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ABSTRACT: This paper presents the ultra-miniaturized implantable antenna based on a meander-line structure, specifically tailored for
leadless pacemaker applications operating within the Wireless Medical Telemetry Services (WMTS) band of 1395-1400 MHz. The
projected antenna has an ultra-miniaturized volume of 3.25 mm?, surface area of 5mm x 5 mm, and thickness of 0.13 mm. The substrate
and superstrate were made of Rogers RO 3010 (¢, = 10.2, tand = 0.0035). Using a meandered line as the radiating element and
including a shorting pin helps achieve impedance matching, reduces the overall antenna size, and improves the bandwidth performance.
The proposed implantable antenna is validated using both homogeneous and heterogeneous heart phantoms. Experimental measurements
were performed by embedding the antenna in minced pork tissue, achieving a peak gain of —21.3 dBi and an impedance bandwidth
of 360 MHz. Additionally, to ensure patient safety, Specific Absorption Rate (SAR) assessments were performed, and the values are
202.52 W/kg (1-g) and 43.4 W/kg (10-g). With a 10dB margin at 1.4 GHz, the results show that the antenna can successfully enable

wireless communication at distances greater than 10 m.

1. INTRODUCTION

rrthythmia-related cardiac dysfunction currently affects

hundreds of millions of individuals globally. Providing
affordable healthcare services is essential for promoting
healthy aging and reducing premature deaths caused by
cardiovascular diseases (CVDs) [1]. The advent of leadless
pacemakers has highlighted the importance of developing
miniaturized antennas that can be integrated into these devices
to enable heart telemetry. These antennas play a vital role
in transmitting health-related data, ensuring the continuous
monitoring of patients’ heart activity as they go about their
daily lives [2-5]. Miniaturized antennas have more unique
challenges. Implantable miniaturized antennas typically ex-
hibit lower efficiency and gain than larger antennas operating
in free space. For optimal performance, the antenna size must
correspond to the wavelength of the transmitted signals. If the
antenna is extremely small, it may not achieve the required
wavelength, resulting in poor resonance and ineffective signal
transmission. Furthermore, as the antenna size decreases, the
design of the matching circuit becomes increasingly complex.
This difficulty in achieving impedance matching between
the antenna and electrical components can lead to reduced
efficiency and signal loss [6—11].

Fig. 1 illustrates the working principle of the proposed im-
plantable cardiac monitoring system. The device is implanted
inside the heart to record physiological signals, and its internal
structure includes a helix for anchoring, an electrode for sens-
ing, a circuit holder, a printed circuit board (PCB) integrated
with an implantable antenna, a protective container, a battery,
and an LED indicator. The recorded data are transmitted wire-
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lessly to an external data acquisition unit and subsequently for-
warded to a real-time monitoring system, enabling continuous
observation of the patient’s cardiac activity.

In [12], an ultra-wideband implantable antenna was pro-
posed. The antenna measured 12mm X 12mm X 0.635 mm
and functioned in WMTS and ISM band for pacemaker appli-
cations. Wireless power transfer and miniaturization are per-
formed using a split-ring resonator with large dimensions. In
[13], a multiband implantable antenna was used for scalp im-
plementation and leadless pacemaker application. With dimen-
sions of 7mm x 6.5mm X 0.377 mm, the proposed antenna
operated in Medical Implants Communication Service (MICS),
Midfield and Industrial, Scientific, and Medical (ISM) bands,
and produced insufficient bandwidths. Size reduction was per-
formed using a spiral-shaped radiator with a pair of symmetri-
cal arms and a defective ground structure. A circularly polar-
ized implantable antenna was introduced in [14] for pacemaker
application. The implanted antenna has scopes of 5.2 mm x
5.6 mm x 0.25 mm, worked at ISM band. Circular polarization
and miniaturization were obtained using a U-shaped radiator
with a meander-line geometry.

An ultra-miniaturized antenna was projected in [ 15], to cover
frequency ranges from 0.67 GHz to 5 GHz to cover the WMTS
and ISM bands for pacemaker applications. The suggested an-
tenna measurements were 5.8 mm x 6 mm x 0.127 mm, and
the rectangular slot in the radiator and defective ground struc-
ture that contains the meander line are used to address the ultra-
wideband characteristics and detuning effects, and reduce the
antenna area. The SAR values are not evaluated. A miniatur-
ized antenna that covered five bands for pacemaker applications
was proposed in [16], including three ISM bands, WMTS band,
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FIGURE 1. Schematic representation of the proposed implantable cardiac monitoring system.

and the midfield band. The dimensions of the proposed antenna
were 7mm X 6 mm X 0.127 mm. The rectangular patch with
circular and semi-circular slots, as well as the meander line in
the ground, are used to achieve miniaturization and multiband
operation. The compact mender-line antenna for heart teleme-
try application was introduced in [17], operated at the MICS
band. The proposed meander-line geometry has dimensions of
21.02mm x 30.5mm x 3.2 mm.

The spiral-shaped implantable antenna was designed for
leadless pacemaker application in [18]. The proposed antenna
has a radius of Smm and a thickness of 0.2 mm. The spiral-
shaped radiator and defective ground structure are used to ob-
tain the miniaturization. An ultra-wideband implantable an-
tenna was presented in [19]. The antenna with a footprint of
6.2mm x 6 mm x 0.127 mm operated at 77 MHz to 4150 MHz,
covering the WMTS and ISM bands. Multiple rectangular slots
and meander-line defective ground structure are used for wide-
band and miniaturization purposes. The miniaturized and slot-
ted patch and ground structure were implemented in [20] for
various biomedical applications, including pacemaker. The
dimensions of the proposed antenna are 6 mm x 6.5mm X
0.2mm. A circularly polarized Hilbert curve-based loop an-
tenna was proposed in [21]. The proposed antenna dimensions
are 6mm X 6.5mm x 0.254 mm, operated in WMTS and ISM
band. The fractal geometry and conformal structures are used
to fit the antenna in a small area.

However, antennas become smaller, and their radiation ef-
ficiency and gain characteristics tend to diminish. To address
this, researchers suggest incorporating wide bandwidth, multi-
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band designs, frequency detuning, and strategies to mitigate
impedance mismatch effects to enhance overall performance.
For a leadless pacemaker application, the miniaturized antenna
with wideband characteristics is important. The proposed an-
tenna has an ultra-miniaturized footprint of Smm x Smm X
0.127 mm and is placed in a homogeneous heart phantom with
30 mm depth. The antenna was designed using ANSYS HFSS
2023 R2 version. Section 2 describes the proposed antenna
structure and parametric analysis. Section 3 describes antenna
performance in terms of reflection coefficient, bandwidth, cur-
rent distribution, radiation patterns, and SAR.

2. METHODOLOGY

2.1. Simulation Setup

The antenna was simulated using Ansys High-Frequency Struc-
ture Simulator (HFSS 2023 R2) within a homogeneous cubic
phantom measuring 120 x 80 x 60 mm?®. The antenna was in-
tegrated into a leadless pacemaker (LP) device with an overall
length of 26 mm and a radius of 5.5 mm, as shown in Fig. 1.
For the initial analysis, the antenna was positioned at a depth
of 60 mm inside the homogeneous phantom, as illustrated in
Fig. 2(a). To ensure realistic performance evaluation, the phan-
tom was modelled to reproduce the frequency-dependent di-
electric properties of human muscle tissue at 1.4 GHz. To fur-
ther enhance the realism of the study, simulations were ex-
tended to a heterogeneous human torso model in HESS, al-
lowing a more accurate representation of complex tissue in-
teractions. In this configuration, a capsule was placed inside
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FIGURE 3. Proposed implantable antenna. (a) Radiating plane. (b) Ground plane.

the heart at a depth of 60 mm to closely emulate its practical
operating environment within the human body, as depicted in
Fig. 2(b).

2.2. Antenna Design

Figures 3(a) and (b) illustrate the top and bottom views of the
proposed implantable antenna. The design features a meander-
line antenna with a full ground plane and a shorting pin. Previ-
ous studies have demonstrated that materials with high permit-
tivity are effective in achieving antenna miniaturization. The
meander-line patch in this design reduces the resonance fre-
quency by increasing the antenna’s electrical length. The pro-
posed antenna has compact dimensions of Smm x 5mm X
0.13mm. The Rogers RO 3010, with a relative permittivity
(er) 0f 10.2 and a loss tangent (tan §) of 0.0035 material is used
as both substrate and superstrate with 0.13 mm thickness.

A 502 coaxial feed port with a diameter of 0.3 mm is em-
ployed to excite the antenna. Table 1 summarizes the specifi-
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TABLE 1. Specifications of the proposed meander line antenna.

Parameters | Values (mm) | Parameters | Values (mm)

L 5 w 5

Ly 32 Wi 0.5
L, 2.4 Wa 0.4
L; 1.5 W3 0.4
Ly 1.3 W, 0.4
Ls 33 Ws 0.4
Ls 1.6 r 0.4

cations of the proposed meander-line implantable antenna. By
optimizing the radiating structure, the design operates at a cen-
tre frequency of 1400 MHz with an ultra-miniaturized footprint.
All components are encapsulated within a 0.2 mm thick layer of
biocompatible ceramic alumina (AlyO3, €, = 9.8) to ensure no
direct contact with human tissues.
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FIGURE 4. (a) Design steps. (b) Reflection coefficient of various design stages.

2.2.1. Leadless Pacemaker (LP) System Model

To evaluate the antenna under realistic conditions, a leadless
pacemaker (LP) system model was developed (Fig. 1). The cap-
sule housing is made from polylactic acid (PLA), a biodegrad-
able polyester commonly used in medical implants; PLA de-
grades by hydrolysis into lactic acid, a naturally occurring
metabolite, which contributes to its favourable biocompatibil-
ity and benign degradation products. In-vitro studies indicate
minimal cytotoxicity (for example, cell viability remains above
80% in PLA extract tests), and in-vivo use typically elicits only
a mild foreign-body response. The capsule measures 26 mm in
length with a 5.5 mm radius and contains the implantable an-
tenna alongside imaging and electronics.

All internal components are arranged in a compact, layered
stack. CMOS image sensors and an LED illumination source
sit at the front, while a pair of stacked 3 V, 35 mAbh silver-oxide
coin cells (CR1025) are mounted in a spring-loaded holder at
the rear to provide a nominal 6 V. This voltage is regulated
down to 3.3V for the transceiver and 1.8 V for the microcon-
troller. The 1.4 GHz transceiver is directly coupled to the ultra-
compact implantable antenna. The PLA housing is 3D-printed
in two interlocking halves that snap around the electronics. The
complete capsule assembly was simulated inside a human body
phantom, representing the heart phantom to assess antenna per-
formance in a realistic in-body environment (Fig. 2).

2.2.2. Design Evolution

The antenna was developed in four stages to achieve the finest
performance within the desired resonance range, as illustrated
in Fig. 4(a). The design process began at the centre position
with coordinates (0,0). To enhance the antenna’s electrical
length and achieve a more compact structure, the patch was
modified using a meander-line configuration. Fig. 2(b) presents
a comparison of the reflection coefficients (S;;) across the
different design stages, highlighting the progression towards
the proposed wideband implantable antenna. Initially, the an-
tenna was resonated at dual frequencies with weak matching
impedance. Then, an S-shape structure was added to the me-
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ander line, and it resonates at 1.59 GHz. Again, it showed a
weak matching impedance. Then, one more S-shape structure
is added to the existing structure, and the antenna resonates
at 1.58 GHz. Finally, the shorting pin was added, and simi-
larly, the meander line also increased to enhance the electrical
length of the proposed implantable antenna and then resonated
at 1.4 GHz WMTS band with full ground structure.

2.3. Parametric Examination

The performance of an antenna is strongly influenced by the
length and size of various features. Therefore, a parametric
analysis was conducted to optimize and fine-tune the final an-
tenna design. Key parameters evaluated for performance en-
hancement included the meander-line width (W) in the radia-
tor, substrate thickness, and shorting pin location.

2.3.1. Effect of Varying the Meander Line Width (W,)

The meander-line width (W;) offers a flexible parameter for
tuning without significantly impacting the antenna’s overall
size. The reflection coefficient of the proposed meander-line
antenna was analysed by varying the slot width (Wy) from
1.0mm to 1.4 mm, as illustrated in Fig. 5(a). Increasing the
value of W] in increments of 0.1 mm shifted the resonance fre-
quency toward the lower band. To achieve wideband charac-
teristics, the slot width (W,) was optimized and set to 1.4 mm.

2.3.2. Effect of Varying the Shorting Pin Location

To reduce the resonance frequency and minimize the antenna’s
size, miniaturized antennas often utilize a shorting pin. In or-
der to obtain better performance, the sorting pin was varied at
four distinct locations. At point Py (2.25, —0.5), the reflection
coefficient is nearly —30 dB at 1.35 GHz, then tried at point P
(2.25, —1.5), and then the resonance is shifted to the left side,
at 1.2 GHz. So, the shorting pin was moved to the right side
from the center, and then at point P; (2.25, 1.7), it produces the
resonance at 1.42 GHz. Finally, the shorting pin was fixed at
P4 (2.25,2.15) and obtained the desired resonance with good
impedance matching.
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FIGURE 5. (a) Reflection coefficient for the effect of varying the meander line width (W7). (b) Reflection coefficient for varying the effect of shorting
pin location. (c) Reflection coefficient for varying the effect of substrate thickness.

2.3.3. Effect of Varying the Substrate Thickness

The performance of the proposed antenna was analyzed for
various substrate thicknesses (h) ranging from 0.13mm to
1.28 mm to identify the optimal thickness. The S}, values cor-
responding to these substrate thicknesses, using Rogers RO
3010 material, are presented in Fig. 5(c). While substrate thick-
ness decreased, the resonance also moved nearly to the WMTS
band. Finally, the substrate thickness was fixed to 0.13 mm, to
achieve the desired WMTS frequency band.

Although parametric studies were employed to refine the
shape, the antenna design is fundamentally based on estab-
lished electromagnetic principles. The meander-line configu-
ration extends the effective current route length, resulting in
inductive loading that reduces the resonant frequency without
enlarging the physical dimensions. Surface current distribu-
tions indicate that resonance is determined by the extended cur-
rent pathway rather than the dimensions of the patch. The
shorting pin decreases the necessary resonant length by es-
tablishing a low-impedance return channel, thereby converting
the antenna into a quarter-wavelength configuration within the
high-permittivity tissue environment. The synergistic effects of
meander-induced inductance, shorting-pin loading, and dielec-
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tric loading from biological tissue facilitate significant down-
sizing while ensuring adequate impedance matching.

3. PERFORMANCE ANALYSIS

The simulation results confirmed that the antenna met the in-
tended design objectives. Based on this outcome, the antenna
was accurately fabricated and encapsulated within a biocompat-
ible capsule, as shown in Fig. 6. To closely resemble a practi-
cal system, the capsule also includes dummy elements, such as
sensors, batteries, and a printed circuit board. For experimental
testing, a dedicated opening was precisely designed to accom-
modate the coaxial cable, ensuring proper connection without
disturbing the antenna structure. To emulate realistic in-body
conditions, the antenna’s reflection coefficient (S11) and radi-
ation characteristics were experimentally evaluated in a tissue-
equivalent medium using minced pork, which closely replicates
the dielectric properties of biological tissues. The minced pork
was sourced from a local commercial supplier, and no animals
were sacrificed specifically for this study. All S;; measure-
ments were performed using a vector network analyzer (Agilent
N5247A).

Figure 7 presents the performance of the proposed im-
plantable antenna under a range of test conditions, highlighting
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FIGURE 7. Reflection coefficient responses under different implanta-
tion scenarios.

its consistent and reliable behavior in each case. The
achieved 10dB impedance bandwidths are 420 MHz (1205-
1625MHz) for the homogeneous heart phantom, 385 MHz
(1205-1590 MHz) for the realistic human torso phantom,
and 360 MHz (1165-1525 MHz) for the minced pork mea-
surements. Fig. 7 also compares the simulated and measured
S11 responses across these scenarios, confirming effective
antenna operation within the 1.4 GHz WMTS band. The small
discrepancies observed between simulation and measurement
are mainly attributed to variations in the dielectric properties of
the heterogeneous tissues used in the experiments. In addition,
fabrication-related tolerances, such as minor gaps between the
substrate and superstrate layers, may also contribute to the
observed differences in antenna performance.

Figure 8 shows the surface current distribution on the an-
tenna at four different phase angles. At 0° and 180°, the cur-
rent is mainly concentrated around the feed point, flowing with
opposite polarities, which indicates a phase reversal while pre-
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serving similar electromagnetic behavior. At 90°, the current
propagates from the feed toward the shorting pin on the ground
plane, demonstrating strong coupling between the radiating el-
ement and the ground. This coupling effectively increases the
electrical path length, playing a key role in determining the an-
tenna’s resonant behavior and improving impedance matching.
At 270°, the current distribution is similar to that at 90° but
with reversed polarity. This complementary behavior is essen-
tial for maintaining stable antenna operation across the intended
frequency range. Overall, the current distributions emphasize
the importance of the radiator geometry and shorting pin place-
ment in achieving compact size, efficient radiation, and reliable
electrical performance.

Figures 9(a) and (b) depict the actual gain and radiation effi-
ciency of the proposed implanted antenna within the 1-2 GHz
frequency spectrum. Fig. 9(a) illustrates that both simulated
and measured realized gains exhibit a monotonic rise with
frequency, rising from around —28 dBi at 1.0 GHz to around
—15dBi at 2.0GHz. At the specified WMTS range (1395—
1400 MHz), the observed realized gain is around —21.3 dBi,
demonstrating strong concordance between simulation and
measurement (within 1-2 dB), thereby affirming the accuracy
of the numerical model and experimental configuration.
Fig. 9(b) illustrates that the radiation efficiency escalates
with frequency, increasing from roughly 6% at 1.0 GHz to
nearly 95% at 1.9 GHz, while it is around 26% at 1.4 GHz.
The noted enhancement in gain and efficiency at elevated
frequencies is ascribed to the augmented electrical dimensions
and improved radiation proficiency of the antenna. Despite the
low absolute values resulting from considerable dielectric and
conductive losses in human tissues, the performance aligns
with standard implantable antennas and is sufficient for de-
pendable short-range WMTS telemetry in leadless pacemaker
applications.

Figure 10 presents a comparison between the simulated and
experimentally measured radiation patterns of the proposed an-
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FIGURE 9. Gain and radiation efficiency of implantable antenna at 1.4 GHz.

tenna at 1.4 GHz. All measurements were carried out in an ane-
choic chamber to suppress external interference and ensure ac-
curate data acquisition. For the experimental setup, the antenna
was placed at the center of a container filled with minced pork,
which acts as a tissue-equivalent medium. This configura-
tion not only simplifies handling during testing but also closely
mimics the electromagnetic conditions experienced by the an-
tenna inside the human body. To satisfy far-field measurement
requirements, the implantable antenna and receiving horn an-
tenna were separated by a distance of 5m. During the mea-
surements, the implantable antenna was terminated with a 50 {2
load to maintain proper impedance matching, while the horn
antenna was connected to a spectrum analyzer to record the ra-
diation characteristics. The radiation pattern was obtained by
rotating the test antenna in 5° steps while keeping the horn an-
tenna fixed. This systematic procedure showed that the antenna
exhibits an omnidirectional radiation pattern at 1.4 GHz, which
is essential for maintaining reliable communication regardless
of the capsule’s orientation as it moves through the heart phan-
tom. Simulation studies using a realistic human model, with the
antenna placed inside the heart, indicate a peak realized gain
of —23.42dBi at 1.4 GHz. These results are in close agree-
ment with the experimental measurements, which showed a
peak gain of approximately —21.3 dBi at the same frequency.
There are discernible cross-polarization components in the
measured radiation patterns. The electrically small configu-
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ration and the nonuniform surface current distribution gener-
ated by the meander-line structure and shorting pin are the
causes of this phenomenon. Both the shorting pin and the
folding current channel contribute to orthogonal field compo-
nents in the distant field by introducing vertical current flow
and transverse current components, respectively. Furthermore,
the nearby high-permittivity biological tissue causes signifi-
cant dielectric loading, which alters the near-field distribution
and intensifies polarization mixing. Because of the extremely
lossy and depolarizing in-body propagation environment, pre-
cise polarization purity is not a primary design requirement
for implantable telemetry applications. As a result, the ob-
served cross-polarization has no discernible impact on link per-
formance.

The specific absorption rate (SAR) was assessed to verify
adherence to international exposure standards for implantable
medical devices. All simulations utilized a 1 W continuous-
wave stimulation at the antenna port to acquire normalized peak
SAR distributions within the torso phantom model. In linear,
time-invariant biological media, the SAR is directly propor-
tional to the square of the electric field magnitude, thereby scal-
ing linearly with the input power. The normalized SAR read-
ings can be immediately adjusted to realistic operating power
levels. At 1 W excitation, the simulated peak SAR values are
202.52 W/kg for 1-g tissue averaging and 43.4 W/kg for 10-
g averaging at 1.4 GHz, as illustrated in Fig. 11. The regu-
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TABLE 2. Average SAR values and corresponding allowable input power for different implantation scenarios.

Frequency SAR (W/kg) Max. allowed power (mW)
Phant del
(MHz) antom model =95 11999 | €95.1-2005 | C95.1-1999 | C95.1-2005
Homogeneous
1400 heart phantonn 286.7 77.6 5.58 25.77
Realistic 202,52 434 7.9 46.08
human torso

latory restrictions of 1.6 W/kg averaged over 1g (FCC) and
2 W/kg averaged over 10 g (IEEE C95.1-2019/ICNIRP) yield
maximum permitted continuous input powers of 7.9 mW and
46.08 mW, respectively. The allowable power levels are con-
siderably more than the standard transmitting power of lead-
less pacemaker systems (about tens of microwatts), ensuring a
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substantial safety buffer. These calculated values, listed in Ta-
ble 2, satisfy IEEE safety guidelines and are also well below the
typical implant power levels defined by the ITU-R SM.2153-8
standard. Overall, the results demonstrate that the proposed an-
tenna design meets safety requirements and is suitable for oper-
ation within the human body. Moreover, implantable telemetry
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TABLE 3. Comparison of the proposed implantable antenna with recent studies.

Ref Dimensions Frequency Gain Bandwidth SAR(W/Kg) Dielectric
) (mm) (MHz) (dBi) (MHz) 1-g 10-g Material
402, —32, 921, Rogers RT/
12 12 x 12 x 0. 1232 -
[12] X 12>0.635 920 —34 881.7 Duroid 6010
402 305 148 588 927
b 2 b 2 b R RT/
[13] 7 % 6.5 % 0.377 1600, ~92.6, 171, 441, 85.3, Dorgzsmlo
2450 ~18.2 319 305 81.7 ure
[14] 5.2 % 5.6 x 0.25 915 923 153 76.9 20 Rogers RO 3010
[15] 5.8 % 6 x 0.127 1400 9258 4330 ; ; Rogers 3003
Rogers RT/
1 12 14 ~20.02 4 255.52 -
[16] 6% 7 x0.127 00 0.0 3040 55.5 et 6202
[17] | 21.02 x 30.5 x 3.2 402.5 : 133 - ; FR-4
[18] 7 % 52 % 0.2 402 315 28 1.59 1.99 Rogers RO 3210
Rogers RT/
1 2 12 14 _98. 453, -
[19] 6.2 x 6 x 0.127 00 8.9 3380 53.7 Dot 6202
[20] 6% 6.5 x 0.2 2450 ~165 480 1242 ; Rogers ULTRALAM
1400, —33.2, Rogers RT/
21 254 250, 4 256. 142.
[21] 66025 2450 _98.5 50,430 56.9 6 Duroid 6010
VTVL‘;Sk 5% 5% 0.13 1400 213 360 202.52 43.4 Rogers RO 3010
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FIGURE 12. Link margin analysis of the proposed implantable antenna
as a function of data rate and transmission distance.

label();

systems function with low duty cycles, hence decreasing the
time-averaged SAR beneath the worst-case continuous-wave
assumption employed in this study. The suggested antenna
complies with both FCC and IEEE/ICNIRP SAR standards,
demonstrating a significant margin under realistic working con-
ditions.

Table 3 demonstrates that the proposed antenna design pro-
vides notable improvements over existing implantable antenna
solutions. While many of the antennas reported in the literature
have larger physical dimensions, they typically suffer from re-
duced impedance bandwidth and lower gain than the proposed
antenna. In contrast, the presented design offers a simpler and
more compact structure, higher gain, wider bandwidth, and su-
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perior radiation characteristics. In addition, its compatibility
with integrated circuits simplifies fabrication and integration,
reducing overall design complexity.

3.1. Link Budget Examination

A dependable wireless connection between the leadless pace-
maker (LP) and the external monitoring unit is essential for
continuous physiological data transmission and patient moni-
toring.

The quality of this telemetry link is influenced by sev-
eral factors, including scattering, reflections, tissue absorption,
impedance mismatch losses, and path loss. The communication
performance of the proposed antenna was theoretically evalu-
ated using the Friis transmission equations. In this work, link
budget calculations were carried out for five data rates: 1, 3,
5, 7, and 10 Mb/s at an operating frequency of 1.4 GHz. The
corresponding communication ranges for each data rate are il-
lustrated in Fig. 12. The results demonstrate that the proposed
antenna can consistently support reliable data transmission over
distances greater than 10 m while maintaining a link margin of
15 dB. In addition, within the WMTS band, the antenna is capa-
ble of sustaining high data rates of up to 10 Mb/s beyond 10 m
with the same margin. These outcomes confirm the antenna’s
suitability and effectiveness for biotelemetry applications.

4. CONCLUSION

This paper introduces a compact, wideband implantable
antenna tailored for leadless pacemaker (LP) applications.
The design employs key miniaturization and bandwidth-
enhancement techniques, including a shorting pin, strategically
placed radiator slots, and a full ground structure. With a total
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volume of just 3.25mm?, the antenna operates efficiently in
the 1.4 GHz WMTS band, as verified through both simulations
and experimental evaluations using a human body phantom
and minced pork. To closely replicate practical conditions,
a capsule prototype with a radius of 5.5mm and a length of
26 mm was developed for performance assessment. Even at
substantial implantation depths, the antenna achieved a peak
gain of —21.3dBi at 1.4 GHz. Safety analysis conducted in
accordance with IEEE SAR guidelines reports a 10-g SAR
value of 43.4 W/kg at the operating frequency. Overall, the
proposed antenna demonstrates strong potential for use in
implantable medical devices, particularly leadless pacemaker
systems.
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