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ABSTRACT

Continuous electromagnetic (EM) exposure from implantable antennas can cause tissue heating, making Specific
Absorption Rate (SAR) a critical safety metric. This paper provides a generic overview of the SAR analysis for im-
plantable antenna in the head, heart, breast, and limb regions, emphasizing impact of tissue composition on SAR
values. Reported studies revealed that breast muscle tissue exhibits the highest SAR due to their complex layered
structure, followed by the skull layer of head, and fat layers of limbs, and muscle layers of heart. To further quantify
these effects, SAR in arm fat and muscle tissues is evaluated under varying input power levels. Results indicate that
reducing input power from 0.1 W to 0.04 W lowers SAR by 36% in fat and 81% in muscle, highlighting the strong
dependence of SAR on both input power and tissue type. Thus, analyzing antennas in varying parameters is crucial
for implantable antennas to exhibit a regulated SAR value.
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INTRODUCTION

Remarkable advancements have been witnessed
throughout several decades in the field of medical due to
the emergence of advanced technologies. In particular,
biomedical devices have been a groundbreaking
innovation in healthcare due to their ability to monitor
distinct vital signs or physiological data, such as blood
pressure, respiratory rate, blood oxygen saturation, heart
rate, and blood glucose level (1). Biomedical devices
are classified into two groups based on the requirement
of power and its applicability such as implantable

or on-body. For instance, implantable defibrillators,
neurological stimulators and cardiac pacemakers are
some of the implantable devices that require power
(2). Although the power required by these devices
ranges from a few microwatts to tens of milliwatts, it is
noteworthy that, the power is supplied by the external
station that is connected through wires. To realize the
wire connection, surgical procedures were carried out,
however, they posed risks such as hazard or infection
to the patients. As an alternative, the utilization of
communication techniques has yielded unprecedented
achievements in the medical field, resulting in the
salvation of millions of individuals from threatening
diseases (3).

This has been achieved by implementing the antenna,
owing to their ability to provide power wirelessly and
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monitor the physiological data in real-time. Not only
that, but the antenna also facilitates the wireless transfer
of data from the implant to the externally designated
recording equipment in real-time by establishing a
connection between them (1, 3). Hence, medical
professionals can monitor the antenna wirelessly using
a wireless interface (1). Thus, support telemedicine
and reducing the cost and time associated with visiting
hospitals. Moreover, the common chronic diseases
related to the heart, liver and kidneys can be monitored
continuously. For instance, the antenna in the leadless
cardiac pacemaker enables the continuous monitoring
of the heart rate of the patient by the medical personnel
wirelessly and is able to detect and respond to abnormal
heart rate, thus, saving the life of the patients (4, 5).

Despite the advantages, it must be noted that designing
an implantable antenna poses some challenges as it
needs to satisfy some of the significant characteristics,
such as reduction of antenna size, biocompatibility, and
compliance with the Specific Absorption Rate (SAR)
standards (6). Among these characteristics, SAR is a
crucial value that needs to be evaluated for designing
implantable antennas for biomedical applications. This
is because the implantable antenna emits constant
electromagnetic (EM) radiation, resulting in tissue
heating, owing to the high energy absorption (7).
Therefore, analyzing the SAR value of the implantable
antenna is mandatory to ensure the safe performance of
the medical device within the human body.

The SAR limit of the human body is affected by several
factors, such as power, antenna position, body parts and
tissue layers. Itis notable that, the increment in the power
significantly increases the SAR value beyond the limit
that has been set (8). In addition, the implantation of the
antenna in different body parts results in different SAR
values, thus, the antenna must be tested in varying body
parts to ensure that the antenna satisfies the designated
SAR limit for each region of the body. For instance,
the head and limbs are the most widely studied body
regions for implantable antennas. However, the peak in
chronic diseases and cancer leads to the implementation
of antennas in the heart and breast to maintain the heart
rate and detect tumours, respectively. Furthermore, the
implantation of the antenna within different tissue layers
also influences the SAR value of the antenna and it
varies significantly among others. For instance, fat tissue
exhibits higher SAR values than muscle tissue at similar
power levels (9). Consequently, antenna implantation
in fat-rich regions may lead to elevated SAR levels
compared to muscle-rich areas when subjected to the
same power, and body parts. Hence, identifying these
variations is essential for determining the most suitable
tissue layers for antenna placement to ensure both patient
safety and optimal device performance. Therefore, it
is crucial to evaluate the SAR values of antennas with
different power levels, tissue layers and body parts prior
to fabrication to ensure the designated safety standards

are met.

Therefore, this paper gives a generic overview of the SAR
analysis of antenna specifically implanted in the head,
breast, heart and limb regions. There are only limited
studies on SAR analysis of different body regions that
have been reported at the moment. However, to the best
of our knowledge, there are no articles that provide a
summary of the literature. Thus, an overview of research
ideas that explores the SAR analysis of antennas
within the head, breast, heart and limbs is presented.
Furthermore, this review summarizes the series of steps
of simulation and experimental evaluation of SAR for
implantable antennas. By addressing these gaps, this
article will guide future research towards safer and more
efficient implantable antenna designs.

In this article, the general overview of SAR, and the limits
set by the organizations in several regions according to
body parts are discussed briefly. This is followed by
the overview of the voxel body model that is offered
by Computer Simulation Technology (CST) Microwave
Studio, along with a discussion of the simulation
and experimental steps involved in SAR evaluation .
Subsequently, the SAR value of the antenna within the
head, breast, heart and limbs is presented. In particular,
a study is presented to investigate the influence of
different input power and tissue layers of fat and muscle
on the SAR value of the antenna implanted in the arm
of the Gustav model. Finally, the future directions for
reducing the SAR value of the implanted antenna are
discussed.

SPECIFIC ABSORPTION RATE (SAR)

SAR is an indicator of the amount of EM energy absorbed
by the whole body or given mass of the human body (1g
or 10g of tissue) (10). The SAR can be calculated using
Eg. (1) and can be expressed in watts per kilogram (W/
kg):

SAR = olEl? (1)
P

where o is the electrical conductivity of the tissue, |El is
the root mean square (RMS) value of the induced electric
field, and p is the density of the tissue. Table | presents
the SAR limits according to the different body parts and
regions. From Table 1, it is notable that each region
follows a specific organization that determines the SAR
limit for body parts. For instance, the United States of
America (USA) follow the SAR limit set by the Federal
Communications Commission (FCC), whilst countries in
Europe follows the International Commission on Non-
lonizing Radiation Protection (ICNIRP). It is noteworthy
that the SAR limit varies for the head or torso according
to the weight of the tissue. For example, in USA the
SAR limit of the head or torso is set to 1.6 W/kg for 1
g of tissue, whilst, in other countries, it is set to 2 W/kg

203 Mal J Med Health Sci 21(SUPP11): 202-209, Nov 2025



for 10 g of tissue. Meanwhile, for limbs, the SAR limit
is set to 4 W/kg for 10 g of tissue. Hence, the antenna
must follow the designated SAR limit according to the
body parts where the antenna will be implanted prior to
the fabrication. This can be achieved using simulation
software that will be discussed in the following section.

Table I: Allowable SAR limit according to regions and body
parts (8)

Lo Body Parts
. Organization or :

Region Body Whole Head or Limbs
Body Torso (W/kg)

USA IEEE/ANSI/FCC  0.08 W/kg 1.6 W/kg 4 Wikg
Europe  ICNIRP 0.08 W/kg 2 Wikg 4 Wikg
Australia  ASA 0.08 W/kg 2 Wikg 4 W/kg
Japan TTC/MPTC 0.04 W/kg 2 W/kg 4 W/kg

SIMULATION OF SAR OF IMPLANTABLE ANTENNA

The SAR value of an implanted antenna can be
evaluated using voxel-based human models, which
provide a highly precise representation of the human
body. These models are created based on the images
obtained using Computer Tomography (CT) and
Magnetic resonance imaging (MRI). For instance, MRI
generates highly detailed pictures of the soft tissues of
the human body, as well as the metabolic processes
operating inside. Based on the acquired data from
each cross-section, an image is generated into various
tissue types, such as skin, muscles, bone, and organs.
These models are accessible in CST Microwave Studio.
The CST offers 8 human models, such as Baby, Child,
Gustav, Laura, Katja, Donna, Emma, and HUGO, with
varying sizes, ages, and genders (11), as presented in
Table Il. Among these models, Gustav and HUGO are
widely used. For instance, HUGO is utilized in a wide
range of electromagnetic applications, including safety
assessment of electromagnetic devices (12), verification
of antenna performance for imaging purposes (13),
and SAR calculation studies (14), owing to its ability to
accurately reflects the anatomical structure of the human
body in the form of digital data. Besides that, Gustav is an
anatomically accurate heterogeneous and homogeneous
body model that is utilized in estimating SAR and E-field
distributions during antenna performance assessment
(15, 16). For this reason, Gustav is also widely utilized
in biomedical research to improve electromagnetic
systems. Such applications include the assessment
of interbody and intrabody wireless connectivity
(17) study on tissues as a propagation medium for
implant communication (18), and the visualization of
energy density distribution in selected body parts (19).
Moreover, each body model presented in Table Il has a
different composition of biological tissues, and so does
the electromagnetic properties (20). Hence, the body
model must be chosen based on the intended function
of the implantable antenna within the patients. Despite
these advantages, voxel models have limitations such
as fixed tissue resolution that may not capture very fine

Table 1I: Voxel Body Models with their Characteristics (18)

B I M
Baby 8 weeks old Female 57 4.2
Child 7 years old Female 115 21.7
Donna 40 years old Female 176 79
Emma 26 years old Female 170 81
Gustav 38 years old Male 176 69

HUGO 38 years old Male 180 103
Laura 43 years old Female 163 51
Katja 43 years old Female 163 62

anatomical details, potentially affecting SAR accuracy in
small or heterogeneous tissue regions.

The SAR simulation of implantable antennas in CST
Microwave Studio involves a series of steps. First, the
antenna is designed and optimized for the intended
operating frequency. Then, a voxel-based human
model is selected based on the anatomical location
and application of the implant. The antenna is precisely
placed within the target region, such as the head, breast,
heart, or forearm to replicate realistic implantation
scenarios. Appropriate excitation ports and boundary
conditions are defined, and the input power level
(typically ranging from 1 to 10 mW) is set. A refined
mesh, particularly around the antenna and surrounding
tissues, is generated to ensure simulation accuracy. The
electromagnetic solver is then run to compute the field
distribution, after which SAR calculations are enabled
using standard averaging masses (1g or 10g) to determine
both localized and peak SAR values. The results are
analyzed through visual plots to assess compliance
with safety standards. If required, the antenna design or
placement is modified and simulations are repeated to
ensure adherence to SAR regulations.

EXPERIMENTAL EVALUATION OF
IMPLANTABLE ANTENNAS

SAR FOR

Aseries of steps are involved in experimentally evaluating
the SAR of implantable antennas to ensure accurate
and safe assessment. Initially, the antenna is designed
and fabricated to operate at the intended frequency.
Subsequently. a tissue-equivalent phantom is prepared
using mixtures that replicate the dielectric properties of
human tissues such as skin, fat, and muscle, following
standardized formulations. The implantable antenna
is then embedded into the phantom at the desired
anatomical position and depth to simulate realistic
implantation conditions. Once positioned, a controlled
RF signal is applied to the antenna using a vector network
analyzer (VNA) or signal generator. The electric field
measurements are collected using specialized probes,
and the SAR values are calculated. The measured SAR
values are then compared against simulated results for
validation and must comply with established safety
standards. If the SAR exceeds permissible limits, the
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antenna design or position is adjusted and retested.
This experimental approach is essential for confirming
the safety and reliability of implantable antennas before
clinical use.

EVALUATION OF SAR VALUE OF IMPLANTABLE
ANTENNA IN DIFFERENT BODY PARTS

The quantification of SAR of the implantable antenna
is a necessary safety assessment that must be evaluated
when designing antennas for biomedical applications.
This section will provide an overview of the studies that
evaluated the SAR values of the implantable antenna for
four body regions such as head, breast, heart and limbs.
The evaluation of SAR for each body part is discussed
in the following subsections. Lastly, the comparison of
SAR values in different body parts are compared based
on the discussed studies.

Evaluation of SAR Value of Implantable Antenna in
Head

Antenna for head-implanted medical devices is being
widely explored and the performance are being
analysed in terms of SAR. For instance, Turgut & Engiz
(2023) analyzed the SAR for the head by varying the
frequency, tissue type, power level, age and gender
of the voxel model (20). The results indicated that the
adult male (0.05-5.15 W/kg) exhibited the highest SAR
for 10 g of tissue, followed by adult female (0.03-4.46
W/kg), child (0.07-3.67 W/kg) and baby (0.06-1.75 W/
kg) at 1800 MHz. Conversely, the SAR values for adult
males (0.002-1.82 W/kg), adult females (0.002-1.57
W/kg), children (0.003-1.42 W/kg) and babies (0.003
to 1.02 W/kg) is comparatively lower at 900 MHz. It
is noteworthy that the SAR of adult male, female and
child voxel models at 1800 MHz exceeds the standard
limit of 2 W/kg. Meanwhile, in terms of tissue types,
the head exhibits a higher SAR value than the muscle,
and fat regardless of the age and gender of the voxel
models. In addition, the power level was varied from 1
W to 1.5 W at 900 MHz and 1800 MHz. It was reported
that the SAR values of the voxel model within the limit
at 900 MHz, however, at 1800 MHz the SAR value of
the voxel models at different tissue layers exceeded the
limit. Hence, different demographics, power, frequency
and tissue layers significantly affect the SAR values,
however, in this study, the SAR of the skull layer is not
evaluated.

Therefore, Sapari et al. (2022) evaluated the SAR value of
implantable antenna for the skull layer with input power
of 1 Wfor 1 gand 10 g of tissue (21). It is reported that the
SAR values were significantly higher (240 W/kg and 59.4
W/kg) at 4 GHz for 1g and 10g of tissue, respectively. To
resolve this issue, the maximum allowable input power
was reduced and set to 5.9 mW for 1 g and 33.6 mW for
10 g of tissue to ensure the obtained SAR values were
within the limit. In addition, the experimental testing
revealed that the SAR at 2.45 GHz (0.11 W/kg) and 5.8

GHz (0.42 W/kg) with the input power of T mW over 1
g of tissue are within the limit. This is done to ensure a
thorough evaluation of the SAR in real-life applications
to prevent any possible effects on the human body.
Lastly, a patch antenna with L-shaped defected ground
is proposed by Gupta et al. (2024) for the brain implant
(22). The proposed antenna’s SAR is evaluated by
positioning within the brain phantom containing seven
layers of tissue with an input power of 10 mW over 1
g of tissue. The obtained result indicated that the SAR
of the proposed antenna which is 0.709 W/kg is within
the limit, thus, the antenna is safe to be used as low EM
energy is absorbed by the brain tissue.

Evaluation of SAR Value of Implantable Antenna in
Breast

The most significant application of SAR analysis on the
breast is the ability to detect tumours by measuring the
absorbed energy of biological tissue from EM waves.
Breast tumours are identified through localized regions
with high SAR (23). In addition to the capability of
detecting the presence of tumours, breast tumour location
can also be determined via maximum SAR coordinates.
Given this potential applicable in early tumour detection,
there is growing interest in developing antennas suitable
for breast health monitoring applications.

In a study conducted by Wang et al. (2021), an
implantable antenna was designed for detecting breast
tumour recurrence in the Industrial, Scientific, and
Medical (ISM) band at an operating frequency of 2.45
GHz (8). For this purpose, the antenna is implanted inside
the muscle layer. SAR analysis of the proposed antenna
design revealed a value of 340.42 W/kg, exceeding
the acceptable IEEE C95.1:1999 standard of 1.6 W/kg.
Thus, a reduction in maximum input power from 1 W
to 5 mW was performed to achieve a SAR value of 1.58
W/kg. Such a method of lowering the input power to
adjust the SAR value is similarly implemented in another
study. A microstrip patch antenna operating at the
Medical Implant Communication System (MICS) band
was proposed by Singh et al. (2021) (24). The proposed
antenna design was optimized for breast tumour
detection in the skin layer. At a resonant frequency of
402 MHz, a low SAR value of 0.147 W/kg was obtained
when the input power is 2mW.

While the two aforementioned studies only utilize one
model, a study by Almosawy & Furkan Rabee (2022)
carried out SAR calculations for their proposed antenna
on two different-sized breast phantom models (25). A
small and medium breast phantom model was used,
wherein the antenna was positioned inside the fat
layer for both models to detect breast tumours located
in the glandular tissue. For this study, the SAR safety
requirement recommended by the ICNIRP of below 2 W/
kg per 10 g of tissue was successfully followed. Findings
show that a SAR value of 0.0583 W/kg for 10 g of tissue
was attained during analysis in the small breast phantom
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model. Likewise, a SAR value of 0.000852 W/kg for 10 g
of tissue was acquired upon employment of the medium
phantom model. A decrease in SAR value is observed
as the breast size increases as examined by Chaurasia
et al. (2024) (26). It is apparent that previous studies
have varying sites of implantation within tissue layers.
Chaurasia et al. (2024) further discuss the influence
of dielectric properties of breast tissue on SAR value
and other factors, such as type of antenna, intensity of
radiation power, frequency, reflection, absorption, and
scattering effects. Thus, implantable antennas for the
breast have various variables contributing to changes in
SAR value.

Evaluation of SAR Value of Implantable Antenna in
Heart

The antennas implanted inside the heart, typically
integrated with an LCP system in the right ventricle,
require careful consideration of the radiation absorbed
by heart tissues. The average SAR for 1 g/10 g of human
tissue in cubic form must not exceed 1.6/2.0 W/kg (27).
A fractal antenna design with a triple band frequency of
915 MHz, 2.4 GHz, and 5.8 GHz exhibited SAR values
of 438, 285 and 127 W/kg for 1 g of tissue and 82.7,
63.2 and 39.6 W/kg for 10 g of tissue (27). The SAR
value decreases with increasing frequency, while at low
frequencies, a high-intensity surface current increases
the radiating apertures, leading to a higher SAR value
(27). In a study conducted by Faisal et al. (2022), the
SAR was calculated according to both standards (1 g
and 10 g of tissue) inside the heart of a heterogeneous
phantom. For this analysis, the input power in the
simulations was kept at 1 W (28). The SAR was measured
at frequencies of 915 MHz, 1.4 GHz, and 2.45 GHz
over 1 g of tissue. The highest SAR value recorded was
255.52 W/kg at 1.4 GHz. In another study, a square
tri-band antenna was designed at frequencies of 0.402,
0.915, and 2.4 GHz (29). The SAR values achieved for
this design at frequencies of 0.402, 0.915, and 2.4 GHz
were 123.3, 189.9, and 797.5 W/kg, respectively, with
an input power of 0.5 W. Meanwhile, in another study,
the highest SAR recorded without an LCP system was
280.616 W/kg at 2.4 GHz (30). The lower SAR values
are attributed to the spiral shape, which creates a low
electric field around the adjacent tissue. Since SAR
measures the energy absorbed by tissue based on the
electric field, a lower electric field strength around
the antenna leads to less energy deposition, resulting
in reduced SAR (31).Consequently, spiral and loop-
type antennas are considered excellent candidates for
biotelemetric applications due to their reduced SAR
values (30). Lastly, a zigzag planar antenna operating at
an Industrial, Scientific and Medical (ISM) band of 2.4
GHz was proposed by Feng et al. (2022) (9). The SAR
values for 1 g and 10 g of tissue are 32.3 W/kg and 10.8
Wr/kg, respectively, with a power of 1 W. To keep the
SAR within a safe and manageable range, the antenna's
maximum allowable input power should not exceed
62.5 mW (9). However, for implantable antennas, the

input power limit is much lower, typically set at 25 pW.

Evaluation of SAR Value of Implantable Antenna in
Limbs

Besides wearable antennas, implanted antennas are
also getting equal attention from researchers for arms. A
differential fractal antenna with two operating frequency
bands of MICS (402-405 MHz) and ISM (2.4-2.48 GHz)
was proposed by Fan et al. (2020) to be implanted inside
the muscle layer of the arm (32). The antenna exhibits
higher SAR values, which are 47.9 and 45.5 W/kg for
10 g of tissue for MICS and at 2.44 GHz, respectively.
Hence, the input power of less than 41.8 mW was
used to obtain the SAR value that satisfies the limit.
Similarly, planar inverted-F antenna (PIFA) operating
at 2.4 GHz with a footprint of 4 x 5.6 mm is adopted
from the study conducted by Dewan et al. (2022) for
the SAR evaluation (33). This implantable antenna was
constructed using a three-layer geometry consisting of a
copper patch layer, a biocompatible substrate made of
Rogers RO3210 (¢=10.8, tan 6~0.0027) and a ground
plane. The truncated upper arm of the Gustav voxel
model with a resolution of 2.08 x 2.08 x 2 mm?® was
used from the CST Microwave Studio software owing to
the high computational resources, increasing simulation
time and memory requirements, especially when fine
meshing is applied around the antenna and tissues. The
SAR was analyzed by positioning the antenna in the fat
and muscle layer of the truncated model. For this study,
the maximum allowable input power was varied by
setting to 1.00 W, 147.70 mW, and 0.04 W for the 10 g
of tissue (9, 34, 35). The obtained SAR value for the PIFA
within the fat and muscle layers of the arm is presented
in Table lll. When the maximum allowable input power
was set to 1T W, which is the default reference power, the
SAR value of PIFA within both fat and muscle layers was
increased drastically by 689 % and 376 %, respectively
compared to the limit. The high SAR value reflects the
increased absorption of EM radiation by human tissue
(36). Thus, the power was reduced to 0.1477 W, which
is the maximum allowable power of 10 g tissue (9). The
resulting SAR value for PIFA within fat is still greater
than the regulated SAR limit by 135 %. However, the
SAR value for PIFA within muscle is reduced by 30
% compared to the determined limit. Nevertheless,
the maximum allowable input power was reduced to
0.0400 W, which yielded SAR values that are 36 % and
81 % lower than the limit for the fat and muscle layers,
respectively. Since the higher value of the maximum
allowable input power, resulted in a greater SAR value

Table 111 SAR value for PIFA implanted in fat and muscles
tissues with different maximum allowable input power.

10 g-SAR (W/kg) of Tissue layers

Maximum allowable input
power (W)

Fat Muscle
1.0000 31.5700 19.0506
0.1477 9.3911 2.8138
0.0400 2.54329 0.7620
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than the standards, it poses a risk to the patients. Hence,
the appropriate maximum allowable input power must
be selected for the PIFA when it is implanted in different
tissue layers. For this study, the appropriate maximum
allowable input power for PIFA within fat is 0.04 W,
while for PIFA within muscle is 0.1477 and 0.04 W.

Summary of the Evaluation of SAR in Different Body
Parts

Based on the above-discussed studies, some are
summarized in Table IV according to the standard
maximum allowable input power of 1T W. This is to
analyse how the varying body parts and tissue layers
influence the SAR values of 10 g of tissue. From Table
IV, it is evident that each type of tissue layer contributes
to significantly different amounts of SAR values. For
instance, the SAR value of the implanted antenna in
the muscle layer of the breast is higher compared to
the antenna within the muscle layer of limbs, whilst the
heart muscles have the least SAR values. This is followed
by the skull layer of head, and fat layers of limbs. The
highest SAR values of antenna within the breast is owing
to the denser glandular tissue and complex layered
structure of the breast with varying dielectric properties.
Conversely, the heart muscle consistently shows lower
SAR values, likely due to its deep anatomical location,
surrounding fluid-filled tissues, and better thermal
dissipation capacity, which attenuate and distribute
electromagnetic energy more efficiently. On the other
hand, the fat layers show moderate SAR, although they
possess high resistivity and lower thermal conductivity,
which can lead to accumulated heating under long
exposure times. These variations highlight the influence
of anatomical composition and dielectric properties on
electromagnetic energy absorption. Notably, all the SAR
values exceeded the recommended limit, indicating
a potential risk. Therefore, a thorough evaluation of
the SAR values of the implanted antenna is required

Table IV Summarized SAR value of varying body parts and
tissue layers with maximum allowable input power of 1 W

Refs. Body Frequen- Tissue SAR
parts cy layer (W/kg) (10 g of
(GHz) tissue)
(18) Head 4.0 Skull layer 59.40
(21) Breast 2.45 Muscle 340.42
(29) Heart 2.45 Muscle 10.80
i Fat 31.57
This Limbs 2.40
work Muscle 19.05

to mitigate possible risks associated with antenna
implantation and ensure patient well-being.

CONCLUSION

The implanted antenna must exhibit a SAR value that is
less than the designated limit to ensure safe operation

within the human body. In this overview, the SAR,
its limits, and the voxel body model offered by CST
Microwave Studio have been discussed. Besides that,
the SAR value of antennas in the head, breast, heart,
and limbs are presented. In addition, studies of SAR
evaluation in fat and muscle layers are discussed. Based
on the study, it is found that the PIFA implanted in fat
exhibits a higher SAR value for maximum allowable
input power of 1 and 0.1477 W compared to the PIFA
implanted in muscle. Meanwhile, the muscle layer only
exhibits a greater SAR value for maximum allowable
input power of T W. Thus, the appropriate power for
PIFA implanted within the fat is 0.04 W and for muscle
is 0.1477 and 0.04 W.

From the above-discussed articles and presented results,
it is noteworthy that the majority of the studies fail to
consider one or more factors like how different tissue
layers, power level and demographic characteristics,
such as age and gender affect the performance
of the implanted antenna in terms of SAR. This is
because addressing this gap is crucial to minimize
the risk associated with implantation and evaluate
its effectiveness across diverse populations. By doing
so, more reliable, feasible, and universally applicable
implantable antennas can be realized. In addition, the
SAR values were comparatively higher at increased
power level. This can be reduced by incorporating
metamaterials like Artificial Magnetic Conductor (AMC),
Split Ring Resonator (SRR) and Electromagnetic Bandgap
(EBG), which will suppress the surface wave propagation,
leading to reduced SAR by limiting backward radiation
into surrounding tissues. However, challenges such as
biocompatibility and achieving effective miniaturization
without compromising performance remain significant.
Hence, the integration of biocompatible materials and
coatings, such as silicone, contributes to SAR reduction
by improving the impedance match between the
antenna and the surrounding tissue, thus enhancing
efficiency and lowering reflected power. Not only that,
these coatings also serve a dual function by preventing
leaching of metal ions and ensuring long-term biological
compatibility. Lastly, antenna miniaturization can be
achieved through techniques such as substrate loading,
the use of high-permittivity materials, meandered
structures, and folded geometries, which reduce the
antenna’s footprint while maintaining its performance.

ACKOWLEDGEMENT

The authors would like to thank the Ministry of
Higher Education (MOHE), School of Postgraduate

Studies (SPS), Research Management Centre,
Advanced RF and Microwave  research  group,
IN-UTM Cardiovascular Engineering Centre and
Universiti Teknologi Malaysia (UTM) Johor  Bahru,
for  the support of the research under

Fundamental Research Grant Scheme FRGS/1/2023/

207 Mal ] Med Health Sci 21(SUPP11): 202-209, Nov 2025



TKO7/UTM/02/23 and UTM Fundamental

Research

Grant Q.J130000.3823.24H07

REFERENCE

1.

10.

Ahmad S, Manzoor B, Paracha KN, Haider S,
Liagat M, Al-Gburi AJA, et al. A Wideband Bear-
Shaped Compact Size Implantable Antenna for
In-Body Communications. Applied Sciences.
2022;12(6):2859.https://doi.org/10.1109/
APACE62360.2024.10877368

Romero E. Chapter 4 - Power Consumption and
Applications. In: Romero E, editor. Powering
Biomedical Devices. Boston: Academic Press;
2013. p. 47-51.

Malik J, Kim S, Seo JM, Cho YM, Bien F. Minimally
Invasive Implant Type Electromagnetic Biosensor
for Continuous Glucose Monitoring System:
In Vivo Evaluation. IEEE Trans Biomed Eng.
2023;70(3):1000-11. https://doi.org/10.1109/
tbme.2022.3207240

DiviyaDeviP, DewanR, Nuradilah Y. Reduced-Size
Antenna for Leadless Cardiac Pacemaker. Journal
of Medical Device Technology. 2023;2(2):72-8.
https://doi.org/10.11113/jmeditec.v2n2.36

Florida MAS, Paramasivam D, Dewan R, Ripin N,
Samsuri NA, editors. CPW-Fed Circularly Polarized
Antenna on Biocompatible Resin Substrate for 2.4
GHz Implantable Application. 2024 IEEE Asia-
Pacific Conference on Applied Electromagnetics
(APACE); 2024 21-23 Dec. 2024. https://doi.
org/10.1109/APACE62360.2024.10877368

Hu X-y, Yin W-I, Du F, Zhang C, Xiao P, Li
G. Biomedical applications and challenges of
in-body implantable antenna for implantable
medical devices: A review. AEU - International
Journal of Electronics and Communications.
2024;174:155053. https://doi.org/https://doi.
org/10.1016/j.aeue.2023.155053

Sallomi A, Ahmed G. Simulating the specific
absorption rates in different human tissues at 4G
frequencies for mobile phones. Bulletin of Electrical
Engineering and Informatics. 2023;12:2860-9.
https://doi.org/10.11591/eei.v12i5.5058

Wang W, Xuan XW, Zhao WY, Nie
HK. An Implantable Antenna Sensor for
Medical Applications. [EEE Sensors Journal.
2021;21(13):14035-42.  https://doi.org/10.1109/
JSEN.2021.3068957

Feng Y, Li Z, Qi L, Shen W, Li G. A compact and
miniaturized implantable antenna for ISM band
in wireless cardiac pacemaker system. Scientific
Reports. 2022;12(1):238. https://doi.org/10.1038/
s41598-021-04404-3

Perumalla KC, Muthusamy P. Opportunistic
control of vertical stub compact pentagonal slot
circular polarized implantable antenna with SAR
analysis for bio-medical applications. Optik.
2022;258:168882. https://doi.org/https://doi.

Mal ) Med Health Sci 21(SUPP11): 202-209, Nov 2025

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

org/10.1016/}.ijle0.2022.168882

Ahmad NA, Shaharun PF. SAR Measurement
from Mobile Phone and Its Effect to Human Body.
ELEKTRIKA- Journal of Electrical Engineering.
2023;22(1):63-9. https://doi.org/10.11113/
elektrika.v22n1.406

Canicattm E, Giampietri E, Brizi D, Fontana N,
Monorchio A. A Numerical Exposure Assessment
of Portable Self-Protection, High-Range, and
Broadband Electromagnetic Devices. IEEE Open
Journal of Antennas and Propagation. 2021;2:555-
63. https://doi.org/10.1109/0O)JAP.2021.3072548
Hossain A, Islam  MT, Chowdhury MEH,
Samsuzzaman M. A Grounded Coplanar
Waveguide-Based Slotted Inverted Delta-Shaped
Wideband Antenna for Microwave Head Imaging.
IEEE  Access. 2020;8:185698-724. https://doi.
org/10.1109/ACCESS.2020.3029595

Aboualalaa M, Mansour |, Pokharel RK. Energy
Harvesting Rectenna Using High-Gain Triple-Band
Antenna for Powering Internet-of-Things (loT)
Devices in a Smart Office. IEEE Transactions on
Instrumentation and Measurement. 2023;72:1-12.
https://doi.org/10.1109/TIM.2023.3238050
Balafendiev R, Solomakha G, Dubois M,
Abdeddaim R, Enoch S, Simovski CR, et al. An
Antenna Based on Three Coupled Dipoles With
Minimized E-Field for Ultra-High-Field MRI.
IEEE Transactions on Antennas and Propagation.
2022;70(10):9083-92. https://doi.org/10.1109/
TAP.2022.3195515

Kwate R, Elmagroud B, Chakib T, Vironique
B, Geuzaine C, Picard D, et al. Measurement
Methodologies for Reducing Errors in the
Assessment of EMF by Exposimeter. Progress In
Electromagnetics Research B. 2017;78:31-46.
Villanueva GMB, Lopez-lturri P, Esteban MA,
Granda JAG, Trigo JD, Serrano-Arriezu L, et
al. Multimodal Minimally Invasive Wearable
Technology for Epilepsy Monitoring: A Feasibility
Study of the Periauricular Area. IEEE Sensors
Journal.  2023;23(21):26620-35.  https://doi.
org/10.1109/JSEN.2023.3314190

Sarestuniemi M, Pomalaza-R6ez C, Kissi C, linatti
J.  Simulation and Measurement Data-Based
Study on Fat as Propagation Medium in WBAN
Abdominal Implant Communication Systems. IEEE
Access. 2021;9:46240-59. https://doi.org/10.1109/
ACCESS.2021.3068116

Vatamanu D, Miclaus S. Magnetite Particle
Presence in the Human Brain: A Computational
Dosimetric Study to Emphasize the Need of a
Complete Assessment of the Electromagnetic Power
Deposition at 3.5 GHz. Engineering, Technology
& Applied Science Research. 2021;11(5):7720-9.
https://doi.org/10.48084/etasr.4466

Turgut A, Engiz BK. Analyzing the SAR in Human
Head Tissues under Different Exposure Scenarios.
Applied Sciences. 2023;13(12):6971. https://doi.

208



Malaysian Journal of Medicine and Health Sciences (eISSN 2636-9346)

21.

22.

23.

24.

25.

26.

27.

28.

209

0rg/10.3390/app13126971

Sapari L, Hout S, Chung J-Y. Brain Implantable
End-Fire Antenna with Enhanced Gain and
Bandwidth. Sensors. 2022;22(12):4328. https:/
doi.org/10.3390/s22124328

Gupta A, Kumar V, Alsharif MH, Uthansakul P,
Uthansakul M, Dhasarathan V, et al. Design and
performance analysis of an L-shaped radiator
and defected ground antenna for enhancing
wireless connectivity in brain implants. Heliyon.
2024;10(4):e26398. https://doi.org/https://doi.
org/10.1016/j.heliyon.2024.e26398

Menon MKD, Rodrigues J. Efficient Ultra Wideband
Radar Based Non Invasive Early Breast Cancer
Detection. IEEE Access. 2023;11:84214-27. https://
doi.org/10.1109/ACCESS.2023.3303333

Singh G, Kaur J, Kaur S. Detection of breast tumor
using inset-fed microstrip patch antenna at MICS

band for implantable applications. Sadhana.
2021;46. https://doi.org/10.1007/s12046-021-
01762-6

Almosawy H, Rabee F. Breast Cancer Diagnosis
By loB Implanted Tag Design And Machine
Learning. Al-Salam Journal for Engineering and
Technology. 2022;2.  https://doi.org/10.55145/
ajest.2023.01.01.001

Chaurasia AS, Shankhwar AK, Singh A. Design
and analysis of the Flexible Antenna behavior
for Microwave Imaging of breast cancer.
Journal of Integrated Science and Technology.
2023;12(2):727.

Sharma D, Kaim V, Kanaujia BK, Singh N, Kumar
S, Rambabu K. A Triple Band Circularly Polarized
Antenna for Leadless Cardiac Transcatheter
Pacing System. IEEE Transactions on Antennas
and Propagation. 2022;70(6):4287-98. https://doi.
org/10.1109/TAP.2022.3145461

Faisal F, Zada M, Yoo H, Mabrouk IB, Chaker M,
Djerafi T. An Ultra-Miniaturized Antenna With
Ultra-Wide Bandwidth for Future Cardiac Leadless
Pacemaker. IEEE Transactions on Antennas and
Propagation.  2022;70(7):5923-8.  https://doi.
org/10.1109/TAP.2022.3161513

29.

30.

31.

32.

33.

34.

35.

36.

Malik NA, Ajmal T, Sant P, Ur-Rehman M, editors.
A Tri-band Implantable Antenna for Biotelemetry
Applications. 2020 International Conference
on UK-China Emerging Technologies (UCET);
2020 20-21 Aug. 2020. https://doi.org/10.1109/
UCET51115.2020.9205362

Zada M, Ali Shah I, Basir A, Yoo H. Ultra-
Compact Implantable Antenna With Enhanced
Performance for Leadless Cardiac Pacemaker
System. IEEE Transactions on Antennas and
Propagation. 2020;PP:1-. https://doi.org/10.1109/
TAP.2020.3008070

Kiourti A, Nikita KS. A Review of Implantable Patch
Antennas for Biomedical Telemetry: Challenges
and Solutions [Wireless Corner]. IEEE Antennas
and Propagation Magazine. 2012;54(3):210-28.
https://doi.org/10.1109/MAP.2012.6293992

Fan Y, Liu H, Liu X, Cao Y, Li Z, Tentzeris
MM. Novel coated differentially fed dual-band
fractal antenna for implantable medical devices.
IET  Microwaves, Antennas & Propagation.
2020;14(2):199-208. https://doi.org/https://doi.
org/10.1049/iet-map.2018.6171

Dewan R, Yusri N, Mohamad Salim MI. Reduced-
size Biocompatible Implantable Planar Inverted
F- Antenna. ELEKTRIKA- Journal of Electrical
Engineering. 2022;21(3):62-8. https://doi.
org/10.11113/elektrika.v21n3.399

Generic standard for assessment of low power
electronic and electrical equipment related to
human exposure restrictions for electromagnetic
fields (10 MHz - 300 GHz). 2017.

Ashar D, yadav AK, Sharma M. SAR Evaluation

of Flexible UWB Antenna for Wearable
Applications. Journal of Physics: Conference
Series. 2022;2312(1):012051. https://doi.

org/10.1088/1742-6596/2312/1/012051

Alazemi AJ, Igbal A. A High Data Rate Implantable
MIMO Antenna for Deep Implanted Biomedical
Devices. IEEE Transactions on Antennas and
Propagation. 2022;70(2):998-1007. https://doi.
org/10.1109/TAP.2021.3111186

Mal ) Med Health Sci 21(SUPP11): 202-209, Nov 2025



