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Abstract—This study presents an ultra-miniaturized im-
plantable in-band full-duplex (IBFD) antenna, designed for
wireless capsule endoscopy (WCE) applications. Through the
integration of semi-circular slots and shorting pins, the antenna
achieves a small volume of 7.17 mm?® (7 x (3 mm)? x 0.254
mm), surpassing the state-of-the-art in compactness. Simulations
of the proposed design are conducted within a human body
phantom to demonstrate the antenna’s operation at 2.45 GHz.
Radiation patterns from both ports are nearly omnidirectional,
and an isolation level of greater than 28 dB is achieved. Our
results indicate that the antenna can establish reliable wireless
communication over distances exceeding 8 meters, with a 10 dB
margin atboth ports. The specific absorption rate (SAR) values
at 2.45 GHz is found to be 29.7 W/kg at 1W input power.
Experimental validation using minced pork demonstrated a good
agreement with simulation results.

Index Terms—In Band Full-Duplex, Implantable Antenna,
Medical Implants, wireless capsule endoscopy.

I. INTRODUCTION

IRELESS capsule endoscopy (WCE) has revolution-
Wized gastrointestinal diagnostics, offering a minimally
invasive, patient-friendly alternative to traditional endoscopy
methods. However, the increasing demand for miniaturized
devices pose significant challenges in developing implantable
antennas for such systems [1]-[3]. These antennas must be ca-
pable of efficiently transmitting and receiving electromagnetic
waves through the complex propagation environments of the
human body while maintaining a compact structure. To achieve
such a compact size, various techniques have been employed
to achieve size reduction, including the use of high permittivity
laminates [4], capacitive slots [5], inductive stubs [6], defected
ground planes [7], shorting pins [8], and slow wave structures
[9]. In [10] significant size reductions have been achieved by
increasing the current path with embedded meandered slots
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and ground plane slots. A meandered resonator and an open-
ended slot in the ground plane have been used to achieve an
ultra-compact antenna design with a total volume of 21 mm?3
[11]. In [12], the authors have proposed a magnetostrictive
antenna that can operate at a low MHz frequency range inside
the human body. In [13], an optimized antenna structure that
fits within the limited space of WCE devices is presented.
The miniaturization technique includes slots and shorting pins
that effectively reduce the antenna size while maintaining its
functionality. Similarly, the study in [14] demonstrates how
the size of an antenna operating at 915 MHz and 2450 MHz
can be minimized by incorporating slots into both the patch
and the ground plane. Moreover, the research presented in [15]
introduces a low-profile antenna developed using shorting pins
combined with circular and open-ended slots. However, such
miniaturization techniques can adversely impact antenna per-
formance resulting in increased design complexity and lower
peak gains, limiting their integration with most Implantable
Medical Devices (IMDs).

The antennas mentioned above have good performances
in terms of size and radiation characteristics. However, their
one-port configuration restrict them from simultaneous trans-
mission and reception without an internal multiplexer. In
fact, these antennas can either be used for transmission or
reception. In order to use them for simultaneous transmis-
sion and reception, they must be integrated with a highly-
isolated multiplexer. This integration increases the system’s
size, complexity, and power consumption. Consequently, de-
signing compact, power-efficient wireless implantable devices
becomes significantly more challenging. Recent studies in
[16] and [17] have proposed the use of duplexing antennas
to overcome the limitations associated with the size and
complexity of biomedical implants. In [16], a self-diplexing
antenna, operating at 915 and 1470 MHz, is designed for
multi-tasking biomedical implants. It occupies a total volume
of 9.4 mm? and maintains an isolation level better than 21 dB.
In [17], the authors have developed a full-duplex implantable
antenna that operates at both 915 MHz and 1300 MHz. The
915 MHz frequency band is dedicated to biotelemetry, while
the 1300 MHz frequency band is utilized for wireless power
transmission. The full duplex antenna has a total volume of
8.32 mm? and maintains a better isolation level. Despite their
ability to communicate simultaneously without a multiplexer,
this approach leads to less efficient spectrum utilization due to
the use of multiple frequency bands. Additionally, this method
may encounter increased interference from neighboring de-
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Fig. 1. Proposed antenna (a) Exploded view of the structure of the antenna.
(b) Top view. (c) Bottom view.
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vices operating on adjacent frequency bands [18]-[20].

To address the challenges discussed above, this paper intro-
duces the first in-band full-duplex (IBFD) antenna designed
for WCE. In-band duplexing systems can simultaneously
transmit (Tx) and receive (Rx) signals in the same frequency
band without requiring an external multiplexer. The proposed
IBFD antenna features an ultra-compact size of only 7.17
mm? including a semi-circular slot and shorting pins. This
innovative design marks a significant advancement in IMDs
technology, offering a miniaturized design and minimum self-
interference while maintaining high performance at the 2.45
GHz ISM band.

II. IN-BAND FULL-DUPLEX ANTENNA DESIGN

The proposed IBFD antenna comprises two identical semi-
circular patches and two separate semi-circular ground planes,
as illustrated in Fig. 1. The superstrate and substrate are
made from Rogers RT/duroid 5880 material with a dielectric
constant of ¢, = 2.2, tand = 0.003, and a thickness of
0.254 mm. To minimise the proposed IBFD antenna size,
multiple semi-circular and open-ended slots are incorporated
in both radiating patches. Additionally, shorting pins have
been inserted between the patches and the ground planes to
achieve further compactness. The two patches have no direct
connection, so as for the ground planes. Thus, power from
one patch cannot directly travel to the other patch. However,
there is still a coupling between the two patches due to
the fringing fields between them. A gap with a width of
0.4 mm is inserted between the two patches to minimize
mutual coupling. Increasing the gap width between the patches
improves isolation. However, it also increases the antenna’s
overall dimensions. Therefore, a proper gap of 0.4 mm is
maintained between both patches and ground planes to ensure
high isolation level while maintaining a compact size. A
capsule shell made from Polylactic Acid (PLA) material, with
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Fig. 2. (a) Architecture of the capsule device. (b) Simulation scenarios for
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Fig. 3. (a) Antenna evolution stages (design steps). (b) Design step results.

relative permittivity (¢,) of 2.8 and a thickness of 0.2 mm
is used to encase the implantable antenna. The length of the
capsule shell is 11 mm, and the radius is 3.5 mm. The capsule
is composed of electronic components, such as a printed circuit
board (PCB), batteries, sensors, light-emitting diodes (LEDs),
and a camera, as shown in Fig. 2 (a). The suggested design is
simulated within the stomach of a human body phantom, as
shown in Fig. 2 (b).

A. Simulation Environment

The design and simulation processes are conducted using
Ansys HFSS electromagnetic software. The antenna design
is tested using a model representing the human stomach, as
shown in Fig. 2(b). The simulations are performed in two steps
in order to save simulation time. First, the antenna is simulated
in a simple stomach model (homogeneous box) that measures
100 x 100 x 100 mm?. This basic model is used because it
has properties similar to real stomach tissues. The electrical
properties of a human stomach are listed in Table I [21]. The
proposed antenna is placed 50 mm deep in the model in this
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TABLE 1.
STOMACH TISSUE PROPERTIES AT 2.45 GHz
Tissue Frequency | Conductivity Relative Loss
name (GHz) (S/m) permittivity tangent
Stomach 245 2.2105 62.158 0.26092

phase. Second, the antenna is fine-tuned using a more detailed
human body model (implantation depth = 50 mm). The human
model is placed within a cubic radiation box measuring 800 x
800 x 800 mm?>. The dimensions ensure that the box extends at
least a quarter wavelength (A/4) from the antenna, providing
sufficient space for accurate radiation pattern analysis.

B. Design Evolution

The design process of the proposed duplex antenna is
illustrated in Fig. 3(a). The S-parameters (reflection (S11, S22)
and transmission (Ss1) coefficients) of each step are shown in
Fig. 3(b). The antenna structure is modified during the design
process to achieve a compact geometry, and high isolation.
In all design steps, the position of the coaxial feeding cables
remains unchanged. The design process is completed in four
steps, as described below:

Step 1: The design process is started by drafting a circular
patch and a ground plane over the substrate, followed by
splitting them into semi-circular shapes (two semicircular
patches and two semicircular groundplanes). In Step 1, the gap
between both patches and both ground planes is maintained
at 0.4 mm to achieve a better isolation level. Shorting pins
are added to both radiators to further minimize the antenna’s
dimensions. These modifications are implemented by drilling
through the substrate to establish a conductive path between
the patch and the ground plane, as depicted in Fig. 3(a). In
fact, adding a shorting pin generates additional inductance,
which ultimately reduces the overall geometry of the antenna
through reducing the resonance frequency of the antenna [22].
As a result of these modifications in conventional circular
patch antenna, the semi-circular patch (in Step 1) resonates
at 7 GHz, as illustrated in Fig. 3(b). It can be observed that
the proposed semicircular patches exhibits poor matching in
this step. The matching can be enhanced by changing the
position of the excitation ports. However, the main objective
of this work is to achieve enough compactness. In addition,
our desired frequency is 2.45 GHz, which is far lower than 7
GHz. Furthermore, the reflection coefficients of both patches
are the same due to the exact symmetry.

Step 2: In Step 2, as depicted in Fig. 3(a), the size of the
antenna is further reduced by shifting the resonant frequency
to the lower band. This step involves adding open-ended and
semi-circular slots to both patches. The addition of these slots
generates additional capacitance, which shifts the resonant
frequency to the lower band. As a result of such modifications
in this step, the antenna now resonates at 3.6 GHz, attaining a
compactness of 48.57% compared to Step 1. In this step, the
isolation level between both patches is better than 26 dB, as
displayed in Fig. 3(b).

Step 3: In Step 3, the semicircular patch is further modified
by adding one additional semi-circular slot, lowering the

resonant frequency from 3.6 GHz to 2.9 GHz. This is because
the additional slot adds more capacitance to the equivalent
capacitance of the antenna. In addition, this design maintains
an isolation level better than 26 dB. As a result of the
additional semi-circular slot, a compactness of 58.57% is
achieved compared to Step 1. The configuration in Step 3 has
yet to align successfully with the target operational frequency
of 2.45 GHz.

Step 4: In Step 4, small arc-shaped slots are added on either
side of the larger semi-circular slot to bring the resonant
frequency to the targeted 2.45 GHz band. With this approach,
a size reduction of 65% is obtained compared to Step 1. This
design maintains an isolation level better than 28 dB within
the operational bandwidth.

C. Parametric Analysis

The proposed antenna configuration provides the

distinct capability to adjust its resonant frequency. A

detailed parametric study is carried out to fine-tune various

essential parameters. This process involves changing a single

parameter while keeping the rest of the parameters at their
optimum values.

1) Effect of Slot Length (a): Slots are incorporated into
the radiating patch to reduce the overall dimensions of the
antenna. The slot length is varied from 0.25 mm to 0.79 mm
to investigate its effect on the resonant frequency. This analysis
found that extending the slot length results in a frequency shift
from 2.63 GHz to 2.45 GHz. This shift shows the critical
role of slot dimensions in adjusting the resonant frequency,
contributing to the miniaturization process.

2) Open-ended slot Length (L): The miniaturization of the
antenna is mainly caused by the slots on the patch, including
the open-ended slot. To investigate the impact of the open-
ended slot length (L) on the reflection coefficient, a series of
simulations are performed by varying the length from 1 mm to
1.5 mm. Consequently, the resonant frequency band is shifted
from 2.6 GHz to 2.45 GHz. In fact, introducing open-ended
slots in the radiating patch increases the current path, and thus,
lowering the resonance frequency.

3) Antenna coupling with other components of the WCE:
Considering the WCE device, it’s crucial to carefully assess
the proximity of the antenna to the internal PCB and surface-
mounted devices. The electromagnetic coupling between the
antenna with other parts of the device may affect the antenna
parameters. The typical WCE components include a series of
surface-mounted electronic parts, PCB, LEDs, cameras, and
batteries, with the PCB often being in close proximity to
the antenna. A detailed parametric study was conducted to
carefully evaluate the influence of the PCB and associated
electronic components on the IBFD antenna’s performance.
This investigation aimed to determine the optimal gap between
the antenna and internal circuitry in order to mitigate any
unwanted effects on the antenna’s reflection coefficient. The
results demonstrate that changes in the ”Gap” exert minimal
impact on the reflection coefficient compared to the isolation
level, indicating a robust design that is resilient to minor
changes in positioning. The analysis shows that the gap
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between the antenna and electronic components has negligible
influence on the isolation level. This is because the primary
coupling mechanisms responsible for self-interference, such
as surface wave coupling through the substrate and near-field
coupling above the antenna, are not significantly affected by
the gap between the antenna and PCB [23], [24]. Conse-
quently, the antenna is placed with a Gap of 1 mm from
the PCB to ensure optimal performance within the spatial
constraints of the WCE device.

D. Effect of GI (the gap between the patches) and G2 (the
gap between the grounds) on the S-parameters

The two patches have no direct connection, so as for the
ground planes. Thus, power from one patch cannot directly
travel to the other patch. However, there is still a coupling
between the two patches due to the fringing fields between
them. Increasing the gap width between the patches improves
isolation. However, it also increases the antenna’s overall
dimensions. A parametric analysis was conducted to examine
the impact of Gl (the gap between the patches) and G2
(the gap between the grounds) on the isolation level. The
results indicate that as G1 and G2 increase, the isolation
level improves. This improvement is attributed to the fact that
larger gaps (G1 and G2) reduce capacitive coupling, thereby
enhancing isolation.

IIT. ANTENNA PERFORMANCE AND DISCUSSION

This section provides a comprehensive examination of the
proposed IBFD antenna’s performance, focusing on key as-
pects such as S-parameters, radiation patterns, SAR, current
distribution, and link budget. The simulated results are ob-
tained with the antenna placed in the stomach of the human
torso model. To validate the simulated results and ensure the
desired performance, the antenna is fabricated and subjected to
a series of measurements. Coaxial cables are carefully soldered
to each patch of the fabricated prototype to facilitate testing.
As depicted in Fig. 4(a), the proposed IBFD antenna is then
integrated into a WCE device along with batteries and a printed
circuit board. The capsule shell is made of 3D-printed poly-
lactic acid (PLA) for biocompatibility and structural integrity.
Upon assembly, the capsule is sealed with epoxy to ensure
durability and maintain its integrity. To evaluate the antenna’s
performance under conditions that closely resemble the human
gastrointestinal tract, the assembled WCE device is placed in a
container filled with minced pork at a depth of approximately
50 mm, as shown in Fig. 4(b) and (c).

A. S-Parameters

The antenna’s S-parameters is measured using a P9374A
vector Network Analyzer (VNA) from Keysight. As shown in
Fig. 5, the simulated results demonstrate consistent resonant
behaviors at 2.45 GHz for both S;; and Ss9, exhibiting a 10
dB-return loss bandwidth of 400 MHz. The measured results,
however, show a slight shift in the resonant frequency to
around 2.4 GHz with a 10 dB-return loss bandwidths of 170
MHz and 330 MHz for S;; and S, respectively. The isolation

Microscopic image of the antenna
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Fig. 4.  (a) Fabricated antenna prototype before and after integration into
WCE. Measurement setups: (b) S-parameters and (c) radiation patterns.
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Fig. 5. Simulated and measured S-parameters of the proposed antenna.

between the ports is better than 28 dB in both simulated and
measured results. The discrepancies between the simulated
and measured S-parameter results can be attributed to several
factors. One contributing factor is the potential variation in
the dielectric properties of the phantom material used in the
simulations compared to the actual minced pork used in the
measurements. Another factor is related to the assembly of
the antenna within the WCE device. The presence of compo-
nents inside the capsule and the antenna positioning relative
to these components may differ from the ideal simulation
scenario. Additionally, the connection of the coaxial cables
to the antenna ports through soldering may also introduce
parasitic capacitances and inductances, which can contribute to
such variations. Despite these discrepancies, the antenna still
maintains satisfactory return loss and isolation characteristics,
validating the design and its potential for the targetted WCE
applications.

B. Radiation Patterns and Gain

Fig. 6 displays the measured and simulated radiation pat-
terns of the proposed antenna at 2.45 GHz when excited
through ports 1 and 2 separately. The simulation results
were obtained by placing the antenna in the stomach of the
human body model. The measurements were conducted in an
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Fig. 6. Simulated and measured radiation patterns of the proposed antenna
at 2.45 GHz.
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Fig. 7. Antenna current distributions at 2.45 GHz when fed through port 1
and 2 individually.

anechoic chamber. The capsule device containing the antenna
is positioned at the center of the minced pork container and the
receiving antenna is placed at a distance of 1 meter from the
container, ensuring far-field conditions. The radiation patterns
are obtained by rotating the capsule device in increments of 2
degrees while keeping the receiving antenna stationary. During
the measurements, one port of the antenna is terminated with
a 50 Q load, while the other is connected to a spectrum
analyzer. As evident from Fig. 6, some discrepancies can
be observed between the simulated and measured patterns,
particularly in terms of the peak realized gain values. The
simulated peak realized gains are -24.4 dB and -24.5 dB
for ports 1 and 2, respectively. In contrast, the measured
peak realized gains are -30.26 dB and -31.5 dB. The lower
gain values in the measurements can be an indication of
the higher losses associated with the minced pork compared
to the simulated human tissue phantom model. Despite the
differences in peak realized gain, the overall characteristics of
the radiation patterns remain consistent between the simulated
and measured results. The antenna exhibits omnidirectional ra-
diation performance, which is crucial for maintaining reliable
communication links regardless of the antenna’s orientation
within the gastrointestinal tract [25], [26].

C. Current distribution

Fig. 7 illustrates the surface current distributions on the
IBFD antenna’s patches when activating Ports 1 and 2 sep-
arately. With Port 1 active and Port 2 matched, the currents
concentrate around the feed point and extend towards the semi-
circular slots on the active patch. This pattern reveals the wave

TABLE II.
Calculated Peak SAR (1 W Input Power) and Corresponding Allowable
Maximum Input Powers

Max allowable

Frequency | Phantom

(GHz)

SAR (W/kg)

\"%
type g 10-g power (mW)

1-g 10-g

Human
Body

2.45 2746 | 29.7 | 5.82 67.34

SAR Field
[W/ke]

I 29.7

20

10

IO

Fig. 8.  SAR distributions at 2.45 GHz over 10-g tissue when each port is
powered individually with 1 W.

propagation path and highlights the design’s effectiveness in
confining currents to the active patch, enhancing port isolation.
The semi-circular slots play a crucial role in lengthening the
current path, effectively increasing the electrical length of
the patch without altering its physical size. This technique
enables a more compact antenna design while maintaining the
desired operating frequency. Moreover, the slots help confine
the currents to the active patch, minimizing leakage to the
inactive patch and achieving high isolation between ports.
Similarly, when Port 2 is activated, the current distribution
remains primarily within the intended patch, demonstrating
the antenna’s consistent performance in maintaining high iso-
lation levels under different operating conditions. The inactive
regions exhibit significantly lower current densities compared
to the active areas, further validating the design’s effectiveness
in achieving high isolation between the radiating elements.

D. SAR

Ensuring the safety of patients is of utmost importance
when designing and utilizing implantable WCE devices. The
SAR is a crucial metric that quantifies the energy absorbed by
human tissues from the electromagnetic fields generated by
the antenna. The updated IEEE C95.1-2019 standard requires
that the maximum 10-g averaged SAR value should not exceed
2 W/kg [27]. To assess the SAR of the proposed antenna, a
human torso phantom with the implanted capsule, as illustrated
in Fig. 8, is employed in the simulations. Comprehensive SAR
evaluations are conducted by applying an input power of 1
W to each antenna port separately. The computed peak SAR
values at the operating frequency of 2.45 GHz are summarized
in Table II, which includes both 1-g and 10-g averaged SAR
values. The 1-g SAR values are provided to enable compar-
isons with previous studies. The simulation results reveal that
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TABLE III.
Link margin Parameters

Specification Variable Value
Resonant frequency (GHz) f 2.45
Transmitter Power (dBm) P, -16

Path loss exponent o 1.5
Temperature (Kelvin) T 273
Transmitter antenna gain (dBi) Ga -24.4 /-24.5

Receiving antenna gain (dBi) Gy 2

Free space loss (dB) Distance dependent

Available power (dB) Ap Distance dependent
Required power (dB) R, Adaptive (Bit rate)
Margin (dB) Ap — Ry Fig.9
60 60
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Fig. 9. Link margin of the proposed antenna.

the maximum 10-g averaged SAR values when the antenna
is excited through ports 1 and 2 independently, are 29.7
W/kg, respectively. Although these values exceed the 2 W/kg
limit, it is essential to emphasize that these measurements
correspond to an input power of 1 W, which is significantly
higher than the typical power levels used in WCE applications.
To ensure compliance with the SAR safety guidelines, the
maximum permissible input powers for the proposed antenna
are determined based on the simulated SAR values. These
maximum allowable input powers are presented in Table II.
The results indicate that to adhere to the 10-g SAR limit of 2
W/kg, the maximum input powers should be limited to 67.34
mW for ports 1 and 2, respectively. It is worth noting that
the typical power used for implantable devices, as specified in
the ITU-R SM.2153-8 standard [28], is much lower than these
maximum permissible input powers. These presented results
instill confidence in the suitability and safety of the proposed
antenna for the intended WCE applications.

E. Link margin Analysis

To evaluate the antenna’s performance in facilitating effec-
tive data transmission from the implant to the external data
receiver, a comprehensive link budget analysis is conducted.
This analysis takes into account various factors that influence
the signal quality, including path loss, mismatches between
antenna components, cable transmission losses, and shadow-
ing effects. Ensuring a minimum link margin of 10 dB is
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Fig. 10.  Simultaneous uplink and downlink communication using the

proposed in-band full-duplex antenna (a) block diagram, and (b) practical
measurements.

crucial for maintaining reliable communication under diverse
conditions [29]. The link budget analysis is performed using
the Friis transmission formula, which predicts the antenna’s
capabilities in a given propagation environment [30]-[36]. The
IBFD antenna served as the transmitter, operating at a power
level of -16 dBm (25 uW), while a dipole antenna acted as
the receiver. The required receiver power (R,) is calculated
using the following equation:

E
R,(dB) = FZ + KT +R, (1)

where R, is the minimum power required at the receiver, T’
(293K) is the absolute temperature, Fy /Ny is the energy-per-
bit to noise power spectral density ratio (PSK modulation at
9.6 dB), K is the Boltzmann constant (1.38 x 10723 J/K), and
B, is the bit rate. The available power (R,) at the receiver is
determined using:

Ro(dB) =P+ Gy + G, — Lp, — L, )

where P, is the transmitted power, G; and G, are the trans-
mitter and receiver antenna gains, Lpy, the polarization loss,
and L, the path loss. The path loss (L,) in the propagation
environment is calculated using the log-distance path loss
model:

L,(dB) = 201logy <47;\d> + 10vlogy, ((Z)) +S. (3
Here, d is the distance between the antennas, A the wavelength,
~ the path loss exponent, and S, the shadowing effect with a
standard deviation o.

The link budget analysis is performed at a fixed frequency
of 2.45 GHz for both ports, considering data rates ranging
from 1 to 20 Mbps. Fig. 9 presents the achieved link margins
for these data rates, while Table III summarizes the essential
parameters used in the analysis. The results demonstrate that
the antenna consistently maintains a link margin of at least 10
dB, enabling reliable communication over distances exceeding
8 meters. Notably, even at the higher data rate of 20 Mbps, the
effective communication range extends beyond 7 meters for
both ports. These findings highlight the antenna’s robustness
in handling high data rate transmissions, making it suitable for
biotelemetry applications in realistic biomedical scenarios.
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TABLE IV. Comparison with State-of-the-Art Implantable Antennas (*Displays SAR Results For 1-gram Tissues, NG: Not given).

Ref [] [6] [18] [30] [32] [33] [34] [35] [36] This work
Size (mm?) 6x6x2.54 1.4x10x10 | 8.8x8.8x4.8 | 7x6.5%0.377 | 32x10x0.2 | 17.25%8x0.6 | 22x23x1.27 | 5%x5x0.635 | m x(3)*>x 0.2
=91.44 =140 =371.7 =17.15 =64 =87.63 =642.62 =15.87 =717
Frequencies 0.402/1.6 0.402/0.9/

(GHz) 0.9/2.45 0.4/2.4/5.7 1.4//2.45 .45 24 0.433/0.915 0.402/2.45 1.4/2.45 2.45
10-g SAR « 494/344/ 92.7/85.3/ 316/358/ "

(W/Kg) 891/877 320% NG ]1.7 247% 179.7/160.7 832/690 81.7/84.6 29.7
Gain (dBi) -21/-19 -45/-18/-14 NG _18_'163/_(1)2'4/ 23_;/02887 -28.2/-24.5 -36.7/-27.1 -27.6/-27.1 -24.4/-24.5
Number of

Ports 1 1 1 1 1 1 1 1 2

Isolation

@ | —— | - | -/ | /- | -/ | -/ | -/ | - =
Implant
Depth (mm) 45 3 12 3 100 100 4 62 50
Simultaneous
Transmission No No No No No No No No Yes
& Reception

External
Multiplexer? Yes Yes Yes Yes Yes Yes Yes Yes No

FE. Practical Demonstration of Simultaneous Uplink and
Downlink Communication Ability

In this work, a compact in-band full-duplex (IBFD) antenna
is designed and practically validated for wireless capsule en-
doscopy (WCE) applications. The main objective is to achieve
simultaneous uplink and downlink wireless communication.
To accomplish this, three software-defined radios (SDRs) are
used. SDR-1 and SDR-2 are connected to the proposed IBFD
antenna, while SDR-3 is connected to an external dipole
antenna. Specifically, SDR-1 is connected to Port-1 (P-1) of
the duplex antenna, and SDR-2 is connected to Port-2 (P-2)
of the duplex antenna. Port-1 operates in transmitting mode,
and Port-2 operates in receiving mode. SDR-3 is equipped
with two dipole antennas (Dipole-3 and Dipole-4), where one
antenna is in receiving mode and the other in transmitting
mode. The block diagram of the overall setup is shown in
Fig. 10. All SDRs are connected to a computer and operated
using the open-source SDRangle software.

To investigate the self-interference phenomenon of the pro-
posed duplex antenna, a narrow-frequency modulated (NFM)
signal is transmitted through Port-1 of the duplex antenna
using SDR-1. The same signal is observed through Port-2 of
the duplex antenna using SDR-2. It is practically validated that
minimal interference exists between the transmit and receive
ports of the duplex antenna, as only a small amount of power
is noted.

To validate the simultaneous uplink and downlink com-
munication capability, two NFM signals (Signal-I with a 20
MHz bandwidth and Signal-II with a 15 MHz bandwidth)
are generated using SDRangle. Signal-I is transmitted through
SDR-1 using Port-1 of the duplex antenna, while Signal-II is
transmitted through the external antenna (Dipole-3) of SDR-
3. The external antenna (Dipole-4) receives Signal-I from the
duplex antenna, and Port-2 of the duplex antenna receives
Signal-Il from the external antenna (Dipole-3). With this
configuration, the simultaneous uplink and downlink capability
of the proposed antenna is practically demonstrated, with Port-
1 acting as the transmitter and Port-2 as the receiver.

To the best of the authors’ knowledge, this design marks
the introduction of the first IBFD implantable antenna in
the literature. The proposed antenna design offers several
advantages over existing implantable antennas, as evident from
the comparison in Table IV. The elimination of the multiplexer
enhances the antenna’s compactness, resulting in the smallest
footprint among the reported designs. Despite the ability of
[16], [17] to communicate simultaneously without a multi-
plexer, this approach leads to less efficient spectrum utilization
due to the use of multiple frequency bands. Additionally, this
method may encounter increased interference from neighbor-
ing devices operating on adjacent frequency bands [18]-[20].
In contrast, the proposed IBFD antenna performs simultaneous
uplink and downlink communication using a single frequency
band, saving frequency spectrum and minimizing interferences
with other wireless devices. Furthermore, the antenna achieves
superior isolation between ports, enabling simultaneous signal
transmission and reception.

IV. CONCLUSION

This study presents an ultra-compact implantable IBFD
antenna at 2.4 GHz, for WCE applications. The antenna design
integrates multiple semi-circular slots and shorting pins to
minimize the antenna’s footprint to a 7.17 mm? (calculated
as 7 x (3)% x 0.254 mm), which surpasses the compactness
of state-of-the-art antennas. The antenna is simulated within a
human body phantom at a depth of 50 mm, displaying nearly
omnidirectional radiation patterns for each port. The measured
gains are -24.4 dBi and -24.5 dBi for ports 1 and 2, respec-
tively, with an isolation level better than 28 dB. This high
isolation level is crucial for minimizing signal interference
to ensure reliable bi-directional communication. Moreover,
the SAR is thoroughly evaluated to meet safety standards. A
prototype is tested within minced pork to mimic the realistic
biological environment.The antenna system reliably maintains
a link margin of at least 10 dB, enabling communication over
distances of more than 8 meters. Experimental results show
strong agreement with simulation predictions, thus validat-
ing the antenna’s performance. The antenna system presents
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compact size, low coupling levels between the ports, and
the capability to transmit and receive signals simultaneously
without a multiplexer. These attributes make the proposed
antenna a promising candidate for WCE devices that require
robust two-way communication capabilities.
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