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ABSTRACT In this paper, a miniaturized implantable antenna is designed for biomedical applications
operating within the industrial, scientific, and medical band (ISM, 2.4-2.48 GHz). The proposed
implantable antenna has a compact size of 5.5 55 0.64 mm3 and is manufactured using a
biocompatible substrate, Roger RO3010 with permittivity of = 10.2 and loss tangent of tan( ) =
0.0022. To enhance safety, a superstrate and a silicon coating around the antenna are employed to
isolate the antenna from the surrounding biological tissues. The simulation software from the HFSS and
CST studio suite was utilized to simulate and optimize the proposed implantable antenna, followed by
fabrication and testing. The simulation of the proposed antenna was evaluated in terms of its reflection
coefficient and gain within a three-layered body phantom, while the testing of the proposed design was
carried out using minced pork. The proposed implantable antenna exhibits an 811 MHz bandwidth and
a 21 dBi measured gain at 2.45 GHz. Furthermore, for safety evaluation, the specific absorption rate
(SAR) analysis was conducted and was found to be within standard limits. The simulated and measured
results show a strong correlation, demonstrating that the antenna delivers state-of-the-art performance for
implantable biomedical applications.

INDEX TERMS Biomedical applications, implantable antenna, ISM band, miniaturization, gain, impedance

bandwidth.

I. INTRODUCTION

N RECENT past years, the advancements in medical tech-

nology have led to an increased use of wireless implantable
medical devices (WIMDs) such as cardiac pacemakers, deep
brain stimulators, capsule endoscopes, and retinal prosthetic
implants [1], [2], [3]. These WIMDS improved patient quality
through their diagnostic and therapeutic capabilities through
remote monitoring without overloading on-site hospital
facilities, as shown in Fig. 1. The revolution in implantable
technology significantly focused on the miniaturization of
devices and has increased the need to reduce the sizes
of all components, including the antenna of the WIMDs.
The antenna is the front-end component of WIMDs, which
is responsible for the establishment of the communication
link between the WIMD and the off-body station. However,

designing and implementing WIMDs offers a unique set
of challenges in the field of biomedical implants. The
implantable antenna design process typically begins with the
critical task of selecting the appropriate frequency band to
ensure effective real-time telemetry [4]. The radio bands
used, including the medical device (Med Radio) band from
401-406 MHz, 413-419 MHz, 426-432 MHz, 438-444 MHz,
and 451-457 MHz, the medical implantable communication
service (MICS) band operating within 402-405 MHz, and
the industrial, scientific, and medical (ISM) bands covering
433.1-434.8 MHz, 868-868.6 MHz, 902.8-928 MHz, and
2.4-2.483.5 GHz. Among all these frequency bands, the MICS
band is commonly used for its low transmission losses and
longer ranges. However, they have big sizes, and the narrow
bandwidth at lower bands limits the data rates. On the other
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FIGURE 1. A complete overview of the implantable devices applications for the data
ow from the internal devices to the external devices and remote monitoring through
external devices.

hand, the higher frequency bands provide good data rates
and small size; nevertheless, they result in high transmission
losses, increased specific absorption rate (SAR), and poor
signal penetration [5], [6], [7].

The design of implantable antennas is a critical aspect
of medical device development, as it involves balanc-
ing three essential objectives: miniaturization, improved
data rates (wideband performance), and human safety and
biocompatibility. Miniaturization is paramount since the
antenna must be compact enough to fit within the limited
space of implantable devices. Smaller antennas enable the
development of smaller implants, which enhances patient
comfort and reduces potential medical complications, and
avoids surgeries. To achieve miniaturization, advanced tech-
niques such as high frequency, the use of high-permittivity
substrates (e.g., Rogers RO3010 or RO3210), implementing
meandered line (ML) and folding structures, and integrating
shorting pins are often utilized. Wideband performance
is equally important because the human body presents a
dynamic and heterogeneous environment. Variations in tissue
properties can lead to antenna detuning, potentially degrading
its efficiency. By incorporating slots and other geometric
modifications, the operational bandwidth of the antenna can
be broadened, ensuring consistent performance across a wide
range of frequencies [8], [9]. Lastly, biocompatibility is a
critical consideration to ensure that the antenna materials are
safe for use within the human body and remain stable over
time. Using biocompatible materials such as ceramics or
alumina, as well as applying biocompatible coatings, helps
encapsulate the antenna, minimizing its direct contact with
human tissue [10]. This approach not only safeguards human
health but also ensures the long-term reliability of the device.
By addressing these design challenges, implantable antennas
can achieve the required performance, durability, and safety
for advanced biomedical applications.

Among the other frequency bands, the design of
implantable antennas operating in the ISM band 2.45 GHz

TABLE 1. Detail comparison of the proposed antenna with reference studies.

Ref.  Year (i:fne) Ba"("l,/v:)'dth Gain (dBi) ?Q?Klg%
[12] 2024  10.5x7.5 8.16% 27.9 260
[13] 2024 19.8x10.15 . 317 177
[14] 2019  10x10 13.8% 20.75 568.2
[15] 2019  24x22 24.48% 197

[16] 2018 8x6 8.57% 228 807.34
171 2019 7x72 8.96% 25.65 313
(18] 2022 7x7 25.51% -18.5 197.2
[19] 2019  7x65 8.93% 182 305
[20] 2021  6.5%6.5 6.28% 245 2332
211 2023 10.8x5.6 6% 26 622.78
22] 2024 6x6 12.8% 19 844
\;};‘i 2024 5.5%5.5 33.10% 21 279

has gained significant attention due to their integration with
the Bluetooth technology for possible applications in brain
implants and other biomedical systems. The prior studies
by various researchers have proposed innovative antenna
designs with their unique solutions to address the associated
challenges [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22]. All comparisons were conducted for the
2.45 GHz frequency band, focusing on bandwidth, gain, and
SAR values. For example, Ketavath et al., presented an
antenna operating at 2.48 GHz with dimensions of 24 mm
22 mm, achieving an impedance bandwidth of 24.48% and a
gain of 19.7 dBi [15]. Similarly, Shah and Yoo, developed
a multi-band antenna, including the 2.45 GHz band, with
a compact size of 8 mm 6 mm, though it exhibited a
high SAR of 807.34 W/kg and a narrow bandwidth [16].
Gani et al., proposed another multi-band antenna for skin
implantation with a size of 14 mm 7.5 mm. Despite its
compact design, the antenna leads to a narrow impedance
bandwidth of 4.28%, a gain of 22.3 dBi, and a high SAR
of 749 W/kg. To achieve further miniaturization, Faisal and
Yoo, introduced a dual-band antenna with a footprint of
7 mm 7.2 for implantable applications [17]. Although
this design improved impedance bandwidth to 8.96%, it
suffered from a low gain of 25.65 dBi and a SAR value
of 313 Wikg.

A careful examination of the aforementioned studies and
literature reveals a recurring trade-off between antenna size,
bandwidth, gain, and SAR performance. All these precedent
designs have small sizes, but generate low impedance
bandwidth, which makes these antennas vulnerable to any
change in the environment. In this study, a novel miniaturized
wideband implantable antenna is designed at 2.45 GHz, and
its performance is investigated. The proposed antenna offers
good gain, adequate bandwidth, and relatively low SAR,



KHAN et al.: WIDEBAND AND LOW-SAR ANTENNA DESIGN AT 2.45 GHz FOR BIOMEDICAL APPLICATIONS 1168
< W, > TABLE 2. The optimized values of the proposed design.
Parameter Value (mm) Parameter Value (mm)

L 5.5 L5 1.2

5.5 X -0.48
W1 0.5 Y -2

w2 2.25 Hg 0.035

AL7 L1 0.25 Hs 0.64
(b) L2 0.24 Wg 5.5

L3 0.85 Lg 1.53
W3 0.85 L4 1.2

w4 0.66 L6 2.06

dl 0.4 d2 1.36

d3 1.46 L7 0.13

(@

FIGURE 2. The geometry of the antenna design (a) Front view (b) Back view (c) Side
view (d) perspective view.

addressing the limitations of previous works reported in the
literature. A comparative study of the proposed design with
state-of-the-art existing designs is summarized in Table 1,
demonstrating that the proposed antenna outperforms the
previous works.

Il. DESIGN METHODOLOGY AND PARAMETRIC STUDIES
This section presents the design evaluation, fine-tuning
of resonance, and simulation process for developing the
proposed antenna, with a primary focus on achieving the
desired performance metrics within the targeted frequency
band.

A. DESIGN PROCEDURE

The geometrical layout of the proposed design, including
the front, back, side, and perspective views are shown in
Fig. 2. The antenna is designed on Roger RO3010 laminate,
which has a high dielectric constant of = 10.2 and
loss tangent tan( ) = 0.0022, with a substrate thickness
of 0.64 mm. The design features a meandered line (ML)
shape patch and ground supported by substrate. Ground
and patch have been patterned in a manner to achieve the
desired performance within the 2.4-2.48 GHz ISM band.
The use of ML configuration in the patch, combined with
a high permittivity substrate and precise position of the
feed, enables significant miniaturization, which results in
a compact size of 55 55 0.64 mm3. Furthermore, a
superstrate layer of RO3010 is placed over the patch to
decouple the antenna from external influences such as human
tissues. This arrangement reduces dielectric losses caused
by the antenna’s near-field interaction with surrounding
biological tissues. To enhance bio-compatibility, safety, and

electromagnetic isolation from biological tissues, the entire
structure of the antenna is encapsulated with a silicon
coating. The silicon layer with a relative permittivity of 2.1
and a thickness of 0.2 mm. The antenna is excited via a
coaxial feed cable with a diameter of 0.3 mm.

To achieve the required resonance at 2.45 GHz, the
antenna is systematically designed through a series of design
steps as shown in Fig. 3. The process begins with the
creation of an initial patch on a substrate backed by a solid
ground plane (shown in Step 1). This initial configuration
exhibits a weak resonance at 2.4 and 4.6 GHz frequencies.
The preliminary design parameters were determined using
equations introduced in [24], which are adapted by mean-
dered line-based (ML-based) antennas. These equations are
particularly suitable for compact antenna designs due to
their inherent miniaturization capabilities. However, their
applicability to ML-based antennas operating within the
lossy, high-dielectric environment of the human body is
limited. To overcome these challenges, a symmetrical slots
design was incorporated in this work to optimize the radiator
for significant miniaturization. In Step 2, orthogonal slots
are introduced in the patch to lengthen the current path,
which improved the impedance at both bands and shifted the
higher band to 4.3 GHz. The orthogonal slots divided the
patch into four symmetric sub-regions. To further improve
the resonance, each sub-region is meandered step-by-step
in Steps 3-6, which improved the resonances at brought
the higher resonance closer and closer to the lower band
(2.34 GHz). The higher band comes close and overlaps with
the lower band in Step 6, constituting a wider band at
2.45 GHz.

B. PARAMETRIC ANALYSIS AND DESIGN OPTIMIZATION
To enhance the performance of the implantable antenna
further, the key parameters of the design, including Wy, Ly,
L7, and Lg, have been parametrically studied, as illustrated
in Figs. 5-8. Adjusting Lq to 2.05 mm initially achieved an
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FIGURE 3. Layout and re ection coef cient of the proposed antenna (a) design
steps, (b) comparison of the re ection coef cients achieved at various steps.
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FIGURE 4. The proposed antenna implantation within a three-layered phantom
model.

S11 = 20dB at 2.45 GHz. Further refinement of Ly to
1.53 mm resulted in S11 = 38.19dB at 2.45 GHz, ensuring
the superior performance of the antenna. The finalized design
parameters for the optimized antenna are summarized in
Table 2.

To evaluate the sensitivity of the proposed implantable
antenna to variations in its operational environment, sim-
ulations were performed with the antenna embedded with
different tissue layers of a phantom model. Initially, the
antenna was placed within a single muscle layer, character-
ized by a relative permittivity of 52.7 and a conductivity
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FIGURE 5. Effects of the width of the gap between the legs of ML patch L; on the
resonance of the antenna |Sy|.
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FIGURE 6. Effects of the width of the inter-link strip between the sectors L; on the
resonance of the antenna |Sy;|.

of 0.242 S/m. The resulting reflection coefficient (S11) is
illustrated in case-a of Fig. 10. Subsequently, the antenna
was implanted with a fat layer, which exhibits a lower relative
permittivity of 5.2 and a conductivity of 0.145 S/m. The
corresponding Si11 behavior is shown in case b of Fig. 10.
In the third configuration, the antenna was positioned
centrally within the muscle layer, surrounded by a fat layer
and a skin layer on top, with respective thicknesses of
5 mm and 2 mm. The skin layer, known for its relatively
high permittivity of 42.8 and conductivity of 0.272 S/m,
along with the combined layers, resulted in the Sq; curve
displayed in case-c of Fig. 10. Finally, a four-layer model
incorporating bone was considered, with the bone layer
having a relative permittivity of 11.38 and conductivity of
0.394 S/m. The corresponding Si11 result is presented in
case of Fig. 10. From the analysis, it is noticeable that the
antenna demonstrates minimal sensitivity to variations in the
surrounding tissue environment. This robustness enhances
its suitability for use across diverse human demographic
groups, irrespective of variations in tissue composition
or age.
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FIGURE 7. Sensitivity of the |Sy;| of the antenna to the length of the ground L.
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FIGURE 8. Fine tuning of the |Sy;| through the width of the orthogonal slots of on
the patch W;.

C. SIMULATION SETUP

The design optimization and simulation of the proposed
implantable antenna were conducted using CST Studio Suite,
which employs the Finite-Difference Time-Domain (FDTD)
method, and ANSYS HFSS, based on the Finite Element
Method (FEM). These tools were utilized to comprehensively
evaluate critical performance metrics, including the reflection
coefficient (S11), radiation pattern, antenna gain, and Specific
Absorption Rate (SAR). Such parameters are vital for
ensuring the antenna meets the operational requirements
for implantable biomedical devices. The simulations were
performed in a three-layered model comprising of a cuboidal
structure with dimensions of 60 60 59 mm3 was
employed, representing the skin, fat, and muscle layers as
shown in Fig. 4. The antenna is placed in the center of
the rectangular phantom.To enhance the accuracy of the
simulation, the dielectric properties such as conductivity and
relative permittivity at the target frequency were accurately
adjusted according to the values outlined in Table 3.
Initially, the antenna was positioned and optimized within
the center of the muscle layer, which is characterized by

Display

Groun

Antenna with
SMA

(b) Fabricated prototypes

(¢) Measurement setup for gain

FIGURE 9. Fabrication and measurement (a) |Si;| measurement setup (b) fabricated
antenna prototypes with SMA connector (c) antenna gain measurement setup of
proposed antenna at 2.45 GHz in Satimo lab.

TABLE 3. Dielectric Properties of human tissues for 2.45 GHz frequency.

Tissue name Con(dsl/lrc;)ivity Permittivity Loss tangent
Skin 1.5919 42.853 0.27255
Fat 0.10452 5.2801 0.14524
Muscle 1.7388 52.729 0.24194
Bone Cortical 0.39431 11.381 0.2542

a high relative permittivity of 52.7 and a conductivity
of 1.7 S/m.

Ill. RESULTS AND DISCUSSION

To simulate the dielectric properties of a biological operating
environment, the prototype antenna was tested by embedding
it within minced pork. This medium was selected due to its
close approximation of the electromagnetic characteristics
of human tissues, enabling a more accurate assessment
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FIGURE 10. |S;1] of the proposed antenna at different simulated environment.

FIGURE 11. Comparison of the simulated and measured re ection coef cient of the
proposed antenna.

of the antenna’s performance within a realistic biological
setting [19].

A. REFLECTION COEFFICIENT MEASUREMENTS

Following the optimization and simulation of the antenna
design within a three-layered human body model, a prototype
was fabricated and subjected to experimental evaluation.
The input reflection coefficient (S11) was measured using
a Keysight P5004B vector network analyzer (VNA). To
emulate a realistic tissue environment, the fabricated pro-
totype was embedded in minced pork, as displayed in
Fig. 9. Minced pork was used as a phantom due to its
well-known electromagnetic properties that mimic human
tissue in the target frequency range [2], [3]. A coaxial
cable facilitated the connection between the prototype and
the VNA during the measurements. The reflection coef-
ficient of the proposed antenna under various simulated
environments is presented in Fig. 10, while a comparison
of the simulated and measured Si1 results is shown in
Fig. 11. Both simulation and experimental results exhibit
excellent impedance matching within the target frequency
range, with reflection coefficient values better than 25 dB,

FIGURE 12. Comparison of simulated and measured radiation gain pattern of the
proposed antenna (a) E-plane (b) H-plane.

thereby confirming the effectiveness of the design and the
accuracy of the numerical simulations. Minor deviations
between the simulated and measured results, particularly at
higher frequencies, are likely due to discrepancies between
the idealized simulation model and the actual measure-
ment setup, as well as minor variations introduced during
fabrication. The overall agreement between the measured
and simulated results supports the validity of the design.

B. RADIATION PATTERN MEASUREMENTS AND
SURFACE CURRENT DISTRIBUTIONS
The radiation characteristics of the proposed antenna were
experimentally evaluated presented in Fig. 12. The testing
setup involved an anechoic chamber where the designed
antenna operated as the receiver while a high-gain horn
antenna served as the transmitter, as illustrated in Fig. 9. The
results indicate that for the E plane, the simulated gain was
21 dBi while the measured gain was 25.3 dBi. Similarly,
for the H plane, the simulated gain was 19.8 dBi while
the measured gain was 23.6 dBi. This variance between
simulated and measured gains are attributed to the inherent
differences between the idealized simulation conditions and
practical experimental setups. However, both simulation and
experimental results demonstrate nearly normalized angular
radiation patterns, confirming the consistency in directional
dependence. The simulated current distribution across the
antenna structure at the target frequency of 2.45 GHz is
illustrated in Fig. 13. A uniform current flow was observed
along the ML radiator and ground plane, starting from the
excitation point on the patch to the port located on the ground
plane, which confirms the linear polarization of the antenna.
This consistent current path enhance the impedance matching
capability of the antenna at the desired operating frequency.
Furthermore, the uniform surface current distribution corre-
sponds to the ‘—11 monopole mode, which is characterized
by angularly symmetric E- and H-plane radiation patterns,
shown in Figs. 12 (a) and (b), respectively. This mode aligns
well with the measured and simulated results of the proposed
design, further validating its suitability for implantable
applications.
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FIGURE 13. Surface current distributions at the proposed antenna in a three-layer
model of human tissue.

C. SAR ANALYSIS

The Specific Absorption Rate (SAR) serves as a critical
metric for assessing human safety in the context of elec-
tromagnetic energy absorption during exposure to radio
frequency (RF) fields. For implantable antennas, which
operate within the human body, electromagnetic radiation
absorption is inherently non-uniform. This non-uniformity
can result in localized heating, potentially increasing the
risk of thermal damage to nearby tissues. Additionally,
prolonged exposure to RF radiation, even at low levels,
raises concerns about non-thermal biological effects, which
are gaining attention in bioengineering applications. To
mitigate these risks and ensure compliance with established
safety standards, international organizations such as the
IEEE and ICNIRP have defined SAR limits. According to
IEEE standards (IEEE C95.1-1999 and IEEE C95.1-2005),
the SAR values must not exceed 1.6 W/kg and 2 W/kg
when averaged over 1 g and 10 g of tissue, respectively.
The performance of the proposed implantable antenna was
evaluated using a homogeneous human tissue model in
the CST Studio Suite simulation environment as shown in
Fig. 14. At an operating frequency of 2.45 GHz and an input
power of 1 W, the simulated peak SAR values were 278
W/kg (averaged over 1 g of tissue) and 41.6 W/kg (averaged
over 10 g of tissue).

Based on aforementioned results, the maximum allowable
input power for the antenna was calculated to ensure
compliance with the SAR limits. The calculated maximum
power levels were 5.75 mW for 1 g of tissue and 7.19 mW
for 10 g of tissue. These values represent the upper power
thresholds at which the antenna can operate safely without
exceeding the SAR safety standards. Furthermore, these
allowable power levels are significantly higher than the
typical effective isotropic radiated power (EIRP) of short-
and medium-range wireless devices, which is generally
limited to 25 W. This demonstrates that the proposed
antenna’s radiation exposure is well within safe limits,
posing no risk to human tissue under standard operational

FIGURE 14. Simulated 10 g SAR distribution of the proposed antenna on three-layer
human tissue.

TABLE 4. Summary of simulated peak SAR values with the maximum allowable
power of the proposed antenna at different body environments.

Maximum SAR Max-net power

Tissue (W/Kg) (mW)

Model 1g-SAR 10g-SAR

1g-Avg 10g-Avg limit limit

Single-
Layorod 281 43.6 5.69 7.11

Two-
Layored 279 4 573 7.16
Three- 278 416 5.75 7.19
Layered

Four- 247 38.4 6.47 8.09
Layered

conditions. A summary of the peak SAR values obtained
from simulations, along with the corresponding maximum
allowable power levels for the proposed antenna across
various tissue models, is presented in Table 4. The analysis
aimed to determine if different layers would cause notable
variations in SAR values. However, as observed in the
results, the SAR is not highly sensitive to the layered
structure, indicating that the homogeneous model provides
a resolvable approximation for SAR estimation.

IV. CONCLUSION
This paper presents a compact and miniaturized implantable
antenna designed for biomedical applications operating in
the ISM band (2.4-2.48 GHz). The proposed antenna has a
small footprint of 5.5 5.5  0.64 mm?3, achieved through
a meander line configuration in the patch design. Impedance
matching was optimized by adjusting the feed position and
refining the ground plane. Simulations and optimization
were conducted using CST and HFSS software in a three-
layered human tissue model, while experimental validations
involved embedding the antenna within the minced pork.
The proposed antenna demonstrated a measured peak gain of
21 dBi and a bandwidth of 811 MHz, effectively covering
the target frequency band. Compliance with established
safety standards was verified, confirming its suitability
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for biomedical applications. These results suggest that the
proposed antenna design is a viable candidate for practical
deployment in implantable biomedical devices.

REFERENCES

[

[2]

[3]

[4]

[5]

[6]

[71

(8]

[9]

(10]

(11]

(12]

(13]

[14]

[15]

[16]

(17]

(18]

M. Abbas et al., “Compact implantable antenna for enhanced bio-
telemetry communication in the MICS band,” IEEE Access, vol. 12,
pp. 184853-184860, 2024, doi: 10.1109/ACCESS.2024.3512950.

A. Basir et al., “Implantable and ingestible antenna systems: From
imagination to realization [bioelectromagnetics],” IEEE Antennas
Propag. Mag., vol. 65, no. 5, pp. 70-83, Oct. 2023.

K. Guido, C. Matos, J. Ramsey, and A. Kiourti, “Tissue-emulating
phantoms for in vitro experimentation at radio frequencies: Exploring
characteristics, fabrication, and testing methods,” IEEE Antennas
Propag. Mag., vol. 63, no. 6, pp. 29-39, Dec. 2021.

N. A. Malik, P. Sant, T. Ajmal, and M. Ur-Rehman, “Implantable
antennas for bio-medical applications,” IEEE J. Electromagn., RF,
Microw. Med. Biol., vol. 5, no. 1, pp. 84-96, Mar. 2021.

M. Zada, I. A. Shah, A. Basir, X. Zhang, Z. Quan, and H. Yoo,
“loMT-enabled smart cap-powered ultrawide-band brain implant for
multichannel epilepsy monitoring applications,” IEEE Internet Things
J., early access, Jan. 27, 2025, doi: 10.1109/J10T.2025.3535223.

A. Alghamdi, A. Basir, A. Igbal, R. B. V. B. Simorangkir,
M. Al-Hasan, and I. B. Mabrouk, “Compact antenna with broadband
wireless biotelemetry for future leadless pacemakers,” IEEE Trans.
Antennas Propag., vol. 73, no. 3, pp. 1870-1875, Mar. 2025,
doi: 10.1109/TAP.2024.3503919.

M. Zada, I. A. Shah, A. Basir, and H. Yoo, “Simultaneous wireless
power transfer and data telemetry using dual-band smart contact lens,”
IEEE Trans. Antennas Propag., vol. 70, no. 4, pp. 2990-3001, Apr.
2022.

A.J. Alazemi and A. Igbal, “A compact and wideband MIMO antenna
for high-data-rate biomedical ingestible capsules,” Sci. Rep., vol. 12,
no. 1, Aug. 2022, Art. no. 14290.

Z. Xia et al., “A wideband circularly polarized implantable patch
antenna for ism band biomedical applications,” IEEE Trans. Antennas
Propag., vol. 68, no. 3, pp. 2399-2404, Mar. 2020.

G. Sun, B. Muneer, Y. Li, and Q. Zhu, “Ultracompact implantable
design with integrated wireless power transfer and RF transmission
capabilities,” IEEE Trans. Biomed. Circuits Syst., vol. 12, no. 2,
pp. 281-291, Apr. 2018.

K. Zhang et al., “A conformal differentially fed antenna for ingestible
capsule system,” IEEE Trans. Antennas Propag., vol. 66, no. 4,
pp. 1695-1703, Apr. 2018.

S. M. Ali Shah, M. Zada, J. Nasir, O. Owais, and H. Yoo, “Four-
port triple-band implantable MIMO antenna for reliable data telemetry
in wireless capsule endoscopy and deep tissue applications,” IEEE
Trans. Antennas Propag., vol. 72, no. 8, pp. 6229-6241, Aug. 2024,
doi: 10.1109/TAP.2024.3413341.

U. Ali et al., “Beyond the scalp: Numerical SAR and performance
comparison of two 4-band PIFAs for brain implants,” in Proc. IEEE
Int. Symp. Antennas Propag. INC/USNC-URSI Radio Sci. Meeting
(AP-S/INC-USNC-URSI), Firenze, Italy, 2024, pp. 1765-1766,
doi: 10.1109/AP-S/INC-USNC-URSI52054.2024.10686471.

S. Hout and J.-Y. Chung, “Design and characterization of a minia-
turized implantable antenna in a seven-layer brain phantom,” IEEE
Access, vol. 7, pp. 162062-162069, 2019.

K. N. Ketavath, D. Gopi, and S. S. Rani, “In vitro test of miniaturized
CPW-fed implantable conformal patch antenna at ISM band for
biomedical applications,” IEEE Access, vol. 7, pp. 43547-43554,
2019.

S. A. A. Shah and H. Yoo, “Scalp-implantable antenna systems
for intracranial pressure monitoring,” IEEE Trans. Antennas Propag.,
vol. 66, no. 4, pp. 2170-2173, Apr. 2018.

F. Faisal and H. Yoo, “A miniaturized novel-shape dual-band antenna
for implantable applications,” IEEE Trans. Antennas Propag., vol. 67,
no. 2, pp. 774-783, Feb 2019..

N. Abbas, S. A. A. Shah, A. Basir, Z. Bashir, A. Akram, and H. Yoo,
“Miniaturized antenna for high data rate implantable brain-machine
interfaces,” IEEE Access, vol. 10, pp. 66018-66027, 2022.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(311

I. A. Shah, M. Zada, and H. Yoo, “Design and analysis of a
compact-sized multiband spiral-shaped implantable antenna for scalp
implantable and leadless pacemaker systems,” IEEE Trans. Antennas
Propag., vol. 67, no. 6, pp. 4230-4234, Jun. 2019.

S. Hayat, S. A. A. Shah, and H. Yoo, “Miniaturized dual-band circu-
larly polarized implantable antenna for capsule endoscopic system,”
IEEE Trans. Antennas Propag., vol. 69, no. 4, pp. 1885-1895,
Apr. 2021, doi: 10.1109/TAP.2020.3026881.

S. N. Shah, M. Zada, J. Nasir, S. M. A. Shah, E. Arnieri, and H. Yoo,
“Dual-band two-port MIMO antenna for biomedical deep tissue
communication: design, characterization, and performance analysis,”
IEEE Access, vol. 11, pp. 104622-104632, 2023.

A. Lamkaddem, A. E. Yousfi, V. Gonzalez-Posadas, and D. Segovia-
Vargas, “Miniaturized dual-band implantable antenna for implanted
biomedical devices,” IEEE Access, vol. 12, pp. 15026-15036, 2024,
doi: 10.1109/ACCESS.2024.3357488.

J-H. Kim and B.-G. Kim, “Effect of feed substrate thickness on
the bandwidth and radiation characteristics of an aperture-coupled
microstrip antenna with a high permittivity feed substrate,” J.
Electromagn. Eng. Sci., vol. 18, no. 2, pp. 101-107, Apr. 2018.

O. P. N. Calla, A. Singh, A. K. Singh, S. Kumar, and T. Kumar,
“Empirical relation for designing the meander line antenna,” in Proc.
Int. Conf. Recent Adv. Microw. Theory Appl., Jaipur, India, 2008,
pp. 695-697, doi: 10.1109/AMTA.2008.4762995.

A. Ighal, P. R. Sura, M. Al-Hasan, I. B. Mabrouk, and T. A. Denidni,
“Wireless power transfer system for deep-implanted biomedical
devices,” Sci. Rep., vol. 12, no. 1, Aug. 2022, Art. no. 13689.

R. K. Pokharel, A. Barakat, S. Alshhawy, K. Yoshitomi, and C. Sarris,
“Wireless power transfer system rigid to tissue characteristics using
metamaterial inspired geometry for biomedical implant applications,”
Sci. Rep., vol. 11, no. 1, p. 5868, Mar. 2021.

G. Karageorgos et al., “The promise of mobile technologies for the
health care system in the developing world: A systematic review,”
IEEE Rev. Biomed. Eng., vol. 12, pp. 100-122, 2019.

L. V. Tung and C. Seo, “A miniaturized implantable antenna for wire-
less power transfer and communication in biomedical applications,”
J. Electromagn. Eng. Sci., vol. 22, no. 4, pp. 440-446, Jul. 2022.

A. Lamkaddem, A. E. Yousfi, K. A. Abdalmalak, V. G. Posadas,
and D. Segovia-Vargas, “Circularly polarized miniaturized implantable
antenna for leadless pacemaker devices,” IEEE Trans. Antennas
Propag., vol. 70, no. 8, pp. 6423-6432, Aug. 2022.

S. Kumar et al., “Wideband circularly polarized textile MIMO antenna
for wearable applications,” IEEE Access, vol. 9, pp. 108601-108613,
2021.

A. Igbal, M. Al-Hasan, I. B. Mabrouk, and M. Nedil, “A compact
implantable MIMO antenna for high-data-rate biotelemetry applica-
tions,” IEEE Trans. Antennas Propag., vol. 70, no. 1, pp. 631-640,
Jan. 2022.

SAMI ULLAH KHAN (Graduate Student Member,
IEEE) received the B.Sc. degree in telecom-
munication engineering from the University of
Engineering and Technology, Mardan, Pakistan,
in 2024. His research areas include implantable
antennas, wearable antennas, and wireless power
transfer and data telemetry for implants.

MUHAMMAD AAMIR received the B.Sc. degree
in telecommunication engineering from the
University of Engineering and Technology,
Mardan, in 2024. He is passionate about advancing
wireless communication technologies and aims to
contribute to innovative solutions in biotelemetry
and healthcare applications. His research interests
focus on antenna design, particularly implantable
antennas, wireless power transfer, and implantable
medical devices.


http://dx.doi.org/10.1109/ACCESS.2024.3512950
http://dx.doi.org/10.1109/JIOT.2025.3535223
http://dx.doi.org/10.1109/TAP.2024.3503919
http://dx.doi.org/10.1109/TAP.2024.3413341
http://dx.doi.org/10.1109/AP-S/INC-USNC-URSI52054.2024.10686471
http://dx.doi.org/10.1109/TAP.2020.3026881
http://dx.doi.org/10.1109/ACCESS.2024.3357488
http://dx.doi.org/10.1109/AMTA.2008.4762995

KHAN et al.: WIDEBAND AND LOW-SAR ANTENNA DESIGN AT 2.45 GHz FOR BIOMEDICAL APPLICATIONS

1174

MUHAMMAD ABBAS received the B.Sc. degree
in telecommunication engineering from the
University of Engineering and Technology,
Mardan, Pakistan, in 2024. His research areas
include implantable antennas, wearable antennas,
and wireless power transfer and data telemetry for
implants.

UZMAN ALI (Graduate Student Member, IEEE)
received the B.Sc. degree in telecommunica-
tion engineering from the Government College
University Faisalabad, Pakistan, and the master’s
degree in wireless communication and RF systems
from Tampere University in 2019, where his thesis
focused on antenna design and RF energy har-
vesting. He worked as an antenna design engineer
and an RF application engineer for a couple of
years in the industry. He is working as a Doctoral
Researcher with the Tampere Electronics Research
Centre, Tampere University, Tampere, Finland. His research interests are
developing advanced wireless communication solutions for biomedical
applications, particularly wearable, and implantable healthcare solutions.

USMAN ALI received the B.Sc., M.Sc., and
Ph.D. degrees in telecommunication engineer-
ing from the University of Engineering and
Technology (UET), Peshawar, Pakistan, in 2012,
2017, and 2023, respectively. He is cur-
rently a Lecturer with the Department of
Telecommunication Engineering, UET Mardan,
Pakistan. His research interests include wearable
antennas, SAR analysis, implantable antennas,
5G antennas, millimeter-wave antennas, reconfig-
urable antennas, metamaterials, metasurfaces, and
electromagnetic band-gap structures.

SADIQ ULLAH (Senior Member, IEEE) received
the B.Sc. degree in electrical engineering from
the University of Engineering and Technology
Peshawar, Peshawar, Pakistan, the M.Sc. degree
in electrical engineering from the University of
Engineering and Technology Taxila, Pakistan, and
the Ph.D. degree for his research in the field of
design and measurement of metamaterial-based
antennas in 2010. He is currently a Professor and
the Head of the Telecommunication Engineering
Department, University of Engineering and
Technology Mardan, Mardan, Pakistan. In 2007, he joined the Department
of Electronic and Electrical Engineering, Loughborough University, U.K.
He worked as an Assistant Manager (Electronics) in a public sector research
and development organization in Islamabad, where his main responsibilities
were hardware, software co-design, designing and testing of high precession
electronics, and test equipment. He has been worked as a Research Associate
with Loughborough University, where he researched on the propagation
effects of rain, snow, ice, fog, and forest in millimeter wave band. His
research is published in international conferences and peer-reviewed jour-
nals. His research interests include design and measurement of metasurfaces,
metamaterial-based antennas, 5G MIMO antennas, multiband/wideband
antenna, SAR, and wearable antennas.

ABDUL BASIR (Member, IEEE) was born in

Khyber Pakhtunkhwa, Pakistan, in 1989. He

received the B.Sc. degree in telecommunication

engineering from the University of Engineering

and Technology, Peshawar, Pakistan, in 2015, and

the Ph.D. degree in electronic engineering from

Hanyang University, Seoul, South Korea, in 2021.

He worked as a Postdoctoral Researcher with

Applied Bioelectronics Laboratory Korea from

September 2021 to 2024. He is currently con-

tributing significantly to the academic and research

community as a Postdoctoral Research Fellow with Tampere University,

Finland. In this role, he continues to advance knowledge in electronic

and biomedical engineering, exploring diverse areas, such as implantable

antennas and systems, biomedical circuits, wearable antennas, MIMO

communication, metamaterials, dielectric resonator antennas, reconfigurable

antennas, long-range wireless power transfer, and wireless charging of

biomedical implants. His role as a Postdoctoral Research Fellow with

Tampere University positions him as a valuable contributor to the global

research landscape, emphasizing his commitment to advancing knowledge

and shaping the future of bioelectronics and biomedical engineering. His

commitment to academic excellence extends beyond his research pursuits.

He is a prolific reviewer, contributing to the peer-review process for over

200 activities across esteemed journals, such as IEEE TRANSACTIONS

ON ANTENNA AND PROPAGATION, Advanced Material Technologies, IEEE

ANTENNAS AND WIRELESS PROPAGATION LETTERS, Electronics Letters,

Frontier of Information Technology and Electronic Engineering, IEEE

AcCESs, |IEEE INTERNET OF THINGS JOURNAL, and IEEE JOURNAL OF
BIOMEDICAL AND HEALTH INFORMATICS.

Dr. Basir he has received several prestigious awards, including the Silver
Prize for the Best Student Paper Awards in Student Paper Contests from
IEEE Seoul Section in 2018 and 2019, in recognition of his outstanding
contributions. Additionally, a collaborative paper under his involvement
received the Best Paper Award in 2019 from the IEEE AP/MTT/EMC Joint
Chapter Malaysia. His dedication to excellence is further underscored by
the Third Prize for the Best Student Paper Competition in 2018 hy the
Korea Communications Agency and the Korean Institute of Electromagnetic
Engineering and Science.

TONI BJ RNINEN (Senior Member, |EEE)
received the M.Sc. and Ph.D. degrees in
electrical engineering from Tampere University of
Technology, Tampere, Finland, in 2009 and 2012,
respectively, where he is currently a University
Lecturer with the Faculty of Information
Technology and Communication Sciences. His
research focuses on microwave technology
for wireless health, including implantable and
wearable antennas, wireless power transfer,
sensors, and RFID-inspired wireless solutions. He
is the author of 190 peer-reviewed scientific articles. He currently serves as
an Associate Editor for IEEE ANTENNAS AND WIRELESS PROPAGATION
LETTERS.



