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ABSTRACT This paper presents a novel duplex implantable antenna for simultaneous wireless power
transfer and data telemetry in wireless capsule endoscopy (WCE) applications. The proposed antenna
operates at 1.8 GHz (wireless power transfer) when Port-1 is excited and 2.4 GHz (data telemetry) when
Port-2 is excited. The antenna’s performance has been evaluated within a simulated human stomach
phantom to closely mimic real-world implantation scenarios. Shorting pins, semi-circular and open-end
slots techniques are used to make the antenna smaller, resulting in a compact volume of 8.17 mm3. Slots
of different lengths on both patches generate different resonant frequencies. A rectangular slot with a
width of 0.4 mm and a length of 6.3 mm is introduced in the center of the ground plane, achieving an
isolation level better than 28 dB. The antenna provides nearly omnidirectional patterns at both frequencies
with gain values of 24.7 dBi at 1.8 GHz and 23.9 dBi at 2.4 GHz. Link budget and specific absorption
rate (SAR) are investigated. The fabricated prototype is tested in minced pork meat, with good agreement
between experimental and simulation results. The antenna system has a compact size, low coupling levels,
and can simultaneously transmit data and receive power without the need of a multiplexer. With these
attributes, the proposed design is a promising candidate for WCE devices requiring simultaneous data

communication and power reception.

INDEX TERMS Biomedical, compact implantable antenna, full-duplex, omnidirectional pattern, wireless

capsule endoscopy applications.

I. INTRODUCTION

IOMEDICAL implantable devices can resolve prob-

lems associated with human health by providing
modern healthcare solutions. Wireless Capsule Endoscopy
(WCE) offers a non-surgical method for capturing images
of the stomach and intestines. These images help doctors
in identifying issues within the digestive system [1]. This
technology is beneficial as it can access areas that traditional
scopes cannot reach [2]. Also, it can extract biosignal
features from various body areas and transmit them to
receivers for further analysis. Capsules include batteries,
cameras, LEDs, and an antenna [3]. The latter is a critical

element for effective data transmission. However, it faces
challenges such as size limitations, interference, and signal
attenuation due to lossy tissues that make its performance
different from traditional open-space antennas [4], [5]. In
recent years, researchers have examined different kinds of
antennas that can be implanted in the body and operate
within a specific frequency range [6].

Numerous designs have emerged recently for antennas
that operate on dual-band and multiband frequencies while
maintaining a compact size. These designs utilize various
techniques for reducing antenna size, such as capacitive
slots, inductive stubs, high permittivity substrates, slow wave
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FIGURE 1. Detailed geometry of the proposed duplex antenna, showing the top,
bottom, side, and isometric views. The figure includes labeled dimensions, substrate,
superstrate, patches, feed, shorting pins, and ground, with all dimensions provided in
millimeters.

structures and defected ground planes [7], [8], [9], [10],
[11], [22], [13], [14], [15]. However, these miniaturization
techniques reduces the antenna performance in terms of
coupling level, and signal interference [16]. Therefore,
finding a balance between size reduction and maintaining
good antenna performance is essential. In [17], a dual-
band antenna incorporating open-ended slots to minimize
antenna size is designed for 0.915 GHz and 2.45 GHz
bands. In [18], an implantable antenna with triple bands
has been developed using a meandered resonator and open-
ended slots in the ground plane, maintaining a compact
size of 21 mm3. The implantable antenna described in [19]
employs a miniaturization technique involving segment-cut
circular slots to achieve quad-band functionality. This allows
the antenna to serve multiple purposes, with one band
dedicated to energy harvesting and the remaining bands
allocated for signaling and data transmission. Additionally,
a dual-band implantable antenna that operates at 403 MHz
and 915 MHz has been developed in [20]. The antenna
size is minimized by using open-ended and semicircular
slots and a via for further reduction. While these antennas
are versatile and can facilitate single-band, multiband, and
wideband communications, their single-port configuration
restricts them from wireless data telemetry and power
reception simultaneously. In addition to the limited size
of biomedical devices, adding extra circuits increases their
complexity and power consumption. Therefore, the concept
of duplex antennas, as introduced in [21], [22], [23], could
be implemented to overcome this issue. This technique
allows simultaneous signal transmission and power reception
without necessitating a multiplexer circuit. The removal

of multiplexer circuits simplifies implantable devices and
reduces power consumption while maintaining the com-
pactness of biomedical devices [21]. In [22] investigates a
duplex antenna operating at 915 MHz and 1470 MHz. The
design has a total volume of 9.4 mm3, and achieves an
isolation level better than 20 dB. Another study in [23], an
implanted duplex (915 MHz and 1300 MHz) antenna for
wireless powering and data transmission is introduced. It has
an overall volume of 8 8  0.13 mm3, and an isolation
level better than 25 dB. Despite their ability to communicate
and receive power simultaneously without a multiplexer,
these antennas have larger sizes and lower isolation levels.

This work introduces a compact duplex antenna capable
of operating at both 1.8 GHz and 2.4 GHz frequencies with
high isolation. This implantable antenna enables simultane-
ous data transmission and power reception, making it highly
suitable for wireless capsule endoscopy (WCE) applications.
The proposed design features a compact geometry of
8.17 mm3, shaped in a circle to fit inside a small-sized
capsule. Semi-circular open-ended slots are integrated into
the patches to reduce the overall size of the antenna.
Controlling the gap between the patches and incorporating
a slot in the center of the ground plane are key factors
in enhancing isolation. The proposed duplex antenna offers
a promising solution for simultaneous transmission and
reception in WCE devices, characterized by high isolation,
compact size, low SAR, and nearly omnidirectional radiation
patterns. To the best of the authors’ knowledge, this is the
most compact duplex implantable antenna designed to date.

Il. DESIGN METHODOLOGY

A. DESIGN OF DUPLEX ANTENNA

As depicted in Fig. 1, the proposed duplex antenna con-
sists of a substrate, two semi-circular radiating patches,
a superstrate, and a ground plane. A central rectangular
slot, measuring 0.4 mm in width and 6.4 mm in length,
separates the two radiating patches, allowing for independent
excitation and reducing mutual coupling between them.
Additionally, a rectangular slot with a width of 0.4 mm
and a length of 6.3 mm is introduced in the center of the
ground plane to enhance isolation further. Each radiating
patch incorporates a semi-circular slot connected to a
shorter open-ended rectangular slot pointing toward the
center of the patch. Furthermore, each patch includes a
small shorting via, 0.2 mm in diameter, establishing a
connection to the ground plane. The dimensions of the slots
and vias are carefully adjusted to fine-tune the operating
frequencies while facilitating antenna miniaturization. The
use of shorting vias, capacitive slots, and a high-dielectric
substrate further aids in reducing the overall size of the
antenna [24]. To minimize mutual coupling and maintain data
integrity in the duplex design, several isolation-enhancing
strategies were implemented. The central rectangular slot
in the ground plane reduces current flow between the
feeding ports, mitigating electromagnetic interference and
enhancing port isolation [25]. Additionally, the use of
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FIGURE 2. (a) The architectural design of the capsule device.(b) Simulation
scenarios of the antenna within the phantom.

shorting pins and semi-circular slots on the radiating patches
further minimizes coupling by lengthening current paths and
creating distinct resonances for each port. Together, these
measures ensure an isolation level exceeding 28 dB, which is
critical for simultaneous transmission and reception in duplex
operation. These features contribute to robust performance
with minimal interference, preserving data integrity in real-
time biomedical applications. The radiating patches are
excited by 50  coaxial probes with a diameter of 0.4 mm.
RT/duroid 5880, with a thickness of 0.254 mm, a dielectric
constant ( ) of 2.2, and a low loss tangent (tan ) of 0.003,
is used for both the substrate and superstrate. However, since
the antenna is embedded within the device and covered by the
device’s encapsulation, the superstrate layer is not considered
in the in-system analysis.

B. WCE DEVICE ARCHITECTURE

The structural design of the proposed implantable antenna,
tailored for WCE, is depicted in Fig. 2(a). Each implantable
medical device (IMD) is carefully crafted based on its
specific functional requirements and the intended area of
implantation within the human body [4]. Given that the
proposed antenna is designed to be swallowed and move
naturally through the gastrointestinal tract, a capsule-shaped
architecture is employed. The capsule, with a compact size

of 3.5 mm in radius and 11 mm in length, is designed to
facilitate a realistic evaluation of the antenna’s performance
as it travels through the body. The internal structure of
the implantable capsule includes essential components such
as the antenna, batteries, sensors, a camera, and a printed
circuit board (PCB), ensuring the device’s functionality in
capturing and transmitting data. To protect these sensitive
components, the capsule is encased in a 0.15 mm-thick shell
made from biocompatible alumina (Al203), which not only
offers a dielectric constant of ( , = 9.8) and a low loss
tangent (tan = 0.006) but also provides excellent chemical
stability, corrosion resistance, and long-term mechanical
durability in biological environments. Alumina has been
extensively studied for use in implantable medical devices,
and cytotoxicity evaluations in accordance with 1SO 10993-
5 have shown no adverse effects on cultured cells, supporting
its safety and compatibility for in vivo applications [26].
This encapsulation ensures both electrical isolation and
environmental protection, allowing the device to function
reliably throughout its intended transit in the gastrointestinal
tract.

C. SIMULATION ENVIRONMENT

The simulation is performed using HFSS in a progressive
manner to ensure both accuracy and computational effi-
ciency. The implantable antenna is first integrated into a
capsule device and analyzed inside frequency-dependent,
homogeneous phantoms representing the stomach, colon,
and small intestine, each with dimensions of 100 100
100 mm3. These phantoms replicate the dielectric properties
listed in Table 1 [27]. To create a more realistic scenario,
additional layers of skin, fat, and muscle are placed over
the stomach phantom to mimic the human tissue structure
more accurately. This setup, also based on the dielectric
values in Table 1, allows the antenna to be tested in a
multi-layered environment that simulates tissue transitions.
The antenna is positioned at a depth of 50 mm and the
entire setup is enclosed within a 200 200 200 mm?®
radiation boundary box. After validating the performance in
this controlled model, the antenna is further evaluated in
a full human phantom, where it is implanted in different
regions of the GI tract, ensuring comprehensive testing in
both simplified and anatomically realistic conditions.

D. DESIGN EVOLUTION STEPS

The design and optimization process of the proposed antenna
is illustrated in Fig. 3(a), with the corresponding reflection
coefficients (S11, Sz2) and transmission coefficient (Sp21)
presented in Fig. 3(b). The antenna design undergoes modi-
fications in each iteration to achieve the desired performance.

Step 1: The design begins with a circular patch and a
full ground plane. A 0.4 mm wide slot is introduced
to split the circular patch into two equal semi-circular
patches. In this step, both semi-circular patches resonate
at 7 GHz with minimal impedance matching, requiring
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TABLE 1. Electrical property for the different tissues.

Tissue Frequency  Conductivity Relative Loss
name (GHz) (S/m) permittivity tangent
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FIGURE 3. Antenna design and optimization process: (a) step-by-step design
evolution, (b) corresponding S-parameters for each design step.

further modifications. Moreover, the isolation between
the two ports is relatively low, with Sp1 around 18 dB,
indicating considerable mutual coupling.

Step 2: Shorting pins are added on the edges of both
patches, which effectively lengthen the current path,

Top ¥ Top S5 Top g
‘L' ; ; -‘
Step 1 Step2 Step 3 Proposed

L

Bottom Bottom Bottom

FIGURE 4. surface current distribution for each design step.

thus reducing the resonant frequency of both patches to
5.5 GHz. The addition of these pins slightly improves
the isolation, raising it to 20 dB.
Step 3: Semi-circular and open-end rectangular slots
are loaded onto the patches to induce extra capacitance,
further reducing the resonant frequencies. Different
slot configurations are employed to enable both
patches to resonate at two different frequencies, i.e.,
1.78 GHz and 2.33 GHz. At this stage, a maximum
isolation of 18 dB is achieved between the two
patches. The isolation between the ports improves
further to 22 dB due to reduced surface current
interaction.
Step 4: A rectangular slot with a width of 0.4 mm and
a length of 6.3 mm is introduced in the center of the
ground plane. This slot helps tune the resonances to
the desired frequency bands while further enhancing
isolation. With Port-1 excitation, the antenna resonates
at 1.8 GHz, and with Port-2 excitation, it resonates
at 2.4 GHz. This final configuration achieves the best
performance, with isolation improving significantly to
28 dB. Overall, this step achieves a 55.5% reduction
in size compared to Step 3 while offering superior
electrical performance.

To visually support this isolation improvement,
Fig. 4 shows the surface current distributions for each
design step under both Port 1 and Port 2 excitations.
In Steps 1 and 2, strong coupling and energy leakage
are observed between the two radiating elements. After
introducing the decoupling slots and shorting pins in Step
3, the current distribution becomes more confined. In
Step 4, the central ground slot effectively redirects surface
currents and suppresses near-field interaction, significantly
enhancing port-to-port isolation. Compared to other recently
reported duplex implantable antennas operating between 1
and 3 GHz, the proposed antenna achieves superior isolation.
Designs reported in [21] and [23] demonstrate isolation
levels up to 25 dB, while [22] achieves around 20 dB.
In contrast, our design offers 28 dB isolation in a compact
footprint and supports dual-band operation without external
multiplexing components. This confirms the effectiveness
and novelty of the proposed isolation-enhancement
technique.
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E. PARAMETRIC ANALYSIS

The proposed duplex antenna demonstrates a significant
advantage in its ability to independently control its frequency
bands. A detailed parametric study was conducted to analyze
the effect of several key design parameters, with the results
presented in Figs. 5-9. In this study, each parameter was
varied individually while keeping the others constant at
their optimized values. The objective was to observe how
these variations influence the antenna’s resonant frequencies,
isolation levels, and overall performance. The resonant
frequency of the second band (S22) is primarily controlled by
parameter a;, while the first band (S11) depends on parameter
b1. As shown in Fig. 5, with a; fixed at 0.8 mm, the antenna
resonates at 1.8 GHz for the first band (S11) and 2.4 GHz
for the second band (S22). By varying a; from 0.2 mm to
0.8 mm, the second resonant frequency (S22) decreases from
2.75 GHz to 2.4 GHz, while the first resonant frequency
(S11) remains stable at 1.8 GHz. This behavior illustrates
that the second band can be independently tuned without
affecting the first band. Similarly, Fig. 6 illustrates the
impact of adjusting the parameter by on the first band. By
varying by between 2 mm and 2.7 mm, the first resonant
frequency (S11) shifts from 2.35 GHz to 1.8 GHz, while
the second resonant frequency (S22) remains constant at
2.4 GHz. This demonstrates the independent tunability of
both frequency bands, allowing for flexible control to meet
specific application requirements. Throughout the parametric
analysis, the isolation between the two patches remained
consistently above 22 dB, ensuring minimal interference
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between the bands. To further investigate this, the effect
of varying the slot width (d1) was examined. As shown
in Fig. 7, changes in the slot width had minimal impact
on the resonant frequencies, indicating that the antenna is
robust against minor fabrication tolerances. This robustness
is a crucial factor in ensuring consistent performance during
manufacturing. The gap between the patches, initially set at
0.4 mm, plays a critical role in controlling the fringing field
coupling between the resonators. Although the resonators are
electrically isolated, fringing fields can still cause coupling,
which is highly dependent on the gap width. A larger gap
reduces fringing coupling, thereby improving isolation. By
increasing the gap from 0.2 mm to 0.4 mm, the isolation
between the patches is significantly enhanced, as shown in
Fig. 8. This confirms the importance of optimizing the gap
size to minimize coupling and maximize isolation on the S-
parameter (Sp1). Furthermore, a rectangular slot with a width
of 0.4 mm and a length of 6.3 mm was introduced at the
center of the ground plane to further enhance the antenna’s
isolation by fine-tuning the resonance. This slot helps to
optimize the coupling between the patches, preventing any
unwanted interference. The impact of adjusting the ground
slot length (g1) on the S-parameter (Sp1) is depicted in
Fig. 9. By varying g1 from 0.1 mm to 0.3 mm, the isolation
between the patches improves, consistently exceeding 28 dB.

F. EFFECT OF INTEGRATION WITH DEVICE
COMPONENTS

To assess the influence of internal device components
on antenna performance, simulations were performed with
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FIGURE 10. Impact of varying the gap between the antenna and PCB on
S-parameters.

the proposed antenna integrated into the implant device
alongside typical elements such as the PCB and battery.
These components reside within the near-field region of the
antenna, with the PCB positioned closest to it. Figure 10
presents the effect of altering the gap distance between the
antenna and PCB on the antenna’s S-parameters (S11, S22).
Results indicate negligible changes in reflection coefficients
and isolation across gap variations of 0.3 mm, 0.5 mm, and
1 mm. This robustness is primarily due to the antenna’s
full ground plane configuration, which effectively suppresses
backward radiation towards adjacent electronics. In contrast,
antennas with partial grounds or extensive slotting tend to
exhibit greater performance degradation in the presence of
nearby materials. Maintaining a 1 mm separation was found
optimal for impedance matching and operational bandwidth;
in practical designs, this space can be occupied by a
biocompatible low-permittivity filler such as medical-grade
Styrofoam. Importantly, throughout all tested configurations,
the antenna retained isolation levels above 28 dB, demon-
strating its suitability for reliable integration into compact
implantable devices without compromising electromagnetic
performance.

I1l. RESULTS AND DISCUSSION

This section presents an in-depth exploration of the suggested
duplex antenna, covering various aspects critical to its
performance. The discussion includes S-parameters, radia-
tion patterns, SAR, current distribution, and a comprehensive
analysis of the link budget. The design and simulation
processes are executed using Ansys HFSS electromagnetic

FIGURE 11. (a) Models of the suggested duplex antenna and printed capsule.
(b) Measurement of S-parameters and (c) radiation patterns in minced pork.

software to refine and optimize the suggested implantable
duplex antenna. To validate the simulations, the antenna
undergoes fabrication and subsequent measurements. The
fabrication process involves three steps performed sequen-
tially. First, a portion of the substrate of the same size as
the antenna is first cut out from a bigger board. Second, a
computer numerical control (CNC) milling machine is used
to drill holes. Shorting pins are then created by conducting
these holes through an electroplating process. Finally, a
PCB laser machine is used to manufacture the antenna’s
top and bottom sides. The antenna prototypes are finalized
by soldering coaxial cables to each patch. In practical
scenarios, the implantable antenna operates within a WCE
device, chosen specifically for its compatibility with the
digestive system. Once the desired results are obtained, the
antenna is fabricated, as depicted in Fig. 11 (a). Minced
pork is used in the experiments because its electrical and
dielectric properties closely mimic those of human tissues
[14]. S-parameters and radiation patterns are experimentally
measured inside minced pork meat as shown in Fig. 11
(b) and (c). The WCE device shell is constructed using 3D-
printed Polylactic acid (PLA) material. The WCE device
integrates the PCB, batteries, and the proposed antenna,
with the latter connected to coaxial cables and positioned
adjacent to the PCB. The device is sealed with epoxy, and to
accomplish real-world conditions, it is placed at the center
of a container filled with minced pork.

A. S-PARAMETERS

The antenna was simulated within a human body phantom at
a depth of 50 mm, employing the aforementioned method-
ologies. To evaluate the antenna’s performance, the capsule
device was placed within minced pork. Both ports of the
proposed antenna were linked to a vector network analyzer
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FIGURE 12. Simulated and measured S-parameters results.

FIGURE 13. Simulated S-parameters (S;; and S, ) of the proposed duplex
implantable antenna in different human tissues (stomach, colon, and small intestines).

(VNA) (P9374A) to measure its S-Parameters. Simulated and
measured S-Parameters are shown in Fig. 12. Resonances at
1.8 GHz (S11) and 2.4 GHz (Sy) were consistently observed
in both the simulated and measured antenna configurations.
The associated simulated 10 dB bandwidths are 360 MHz
and 390 MHz at 1.8 GHz and 2.4 GHz, respectively. This
compares to 360 MHz and 530 MHz measured at 10 dB,
respectively. Furthermore, both the simulated and measured
isolation levels are better than 28 dB. Additionally, simula-
tions in multiple tissues are essential because as the capsule
moves through the gastrointestinal tract, it encounters varying
tissue types, each with different dielectric properties. These
tissues, such as the stomach, colon, and small intestines,
exhibit distinct permittivity ( ) and conductivity ( ) values
(Table 1), which can significantly influence the antenna’s
performance. As the capsule traverses these regions, the
antenna must maintain reliable operation despite the changes
in the surrounding tissue environment. The simulations
presented in Fig. 13 assess the antenna’s performance in
these different tissues, ensuring it operates effectively across
a broad range of conditions encountered in dynamic, real-
world environments. As shown in Fig. 13, variations in
tissue permittivity cause shifts in the resonance frequency,

FIGURE 14. Simulated and measured radiation patterns (a) at 1.8 GHz (Port 1) and
(b) at 2.4 GHz (Port 2).

with higher permittivity shifting the resonance to lower
frequencies, while lower permittivity shifts it to higher
frequencies. This demonstrates the antenna’s sensitivity to
changes in the dielectric properties of surrounding tissues.
However, changes in conductivity primarily affect impedance
matching rather than the resonance frequency itself, with
only slight impacts on the depth of the reflection coef-
ficient (S11). The antenna’s wide bandwidth—360 MHz
at 1.8 GHz for power transfer and 390 MHz at 2.4 GHz
for data communication—ensures that these variations do
not significantly affect overall performance. The design,
therefore, maintains reliable and stable performance even
under diverse tissue conditions, ensuring that the antenna
remains effective in the dynamic and variable environments
within the gastrointestinal tract.

B. RADIATION PATTERNS AND GAIN

Fig. 14 illustrates the radiation patterns of the proposed
antenna at frequencies of 1.8 GHz and 2.4 GHz, in both
E-plane and H-plane orientations. The antenna showcases
nearly omnidirectional radiation patterns, for both simula-
tions (within the stomach of a human torso model) and
practical measurements within minced pork. All experiments
were conducted in an anechoic chamber, with the capsule
device positioned in the middle of a container filled with
minced pork to facilitate testing. Fig. 11(b) provides a
visual representation of the experimental setup, featuring
the antenna and the receiver sensors placed at a consistent
one-meter distance to ensure far-field measurements. During
testing, the antenna underwent systematic rotation with a
sweeping angle of 2 degrees, while the receiver sensors
remained stationary. Any variations in the radiation patterns
primarily stem from differing operating conditions and
varying levels of conductivity. Despite these variations,
the antenna consistently demonstrated omnidirectional pat-
terns at both frequencies, as highlighted in Fig. 14. This
characteristic is paramount for ensuring extensive coverage
and dependable communication, regardless of the capsule
device’s orientation within the gastrointestinal tract. The
lower peak gain values observed in simulations conducted
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FIGURE 15. Surface current distribution (Jsurf) of the suggested antenna. (a) at
1.8 GHz Port 1. (b) at 2.4 GHz Port 2.

with the human torso model can be attributed to its higher
conductivity, leading to increased energy dissipation within
the tissues. However, it is noteworthy that both simulated
and measured radiation patterns closely align. In the minced
pork tests, the measured peak realized gain of the antenna
was 25.6 dB at 1.8 GHz and 22.5 dB at 2.4 GHz. In
contrast, at a depth of 50 mm in simulations, the realized
gain was 24.7 dB at 1.8 GHz and 23.9 dB at 2.4 GHz,
respectively.

The discrepancies between the simulated and measured
results can be attributed to several factors. Primarily, the
dielectric properties of the simulated human body phantom
differ from those of the minced pork used in the experimental
setup. While the phantom is a simplified model with uniform
dielectric properties, minced pork has a heterogeneous
structure that introduces variations in permittivity and con-
ductivity, which can affect the antenna’s resonant frequency
and bandwidth. Additionally, small fabrication tolerances,
such as dimensional variations during manufacturing, and
potential human handling errors during the measurement
process contribute to these observed discrepancies. Despite
these factors, the antenna’s performance remains stable
and demonstrates its suitability for the intended biomedical
application. The discrepancies fall within acceptable limits
and do not significantly compromise the antenna’s ability to
meet the design specifications.

C. SURFACE CURRENT DISTRIBUTIONS OF THE
OPTIMIZED DESIGN

In Fig. 15, the current distributions of the antenna are
presented at two resonances 1.8 GHz when Port 1 is active
and 2.4 GHz when Port 2 is active. Fig. 15(a) illustrates the
current distribution at 1.8 GHz, where Port 1 is active, and
Port 2 is matched. The majority of the current is confined
within the excited patch, with only a minimal amount leaking
to the passive patch. This limited current leakage from the
active patch to the matched one underscores a high level of

FIGURE 16. Computed 10-g SAR distributions at (a) 1.8 GHz and (b) 2.4 GHz.

TABLE 2. Calculated peak SAR (1 W input power).

SAR (W/kg)
Frequency (MHz)  Phantom type
1-g 10-g
1800 133.8 189
Human Body
2400 188.5  20.6

isolation. In Fig. 15(b), the surface current at 2.4 GHz is
displayed, featuring Port 2 as active and Port 1 as matched.
The majority of surface current predominantly resides within
the excited patch, with only a negligible amount traversing
to the passive patch.

D. SPECIFIC ABSORPTION RATE (SAR)
Assessing SAR for implant antennas is critical for ensuring
patient safety and regulatory compliance, as it determines the
amount of electromagnetic energy absorbed by surrounding
tissues, thereby minimizing potential risks such as tissue
heating. According to the updated IEEE C95.1-2019 stan-
dard, the maximum 10 g averaged SAR value is limited to
2 W/kg [28]. SAR evaluations in this study were performed
using a human torso phantom, as illustrated in Fig. 16, with
the implanted capsule subjected to an input power of 1 W
applied to the proposed antenna ports. The phantom model
used is a homogeneous multilayer human tissue model that
incorporates the electrical properties of skin, fat, muscle, and
stomach tissues. The SAR calculations were conducted in
accordance with the IEEE C95.1-2019 safety standards. To
enhance clarity, SAR distribution maps at both 1.8 GHz and
2.4 GHz in Fig. 16 highlight localized hotspots and verify
that tissue exposure remains within safe limits. The results of
the SAR simulations are presented in Table 2. It shows the
peak SAR values, with a 1-g averaged SAR value of 133.8
W/kg and 188.5 W/kg at 1.8 GHz and 2.4 GHz, respectively.
For the 10 g averaged SAR, the values were found to be 18.9
Wi/kg and 20.6 W/kg at 1.8 GHz and 2.4 GHz, respectively.
Moreover, while thermal simulations were not explicitly
performed, it is noted that the observed SAR values
fall below the threshold at which significant temperature
elevation occurs, thus ensuring compliance with bio-thermal
safety guidelines such as the CEM43 model.
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TABLE 3. Link budget parameters.

Specification Variable Value
Resonant frequency (GHz) f 2.4
Transmitter Power (dBm) P, -16

Path loss exponent % 1.5
Temperature (Kelvin) T 273
Transmitter antenna gain (dBi) Ga -23.9
Receiving antenna gain (dBi) Gy 2

Free space loss (dB) L Distance dependent
Available power (dB) Ap Distance dependent
Required power (dB) R, Adaptive (Bit rate)

Margin (dB) Ap — Ry Fig.17

For the SAR simulation process, Ansys HFSS was used,
with a finely meshed model around both the antenna and the
phantom to ensure accurate results. The calculated values
were obtained using Ansys HFSS in which standard SAR
equations and procedures are internally modelled. This setup
enabled us to obtain precise SAR values and confirm the
safety of the implantable device. Specifically, tetrahedral
elements were used for mesh generation, with a convergence
criterion set to 0.002 and a maximum of 20 adaptive
passes. The radiation boundary was placed at least /4
from the antenna, and frequency-dependent tissue properties,
including permittivity and mass density, were applied to
ensure realistic EM-tissue interactions.

IV. LINK BUDGET ANALYSIS
Evaluating the link budget (LB) ensures optimal performance
of implant antennas, maximizing data transmission effi-
ciency. This critical assessment safeguards seamless
data transmission between the implant and external
units, enhancing patient monitoring and healthcare out-
comes [29], [30], [31]. For reliable communication, the LB
should exceed 0 dB [17]. In this study, an LB of 10 dB
is utilized to ensure smooth and efficient communication.
During this analysis, a dipole antenna serves as the reception
antenna, while the proposed antenna operates as the trans-
mitting antenna. Data transmission is recorded by varying
the distance between the receiver and transmitter antennas,
with the implantable antenna transmitting a fixed power of
16 dBm (25 W). The power required by the antenna (Ry)
is computed using

E
Rr (dB) = N_Z +KTo + B, 1)

FIGURE 17. LB as afunction of distance (d) at 2.4 GHz.

where R, denotes the minimum required power, T represents
the temperature (T = 293K), Ep/N denotes the PSK
modulation (PSK = 9.6 dB), K is the Boltzmann constant
(equal to 1.38 10 %), and B, stands for the bit rate.
Moreover, the available power (Ry) for the antenna is
determined by

where R, denotes the available power, P; represents
the transmitter power, G; shows the gain of the trans-
mitter antenna, G, denotes the gain of the receiver
antenna, PL represents the polarization loss factor, and
Lp represents the path loss between the transmitter and
receiver antennas. The path loss (L) can be calculated
using
4.d d
Lp(dB) = 20|Oglo — +10 Ioglo d_o + Se (3)
Here, d represents the distance between the transmitter
and receiver antennas,  denotes the path loss exponent,
and S, accounts for the shadowing with a standard deviation
of . All necessary parameters for the link margin analysis
are provided in Table 3. For the link budget calculation, we
have considered five bit rates (1, 5, 10, 20, and 50 Mbps)
at the 2.4 GHz band. The corresponding LM for these bit
rates is depicted in Fig. 17. The results demonstrate that the
proposed antenna can reliably transmit data over distances
exceeding 8 meters while maintaining a 10 dB margin at
a bit rate of 50 Mbps for the 2.4 GHz band. The current
link budget analysis uses a transmitter power of 16 dBm
(25 W), which is typical for biomedical applications where
25 W is commonly provided at the antenna input. While
a reduction in transmitter power is expected to decrease
the received signal strength, which in turn reduces the link
margin, this scenario is generally not desirable for practical
applications. Reducing the power further would lead to a
corresponding reduction in link margin, especially in cases
of increased losses. However, even with a substantial loss of
about 10 dB (an extreme but rare situation) the link margin
remains greater than 0 dB, as shown in Fig. 17. Therefore,
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TABLE 4. Comparison with state-of-the art multiband implantable antennas (*Displays SAR results for 1-g tissue at 25 pW input power).

Reference [] [12] [13] [14] [15] [21] [22] | [23] | This work
; 15%15%1.27 | 7%6.5x0.377 32x10x0.2 | 17.25x8x0.635 | 7.13x8.9x0.13 | wx(4.8)>x0.13 | 8x8x0.13 | wx(3.2)% x 0.254
Volume (mm?)
=285.75 =17.15 =64 = 87.63 =8.24 =94 =8.32 =8.17
Size (\g?) 0.000263 0.00000134 0.00000501 0.00000858 0.00000760 0.00000867 | 0.00000768 0.00000575
Frequencies (GHz) | 0.915/1.4/2.4 | 0.402/1.6 /2.45 | 0.402/0.9/2.4 0.433/0.915 0.915/1.42 0.915/1.47 0.915/1.3 1.8/2.4
10-g SAR (W/Kg) — 92.7/85.3/81.7 | 316/358/247* | 179.7/160.7 440.2/408.8 331.4/241.1% | 297.3/1.08 18.9/20.6
-30.5/-22.6 -30.5/-18.2 -29.7/-28.7
Gain (dBi) -28.2/-24.5 -18.94/-17.06 -26.8/-18.8 -19.3/-17.7 -24.7/-23.9
/-18.2 /-22.6 /-20.8
Isolation (dB) — — — — >25 >20 >25 >28
Bandwidth (MHz) 134/95/75 148/171/219 | 236/10.4/55.4 138/199 103/150 90/108 172/200 360/390
Implant Depth (mm) 4 3 100 100 4 55 55 50
Radiation
N/A N/A N/A -28.2/-20.5 -20.42/-18.97 N/A 2.9 -18.4/-21.14
efficiency (dB)
Quality
N/A N/A N/A N/A N/A 9/10 N/A 6.15
factor (Q)
Fractional
6.78 10.68 1.15 21.74 10.56 7.34 15.38 16.25
bandwidth %
Simultaneous
data Transmission No No No No Yes Yes Yes Yes
& power Reception
External
Yes Yes Yes Yes No No No No
Multiplexer?

unless there is a restriction on using the transmitted power,
operating at the typical 25 W level is preferred to
maintain an acceptable link margin. The proposed antenna
achieves a 10 dB bandwidth of 360 MHz at 1.8 GHz and
390 MHz at 2.4 GHz. These wide bandwidths ensure robust
performance for real-time video and image transmission in
biomedical applications. In contrast to many state-of-the-
art designs, which often face bandwidth restrictions that
limit their maximum data rates, the proposed antenna’s
wide bandwidth and high isolation enable robust, high-speed
communication without the need for additional multiplexing
circuitry. Table 4 provides a comprehensive comparison of
the proposed implantable antenna with the existing literature.
The proposed antenna stands out for its compact size. This is
achieved by eliminating the need for an external multiplexer.
In addition, the antenna system has a high isolation between
ports, enabling simultaneous data telemetry and wireless
power transfer. The proposed antenna supports implantation
depths of up to 50 mm in the stomach while maintaining
maximum bandwidth and minimal SAR. This enables high
data rates and improved safety for WCE applications. To
the best of our knowledge, this is the most compact
duplex implantable antenna developed to date for such
applications.

V. CONCLUSION

This paper has presented a low-profile implantable duplex
antenna, which has been both simulated and experimentally
validated. The designed antenna operates at 1.8 GHz when
Port-1 is active for wireless recharging, and at 2.4 GHz
when Port-2 is active for data telemetry. All simulations
were performed by embedding the proposed design within a
capsule device, which was then implanted into the stomach of
a human model. Antenna miniaturization was achieved using
shorting pins in combination with rectangular and semi-
circular slots, resulting in a compact volume of 8.17 mmd.
The antenna is built on a thin substrate with a thickness
of 0.127 mm, which is positioned between the radiating
patches and the ground plane. The design maintains an
isolation level greater than 28 dB and achieves nearly
omnidirectional radiation patterns at both frequencies, with
gain values of 24.7 dBi at 1.8 GHz and 23.9 dBi at
2.4 GHz. The SAR value, averaged over 10 g of tissue,
was reported as 18.9 W/kg at 1800 MHz and 20.6 W/kg
at 2.4 GHz, ensuring the design meets safety requirements.
Overall, the proposed antenna is well-suited for ultracompact
implantable devices that require simultaneous data telemetry
and wireless recharging, making it a promising solution for
future biomedical applications.
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