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Biomedical antennas play a crucial role in implantable medical telemetry,
improving patient monitoring and overall well-being. This study presents a
compact antenna designed for a lead-free pacemaker, with dimensions of
3.3x4x0.5 mma. Miniaturization required open cuts in the ground plane and
radiating patch, as well as a localized resistance element. The antenna
features an exceptional bandwidth of 1646.8 MHz (1.0602-2.7070) GHz,
guaranteeing constant performance in the human body. It covers the
industrial, scientific and medical bands (ISM, 2.4-2.48 GHz) and ultra-high
frequencies (UHF, 0.3-13 GHz). Simulation in a phantom produced a gain of
-19.78 dBi at 2.45 GHz and -34.44 dBi at 1.2 GHz. Safety was confirmed by
a specific absorption rate (SAR) study using a cardiac model. The antenna’s
low SAR (10 g-Avg) enabled maximum input powers to be established: 20.2
mW at 1.2 GHz and 21.23 mW at 2.45 GHz. Comparative simulations using
high-frequency structure simulator (HFSS) and computer simulation
technology (CST) highlighted the antenna’s superiority over recent systems,
demonstrating its effectiveness in the human heart. This antenna represents
an advanced solution for improving patient care. Consequently, this antenna
emerges as an advanced solution for addressing infectious diseases and
cardiovascular conditions in the realm of medical advancements.
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1. INTRODUCTION

Pacemakers are crucial implanted medical devices for individuals with bradycardia, a condition
marked by a slow heartbeat. Cardiac arrest can be caused by three conditions related to slow heart rhythm:
heart tissue damage, hypertrophic cardiomyopathy, and syncope. With over 5 million Americans and
25 million people worldwide affected by heart ailments, the number of pacemakers installed has exceeded
3 million [1]. Traditional pacemakers have advanced significantly since the first one was successfully
implanted in a patient in 1958 [2]. The wireless cardiac pacemaker system, as seen in Figure 1, makes use of
antennas to provide patients streamlined and integrated medical features. Real-time monitoring and safety
procedures are crucial for maintaining the best operation of a wireless cardiac pacemaker device. A number
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of important aspects are at play in this situation, including component downsizing, lifespan, and the
pacemaker system’s amount of built-in medical communication [3]. Consequently, the study of implanted
antennas for wireless pacemaker systems remains crucial for the scientific community. Medical electronic
equipment and the radio transmission of information both have specific frequency allotments established by
the International Telecommunication Union (ITU).

Components of pacemaker :
1. Battery

2. Lid

3. Helix

4. Circuit holder

§. Circuitry

6. Antenna

7. Container

Figure 1. Configuration of the leadless pacemaker and its constituent elements

In the realm of medical implants, this spectrum allocation ensures a consistent resource for radio
signal transmission. The most commonly utilized frequency bands for implantable antennas include the
402405 MHz range designated for the implantable medical communication service (MICS), the
1.395-1.4 GHz range for the wireless medical telemetry service (WMTS), and the industrial, scientific, and
medical (ISM) bands, which cover the 433-434 MHz, 902-908 MHz, 2.4-2.48 GHz, and 5.715-5.875 GHz
ranges. Additionally, the ultra-high frequency (UHF) band spans from 0.3 GHz to 13 GHz. To ensure
high-quality transmission, the use of ultra-wideband (UWB) frequencies, ranging from 3.1 GHz to 10.6 GHz,
has been authorized in several international regions. The med radio frequency band, which extends from
401 to 406 MHz, is widely used for wireless implanted devices, however sources have indicated that
antennas operating in this frequency range have limited bandwidths, resulting in low data rates and limited
image resolution [4], [5].

The field of medically implanted antennas has seen significant developments recently. One area of
particular interest is the elements that affect radio wave propagation within the human body, as discussed in
reference [6]. Recent years have seen the proposal of several implanted antenna devices, mostly for telemetry
applications. A compact antenna configuration featuring two communication channels at 915 MHz and
2.45 GHz was developed in order to track intracranial pressure (ICP), according to [7]. The proposed antenna
demonstrated exceptional broadband performance and gain at both targeted frequencies. In a previous
investigation [8], an implanted multiple-input multiple-output (MIMO) antenna operating at 2.45 GHz was
highlighted, achieving a peak gain of -15.18 dBi. Despite its adequate gain, the complexity introduced by its
four ports could hinder its compatibility with modern implantable medical devices (IMDs). Another study by
Bashir et al. [9] presented an implanted antenna with a volume of 9.8 mm3, designed to function within the
ISM band (2.40-2.48 GHz) for gastrointestinal endoscopy applications. This antenna exhibited a gain of
-12 dBi and an impedance bandwidth of 483 MHz; however, its larger size rendered it unsuitable for smaller
implants such as wireless leadless pacemakers. Moreover, a separate effort [10] detailed the development of a
compact dual-band antenna, measuring 7.2x0.2 mm3, intended for use in implanted batteries. This antenna
demonstrated maximum gains of -25.65 dBi at 928 MHz and -28.44 dBi at 2.45 GHz on a single-layer skin
phantom, although it exceeded the allowable specific absorption rate (SAR) limits [11], [12]. In the realm of
biomedical engineering, the quest for optimal implantable antennas has driven various advancements tailored
to specific applications. For instance, within the 2.4 GHz ISM band, a circularly polarized (CP) implantable
antenna was developed for cardiac pacemakers [13]. Despite its impressive characteristics, including a gain
of -15.87 dBi and an 890 MHz bandwidth, its large dimensions of 40x40x1.27 mm3 posed a significant
drawback.

In another study by Zada and Yoo [14], a triple-band implantable antenna was designed to cater to a
range of biomedical requirements, covering ISM frequencies at 915 MHz and 2.45 GHz, along with the mid-
field band from 1824 to 1980 MHz. However, this antenna displayed narrower bandwidths and reduced gain
across both ISM and mid-field bands. Similarly, a dual-band implantable antenna aimed at operating within
the ISM and MedRadio bands was introduced in [15]. Despite its debut, this antenna faced challenges related
to insufficient bandwidth and a considerable physical footprint.
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Attention shifted towards a single-band implantable antenna tailored for glucose monitoring within
the ISM band (2.4-2.48 GHz), boasting a remarkable gain of -17 dBi [16]. Nonetheless, its voluminous size
of 91.7575 mm?3 and limited bandwidth of 300 MHz posed practical constraints. The pursuit of innovation led
to the proposal of a uniquely shaped antenna, primarily targeted for pacemaker applications, capable of
operating within ISM and MICS bands [17]. However, its complex geometry, large dimensions, and modest
gain values underscored the need for further refinement. Subsequently, Saha et al. [18] introduced a CP
antenna tailored for bio-telemetry applications, featuring a compact form factor measuring 10x10x0.3 mm3
and simulated gain reaching 7.79 dBi across its operational frequency band. Despite its promising attributes,
the suitability of single-band antennas for integrated wireless medical devices (IWMDs), encompassing
wireless charging, activation, and bio-telemetry functionalities, remains under scrutiny [19].

In a recent scholarly publication [20], a MIMO antenna specifically tailored for high data-rate
biomedical applications was introduced by researchers. Despite demonstrating commendable gain, the
antenna exhibited limitations in terms of bandwidth, physical dimensions, and isolation. Similarly, another
academic investigation detailed in [21] presented a circular dual-band implanted antenna featuring a radiating
slot patch. The primary objective was to enhance power transfer connectivity, achieved through the inclusion
of an external metallic reflector positioned beneath the user’s arm. Furthermore, Igbal et al. [22] emphasized
the discovery of a self-duplexing implantable antenna equipped with dual ports. Distinguished by its
intricately engineered design, this antenna minimized physical footprint while concurrently serving the dual
purpose of data transmission and RF energy harvesting.

These inquiries underscore the inherent complexities associated with antenna design for biomedical
applications spanning diverse frequency ranges, posing challenges to their seamless integration into IMDs.
Consequently, a compelling need arises for further research efforts focused on the development of an
implantable antenna characterized by optimal efficiency. Such an antenna should embody attributes including
compact volume, elevated gain, extensive bandwidth, minimal SAR, and dependable telemetric capabilities.

The current investigation endeavors to develop an ultrawideband implantable antenna tailored for a
lead-free pacemaker. The proposed antenna, occupying dimensions of 3.3x4x0.5 mm3, is engineered to
encompass the ISM bands spanning 2.4-2.48 GHz, as well as UHF ranging from 0.3 to 13 GHz. Several
downsizing techniques were used to maximize performance using a small structure that included a ground
plane and radiating element integrated into the substrate and superstrate layers of the leadless cardiac
pacemaker (LCP) Rogers ULTRALAM. Rectangular open-ended slots and a resistor element are
incorporated to increase electrical length, support impedance, and widen the bandwidth within the intended
frequency range. Initial design and analysis were conducted utilizing a homogeneous phantom (HSP)
measuring 100x100x100 mm, facilitated by high-frequency structure simulator (HFSS) software. Subsequent
validation of the antenna’s efficacy encompassed simulations in heterogeneous mediums mimicking diverse
human body tissues, alongside the inclusion of implantable device components. To corroborate findings, the
proposed antenna underwent re-simulation via the computer simulation technology (CST) simulator.
Notably, the structure exhibited an impedance-matched bandwidth of 1646.8 MHz, with a peak gain of
-19.78 dBi at 2.45 GHz and -34.44 dBi at 1.2 GHz, thereby manifesting omnidirectional radiation
characteristics. Safety scrutiny, focusing on SAR, affirmed the antenna’s suitability for application.
Leveraging its high-gain attributes, a dependable communication range of 14 m was established, achieving a
bit rate of 78 Mbps through meticulous link budget calculations.

This article is structured as follows: the introduction explores the significance of biomedical
implants, emphasizing the radio component. It outlines the requirements, challenges, and contributions from
prior works in this domain, setting the context for our study. The second part details the procedures and
methods used in designing the proposed implanted antenna, including the simulation environment and
parametric study results. We also address coupling effects arising from integrating the antenna into relevant
implants, such as pacemakers and endoscopic capsules. The subsequent section focuses on studying SAR
using a phantom model in a homogeneous environment. The final section analyzes the link budget for the
proposed antenna, featuring a comparative study, concluding remarks, and references.

2. METHOD
2.1. Designing the intended antenna and its associated system configuration

The provided description pertains to an ultra-miniaturized UWB antenna, measuring a compact
3.3x4x0.5 mm3. Figures 2(a) to (c) depicts the antenna top view, antenna bottom view, and antenna exploded
view, respectively. This antenna design adopts a small meander-shaped patch configuration, offering a low-
profile form factor conducive to seamless circuit integration. Notably, it exhibits suitability for integration
within wireless pacemakers. The antenna’s surface area is purposefully minimized by incorporating intricate
meander-shaped slots within the radiating patch, thereby elongating the path of surface currents. This
decision is consistent with the usage of spiral and meander antennas because of their intrinsic dispersion
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qualities, which make them less vulnerable to changes in the dielectric characteristics of the biological tissues
around them [23]. Notably, well-placed strategic perforations in the ground plane improve the antenna’s
performance and bandwidth even further. The coaxial feed has a thin 0.46 mm diameter and is strategically
placed close to the patch antenna’s upper central section. The substrate consists of a 0.25 mm thick layer of
Rogers TMM 10 material, notable for its tangent loss coefficient of 0.0022 and dielectric constant of 9.2. To
prevent direct contact with physiological tissues, all components, including the antenna, are encapsulated in
alumina ceramic (Al203). Furthermore, employing a biocompatible ceramic superstrate helps reduce the
antenna’s size and expand its operational bandwidth [24].

(b)

Figure 2. Configuration and design parameters of the proposed antenna; (a) antenna top view, (b) antenna
bottom view, and (c) antenna exploded view

It is essential to recognize that implantable antennas operate in conjunction with other
interconnected components, rather than in isolation, in real-world applications. The proposed antenna has
been meticulously designed in our research project to integrate seamlessly into wireless pacemakers. Figure 1
illustrates this seamless integration of the proposed antenna into wireless pacemakers.

The essential components of the LCP include electrodes, circuit holders, antennas, containers,
circuits, batteries, and covers. While the circuit carrier is made of Rogers RT/duroid 6010 material, the
electrodes, circuits and batteries are represented in the simulations as perfect electrical conductors. Other
biomedical implant models can be found in the literature; these models are distinguished by architectures that
may resemble or differ from the one we have proposed. However, our main objective is to better understand
the complex interactions that take place between the antenna and these numerous medical devices. Our main
concerns are twofold: firstly, to proactively identify any potential effects on the antenna’s performance and,
secondly, to create a safety net to guarantee its flawless operation under real-world constraints.

2.2. Designing steps

As depicted in Figure 3, the proposed wideband antenna underwent a structured and iterative four-
stage optimization and development process. Figure 4 presents the reflection coefficient (S11) results
corresponding to each stage. The design evolution proceeded incrementally, beginning with a basic antenna
configuration that included slots in both the radiator and the ground plane.

Step 4 Step 3

Figure 3. Designing steps of the UWB antenna
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Figure 4. Reflection coefficient for each designing steps

During the first phase, a reflection coefficient of -15 dBi was found for a single weak resonance at
1.48 GHz. In the second step, more slots were precisely added to the ground plane and patch. This resulted in
the formation of a secondary resonance at 2.8 GHz with an S11 value of -9.98 dBi. In the third phase, a
rectangular cut-out and more slots were added to the ground plane. Due to these changes, the previously
identified 2.8 GHz resonance has moved to 2.38 GHz. Additionally, careful adjustments brought the lower
resonance frequency into alignment with the desired 1.4 GHz frequency. This frequency modulation can be
attributed to the increased capacitance resulting from the incorporation of slots in either the patch or the
ground plane, consistent with expected trends. The fourth and final stage marked the culmination of these
developmental enhancements.

Consequently, two distinct resonances were achieved: a lower resonance at 1.41 GHz with an S11
value of -50 dBi, and an upper resonance at approximately 2.45 GHz with a reflection coefficient of -26 dBi.
This concerted progression resulted in the attainment of an exceptionally broad bandwidth of 1836.8 MHz.

2.3. Parametric study

A thorough examination of key design parameters, including the feed point location, resistor
placement, and its resistance value, is crucial for optimizing the proposed antenna’s configuration. This
section emphasizes the necessity of a parametric study to achieve the ultimate antenna design.

2.3.1. Impacts of the position of the feed

Figure 5 illustrates the impact of the feeding location on the Si; parameter. Clearly, the strategic
positioning of the power supply point has a considerable influence on improving impedance matching and
optimizing dual-band operation. When the power supply is located at point P1, a subtle resonance in the low-
frequency range appears, characterized by an Si1 level of -17.6 dB, covering a bandwidth of 550 MHz
centered on 1.1 GHz. At the same time, there is a distinctive high-frequency resonance at 2.26 GHz, albeit
associated with a high S11 value. When the antenna is excited at point P2, the impedance matching challenge
persists; however, there is an improvement in the Si; level associated with the high-frequency resonance.
Nevertheless, when the antenna is excited first at point P3 and subsequently at point P4, a more pronounced
alignment with the resonance frequency becomes evident. Our comprehensive investigation leads to the
conclusion that the optimal feeding location, for improved alignment with significant bandwidths,
corresponds to point P4.

2.3.2. The impact of changing the values and position of introducing resistor

One of the key parameters in determining the right bandwidth for the required antenna is the value
of the resistor element and its location. This contributes to improved performance and a substantial reduction
in size. Figure 6 illustrates the reflection coefficient as a function of different feed resistor positions. The
matching performance of the antenna exhibits a strong dependence on the resistor’s placement. Initially, in
the first resistor position, impedance matching falls short, causing the resonant frequencies to deviate from
the expected range. Nevertheless, it is noteworthy that both low and high resonance coefficients remain
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below the -10 dB threshold, which is acceptable. In the second position, the antenna undergoes a significant
improvement, aligning the frequencies more closely with the desired values. Specifically, the reflection
coefficient values at 1.25 GHz and 2.45 GHz measure -28 dB and -18 dB, respectively.

| —#— Pl —4— P2 —4—P3 —0—P4 |

-10 _
-15 _
-20 _
-25 _
30 4

-35 -

S11Reflection coefficient (dB)

-40

-45

08 10 12 14 16 18 20 22 24 26 28 30
Frequency(GHz)

Figure 5. Effect on S11 due to variations in feed position

| —=—P1 —8— P2 —e—P3 —— P4

S11Reflection coefficient (dB)

-50 - 1 - 1 - 1 1 T T T T T
08 10 12 14 16 18 20 22 24 26 28 30
Frequency (GHz)

Figure 6. Effect of varying the position of the resistor

Ultimately, relocating the resistor from the third to the fourth position, as depicted in Figure 6,
attains the targeted frequency band. This positioning yields a well-matched antenna performance, with
reflection coefficient values of -45 dB and -20 dB at 1.2 GHz and 2.43 GHz, respectively. Upon establishing
the resistor’s position, the determination of its value becomes imperative. Figure 7 illustrates the comparison
of reflection coefficients for different resistor values connecting the lower patch to ground through the
substrate. The results underscore that higher resistance values lead to a shift of the resonant frequency
towards lower frequency ranges, emphasizing the substantial impact of resistance on the operational
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frequency band. The findings in Figure 7 validate the preference for a 5 ohm resistor, identified as the
optimal choice for achieving a satisfactory bandwidth.

| —e— 2 Ohm —e— 3 Ohm —— 4 Ohm —=— 5 Ohm

S11 Reflection coefficient (dB)

-50 T T T T T T T T T T T
08 10 12 14 16 18 20 22 24 26 28 30

Frequency (GHz)

Figure 7. Effect of varying values of the resistor

2.4. Simulation and environments

The initial phase of antenna development involved a meticulous process of modeling and
optimization within a uniform box phantom designed to closely resemble the dimensions of the human heart,
as illustrated in Figure 8. This analytical procedure was executed through the utilization of the Ansoft HFSS
software. Furthermore, to ensure accuracy, the electromagnetic characteristics of the heart tissue, specifically
its conductivity and dielectric permittivity, were considered, amounting to 2.215 S/m and 54.918,
respectively [25], in the context of a working frequency of 2.4 GHz. To corroborate and validate the results
obtained from the parametric sensitivity analysis conducted with HFSS, a second simulation was conducted
using CST. This additional simulation was carried out on the same phantom model, thus serving as a means
to establish the reliability and correlation of the outcomes derived from the preceding analysis.

26 mm
Radiation Box

200

X___ﬂm___./
Y
N\
3
=]
(=]
v

/Ben\ugeuﬁphanmm

Unit : mm

Figure 8. Simulation setup for the proposed antenna and associated system

3. RESULTS AND DISCUSSION
When implantable antennas are coupled with IMDs, significant detuning issues arise. In response to
the challenge of mitigating frequency detuning, the exploration of UWB antennas has emerged as a viable
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solution [8]. The primary aim of this research endeavor revolved around the development of a highly
compact antenna that would exhibit coherent impedance matching across an exceptionally broad bandwidth.
The application context for this proposed antenna design necessitated optimal operational performance as it
was intended for use deep within the human body. The (HFSS, version 2022.R2) was used to optimize the
suggested antenna arrangement within a homogenous phantom as the first step in the research process. The
antenna was then put through simulation using CST Microwave Studio. In the setting of the homogenous
cardiac environment. Figures 9(a) and (b) illustrates the Far-Field polar gain pattern at 2.4 GHz and 1.2 GHz,
respectively, for both Planes E and H. Surprisingly, these patterns behaved almost exactly the same way
regardless of the situation.

\ —o— HFSS without system HFSS with system —e— CST without system —*— CST with system \

(@) (b)
Figure 9. Far-field polar gain pattern comparison at; (a) 2.4 GHz and (b) 1.2 GHz

Through HFSS simulations, the peak gains at the specified frequencies of 1.2 GHz and 2.45 GHz
were determined to be -36.77 dBi and -37.1 dBi, respectively. Accordingly, at the aforementioned
frequencies, CST simulations produced peak gains of -25.62 dBi and -25.8 dBi. The research also focused on
coupling issues between the proposed antenna and the device parts, both of which are located in close
proximity to each other. The main objective was to understand the antenna’s ramifications and sensitivity to
coupling-induced phenomena such as interference and signal degradation. Designers were able to make
judicious choices thanks to simulations created to study these complex links in depth. According to the
results shown in Figure 10, coupling effects have no impact on the performance of the proposed antenna,
guaranteeing reliable system operation. Clearly, the proximity of the antenna to the implant has no effect on
the matching quality. This in-depth coupling analysis significantly enhances overall system performance and
reliability, thanks to the harmonious integration of antenna and device components.

—e— Without system CST —&— With system HFSS
o —m— \Vith system CST —— Without system HFESS

-10 _-
-15 _-
-20 _-
-25 _-
-30 _-
-35 _-

-40

S11 Reflection coefficient (dB)

-45

-50

-55 T T T T T T T T T T T
0,8 1.0 1,2 1.4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0
Frequnecy(GHz)

Figure 10. Impact of metallic system components on performance of the proposed antenna due to coupling
effects
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Inside the right ventricle is the ideal place for the antenna in terms of patient therapy. Considering the
effects of radiation on cardiac tissue, as measured by the SAR, is crucial in light of this. It is imperative to
comply with established safety limits by ensuring that the SAR values for 1 g and 10 g of tissue stay below
1.6 W/kg and 2 W/kg, respectively [19]. To solve this issue, numerical studies have been performed with a
homogeneous cardiac model to find the SAR limits and maximum permissible power (MAP) limitations that
satisfy these requirements. Figures 11(a) and (b) illustrate the modeling results of the 10-g SAR distribution for
the antenna operating at 1.2 GHz with input powers of 1 W and 21.23 mW, respectively. Similarly, the
simulation of the 10-g SAR distribution for the antenna at 2.4 GHz with input power of 1 W and 22.20 mW,
respectively, is shown in Figures 12(a) and (b). There were two different maximums for the allowed input
power: 20.20 mW and 21.23 mW. The calculated SAR values for 1.2 GHz and 2.45 GHz are listed in Table 1.

AR Field[W/kg] SAR Field[w/kgl SAR Field[W/kg] SAR Field[W/kg]

-
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1.9573e+000
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1. 696424000
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1. 3950e+008
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8,1988e+801
7. 646264801
7. 1047 +061
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£. 1480e+B01
. 7. 912824801
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Figure 11. Simulating the distribution of 10-g Figure 12. Simulating the distribution of 10-g SAR for
SAR for the antenna at 1.2 GHz with input power  antenna at 2.4 GHz with input power of; (a) 1 W and (b)
of; (a) 1 W and (b) 21.23 mW 20.20 mwW

Table 1. Maximum SAR values and allowable maximum input powers for 1-watt input power

. SAR (W/kg) Max allowable input power (mW)

Frequency (GHz)  Tissuemodel 15 0 Avg 1g-Avg 10 SAR limit 1 g SAR limit
2.45 Heart 87.35 798.21 20.20 2.62
1.2 84.00 691.1 21.23 2.21

Ensuring the accurate determination of telemetry range between the external base station and the
implantable device is paramount for the reliable transmission of biological data. However, achieving this
entails intricate computations encompassing various losses, such as cable losses, free space losses, and losses
associated with impedance mismatches and antenna materials [26]. The Friis equation serves as the
foundation for calculating link margins by assessing the disparity between antenna power (AP) and required
antenna power (RP). Maintaining a connection margin exceeding 20 dB is critical to ensuring robust
communication. Table 2 presents a comprehensive breakdown of the essential parameters utilized in these
computations. In (1) delineates the RP calculation:

E
Ry = By + 32+ KT 1)

Here, Eu/No, K, To, and By stand for temperature, bit rate, phase shift keying, and Boltzmann’s constant, in
that order. On the other hand, A, can be computed using (2):

Ap(dB) =PTX+GTX+GRX_Lf_PL (2)

where the initials Prx, Grx, and Grx stand for transmitter power, transmitter antenna gain, and implanted
receiver antenna gain, respectively. Free space and polarization mismatch losses are represented by the letters
Ls and P, respectively. The distance (d) between the broadcast and receive antennas determines L in most
cases. In (3) can be used to calculate this loss.

4mdg

2
20)" + Stam ®3)

Ls(dB) = 105 log (dio) + 101og(
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Table 2. Key parameters taken into consideration for conducting a link budget analysis

Parameters Variables Values
Resonance frequency fo(GHz) 1.2-2.4
Noise power density No( dB/HZ) -203.93
Transmitter power Prx(dB,) -16
Polarization mismatch loss P.(dB) 1
Temperature To (Kelvin) 273
Path loss L¢(dB) Distance dependent

Transmitter antenna gain Grx(dB;) Grx(1.2 GHz) =-34.44 dBi
Grx(2.4 GHz) = —19.78 dBi

Receiver antenna gain Ggrx(dB)) Grx = 2 dBi
Boltzmann constant K 1.38x 1072
Auvailable power Ap(dB) Distance dependent
Bit rate B, 78 bits
Required power Rp(dB) Adaptive (bit rate)
Antenna power Ap(dB) Adaptive (distance)
Path loss exponent ) 15
Shadowing effect S(dB) 0

The formula for link margin involves several variables, including d for distance between antennas, §
2

for path loss exponent, Ao for wavelength in free space, and do for reference distance calculated as do:ii, Lis
0

the maximum dimension of the antenna in the direction of radiation. Additionally, S represents random
dispersion about the mean. The value of 6 depends on the propagation environment, for indoor propagation,
&=2, while for open space propagation =1 [27].

Ensuring patient safety, it’s imperative to note that the European Research Council imposes a limit
on input power, capping it at 25 W. Issues concerning the availability of batteries and circuits with dynamic
medical implants (DMI) capabilities are pivotal considerations. The possibility of skin implantation is also
being considered, depending on how the suggested antenna will be used and how much power it will require.
The bit rate Br of the suggested antenna is set at 78 Mbps, while the transmitted power Pt anticipated in the
context of skin implantation devices is set at -16 dBm. Figure 13 shows that with an input power of -16 dBm,
data transmission at a data rate of 78 Mbps can be accomplished across a distance of more than 15 m for the
1.2 GHz frequency and up to 13 m for the 2.4 GHz frequency. The transmission range is naturally impacted
by variations in data rate.
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Figure 13. Link budget analysis conducted for the antenna within an HSP

The comparative study results presented in Table 3 highlight the advantages of the suggested
antenna with respect to patient safety, regarding volume, antenna material, gain, bandwidth, SAR, and
structural simplicity. The suggested antenna clearly outperforms the work cited in [4], [21], demonstrating
twice the bandwidth and better performance. This benefit is ascribed to its flexible structure, straightforward
geometry, and compact form, all of which promote smooth integration. The suggested antenna keeps a larger
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bandwidth than the references [4], [8], [26] even if its SAR values are slightly greater than those of the
reference antenna [4]. Furthermore, the antenna design incorporates sensors, batteries, and electronic parts.

Table 3. Proposed antenna comparison with recent works

Ref Volume Freq. Bandwidth Gain SAR (W/kg) Device
' (mm?) (GHz) (MHz) (dBi) 10 g-Avg 1g-Avg  study?
[4] 3x3x0.5 2.45 528 -24.9 323 10.8 Yes
[26] 7x7%0.2 0.915 107.5 -27.65 89.70 730.07 Yes
2.45 560 -22.99 82.71 591.4
[8] 18.5x18.5x1.27 2.45 440 -15.99 - - No
[27] 9.2x9.2x0.5 2.4-48-58 6387-625-156-344  -15.8/-15.2/-16.6/-15.8 (350.8-97.9-205-156)14 Yes
[28] 5x5%0.635 1.4-2.45 300 -27.68 817 767 Yes
380 -27.10 84.6 785
[29] 7x7%0.2 0.915-2.45 1174-2333 -27.65/-22.99 (730.07-591.40),4 Yes
[30] 7x7%0.254 0.915 —28 21.85 8.1y No
[31] 31.5%x15x0.787 33 1500 -18.5 - No
This work 3.3x4x0.5 1.2 1646.8 -34.44 84.0 691.1 Yes
2.45 -19.78 87.35 798.21
4. CONCLUSION

This paper introduced a wideband implantable antenna designed to operate at 1.2 and 2.45 GHz,

with a focus on biomedical applications, specifically for a LCP. Miniaturization techniques, including the
addition of a resistor element and rectangular slots to the ground plane, were employed to optimize key
parameters. The final design achieved a remarkably compact volume of 3.3x4x0.5 mm3. Furthermore, the
outcomes of the SAR study confirm that the suggested antenna can be implanted safely in patients. Key
features of the antenna are its omnidirectional radiation pattern, high gain, optimum impedance matching,
ultra-compact dimensions, broad bandwidth, patient safety, and biotelemetric capability. Furthermore,
comparison analysis highlights how much better the proposed antenna performs than current cutting-edge
implantable antennas.
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