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Abstract:

A miniaturized medical antenna with dual-band operation in the Industrial, Scientific, and Medical (ISM) bands is presented with
a low specific absorption rate (SAR) for recommended safety limits. The proposed antenna with dimensions (27.6 mm x 28.2 mm
x 0.32 mm) is considered suitable for medical applications. A fractal copper patch, Rogers 3010 biocompatible material, and full
ground plane copper are used to get a miniature Antenna design. The research aims to design a compact, biocompatible, and
low-SAR medical antenna for implantable and wearable applications. The dual-band antenna uses a fractal copper patch,
simulating performance using CST Studio Suite, and optimizing SAR and gain for safety. Different configurations are analyzed for
efficiency and medical applications. Low SAR levels were achieved for implantable and wearable designs equal to (0.487, and
0.141 W/kg) and (0.488, and 0.0392 W/kg) for dual bands 0.9 and 2.4 GHz respectively, and Negative gain for safety
considerations .The design has been developed into three different forms: implantable, wearable, and capsule design for higher
efficiency and more medical applications. The CST studio suite's simulations assessed the antenna's performance using design
standards rules and efforts.
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1. INTRODUCTION
Biomedical antennas have attracted the
attention of researchers and designers for the
best practical and medical results. Biomedical
antenna is essential for wireless
communication with medical devices. These
antennas face several issues that must be
solved, like differences in  dielectric
characteristics within the human body, which
impact antenna work, and the Specific
Absorption Rate (SAR) for personal protection.
Specifically, the antenna's miniaturization
must be considered due to the size constraints
of medical devices. So, diverse methods and
techniques for an integrated size are suggested
[1-4]. Several frequency bands are utilized for
clinical implantable devices. To save battery life
and extend the lifespan of the medical device,
designers typically use the dual-band (ISM) to
toggle between sleep and wake modes. Negative
gain in medical antennas is a necessary factor
for patient safety. It helps reduce the amount of
energy absorbed by tissues, limits SAR, and
reduces electromagnetic interference, making
medical devices implanted or used next to the
body safer [5, 6]. The ISM bands differ by area
and contain certain globally known frequencies,
such as [7]:

e 13.56 MHz: Used for RFID systems and

near-field communication NFC.
e 2712 MHz: Industrial heating and
medical devices.
e 433 MHz: Short-range communication

devices.

e 915 MHz: Common in industrial
applications, and wireless sensor
networks.

e 2.4 GHz: The most well-known band, used
in Wi-Fi, Bluetooth, and microwave ovens.

e 5.8 GHz: Another band used in wireless

networks, radar, and ISM equipment

ISM bands are the Unlicensed Frequency Bands
used for instrumentation, for industrial,
scientific, and medical applications. These are
working at  433.05-434.79 MHz, 9o02-
928 MHz, 2.4-2.480GHz, and 5.725—
5.875 GHz bands. They are used frequently for
IMDs for data transmission, remote
monitoring, or wireless telemetry [7]. In Refs.
[8, 9], the antenna was largely designed, and
the SAR value was not measured, however [10],
The SAR was measured, and it was equal to
0.145 W/KG for 10 g, in addition to the large
size of the antenna, however the papers [11, 12].
It obtained a smaller antenna volume than
previous research with SAR calculations equal
to 0.134 and 0.160 W/kg for 10 g. The nano-
antenna in healthcare offers high-resolution
imaging, diagnostics, and non-invasive devices,
enhancing directivity, signal clarity, and real-
time monitoring for tissue characterization and
monitoring [13]. Using MIMO diversity can
improve data transmission for wearable devices
in healthcare IoT applications [14]. Energy

Efficiency for Low-Power Devices Enhanced
LDPC performance can reduce retransmissions
and processing overhead, leading to lower
energy consumption. These implantable and
wearable biomedical devices will be very useful,
as energy efficiency is one of the most
important foundations of medical antenna
design [15]. The energy-saving methods
described in this paper can be adapted to
biocompatible devices. For example, low-power
implantable sensors can benefit from optimal
energy allocation to maintain information
coherence without high power consumption
[16]. Medically compatible devices used for
social networking, such as micro-sensors and
small internet data, can be combined with
simple basic data and separate wavelet
conversion to ensure secure data transmission
over wireless communication systems,
especially those supported by dedicated
medical antennas [17]. Real-valued Fourier
Transform algorithms can be used to process
signals from biomedical devices in real time,
aiding in applications like remote health
monitoring, diagnostics, and emergency alerts
[18]. This study presents a dual-band
microstrip patch antenna for healthcare
applications. By using a square spiral antenna
design, one can miniaturize the size of an
antenna to a suitable size. The antenna was
implanted in voxel data/skin material in CST
because the aim is to study the effect of
implantation for medical purposes. Low SAR
values and allowable input power have been
calculated and negative gain for the three
designs was achieved for safety considerations.
2, THEORETICAL
The resonance frequency is initially picked to
design a microstrip antenna, followed by the
selection of the antenna's dielectric constant.
Eq. (1) expressed below can be used to calculate
the width of the patch (W) [19]:
_ G 2

W= Z_fr er+1 (1)
Where W is the width of the patch antenna, f; is
the resonant frequency, C, is the light speed,
and e, is the permittivity of the substrate.
The radiation propagating from the patch
toward the ground passes through the air and
sometimes through the dielectric (fringing).
The effective refractive index value of a patch is
a significant parameter that structures the
patch antenna. Eq. (2) [19] was used to
calculate the effective dielectric (e.ff) value,
taking into account the differences in
permittivity between the air and the dielectric
substrate.

ertl -1 1

€ff = 2 + 2 F (2)

Where h is substrate height.
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Fringing causes an increase in antenna length
(AL) electrically. The length AL of the antenna
can calculated by Eq. (3) [20]:
(erff+o.3)((%)+o.264)
W 3)
(erff+0.258)((i)+0.8)

Finally, the actual patch's length (L), could be
determined by Eq. (4) [20]:

AL
i 0.412

__6C
L= ver 240 @
3.DESIGN ANTENNA

The design process begins with developing a
microstrip dual-band antenna using the
biocompatible material Rogers 3010 as a
substrate, selected for its high relative
permittivity (e, = 11.2, tan§ = 0.0035) with a
thickness of 0.25 mm, which enables a compact
and efficient antenna structure. The
dimensions of the (27.6 mm x 28.2 mm x 0.32
mm), provide an optimized size suitable for
dual-band performance as shown in Fig. 1. The
substrate’s properties and patch thickness are
carefully considered to ensure appropriate
impedance matching (50 Q) and effective dual-
frequency resonance. The radiating patch of the
antenna is carefully sized and is characterized
by a fractal structure for miniaturization
because the antenna's physical length is
reduced by meandering the antenna patch and
also to get the target frequency bands, enabling
dual-band operation for applications like
medical applications, cellular, or Wi-Fi. An
attractive choice for incorporation into modern
communication systems, the RO3010's high
dielectric constant improves the antenna's
ability to produce stable dual-band

performance within a small footprint.
27.64 mm

28.20 mm

=

—

Fig. 1 Proposed Antenna.
The design steps for the final shape are
explained as follows:
1- Choice of substrate and dimensions:

e A substrate measuring 27.64 mm x
28.20 mm was selected. These small
dimensions were designed to meet the
specifications of a compact antenna
used in healthcare monitoring or
medical applications.

e A  medical-grade,  biocompatible
material, Rogers 3010, was used to
ensure patient safety from wearable or
implantable devices.

2- Patch design:

e The antenna's electrical length is
increased due to the helical or folded
patch design. This allows the antenna
to resonate at specific ISM frequencies
(0.9 GHz, 2.4 GHz, or 5.8 GHz) with
these small dimensions.

e The electrical path was optimized
without increasing the overall
dimensions by using zigzag or fractal
patterns.

3- Ground and feed design:

e The design incorporates a fully
grounded design to ensure optimal
impedance matching and
electromagnetic isolation.

e The red triangle indicates the antenna
feed point, where the coaxial feed line
connects to the antenna. Impedance
matching is a critical specification for
the feed line, which must have a
resistance of 50Q.

4- Optimization Using Simulation Tools:

e The design was built and optimized
using CST Studio Suite, which provides
tools for  simulating antenna
performance (such as Si1, gain, and
radiation pattern). The results are very
close to reality with a very small margin

of error.
e The final antenna configuration,
including substrate thickness,

permittivity, and patch geometry, was

achieved through trial and error.
The S-parameter plot in Fig. 2. shows the
antenna's return loss. Values below -10 dB
indicate good performance, meaning low
reflection at 0.9 GHz and 2.45 GHz frequencies.
These frequencies are fundamental and within
the Intended Standard Modulation (ISM)
range, indicating that the antenna radiates
efficiently at these frequencies. Flatter areas
represent poor synchronization and higher
reflection near o dB. The narrow bandwidth of
an antenna results from certain design methods
and material choices, including a high-
permittivity substrate, small antenna size, and
a helical or zigzag structure. A full ground
surface improves insulation but reduces the
antenna's bandwidth, while precise impedance
matching enhances performance at specific
frequencies, further narrowing the operating
frequency range. The narrow bandwidth
characteristic of an antenna is a result of the
trade-offs made to achieve small size, high
efficiency, and precise frequency targeting.
While narrow bandwidth antennas are well-
suited for applications requiring precise
frequency performance, such as biomedical
applications, they will limit the antenna's ability
to operate across wider frequency bands. [21].
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Fig. 2 S11 of the Proposed Antenna.

3.1.Implantable Antenna Design
The performance of the antenna is further
examined by adding a 60 x 60 mm2 layer of
skin-mimicking material to the bottom layer as
shown in Fig. 3. The skin layer is placed in
contact with the antenna from below. The aim
of this design is to evaluate the antenna's
performance in terms of Specific Absorption
Rate (SAR) and resonant frequency stability
when placed on a material that mimics body
tissue. This allows for the identification of

component1:Skin { ——
Material Voxel Data/Skin

Type Mormal

Epsilon 69.45

Electric cond.  0.507 [S/m]

Mu 1

Rho 1100 [kg/m#3]

Thermal cond. 0.3 [W/K/m] |
Specific heat 3500 [J/K/kg]
Diffusivity 7.79221e-08 [m™2/s]
Bloodflow 5000 [W/K/m*3]
Metabolic rate 2000 [W/m~3]

resonant frequency variations and the
measurement of SAR levels, ensuring
compliance with global health and safety
regulations by simulating the position of skin
beneath the antenna. This additional layer
helps in understanding the antenna's behavior
under real-world operating conditions,
providing valuable insights into its efficacy and
safety in near-body medical applications.

— \

Fig. 3 Implantable Antenna and Skin Layer Performance.

The skin layer influences the antenna's
impedance matching and resonant frequencies,
in addition to the deeper and slightly shifted S11
dips as shown in Fig. 4. The strong insulation
properties of the added layer increase the
permittivity and electrical conductivity of the
current, resulting in a lower Si1 response
frequency. This, in turn, increases resonance
and energy absorption, thus reducing the
antenna's resonant frequency. The designed
dual-band microstrip antenna operates most
accurately at two primary frequencies: 0.9 GHz
and 2.4 GHz, both within the ISM band. Return
loss (S11) values have been optimized at these

frequencies to ensure accurate signal
transmission and minimal reflection. The
strong resonant S11 value at 0.9 GHz enables
efficient performance in the lower bands. The
second effective frequency for the medical
antenna, 2.4 GHz, is used in higher-frequency
applications. One of the most important
specific applications for this type of antenna is
continuous glucose monitoring for patients
with chronic diabetes, where the antenna
transmits data from a sensor implanted inside
the patient's body to an external receiver for
continuous glucose monitoring.

Return Loss

0]
-5
-10
-15
-20
-25
-30

S11 (dB)

0 0.5 1

2
Frequency (GHz)

1.5 2.5 3

Fig. 4 S11 of Implantable Antenna with Skin Layer.
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Figure 5 shows the antenna's far-field pattern
and gain. The gain of the presented antenna at
the E plane is -29.4 and -13 dBi at 0.9 GHz and
2.45 GHz respectively, which is considered
safety for medical purposes. The electrical size
of the antenna at various frequencies causes
variations in radiation patterns that impact
current distribution. Higher-order modes and
edge effects produce a directional pattern at 0.9
GHz, whereas the antenna supports the
fundamental mode at 2.45 GHz, resulting in an

y dsi

omnidirectional pattern. Ground plane
interactions further influence the radiation.
3.2.Wearable Antenna Design

In this step, the antenna is modified into an arc
shape to leverage the flexibility of the Rogers
RO3010 material as shown in Fig. 6. The aim is
to study its performance when worn on the
wrist, as in a smartwatch application. By
curving the antenna to mimic the natural
contour of the human wrist, a realistic usage
scenario for wearable medical technology is
simulated.

Farfield Directivity Abs (Phi=50)

—— farfied (f=0.9) [1]

(a)

150 e _—"1s0
—— Fraquency = 0.5 GHz
180 Main lobe magnitude = 2.71 Bl

6.0 deg.

Theta / deg vs. dBi Main lobe direction =

Farfisid Realized Gain Abs (Phi=90)

—— fafield (f=2.45) [1]

(b)

Frequency = 2.45 GHz
Main lobe megnitude = -13.7 d8i
Main lobe direction = 87,0 deg.
Angular width (3 dB) = 83.2 deg.
Side lobe level = -33 dB

150

180 T

180

Theta | deg vs. dB8l

Fig. 5 1D and 3D Pattern (a) at 0.9 GHz, and (b) at 2.4 GHz.

Fig. 6 Wearable Antenna.
The arc-shaped modification of the antenna
introduced additional operating bands, plot

Fig. 7., high S11 resonances appear at 0.9 GHz
and 2.4 GHz (ISM band), while low S11 values
at 0.98 GHz and 2.9 GHz indicate unwanted
frequencies. The S-parameter plot confirms a
significant S11 reduction at the target
frequencies of 0.9 GHz and 2.4 GHz. To assess
the arc-shaped antenna's effectiveness close to
human tissue, a skin-equivalent material layer
was put underneath it to replicate a realistic
usage scenario Fig. 8. To investigate the human
body's maximal impact, the skin layer was
planted in close touch with the antenna. The
presence of the skin layer provides insights into
potential shifts in resonant frequencies and
signal behavior due to tissue interaction.
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0 0.5 1

. Rvevtvyrn Loss

1.5 2 2.5 3

Frequency (GHz)

Fig. 7 S11 of Wearable Antenna.

Fig. 8 Wearable Antenna with Skin Layer.

Including the skin layer in Fig. 9 marginally
expands the bandwidth compared to Fig. 7. This
is indicated by a slightly wider bandwidth,
suggesting that the antenna with the skin layer
helped in improving the matching over a wider
band. With the addition of the skin-equivalent

material beneath the arc-shaped antenna, a
downward shift in the resonant frequencies was
observed. S11 was at the range, peaking at the
2.4 GHz band and 915 MHz (ISM), as shown
in Fig. 10.

Return Loss

O vy vy VWWW f”v\[u
-5
=
= -10
A
i
v
©w  -15
-20
_25
0 0.5 1 1.5 2 2.5 3
Frequency (GHz)

Fig. 9 S11 of Wearable Antenna with Skin Layer.
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E

Farfield Directivity Abs (Phi=90)

—— farfield (f=2.45) [1]
Phi=270

(a)

Frequency = 2.45 GHz
Main lobe magnitude =  1.58 dBi
Main lobe direction = 26,0 deg,

Theta / deg vs. dBi Angular width (3 dB) = 298.2 deg.

Farfield Realizad Gain Abs (Phi=5D)

Phi= 90 20

] =

—. — farfield (f=0.9) [1]

"

150

(b)

T -

Frequency = 0.9 GHz
Main lobe magnitude =  -33.1 dBi
Main lobe direction = 30.0 deg.

Angular width (3 dB) = 342.2 deg.

S
150
180
Theta / deg vs. dBI

Fig. 10 1D and 3D Pattern of Wearable with Skin (a) 2.4 GHz (b) 0.9 GHz.

Differences in radiation patterns at different
frequencies owing to antenna electrical size
affect current distribution. Negative gain in
medical antennas is an important factor for
patient safety.

3.3.Capsule Antenna Design

The antenna isreconfigured into a capsule
shape to further increase its adaptability and
compactness, greatly lowering its overall size
without sacrificing functionality, as shown
in Fig. 11. The antenna's physical factor makes
it appropriate for a range of uses outside of
wearable technology, such as incorporation into
small devices like tracking systems, medical
implants, and sensors for health monitoring.
The capsule antenna shown is typically used for
wireless capsule endoscopy. In this medical

application, the antenna enables real-time
communication between a swallowed capsule
(equipped with a camera or sensors) and an
external receiver. This allows gastrointestinal
tract monitoring to diagnose issues like ulcers,
bleeding, or tumors. Figure 12 shows the
capsule-shaped antenna's resonance
frequencies at 0.9 GHz (single-band ISM),
which demonstrates its capacity to function
efficiently  throughout these important
communication bands. The 2.4 GHz resonance
vanished due to the antenna's curvature, which
altered the effective electrical length and
impedance matching. This structural change
impacted resonance conditions, shifting or
suppressing the expected frequency response.

A

Fig. 11 Capsule Antenna.
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Fig. 12 S11 of Capsule Antenna.

Figures 13 show the gain equal to -43.6 dBi and
far-field pattern.

dBi
416
452
-48.9
-52.5
-56.1
59.8
63.4
67.1
70.7
743
-78
816

Farfield Realized Gain Abs (Phi=50)

—— farfield (f=0.9) (1]
Phi=270

Frequency = 0.9 GHz
Main lobe magnitude =  -42.1 di
Main lobe direction = 180.0 deg.

Fig. 13 1D and 3D Pattern of Capsule Antenna
at 0.9 GHz.

\ ~
Thetajdegvs.dsi 10 135 o 170 160

W/kg
0.487

0.2
0.36
03
0.24
0.18
0.12
0.06

4.SAR CALCULATION AT HUMAN
BODY

"The IEEE C95.1-1999 standard restricts the
SAR averaged over 1 g of tissue to less than 1.6
W/Kg" [22]. While the input power across 1 g
volume tissue can vary based on the specific
design and operational frequency of the
antenna, it is generally kept low (often under 10
mW) to maintain SAR levels within safe limits
as defined by regulatory standards. In this
study, 1 mW was used to get an acceptable value
of SAR.

4.1.SAR of Implantable

The proposed simulation results revealed a SAR
value of 0.487 and o0.141 W/kg at the
operational frequencies 0.9 and 2.4 GHz
respectively in Fig. 14, which falls well within
the recommended safety limits set by
regulatory bodies.

4.2.SAR of Wearable

The simulation results indicated a SAR value of
0.0488 W/kg at 0.9 GHz and 0.0392 W/kg at
2.4 GHz, as shown in Fig. 15, within the safety
limitations  established by  regulatory
authorities.

(b)
Fig. 14 SAR Simulation of Implantable Antenna (a) 0.9 GHz (b) 2.4 GHz.
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w/kg
0.0292

W/kg

Fig. 15 SAR Simulation of Wearable Antenna (a) 0.9 GHz (b) 2.4 GHz.

5.COMPARISON PROPOSED ANTENNA
WITH OTHER

From Table 1, this work presents a compact
antenna operating at 0.9 GHz, and 2.45 GHz
with miniaturized size, making it smaller than
many others listed and ideal for wearable or
implantable applications. Its frequency range
covers common bands used in medical and

communication (e.g., 2.45 GHz for heart rate,
oxygen levels, and blood pressure). Table 1
illustrates the trend towards smaller, multi-
band antennas that ensure safety (low SAR) for
medical and wearable use. Overall, it showcases
advances in antenna design emphasizing
miniaturization, multi-band support, and
safety adherence.

Table 1 Proposed Antenna Comparison with Another Research.

Ref. Frequency Size (mm) SAR

[8] 2.4, 3.4 GHz 70 X 70 N/A

[a] 1GHz, 2.4 GHz 60 x 60 N/A

[10] 4.27 GHz, 5.8 GHz, 62 x 58 0.145 W/kgfor1o g

[11] 2.45 GHz, 4.27 GHz 50 X 50 N/A

[23] 1.6 GHz, 2.4 GHz 40 X 40 N/A

[12] 1.575 GHz, 2.4 GHz 85.5 x 85.5 0.134 and 0.160 W/kg for10 g

[24] 2.4 GHz, 5.8GHz 52.3 x 58.69 0.326 and 1.024 W/kg for 1g

[25] 2.45 GHz 43 % 30 N/A

This work 0.9 GHz, 2.4 GHz 27.6 x 28.2 0.478, 0.141, 0.0488, and 0.0392 for 1g
6.CONCLUSIONS relationships that could have appeared to

In this paper, a miniature microstrip dual-band
antenna with a size (of 27.6 mm x 28.2 mm x
0.32 mm) was developed for biomedical
applications with low SAR levels for
implantable and wearable designs which is
equal to (0.487, and 0.141 W/kg) and (0.488,
and 0.0392 W/kg) for dual bands 0.9 and 2.4
GHz respectively. Several ISM bands in this
antenna were achieved by developing and
designing the antenna’s structure. Simulation
outcomes showed very good agreement as to
the performance of the presented implantable
antenna despite the miniaturized size and in
comparison, with prior implantable dual-band
printed antennas.
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