -22.8 807.34 102.04
[24] 245 11x11x1.27 -29 NAN NAN
[25] 2.45 7x7%0.2 -22.29 591.40 82.71
[22] 245 12x12x0.635 -34 921 NAN
[21] 2.45 8x7x0.635 -25 758 80.1
[26] 2.45 8.2x6.94x0.75 -21.6 552 73.2
In this work 2.45 7x7x0.635 -20.32 489.87 53.738

2. DEVELOPMENT OF THE DESIGN

The process of antenna design evolution involves three main stages as illustrated in Figure 2, with a
parametric analysis provided in Figure 3. In the first step, a basic rectangular patch is created with specific
dimensions for the patch length (Lp) and patch width (Wp). The resonant frequency of the antenna at first
2.42 GHz with the return loss of -14.09 dB in antenna step 2 modifying patch form hexagonal the antenna’s
resonant frequency at 2.5 GHz with the return loss of -21.75 dB However, the resonant frequency lies outside
the intended ISM band range, the antenna’s resonant frequency is 2.43 GHz with the return loss of -26.71 dB
New antenna design exhibits resonance near ISM frequencies, suitable for biometric application, the
reflection of the antenna is not perfectly adapted. Therefore, an enhancement for the antenna is needed in
bought terms size and elements, and for that we suggest using metamaterials.

Step 1 Step 2 Step 3

Figure 2. Evolution of design
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Figure 3. Return loss graph corresponding to three design of antenna

3. SIMULATION UNITE CELL METAMATERIAL

We simulate our hexagonal-shape resonator design with HFSS software, in X-axis boundary we
applied along it the perfect electric conductor (PEC), and in Y-axis we applied along it the perfect magnetic
conductor, and along Z-axis we have electromagnetic waves (port one and two) with perpendicular state to
PEC and PMC, as shown in Figure 4. Figure 5 illustrates the transmission coefficient (S,1) and reflection
coefficient (S11) of the hexagonal-shaped resonator as a function of frequency.

The Nicolson ross weir (NRW) method is employed to determine if metamaterial characteristics are
present in the proposed hexagonal resonators. This technique extracts the key parameters that define the
behavior of the metamaterial (MTM), such as permeability, permittivity, and refractive index. The NRW
method utilizes specific equations to calculate these parameters [21]-[27]:

V1=S231+S11 (1)

Indonesian J Elec Eng & Comp Sci, Vol. 38, No. 1, April 2025: 204-214



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 207
Vo=821-511 (2
Her = g v =
LT @
N=JHersr X Eesf ®)

where:

— Su1, Sz1 the S-parameters coefficient (reflexion and transmission).
— Effective electromagnetic properties: geff and peff represent the effective permittivity and permeability,

respectively, derived from S-parameter analysis.

— The wave number in free space is denoted as Ko (Ko:?), where C stands for the speed of light in free

space (3x108 m/s) and wo represents the angular
— d: The thickness of the substrate.

frequency.

We confirmed the presence of the MTM effect in hexagonal resonators, and obtained the effective parameters
illustrated in Figure 6. These include the real and imaginary parts of permittivity in Figure 6(a), permeability

in Figure 6(b), and refractive index in Figure 6(c).

Figure 4. Proposed unit cell metamaterial
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Figure 6. Effective parameters metamaterial: (a) permittivity, (b) permeability, and (c) refractive index
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4.  ANTENNA WITH FOUR HEXAGONAL RESONATORS

The conventional antenna is constructed using Rogers RO3210 substrate, which has a relative
permittivity of er=10.2 and a thickness of h=0.635 mm. It consists of a first layer with a patch radiator and
four MTM hexagonal-shaped resonators, along with a ground and a second superstrate layer. The antenna is
connected by a coaxial cable with a shorting pin that measures 0.14 mm and 0.038 mm, respectively, and is
intended to function at an impedance of 50 ohms. The antenna’s overall measurements, as shown in Figure 7,
are 7x7x1.27 mm?®, and its resonance frequency is 2.45 GHz. A visual representation of the suggested
metamaterial antenna can be found in Figure 7(a), while Figure 7(b) displays a side view of the developed
antenna metamaterial structure,with the following parameter values: Wg=7 mm, Lg=7 mm, Lp=5 mm,
b=0.5 mm, and ¢=0.2 mm.

t Patch+MTM

@ (b)

Figure 7. The proposed metamaterial antenna (a), (b) side viewed

5. SIMULATION ANTENNA METAMATERIAL IN FREE SPACE

Figure 8 illustrates the comparison of the reflection coefficient of the suggested antenna in free
space both with and without the incorporation of the four hexagonal-shaped metamaterial. The simulation
was conducted using two software applications, HFSS and CST. The results show a return loss value of
approximately -26.7 dB and -28.47 dB without the metamaterial in HFSS and CST, respectively. When the
four complementary metamaterials are added to the patch, the simulation indicates a return loss of -40.55 dB
in HFSS and -31.1 dB in CST, exhibiting optimal return loss at the desired frequency within the ISM band.
Presented in Table 2 the various values with a -10 dB bandwidth in open space.

Figure 9 presents a comparison of the far field gain patterns at 2.45 GHz, showing the antenna’s
performance both with and without the addition of four MTM (metamaterial) resonators in an open
environment. The comparison includes simulations for the E-plane (where ¢ = 0°) and the H-plane
(where @ = 90°). These simulations were carried out using two different electromagnetic simulation software
packages: HFSS and CST.
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Figure 8. S-parameters in free space with frequency at 2.45 GHz

Table 2. The bandwith values
HFSS (MHz)  CST (MHz)
Without 4 mtm 84.3 120.7
With 4 mtm 2443 280.23
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As seen in Figures 9(a) and (b), the suggested antenna shows a gain of roughly -29.3 dB at a
frequency of 2.45 GHz in the two stimulators when the four hexagonal resonators are not present, the 2.45
GHz simulation results show peak gain values of -22.6 dB for the addition four MTM design in HFSS, as
seen in Figure 9(c), and -23.6 dB in CST, as shown in Figure 9(d).
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Figure 9. HFSS and CST software are used to compare the radiation pattern at 2.45 GHz in open space:
Four MTM resonators are excluded in: (a)-(b) as opposed to four hexagonal-shaped resonators that are
included in (c)-(d)

6. SIMULATION OF ANTENNAS IN SINGLE-LAYER AND THREE-LAYER TISSUE MODELS

As shown in Figure 10, we used two models to simulate the suggested metamaterial antenna in the
second phase: a single-layer tissue and a three-layer tissue structure. Figure 10(a) illustrates the positioning of
the metamaterial antenna on the skin model’s top layer. Figure 10(b) gives the three-layer model’s precise
measurements. The tissue characteristics of skin (er = 38, 6 = 1.44 S/m), fat (er = 5.28, ¢ = 0.2 S/m), and
muscle (er = 52.7, 6 = 1.74 S/m) were used for the simulation at 2.45 GHz [21].
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Figure 10. Both (a) single-layer and (b) three-layer tissue are used in the antenna

Figure 11 presents reflection coefficient simulations for the proposed antenna with MTM hexagonal
shape:
— Figure 11(a) one-layer tissue model:
v CST simulation: -27.29 dB return loss
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v HFSS simulation: -32.81 dB return loss
— Figure 11(b) three-layer tissue model:

v' CST simulation: -13.6 dB return loss

v HFSS simulation: -19.12 dB return loss”

Table 3 present’s antenna metamaterial values with a -10 dB bandwidth, comparing single-layer
(skin only) and three-layer (skin, fat, and muscle) human tissue models.

In Figure 12 illustrates the radiation gain for both the E and H planes in single-layer and three-layer
tissue models, Figure 12 illustrates the bidirectional pattern of far field gain at 2.45 GHz the highest achieved
gains are approximately -20.32 dB HFSS and -18.9 dB CST for a single layer, as shown in Figures 12(a) and
12(b) respectively. In the three-layer setup, the highest gains are recorded as -27.33 dB in HFSS and
-21.1.dB in CST, shown in Figures 12(c) and 12(d) correspondingly.

$11(dB)
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Figure 11. S-parameters (a) one layers tissues and (b) three layers tissues

Table 3. The bandwith value
HFSS (MHz)  CST (MHz)-

One-layer model (MHz) 170.4 160.45
3-layers models (MHZ) 1115 105.83
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Figure 12. Radiation gain patterns at 2.45 GHz: (a)-(b) single-layer tissue model: E and H planes "
(c)-(d) three-layer tissue model: E and H planes”
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7. BIOCOMPATIBILITY AND SPECIFIC ABSORPTION RATE

To ensure patient safety, many implantable medical devices, such as antennas, need to be coated
with biocompatible materials. If an implanted antenna comes in direct contact with metallization due to
conductive human tissues, a short circuit can occur [28], [29]. Therefore, it is crucial to use biocompatible
materials like Zirconia (Zr02) and Ceramic Alumina (Al203). The sensitivity of human tissues can be
evaluated by measuring the electromagnetic radiation absorbed by a unit mass of these tissues, with the
maximum acceptable limits set at SAR1g<1.6 W/Kg in the IEEE C95.1-1999 standard and SAR10g<2 W/Kg
in the IEEE C95.1-2005 standard [30]. The SAR can be calculated using specific formulas [31], [32].

SARz% IE| (6)

Were:

— p the density of human tissue in kilograms per cubic meter (kg/m3).
— o the conductivity of the human tissue.

— E the electric field (V/m).

The SAR value is calculated in HFSS with reference power equal to 1 W and in CST with 0.5 W in
one layer tissue (skin) at frequency 2.45 GHz using antenna with engraved MTM hexagonal resonator
presented in Table 4.

The Figure 13 shows the distribution of SAR for MTM hexagonal resonator in skin layer obtained
from HFSS and CST, respectively. In Figure 13(a), a simulation of the antenna’s impact on skin tissue using
HFSS shows a reference power of 1 watt per 1g tissue mass, resulting in a value of 489.87 WI/kg.
Figure 13(b) displays a SAR simulation with the same power level but with 10g tissue mass, yielding a value
of 53.738 W/kg. While Figure 13(c) represents simulations using CST, with a reference power of 0.5 watts in
1g tissue mass resulting in 8.11 W/kg, when, in Figure 13(d) with a 10 g tissue mass, the value is 3.49 W/kg,
as we have seen in Table 4.

Table 4. Results SAR in 1 g and 10 g of one tissue (skin) in CST and HFSS

CST (0.5 W) HFSS (1 W)
Masse of tissues 1 g-Avrg 10g-Avrg 1g-Avrg 10 g-Avrg
In this work 8.11 3.49 489.87 53.738

SAR F1aldlW/kyl SAR Flald[w/kgl B e s

W/kg

(© (d)
Figure 13. SAR distribution in the skin in HFSS: (a)-(b)1 g-10 g and CST (c)-(d) 1 g-10 g

The SAR values obtained in Table 4 and Figure 13 are unacceptable and harmful to human tissues,
we adjusted the reference power level in order to maintain tissue integrity. To achieve standardized results,
different power inputs were used for HFSS and CST simulations, as shown in Figure 14. HFSS simulations
used a 3 mW input, while CST simulations used 2 mW. The resulting SAR distributions were as follows:
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— For HFSS (3 mW reference power):
v 1 g tissue mass: 1.46 W/kg Figurel4(a).
v 10 g tissue mass: 0.16 W/kg Figurel4(b).
— For CST (2 mW reference power):
v 1 g tissue mass: 1.2 W/kg Figure14(c).
v 10 g tissue mass: 0.34 W/kg Figure14(d).
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Figure 14. SAR distribution in the skin in HFSS: (a)-(b)1 g-10 g and CST (c)-(d) 1 g-10 g

8. DISCUSSION

This study investigated the effects of integrating biocompatible antennas with metamaterials for
implantable medical devices, while earlier research, such as the work by Shah and Yoo [20], explored the use
of scalp-implantable antennas for monitoring intracranial pressure, these studies primarily focused on
conventional antenna designs without addressing the potential benefits of metamaterial integration,
specifically focusing on their performance in human tissue environments. Similarly, such as the work by
Singh and Kaur [26], explored the design and testing of small footprint biocompatible antennas for
implantable devices through in-silicon, in-vitro, and ex-vivo testing, they did not explicitly address the
potential advantages of using metamaterials to enhance antenna efficiency and safety. Specifically, the
impact of metamaterials on improving radiation performance and reducing SAR in complex tissue
environments, such as multi-layered human tissues (skin, fat, and muscle), remains underexplored. This gap
in the research highlights the need to investigate how metamaterials can optimize antenna performance while
ensuring biocompatibility and safety for long-term medical applications.

We found that the integration of metamaterials with the antenna correlates with enhanced
performance in terms of gain and bandwidth (mentioned in Figure 9 and Table 2). The proposed
metamaterial-based antenna exhibited a significantly higher gain and broader bandwidth compared to
conventional antennas. The variations in outcomes, encompassing primary beam strength, orientation, and
breadth, can be attributed to the distinct algorithmic approaches utilized by HFSS and CST software
packages. HFSS employs the FEM, or finite element method, which is generally considered more precise for
antenna analysis. In contrast, CST implements the finite integration technique (FIT).

In previous studies, antennas simulated in human tissue typically showed lower maximum gain
compared to free space simulations. This reduction was attributed to the antenna’s small size relative to the
human body and losses to the surrounding environment. However, the proposed antenna maintains its gain
level even in tissue (Figure 12), which is a key achievement of this study, demonstrating its resilience to
environmental changes. To ensure patient safety in real-world applications, we conducted simulations the
SAR for our innovative implantable antenna, based on a 1-gram tissue average. When supplied with 1 watt of
input power, the peak SAR values are computed, while elevated, remain below those reported for comparable
devices in studies [20], [21]. However, to comply with the SAR limits outlined in IEEE C95.1: 1999,
it’s necessary to reduce the antenna’s operating power to an appropriate level. The research focused on
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developing an implantable antenna using metamaterials, and the gains resulted enhance the antenna in
three parts:

— Significantly enhanced antenna performance and decrease the size.

— Maintained effectiveness despite environmental changes.

— Minimized impact on surrounding human tissue.

These outcomes directly addressed the primary objectives of the paper, ultimately leading to the
successful design of an implantable antenna with improved characteristics. The integration of metamaterials
in antenna design represents a significant advancement in biomedical applications. Our findings demonstrate
that these antennas not only operate safely within human tissues but also effectively lower SAR levels,
enhancing their suitability for therapeutic purposes while minimizing risks associated with energy absorption.

9. CONCLUSION

This article describes an antenna design featured four hexagonal-shaped resonators on the upper
surface of a patch for biomedical telemetry. The antenna was simulated in free space using HFSS and CST
software, resulted in a major enhancement in performances at a resonance frequency of 2.45 GHz with a high
bandwidth of 244.8 MHz. Additionally, simulations were conducted in various tissues (skin, fat, and
muscles) to assess the antenna’s impact, with SAR values found to be within acceptable limits as outlined by
IEEE C95.1:1999. The compact size and enhanced performance of the antenna make it suitable for use in
implantable medical devices. Further research could explore the effects of implanting the antenna in different
locations within a human body model to ensure compliance with safety standards for wireless medical
devices.
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