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Abstract

In recent years, biomedical telemetry has revolutionised healthcare by enabling real-
time remote monitoring of physiological parameters, reducing the need for frequent
hospital visits and in-person check-ups. At the heart of this advancement are Im-
plantable Medical Devices (IMDs), which facilitate wireless monitoring for a range of
critical applications, including endoscopy, blood pressure tracking, cardiac defibrilla-
tors, pacemakers, and blood glucose monitoring. Among these innovations, leadless
pacemakers have gained significant attention due to their minimally invasive design
and improved patient comfort. However, their effectiveness depends largely on a
well-optimised implantable antenna, which is essential for ensuring reliable wireless
communication.

This thesis focuses on addressing key challenges including miniaturisation, res-
onant frequency detuning, and multipath fading within the human body’s lossy

electromagnetic environment.

Three novel implantable antenna designs are presented in this work. The first
contribution presents an implantable antenna with a rectangular patch design,
incorporating a U-shaped slot, an inductive shorting pin, and multiple edge slots.
It achieves a volume of 9.44 mm3, offering a 3.39 GHz bandwidth and a fractional

bandwidth of 138%. The antenna supports a broad frequency range from 0.76



to 4.15 GHz, covering key medical bands, including the Industrial, Scientific, and
Medical (ISM) bands at 0.869, 0.915, and 2.45 GHz; the Wireless Medical Telemetry
Service (WMTS) band at 1.4 GHz; and the midfield communication band around
1.6 GHz. Simulation results within a homogeneous phantom (HP) of heart tis-
sue indicate gain values of —32.4 dBi at 0.915 GHz, —27.94 dBi at 1.4 GHz, and
—19.8 dBi at 2.45 GHz. The second contribution presents an ultra-compact im-
plantable antenna featuring a central C-shaped slot. It has a volume of 8.33 mm3,
a fractional bandwidth of 152.7%, and operates within a frequency range of 0.67
to 5 GHz, covering essential medical bands. These include the ISM bands at 0.915
GHz and 2.45 GHz, the WMTS band at 1.4 GHz, and the midfield band at 1.6
GHz. Simulation results indicate gain values of —31.3 dBi at 0.915 GHz, —25.8
dBi at 1.4 GHz, and —21.9 dBi at 2.45 GHz. The third contribution introduces
a 2x1 ultra-wideband multiple-input, multiple-output (UWB-MIMO) antenna de-
signed with two loop radiators and a shared slotted ground plane. The antenna
achieves a compact volume of 16.4 mm?, a wide fractional bandwidth of 165.12%,
and operates from 710 MHz to 7438 MHz with a high isolation level of —21 dB.
The individual MIMO antenna elements exhibit peak gain values of —34.7 dBi at
0.915 GHz, —28.4 dBi at 1.4 GHz, —23.3 dBi at 2.45 GHz, and —20.1 dBi at 5.8
GHz. Furthermore, at a signal-to-noise ratio (SNR) of 20 dB, the antenna achieves
a channel capacity of 15.04 bps/Hz, highlighting its suitability for high-data-rate
telemetry in next-generation leadless pacemakers. Specific Absorption Rate (SAR)
analysis confirms that all three implantable antennas comply with regulatory safety

standards, ensuring patient safety.
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CHAPTER 1

Introduction

1.1 Research Background

In recent years, there has been a growing interest in the development of implantable
biomedical devices, particularly for cancer treatment and health monitoring [16,/17].
In the case of health monitoring devices, they track vital health indicators such as
temperature, blood pressure, heart rate, and oxygen saturation, transmitting these
data from inside the body to external monitoring systems. They enable both short-
and long-range communication, allowing real-time health tracking and proactive
medical interventions. Additionally, their bidirectional communication capabilities
allow doctors to provide personalised, timely treatments by remotely adjusting ther-
apeutic parameters [1§].

One of the most widely used long-term implantable medical devices is the cardiac
pacemaker, designed to regulate abnormal heart rhythms, particularly in patients
with bradycardia (slow heart rate) [19]. Traditional pacemakers typically consist
mainly of a pulse generator, battery, leads, and electrodes that deliver electrical
signals to stimulate the heart and restore its normal rhythm [20]. However, the use

of leads can lead to complications such as infections or a change in their intended



position [21].

To overcome the challenges of traditional pacemakers, leadless cardiac pacemak-
ers (LCPs) represent a breakthrough in cardiac pace technology [22]. Unlike tra-
ditional pacemakers, LCPs eliminate the need for leads by integrating all essential
components into a compact unit that is approximately 90% smaller than standard
pacemakers—comparable in size to a AAA battery [23,[24]. These devices are im-
planted directly into the right ventricle using a minimally invasive catheter-based
procedure through the femoral vein [25], as shown in Figure This technique
eliminates the need for a surgical chest incision or a subcutaneous pocket, reducing
risks such as infection, haematoma, and lead-related complications, while improving
patient comfort and cosmetic outcomes [26]. The simplified implantation process,
enhanced safety, and long-term reliability make LCPs a transformative advancement
in cardiac care [27].

Despite their advantages, LCPs face challenges related to wireless communica-
tion, as they rely on implantable antennas for real-time data transmission. A built-
in antenna enables LCPs to wirelessly transmit and receive information, allowing
doctors to remotely monitor patient conditions and adjust therapy as needed [2§].
However, implanting an antenna within the human body, a lossy and dispersive
medium, poses significant challenges. Biological tissues absorb and scatter electro-
magnetic waves, reducing the efficiency, signal strength, and overall performance of
the antenna compared to free-space operation [29]. These challenges necessitate the
design of optimised implantable antennas that maximise signal penetration, min-
imise power loss, and ensure reliable communication within the constraints of the
human body.

Furthermore, implantable antennas must comply with strict safety regulations,
particularly those related to Specific Absorption Rate (SAR), which limits the
amount of electromagnetic energy absorbed by biological tissues [30]. Regulatory
bodies enforce stringent SAR thresholds to ensure patient safety, necessitating care-
ful design considerations for antenna efficiency and power output.

In addition, implantable medical devices must operate within designated fre-

quency bands to prevent interference with nearby devices and ensure stable commu-
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Figure 1.1: The structure and components of the leadless cardiac pacemaker (LCP).

nication. The International Telecommunication Union (ITU) has allocated specific
frequency bands for medical applications, including the Medical Implant Commu-
nication Service (MICS) band (402-405 MHz), the Industrial, Scientific, and Med-
ical (ISM) bands (433 MHz, 868-868.6 MHz, 902-928 MHz, 2.4-2.48 GHz, and
5.725-5.875 GHz), the Wireless Medical Telemetry Service (WMTS) bands (608-614
MHz, 1395-1400 MHz, and 1427-1432 MHz), and the midfield communication bands
(1450-1600 MHz and 1824-1980 MHz). These frequency allocations are carefully
selected to balance signal penetration depth and data transmission efficiency, mak-
ing them suitable for implantable applications. However, higher frequencies, such
as those in the 2.4 GHz ISM band, are more susceptible to interference from com-
mon wireless technologies like Bluetooth and Wi-Fi, which operate within the same
spectrum. Fortunately, implantable medical devices typically function at very low
power levels, around 25 yW, significantly reducing the risk of interference and en-

suring reliable operation within the human body [31].

1.2 Research Motivation

By 2030, the global population is projected to reach 8.5 billion, with one in six

individuals aged 60 or older—an increase in the elderly population from 1 billion
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in 2020 to 1.4 billion. With bradycardia affecting approximately one in every 600
people over the age of 65, the growing ageing population is driving demand for
advanced cardiac solutions such as leadless pacemakers (LCPs). These innovative
devices offer enhanced patient comfort and improved long-term health outcomes,
making them a crucial advancement in cardiac care.

One key motivation for developing advanced implantable antennas for LCPs is
the need for robust real-time remote monitoring capabilities. Recent advancements
in wireless communication technologies have enabled continuous monitoring of vital
patient data without physical intervention. Reliable wireless connectivity facilitates
immediate detection of abnormalities, allowing prompt medical response and signif-
icantly improving patient outcomes and safety.

Another key motivation is compactness. More compact antennas help reduce the
overall size of pacemakers, simplify surgical implantation, minimise patient discom-
fort, and enhance device stability. However, designing compact antennas without
compromising performance presents significant challenges. As the antenna size de-
creases, maintaining resonance stability and impedance matching becomes increas-
ingly difficult due to higher dielectric losses and altered electromagnetic properties
within the human body. Overcoming these obstacles is crucial to achieving efficient
miniaturised designs.

A third key motivation is energy efficiency through wireless charging and en-
ergy harvesting. Traditional battery-powered LCPs require periodic replacements,
necessitating invasive surgical procedures that pose risks to patients and increase
healthcare costs. Integrating wireless charging and energy harvesting technologies
into antenna designs has the potential to revolutionise implantable devices by sig-
nificantly extending battery life or even eliminating the need for replacements. By
harvesting ambient energy, these advancements could eliminate frequent battery re-
placements, reduce surgical interventions, enhance patient comfort, and improve the

sustainability of long-term cardiac care.



1.3 Problem Statement

Leadless cardiac pacemakers (LCPs) have revolutionised cardiac care by providing
minimally invasive, continuous cardiac rhythm sensing and life-saving pacing ther-
apy for patients with bradyarrhythmias. However, the miniaturisation and optimi-
sation of implantable antennas for LCPs remain a formidable engineering challenge
due to stringent size constraints, strict RF exposure regulations, and the complex
electromagnetic environment within the human body.

A critical challenge in implantable antenna design is achieving extreme miniaturi-
sation while maintaining optimal performance, including stable resonance, impedance
matching, radiation efficiency, and reliable wireless communication. The highly lossy
nature of biological tissues causes significant signal attenuation, leading to devia-
tions between simulated and real-world antenna performance, complicating design
validation and optimisation.

While miniaturisation is essential, it introduces a fundamental trade-off between
antenna size and operating frequency. Higher frequencies experience severe prop-
agation losses in biological tissues, while lower frequencies require larger antennas,
conflicting with stringent size constraints. Efforts to reduce antenna size at lower fre-
quencies often lead to undesired resonance shifts, further complicating performance
optimisation.

Despite extensive research, existing solutions struggle to balance miniaturisation,
efficiency, and robustness in dynamic biological environments. Current designs often

suffer from:

1.3.1 Space Constraints

The extreme miniaturisation required for LCP antennas compromises key perfor-

mance metrics, including radiation efficiency and signal strength.

1.3.2 Detuning (Resonant Frequency Shift)

Detuning in implantable antennas occurs when resonance frequency shifts, compro-

mising efficiency and disrupting wireless communication. In biomedical applications,
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this is critical as physiological changes and patient movements alter the antenna’s
electromagnetic environment, leading to unstable signals. These fluctuations pose
significant challenges for real-time monitoring and data transmission in leadless car-

diac pacemakers.

1.3.3 Multipath Fading

Reflections of transmitted signals within biological tissues lead to multipath prop-
agation, causing signal fading due to interference between paths and resulting in
degraded signal reliability.

To overcome these challenges, this thesis proposes novel implantable antenna
designs that directly tackle space constraints, detuning, and multipath fading, en-
suring superior wireless performance in LCPs. By leveraging advanced materials,
innovative resonance tuning techniques, and optimised antenna geometries, these
solutions aim to enhance device reliability, improve patient outcomes, and establish

new performance standards in biomedical telemetry.

1.4 Objectives

The primary objective of this thesis is to design and develop efficient, compact,
and high-performance implantable antenna systems for leadless cardiac pacemakers
(LCPs) while addressing the critical challenges outlined in the Problem Statement.

Specifically, this research aims to:

1.4.1 Miniaturisation

Design and optimise ultra-compact implantable antennas that seamlessly integrate
into LCPs without compromising performance. Miniaturisation is crucial for re-
ducing device size, enhancing patient comfort, and simplifying surgical implanta-
tion. Achieving this objective requires innovative miniaturisation techniques to en-
sure efficient space utilisation while maintaining key performance metrics, including

impedance matching, resonance stability, and radiation efficiency.



1.4.2 Ultra-Wideband Operation

Develop implantable antennas with enhanced bandwidth characteristics to support
stable and reliable wireless communication under varying physiological conditions.
Wideband designs are essential for mitigating detuning effects, maintaining con-
sistent resonance, and ensuring robust data transmission despite tissue property

variations.

1.4.3 MIMO Architecture

Investigate and implement ultra-wideband (UWB) multiple-input multiple-output
(MIMO) antenna architectures to mitigate multipath fading and enhance commu-

nication reliability in dynamic biological environments.

1.5 Novelty and Contribution

This thesis introduces three innovative implantable antenna designs for leadless car-
diac pacemakers (LCPs), each specifically engineered to address critical wireless
communication challenges, including miniaturisation, detuning, and multipath fad-

ing. The key contributions of this research are summarized as follows:

e First Contribution: A wideband implantable antenna employing a rectan-
gular patch with a U-shaped slot, inductive shorting pin, and edge slots. Ex-
panded slots in the ground plane enhance bandwidth. The antenna achieves
a compact volume of 9.44 mm?® and a bandwidth of 3.39 GHz, effectively

addressing detuning issues.

e Second Contribution: An ultra-compact implantable antenna with ultra-
wideband (UWB) characteristics, featuring a rectangular patch with a central
C-shaped slot and corner via. Optimized ground plane slots and asymmet-
ric circular structures further enhance performance. This antenna achieves a
minimal volume of 8.33 mm® and an ultra-wide bandwidth of 4.33 GHz,

simultaneously addressing miniaturisation and detuning concerns.



e Third Contribution: A UWB-MIMO antenna design comprising two rect-
angular loop radiators, open-ended and multi-U-shaped slots, and an inductive
shorting pin. With a total volume of 16.4 mm?® and a fractional bandwidth of
6.72 GHz, this antenna significantly reduces multipath fading, improves data
transmission reliability, and supports high-data-rate telemetry in implantable

cardiac applications.

Collectively, these novel designs represent substantial advancements toward effi-
cient, compact, and reliable implantable antennas, enhancing the performance and

clinical effectiveness of next-generation leadless cardiac pacemakers.

1.6 Thesis Structure

This thesis is structured into six chapters as follows:

1.6.1 Chapter 1: Introduction

This chapter introduces the research by presenting the problem statement, high-
lighting critical challenges associated with implantable antenna design for leadless
cardiac pacemakers (LCPs). It identifies the research gaps in existing literature,
formulates the research questions, and clearly outlines the motivation, objectives,

novelty, and significant contributions of this study.

1.6.2 Chapter 2: Background and Literature Review

This chapter provides a comprehensive review of implantable antenna technology,
covering its historical development and fundamental principles. It discusses critical
design considerations such as miniaturisation, biocompatibility, bandwidth, patient
safety, and wireless communication reliability. Existing solutions and their limita-
tions are analyzed to establish the foundation for the novel designs proposed in this

research.



1.6.3 Chapter 3: Compact Antenna With Broadband Wire-

less Biotelemetry for Future Leadless Pacemakers

This chapter presents a novel design that employs various techniques to mitigate
detuning effects in implantable antennas. Detailed simulations and analyses are
conducted to validate the effectiveness of these techniques in ensuring stable perfor-

mance within the human body.

1.6.4 Chapter 4: A Low-Profile Implantable Antenna for

Heart Implants

This chapter addresses two major challenges: antenna miniaturisation and detuning
effects. It introduces novel antenna designs that achieve significant size reduction
while maintaining optimal resonance, impedance matching, and radiation perfor-
mance. Detailed simulations and analyses validate their effectiveness in overcoming

size constraints and mitigating detuning within the human body.

1.6.5 Chapter 5: A Compact Ultra-Wideband MIMO An-

tenna for Next-Generation Leadless Pacemakers

This chapter addresses the third major challenge—multipath fading—Dby proposing
an ultra-wideband multiple-input multiple-output (UWB-MIMO) antenna. The de-
sign is analyzed thoroughly, showing how it improves signal diversity, reduces mul-
tipath interference, and enhances data rates and spectral efficiency. Performance
metrics such as isolation, SAR values, channel capacity, and correlation coefficient

are evaluated to confirm the effectiveness of the proposed design.

1.6.6 Chapter 6: Conclusion and Future Work

This final chapter summarizes the key conclusions, highlighting the significant con-
tributions and outcomes of the research. It provides a concise overview of the main

findings and their implications for implantable medical antenna technology. The



chapter concludes by suggesting directions for future research to encourage ongoing
advancements in the field.

Overall, this thesis structure ensures a clear progression from identifying existing
limitations to presenting innovative antenna designs that effectively overcome critical

challenges in implantable cardiac healthcare applications.
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CHAPTER 2

Background and Literature Review

2.1 Introduction

The performance of implantable antennas is heavily influenced by the heterogeneous
nature of human tissue, which contrasts sharply with free space. Unlike free space,
where electromagnetic waves propagate with minimal loss, human tissues exhibit
high dielectric permittivity and conductivity, leading to increased signal attenuation,
scattering, and power loss [32,[33]. Deeper implants experience greater attenuation
as signals pass through multiple tissue layers, each causing absorption and reflection.
Designing antennas for biomedical implants presents several challenges. One
key concern is ensuring patient safety by complying with Specific Absorption Rate
(SAR) limits, which regulate the maximum energy absorption permitted in human
tissue [34]. Antenna design must carefully balance power efficiency while mitigating
interference with other devices operating in adjacent frequency bands [35].
Furthermore, the heterogeneous dielectric properties of human tissues introduce
significant variability in energy absorption and signal propagation, complicating an-
tenna optimisation. Addressing these challenges requires accurate electromagnetic

modelling of tissue properties and simulations that account for anatomical variabil-
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ity, enabling more precise performance predictions under real-world conditions [36].

2.2 Definition of Key Terms

In the context of this thesis, several key terms are defined as follows:

Ultra-Wideband (UWB): According to the Federal Communications Com-
mission (FCC), a system is classified as ultra-wideband if it occupies either a frac-
tional bandwidth greater than 20% or an absolute bandwidth of at least 500 MHz
[37]. In implantable applications, UWB offers high temporal resolution, low power
operation, and resistance to multipath fading, making it ideal for short-range biomed-
ical telemetry.

Compact Antenna: A compact antenna is one whose largest dimension is
significantly smaller than the wavelength at its operating frequency—typically less
than \/10. Compactness is especially critical for implantable devices, where space
is severely limited [38].

High Data Rate: In this thesis, a high data rate refers to wireless transmission
speeds exceeding 1 Mbps. Such rates are necessary to support applications like high-
resolution physiological monitoring or wireless endoscopic imaging. UWDB systems
can theoretically support data rates in the range of several Mbps to hundreds of

Mbps, depending on modulation and system configuration [39).

2.3 Requirements and Standards

There are several requirements and standards that implantable antenna designs must
comply with to ensure optimal performance within the human body. Unlike free-
space antennas, implantable antennas must account for the lossy nature of human
tissues, which significantly affects their operation. Although the design requirements
can vary depending on the application, there are common factors that apply to most

implantable antenna designs. These key points are discussed in this section.
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2.4 Requirements and Standards

There are several requirements and standards that implantable antenna designs must
comply with to ensure optimal performance within the human body. Unlike free-
space antennas, implantable antennas must account for the lossy nature of human
tissues, which significantly affects their operation. Although the design requirements
can vary depending on the application, there are common factors that apply to most

implantable antenna designs. These key points are discussed in this section.

2.4.1 Patient Safety Requirements

Human body safety is the most important factor when designing implantable an-
tennas for medical devices. Therefore, careful consideration must be taken to pre-
vent any potential damage to body tissues from exposure to electromagnetic radi-
ation. Electromagnetic fields can cause harmful effects, such as tissue heating and
nerve stimulation. To mitigate these risks, strict standards and regulations limit the
amount of electromagnetic energy that can be safely absorbed by the body. These
guidelines ensure that implantable devices operate within safe power levels and fre-
quencies. The design process must also consider the type of tissue, the placement of
the device, and its proximity to vital organs, as these factors influence how electro-
magnetic fields interact with the body. By addressing these issues, manufacturers

can ensure that implantable medical devices are safe and effective.

2.4.1.1 Specific Absorption Rate (SAR)

The SAR measures the amount of radiofrequency (RF) energy absorbed per unit
mass of tissue when exposed to electromagnetic fields (EMF). It is expressed in units
of power per kilogram (W /kg) and can be calculated at a specific location within the
tissue or averaged over the mass of tissue or the entire human body. SAR serves as
a critical parameter to ensure the safety of biological tissues during electromagnetic
exposure. Two internationally recognised standards establish the permissible SAR

levels:

e According to the IEEE C95.1-1999 standard, the SAR must be less than 1.6
13



W /kg, averaged over a 1 g cubic volume of tissue [40].

e The IEEE (C95.1-2005 standard specifies that the SAR should not exceed 2

W /kg, averaged over a 10 g cubic volume of tissue [41].

The Federal Communications Commission (FCC) [42] uses a 1 g averaging method,
while the International Commission on Non-lonizing Radiation Protection (ICNIRP)
recommends a 10 g averaging method [43]. In order to meet standard SAR limits,
implantable devices must operate at low transmit power levels. The basic formula

for calculating the SAR is as follows:

o E?
p

SAR = (2.1)
Where:

e SAR = Specific Absorption Rate (W /kg)

e 0 = Conductivity of the tissue (S/m)

e F = Electric field strength (V/m)

e p = Density of the tissue (kg/m?)

This formula calculates the SAR based on tissue conductivity, electric field strength,
and tissue density. The temperature increase in tissue resulting from RF energy

absorption can be estimated using the following formula:

AT = % (2.2)
Where:
e AT = Temperature increase (°C)
e SA = Specific Absorption (Joules)
e m = Mass of the tissue (kg)

e (' = Specific heat capacity of the tissue (J/kg-°C)
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This equation estimates the temperature increase in tissue based on the absorbed
energy, the mass of the tissue, and the tissue’s specific heat capacity. It is crucial to
ensure that the temperature of the human tissue surrounding the implanted device
does not increase by more than 1°C, as this could potentially lead to adverse effects

on the tissue [44].

2.4.1.2 Effective Isotropic Radiated Power (EIRP)

EIRP represents the total power radiated by an antenna in a specific direction,

assuming the antenna is an ideal isotropic radiator, as shown in the formula below:

where:

e P, = Transmitted power (dBm or watts)
e (G;, = Antenna gain (dBi)
e [,, = Losses in the transmission path (dB)

The EIRP of an implantable antenna is a critical parameter to ensure the safety of
both the human body and nearby electronic devices. Excessive EIRP levels can pose
risks to surrounding biological tissues and may interfere with other radio frequency
devices in proximity. To address these concerns, standardised EIRP limits have been
established for implantable antennas that operate within specific frequency bands.
For medical implant communication, MedRadio band regulations allow up to
25 uW (—16 dBm), optimizing signal reliability. However, ISM bands impose stricter
power limits 0.01 uWW or (—20dBm) to minimize interference in shared frequency
environments. Adhering to these power limits minimises the potential for harmful

electromagnetic exposure and ensures that the device functions safely and effectively.

2.4.2 Biocompatibility

Biocompatibility is a vital aspect in the design of implantable antennas, which en-

sures their safe and effective operation within the human body. It refers to the
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Figure 2.1: Approaches to achieve antenna biocompatibility: (a) Using a biocom-
patible substrate/superstrate, (b) Encapsulating with biocompatible materials.

ability of materials or devices to function as intended without provoking adverse
biological responses, such as inflammation, tissue damage, or immune rejection [45].
Ensuring biocompatibility minimizes the risk of harmful interactions, such as elec-
trical short circuits with body tissues, while preserving the device’s reliability and

performance.

2.4.2.1 Biocompatible Methods

Typically, two primary methods are employed to achieve biocompatibility:

e Biocompatible Substrate/Superstrate: The antenna can be fabricated
using inherently biocompatible materials for both the substrate and the su-

perstrate [46], as illustrated in Figure 2.1a).

e Biocompatible Encapsulation: The implantable antenna is enclosed within
a biocompatible housing, often referred to as a biocompatible layer. This layer
ensures compatibility with biological tissues by serving as a protective barrier,
preventing adverse reactions such as inflammation or immune rejection, while

allowing the safe integration of the device within the body [46], as illustrated

in Figure 2.1{(b).

2.4.2.2 Biocompatible Materials

Materials used for encapsulation and substrate construction are selected based on

their electromagnetic properties, biocompatibility, and ease of fabrication. These
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materials must ensure both safe integration within biological environments and ef-

ficient antenna operation. These include:

e Zirconia: This material has high permittivity (e, = 29) and extremely low
energy loss (tand ~ 0), making it ideal for bioencapsulation. Its properties

help focus electromagnetic fields and reduce power loss [47].

e Silastic MDX-4210 Elastomer: With a permittivity of €, = 3.3 and negligi-
ble loss (tan 0 ~ 0), this material is widely used for safe and flexible biomedical

applications [4§].

e Titanium (Ti): Known for excellent biocompatibility, corrosion resistance,
and strength, titanium (e, ~ 8.5, tand ~ 0.001) is used for implants and

encapsulation [49].

e Gold (Au): Gold (¢, ~ 11.7, tan d = 0.01) is biocompatible and resistant to
corrosion, often used in antennas for its stability and reliability in biological

environments [50].

e Ceramic Materials: Alumina (¢, = 9.4, tan d = 0.006) and zirconia (¢, = 29,
tan d ~ 0) offer high permittivity and low losses, making them excellent choices

for substrates and encapsulation [51].

e Teflon (PTFE): Chemically inert and biocompatible, Teflon (¢, = 2.1, tand =
0.001) provides excellent insulation and low energy loss, commonly used in an-

tenna substrates [52].

e PEEK: This thermoplastic (¢, = 3.2, tand = 0.01) is strong, stable, and

biocompatible, ideal for encapsulating antennas and other medical devices [53].

e Polyurethane: Flexible and biocompatible, polyurethane (e, =~ 2.5, tand ~

0.01) is used for soft encapsulation and as a substrate in implantable antennas

B4,

By employing biocompatible materials and encapsulation techniques, implantable
antennas can achieve reliable performance while minimizing the risks to human

health.
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2.5 Design Techniques for Implantable Antennas

Designing implantable antennas for biomedical applications demands strict adher-
ence to size, efficiency, and functionality requirements. This is achieved by com-
bining techniques such as miniaturisation to reduce size, and bandwidth expansion
to ensure reliable performance. These methods work together to create antennas
that meet the challenges of their demanding environments. The following sections

discuss these key techniques in detail.

2.5.1 Miniaturisation Techniques

The implantable antenna is a crucial component of an implantable device, and its
miniaturisation presents a significant design challenge. Since implantable devices
are typically compact, reducing the antenna’s size is essential for seamless integra-
tion without compromising performance. These antennas operate within specific
frequency ranges, such as the MICS, MedRadio, and ISM bands, and achieving
miniaturisation requires careful design strategies.

Reducing the antenna’s size directly impacts its bandwidth and efficiency [55]
56]. Smaller antennas generally exhibit a higher radiation quality factor (Q factor),
which limits the achievable bandwidth. This trade-off necessitates a careful balance
between size reduction and performance optimisation.

Recent studies have focused on minimising the antenna’s size by modifying its
electrical and physical properties while ensuring good impedance matching and
bandwidth retention. The following sections discuss some of the widely used tech-

niques for antenna miniaturisation.

2.5.1.1 Frequency Selection Considerations

While not a miniaturisation technique in itself, frequency selection is a fundamental
design parameter that strongly influences antenna size. Due to the inverse rela-
tionship between wavelength and frequency, operating at higher frequencies allows
antennas to occupy a smaller physical volume. As frequency increases, the effective

guided wavelength shortens, thereby enabling more compact structures. This design
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approach is commonly leveraged in miniaturised biomedical systems.

However, operating at higher frequencies introduces significant trade-offs—most
notably, increased propagation losses in biological tissues. These losses can reduce
radiation efficiency, limit penetration depth, and elevate the specific absorption rate
(SAR), especially in deep-tissue implant scenarios [57]. Therefore, frequency selec-
tion must be carefully balanced against performance requirements, particularly in
lossy environments.

Implantable antennas typically operate in regulated medical frequency bands,
including the Medical Implant Communication Service (MICS), MedRadio, and In-
dustrial, Scientific, and Medical (ISM) bands. Among these, the MICS band is often
preferred due to its favourable balance between tissue penetration and acceptable
antenna size [58]. While the ISM band allows for greater miniaturisation due to its
higher frequency, it is generally less suitable for deep implants due to severe tissue
absorption and signal degradation [59).

Advantages:

e Enables physically smaller antenna structures due to shorter wavelength.

e Simplifies integration into miniaturised or capsule-based biomedical devices.
Drawbacks:

e Leads to increased propagation losses in biological tissues.

e Reduces radiation efficiency and depth of signal penetration.

e May require stricter compliance with SAR and regulatory limits.

2.5.1.2 Shorting Pin

The shorting pin is a widely adopted miniaturisation technique, particularly effec-
tive in compact and implantable antenna designs. It involves placing a conductive
via—commonly made of copper—that connects the radiating element directly to
the ground plane through the dielectric substrate. This structural modification
transforms the antenna from a half-wavelength (\/2) to a quarter-wavelength (A\/4)

resonator, effectively reducing the physical length required to achieve resonance [60).
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In addition to reducing size, the shorting pin introduces an inductive effect that
alters the antenna’s equivalent circuit characteristics. This inductance can aid in
achieving better impedance matching, making the technique especially beneficial in
designs such as the Planar Inverted-F Antenna (PIFA). When carefully optimized,
the shorting pin contributes to both size reduction and stable resonance. However,
improper placement or design may lead to reduced radiation efficiency and perfor-
mance degradation.

Advantages:

e Allows substantial reduction in antenna height or length.

e Enhances impedance matching via inductive loading.

Drawbacks:

e Potential reduction in radiation efficiency if not optimally implemented.

e Adds fabrication complexity, particularly in multilayer or conformal structures.

2.5.1.3 Meander Line

The meander line technique is a widely used approach for antenna miniaturisation,
especially in applications with strict space constraints. Originally introduced in
[61], this method involves folding the radiating element into a compact, serpentine
(meandered) pattern, thereby increasing the effective electrical length while reducing
the antenna’s overall physical dimensions.

By extending the current path without enlarging the footprint, the meander line
design enables resonance at the desired frequency within a limited volume. This
technique is particularly effective in wearable, implantable, and conformal antennas
where size and profile are critical. However, due to the increased current path
length and added bends, it can introduce additional losses and affect impedance
characteristics.

Advantages:
e Enables compact antenna design by extending electrical length.
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e Well-suited for low-profile and conformal biomedical applications.
Drawbacks:

e May introduce additional ohmic and radiation losses.
e Increased sensitivity to manufacturing tolerances and misalignments.

e Can complicate impedance matching and reduce overall gain.

2.5.1.4 Engineering the Ground Plane

Engineering the ground plane is a powerful miniaturisation technique that enables
a physically small antenna to appear electrically larger. This is typically achieved
by manipulating the wave propagation characteristics within the antenna structure
to reduce the effective wavelength. The ground plane—the conductive layer be-
neath the radiating element—plays a pivotal role in determining radiation pattern,
impedance characteristics, and bandwidth performance [62].

A commonly used method involves introducing Defected Ground Structures
(DGS), such as notches, slots, or patterned etchings, into the ground plane. These
alterations modify the return current path and create additional inductive and ca-
pacitive effects, effectively slowing down electromagnetic wave propagation. As a
result, the antenna can resonate at a lower frequency without increasing its physical
size. This technique is particularly valuable in compact implantable designs, where
space is limited, but performance must be preserved.

Advantages:

e Enhances impedance matching and bandwidth without increasing footprint.
e Enables electrically larger behavior from physically compact structures.
Drawbacks:

e May increase back-lobe radiation, which is undesirable in implantable contexts.
e Introduces fabrication complexity and sensitivity to etching precision.

e Requires extensive simulation and optimization to ensure consistent perfor-

mance.
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2.5.1.5 High Permittivity Dielectric Substrates

Employing substrates with high relative permittivity (&,) is a widely adopted strat-
egy for antenna miniaturisation, particularly in microstrip and implantable designs.
A higher dielectric constant reduces the wavelength of electromagnetic waves within
the substrate, which in turn decreases the physical size required for the antenna to
achieve resonance at a given frequency. This enables the design of compact antennas
suitable for integration into space-constrained biomedical devices [63H65].

However, this miniaturisation advantage comes with trade-offs. High-permittivity
substrates tend to support stronger surface wave propagation and exhibit greater
dielectric losses, both of which can degrade radiation efficiency and overall antenna
performance [66]. Additionally, such substrates often lead to narrower bandwidths
and pose challenges for impedance matching due to the reduced effective aperture
and increased reactive loading [67].

Despite these limitations, high-e, materials are especially useful in biomedical
contexts, where matching the electrical properties of surrounding tissues is impor-
tant. For example, Rogers 3210 (g, = 10.2) is frequently employed in implantable
antenna designs for this purpose [38].

Advantages:

e Enables significant antenna size reduction.

e Enhances compatibility with high-permittivity biological tissues.
Drawbacks:

e Increases dielectric and surface wave losses.

e Degrades radiation efficiency and limits bandwidth.

e Complicates impedance matching and design optimization.

2.5.1.6 Inductive/Capacitive Loading

Loading techniques are widely utilised in antenna design to achieve impedance

matching at specific operating frequencies, which is essential to optimise perfor-
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mance and minimise antenna size. These methods involve integrating reactive el-
ements, either inductive or capacitive, into the antenna structure. Impedance is
a complex quantity consisting of real (resistive) and imaginary (reactive) compo-
nents. Effective matching of the antenna’s impedance to the transmission line or
connected circuitry is vital to maximise power transfer and reduce signal reflection.
However, miniaturisation of the antenna often increases the reactive component of

the impedance, making matching more challenging.

e Inductive loading is a useful technique for balancing impedance in small an-
tennas, particularly when their natural resonance is higher than the desired
operating frequency. This method involves adding inductive elements, such as
shorting pins ((discussed previously), to the antenna design. For example, [6§]
demonstrates how inductive loading helps reduce the size of the antenna while

maintaining functionality.

e Capacitive loading is a well-established technique in antenna design and elec-
tromagnetic theory. It involves adding capacitive elements or making struc-
tural modifications, such as incorporating slots, to introduce capacitance into
the antenna. This method is particularly useful for antennas that exhibit ex-
cessive inductive behavior. Studies such as [69] demonstrate how capacitive
loading enhances miniaturisation while achieving adequate impedance match-

ing.

e Combined Use of Loading Techniques: In some cases, a combination of in-
ductive and capacitive loading is employed to achieve a balance between size
reduction and impedance matching. Research in [38] illustrates how these
methods can be tailored to achieve optimal performance in compact antenna
designs, particularly for biomedical applications where size constraints are

stringent.

2.5.2 Bandwidth Enhancement Techniques

These methods are designed to improve the operational bandwidth of the antenna:
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2.5.2.1 Lower Permittivity Substrate

Utilising substrates with low dielectric constants (g,) is an effective approach to
enhance antenna bandwidth and radiation efficiency. A lower permittivity reduces
electromagnetic energy confinement within the substrate, which in turn minimises
surface wave propagation and dielectric losses. This enables more efficient radiation
into the surrounding medium and contributes to a broader impedance bandwidth.

Such substrates also improve overall antenna performance by reducing energy
storage in the material, allowing a faster wave velocity and wider frequency response.
These characteristics are particularly beneficial in applications where wideband op-
eration and high efficiency are required. For instance, [70] demonstrated the use
of a substrate with ¢, = 3 to achieve ultra-wideband performance in a compact
implantable antenna design.

However, the use of low-permittivity materials typically requires a physically
larger structure to maintain resonance at the same frequency, which can be a limi-
tation in space-constrained biomedical applications.

Advantages:

e Improves radiation efficiency by reducing dielectric and surface wave losses.
e Enhances impedance bandwidth and overall antenna performance.

e Facilitates better far-field radiation characteristics.

Drawbacks:

e Requires larger physical dimensions, which may conflict with miniaturisation

goals.

e Less suitable for extremely compact or deep-implant scenarios.

2.5.2.2 Defected Ground Structures (DGS)

DGS are widely used to enhance antenna performance by modifying the ground
plane geometry. These structures involve etching intentional defects—such as slots,

notches, or other patterns—into the ground plane of a microstrip antenna. By
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altering the return current distribution, DGS introduces additional inductance (L)
and modifies the capacitance (C') within the antenna’s equivalent circuit, thereby
impacting the resonant behavior [71.|72].

This modification can lead to improved impedance matching and bandwidth
enhancement by expanding the effective frequency range over which the antenna
operates efficiently. In addition, DGS can be employed to suppress surface waves,
reduce mutual coupling in MIMO systems, or shape the radiation pattern, depending
on the design.

However, the inclusion of DGS adds complexity to both the design and fabrica-
tion processes. The altered current paths may also introduce parasitic radiation or
undesired coupling effects if not properly optimised.

Advantages:

e Enhances impedance matching and broadens operational bandwidth.
e Allows control over current distribution and radiation pattern.

e Can be used for mutual coupling reduction in multi-element systems.
Drawbacks:

e Requires precise electromagnetic simulation and optimization.

e May introduce unwanted radiation or cross-coupling if misconfigured.

e Adds complexity to fabrication, especially in multilayer or compact designs.

2.6 Tissue Effects

Implanting an antenna within biological tissue affects key parameters such as impedance,
bandwidth, and radiation efficiency. Understanding these effects is essential for
designing antennas that function reliably and communicate effectively within the

human body.
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2.6.1 Tissue Effects on Radio Propagation

The human body’s frequency-dependent electrical properties, coupled with its com-
plex and lossy environment, create significant challenges in the design of implantable
antennas. This stands in contrast to free space, where electromagnetic waves en-
counter minimal resistance due to near-zero conductivity (o = 0) and relative per-

mittivity (e, = 1).

2.6.1.1 Frequency-Dependent Tissue Properties

The dielectric properties of biological tissues vary with frequency, complicating the
performance and optimisation of implantable antennas [32]. Notable examples in-

clude:

e 403 MHz: Used for MICS-band implants. Muscle and skin have conductiv-
ities of 0.79 S/m and 0.69 S/m, and relative permittivities of 57.1 and 46.7,
respectively. Internal organs like the stomach, colon, and small intestine ex-

hibit even higher conductivities (up to 1.9 S/m).

e 915 MHz: Conductivity of muscle increases to 0.948 S/m, while permittivity

slightly drops to 55.0, resulting in moderate attenuation.

e 2.45 GHz: Widely used for medical telemetry. Conductivity of muscle rises

to 1.74 S/m; permittivity decreases to 52.7, leading to stronger signal loss.
e 5.8 GHz: High-speed data bands suffer the most attenuation, with muscle
conductivity reaching 4.96 S/m and permittivity dropping to 48.5.
2.6.1.2 Attenuation Losses in Tissue

As frequency increases, signal attenuation becomes more pronounced due to higher
conductivity and lower permittivity. The attenuation loss L in dB for a wave trav-

eling through a tissue medium is expressed as [73]:

L =20log (e_am)

Where:
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e m: Distance through tissue (m)

e «a: Attenuation constant (Np/m), calculated as:

with:

e w: Angular frequency (rad/s)

e 1: Tissue permeability (H/m), typically po for non-magnetic tissue
e ¢ = ¢.€p: Absolute permittivity

e o: Tissue conductivity (S/m)

2.6.1.3 Reflection Losses at Tissue Interfaces

Reflection losses occur at boundaries between tissues with differing electromagnetic

properties. The reflection loss L, (in dB) is determined by:

e —Mm
L, =—-20lo r where I'=
g10(| |) Mo + 11

The intrinsic impedance 7 of a lossy tissue is calculated by:

Jwp

n:jwe+0

Where:
e 11,79 Intrinsic impedances of adjacent tissues
e [': Voltage reflection coefficient at the interface

As frequency increases, the difference in impedance between tissues becomes
more pronounced due to rising conductivity and falling permittivity, resulting in

larger |I'| values and hence greater reflection losses.
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2.6.1.4 Tissue Effects on Link Budget Performance

To ensure reliable communication—particularly in systems such as implantable med-
ical devices—accurate calculation of the received power is essential due to signal
degradation caused by tissue attenuation, reflection losses, and other propagation
effects. The link budget equation (2.9) |74] provides a framework for estimating the
received power by incorporating key parameters such as transmit power, antenna
gains, path loss, polarization mismatch, impedance mismatch, and mismatch losses
at both the transmitter and receiver. This calculation enables appropriate adjust-
ment of the transmission power to ensure adequate signal strength at the receiver,
thereby maintaining data integrity, energy efficiency, and compliance with biological

safety standards.

Pi=Pr+Gpr+Gr—Lp—P.— MLy — MLy (2.4)

Where, Pr represents the received power and Pr represents the transmitted
power, both expressed in dBm. The gain of the transmitter antenna G is measured
in dB and is typically negative for implantable antennas due to signal attenuation
and reflection losses within the body. Similarly, the gain of the receiver antenna Gg
is also expressed in dB. The polarization mismatch factor P, is expressed in dB and
accounts for any misalignment between the transmission and reception polarizations
of the antennas. The impedance loss of the transmitter M L+ and the impedance loss
of the receiver M Lr are measured in dB, reflecting power losses due to impedance
mismatches between the transmitter and antenna, as well as between the receiver
and antenna, respectively.

To assess the robustness of the communication link, the link margin (LM) is
introduced, defined as the difference between the received power and the minimum

receiver sensitivity Ppiy:

LM = Py — Py (2.5)

A positive link margin ensures that the received signal remains above the mini-

mum required threshold, even in the presence of fading, interference, or slight mis-
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alignment between system components.

The path loss, Lp, in dB can be obtained using Equation (2.10) [75]:

d drdy )\’
Lp = 10nlogy, <d—) + S + 10log,, </\—0) (2.6)
0 0

The path loss component n plays a crucial role in determining signal attenua-
tion, and its value varies depending on the propagation environment. In line-of-sight
(LOS) indoor conditions, the value of n is typically set to 1.5, as the signal expe-
riences minimal obstruction and attenuation. In contrast, in indoor propagation
without line-of-sight (NLOS), where obstacles such as walls and furniture hinder
the signal, n is typically higher, usually set to 3, reflecting a more significant signal
degradation. In free-space, n is conventionally set to 2. The reference distance dj is
commonly assumed to be 1 meter, providing a standardized basis for calculations.
Furthermore, the wavelength Ay is inversely proportional to the frequency, which
means that higher frequencies correspond to shorter wavelengths. The parameter S
accounts for random scattering, representing the variability of signal strength due
to environmental factors such as reflections, diffraction, and interference. For free-

space propagation, the equation simplifies to the following expression (2.11) [76]:

20rd
L; = 20logy, (2—7;) (2.7)

Where the term L (dB) represents the free-space path loss.
Receiver Sensitivity. The minimum signal level that can be successfully de-

tected by a receiver is defined as the receiver sensitivity Py,. It is computed using:

E
Ppin = (Fb) +10 loglo(Br) - Gc + Gd (28)

Where:

. ﬁ—‘;: Energy per bit to noise power spectral density ratio (dB), typically 9.6 dB
for BPSK with a BER of 1075

e B,: Bit rate in bits per second (bps)

e G. Coding gain (dB), depending on the error-correcting code used
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e (G;: Implementation margin or degradation factor (dB), typically 2-3 dB

Noise Power Density. To evaluate thermal noise, the noise power spectral

density N, (in dBm/Hz) is calculated by:

N, = 10log,o(kT") (2.9)

Where k& = 1.38 x 1072 J/K is Boltzmann’s constant, and 7" = 290K is the

standard room temperature. This gives a typical value of:

N, ~ —174dBm/Hz

This value serves as a baseline for computing receiver sensitivity and signal-to-
noise ratio (SNR) in implantable communication systems.

In free space, the near field is reactive and does not significantly affect the radi-
ated or absorbed power. However, in implantable antennas, the near-field strongly
couples with surrounding materials, such as biological tissue, leading to increased
power loss |[17]. This interaction results in lower radiation efficiency because some en-
ergy is absorbed by the tissue rather than being radiated outward. This phenomenon
is a significant challenge in the design of implantable antennas, as it reduces their
overall efficiency and must be factored into both antenna design and link budget

evaluations.

2.6.2 Tissue Effects on Antenna Bandwidth

Although implantable antennas are generally compact and tend to have narrow
bandwidths, their interaction with surrounding tissues can lead to an increase in
the effective bandwidth. This is because the dielectric properties of the tissues
influence the antenna’s resonance, altering its impedance and radiation efficiency.
A significant portion of the radiated power is absorbed by the tissues, leading to
increased losses, while only a small fraction is reflected back to the source [17].
Chapter 3 of this thesis focuses on the design of implantable antennas with broader
bandwidths, employing various techniques to mitigate detuning caused by changes

in tissue properties, aging, and implantation site variability.
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2.6.3 Tissue Effects on Antenna Radiation Pattern

The radiation pattern of an antenna represents the distribution of radiated energy
as a function of angle at a fixed distance from the antenna [77]. This pattern is
essential for understanding how the antenna radiates energy in space. In the case
of implantable antennas, the radiation pattern behaves differently compared to con-
ventional antennas in free space. This difference arises because the surrounding
medium, such as human tissue, is lossy, meaning that a significant portion of the
radiated power is absorbed by the tissue. This absorption causes the radiation
pattern to broaden, in contrast to the narrower pattern typically observed in free
space. Furthermore, the position of the implantable antenna within the body signif-
icantly influences its radiation pattern. Even when placed in the same tissue type,
the antenna’s position or mounting scenario can cause variations in the radiation
characteristics. These variations result from the complex interactions between the
antenna and the surrounding tissues, which can differ based on factors like tissue
thickness and the antenna’s exact placement within the body. As a result, accu-
rate predictions of the antenna’s performance in practical applications require a
detailed understanding of the antenna’s position within the body and the specific

characteristics of the surrounding tissue.

2.7 Methodology for Designing Implantable An-
tennas

To simplify the design process and facilitate tracking easier, the authors in [7§]
created a clear Methodology for developing implantable antennas, as shown in Fig-
ure[2.2] This Methodology helps ensure a smooth and accurate development process,
beginning with the identification of the target application. The Methodology con-

sists of three main steps:

e Step 1
The first step involves selecting an appropriate frequency band, such as MICS,
ISM, or MedRadio, based on application needs like data rate, power efficiency,
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and regulatory compliance. Next, key design parameters, including radiation
pattern, size, and specifications, are defined to ensure compatibility with the
implantable device’s environment. A homogeneous phantom is then created,
with its type and size tailored to the application and implantation depth,
providing a realistic test model. The antenna is inserted into the phantom,
and simulations are conducted using software such as ANSYS HFSS (High
Frequency Structure Simulator), which is based on the Finite Element Method
(FEM), or CST Studio Suite (Computer Simulation Technology), which uses
the Finite Difference Time Domain (FDTD) technique. If the simulated return
loss (S11) exceeds —15dB, the design proceeds to the next step. Otherwise,
the design parameters must be manually adjusted and re-simulated to meet

the desired performance criteria.

Step 2

Safety is a critical consideration for implantable antennas due to their prox-
imity to the human body. Regulatory organizations, such as the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) and IEEE, have
established Specific Absorption Rate (SAR) limits to prevent tissue heating
caused by electromagnetic radiation. To ensure compliance with these SAR
limits, the Effective Isotropic Radiated Power (EIRP) of Implantable Wireless
Medical Devices (IWMDs) must be carefully controlled to minimize radia-
tion exposure and avoid interference with nearby radio systems. For example,
antennas operating in the ISM and MedRadio bands must adhere to EIRP
standards of —20dB and —16 dB, respectively.

In this step, the implantable antenna is integrated into a heterogeneous phan-
tom, representing a human body model. Two key metrics are evaluated: first,
the return loss (S1;) must be below —15dB, and second, the SAR values must
remain below the specified safety thresholds. If these conditions are met, the
design progresses to the final step. Otherwise, the design parameters must
be adjusted, and the antenna resimulated to meet performance and safety

standards.
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e Step 3
Once optimised through simulations in both homogeneous and heterogeneous
human models, the antenna is ready for fabrication and measurements. The
fabrication of small vias is achieved through precision micro-drilling tech-
niques, utilising laser technology. This method, known as Plated Through
Hole (PTH), involves drilling holes through the entire PCB to connect the top
and bottom copper layers. A key advantage of PTH is its enhanced reliability
and durability, ensuring stable electrical connections. Copper plating inside
the vias forms a strong, conductive link between layers, reducing the risk of
open circuits or intermittent failures. Ensuring accurate hole tolerance is es-
sential for proper component placement. Typically, the hole diameter should
be 0.16 mm larger than the lead diameter to accommodate tolerances, drill

wear, drill misalignment, and variations in plating.

Before measuring the S-parameter S;; of an antenna using a vector network
analyzer (VNA), calibration is essential to ensure accurate results and elim-
inate errors such as cable losses and impedance mismatches. This process
typically involves using a calibration kit with known standards (open, short,
and load) or, in more advanced setups, a thru-reflect-line (TRL) method. Cal-
ibration compensates for imperfections in the measurement setup, ensuring
that only the antenna’s intrinsic performance is evaluated. Once the calibra-
tion is complete, a 50-ohm coaxial cable is used to connect the antenna to
the VNA, which then measures the S-parameter S7; to assess the antenna’s

impedance matching. The next phase involves assessing the antenna’s gain

within a SATIMO chamber.

In this thesis, in vitro testing was used, referring to experiments conducted
outside a living organism using models that simulate biological conditions.
These tests commonly involve materials like saline solution or minced pork.
Since direct implantation into the human body poses risks, antennas are first
tested in these body-like phantoms to ensure safety and effectiveness before
clinical use. Saline solution and minced pork offer distinct advantages for

testing. Saline solution is homogeneous and easy to prepare, making it a con-
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Figure 2.2: A structured protocol for designing and implementing implantable an-
tennas.

venient choice. In contrast, minced pork is heterogeneous, with an asymmetric
tissue distribution, providing a more realistic approximation of human body

conditions.

2.8 Literature Review on Antenna Designs

Many studies have focused on different shapes, designs, and types of implantable
antennas to overcome the challenges of operating within the human body. These de-
signs aim to improve size, impedance matching, radiation efficiency, and bandwidth
for reliable operation in complex biological environments. This review highlights
recent developments in implantable antennas, focusing on various designs, mate-
rials, and techniques that enhance their performance and adaptability to medical

applications. The primary categories of existing implantable antennas are as follows.
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2.8.1 Planar Antenna

Planar antennas are flat or nearly flat structures fabricated on planar substrates,
making them a popular choice for various applications due to their compact design
and ease of integration into devices. Their low-profile construction is particularly
advantageous for implantable systems as it allows seamless placement against tissue
surfaces or within medical devices. Planar antennas can be further classified into

rigid and flexible designs as follows:

2.8.1.1 Rigid Planar Design

These antennas maintain a rigid, flat structure and are commonly used when the im-
plantation site offers a flat or slightly curved surface. Although they are less adapt-
able to irregular geometries found within the human body, rigid planar antennas
provide high structural stability and are easier to fabricate with precise dimensional
control. Numerous designs in this category have been developed to achieve a wide
bandwidth while maintaining a compact size [1110]. In [1], a coupled loop antenna
was developed to achieve a wide bandwidth of 74.1% when embedded in muscle
tissue, addressing the detuning issues common in such environments, as shown in
Figure [2.3] The design incorporates inner and outer loops with printed capacitive
elements, which enhance its performance. The planar antenna measures 30 x 16 x 0.5
mm (240 mm?) and is constructed using Rogers RO4350B, a substrate with a thick-
ness of 0.5 mm and a dielectric constant of 3.48. To minimize energy loss, a ceramic
superstrate layer is added, which features a height of 0.5 mm, a high dielectric con-
stant of 9.9, and a low loss tangent of 0.0001. This antenna design achieves a gain
of —23.19 dBi, attributed to reduced power dissipation in surrounding tissues. The
Specific Absorption Rate (SAR) is measured at 177 W /kg with 1 W input power,
allowing a maximum safe transmission power of 9.03 mW, in compliance with IEEE
safety standards.

The square antenna design presented in [2] is shown in Figure 2.4 By incor-
porating slots in the patch plane and employing a shorting technique, the overall
antenna size, including the superstrate, was reduced to 9.8 x 9.8 x 1.27 mm (121.97

mm?), while maintaining efficient operation at 2.4 GHz. The use of a slotless ground
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contributed to improved impedance bandwidth and axial ratio (AR) bandwidth.

Simulations revealed an impedance bandwidth of 21.5% (for a 10 dB return loss)

and an AR bandwidth of 15.8% (within the 3 dB criterion). This antenna design

achieves a gain of —33 dBi.

In 3], a capacitance-loaded wideband implantable antenna is presented. The

design achieves a volume of 99.7 mm? and offers an impedance bandwidth of 20.5%,
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3]

ranging from 2.17 GHz to 2.69 GHz. As shown in Figure[2.5] the antenna’s geometry
features a circular patch radiator with a square patch removed from its center, where
the side length denoted as l;. Meander line elements are incorporated at the center
of the radiator, and two groups of slots are placed along the right and bottom edges
to minimize the antenna’s overall size. The design uses a Rogers 3010 substrate with
a dielectric constant (e,) of 10.2. The antenna achieves a gain of —26.4 dBi.

In , a wideband coplanar waveguide-fed antenna is introduced for body-implantable
applications, as shown in Figure 2.6 The antenna has dimensions of 16 x 16 x 0.275
mm (70.4 mm?) and operates at a resonant frequency of 2.4 GHz. It achieves a
broad fractional bandwidth of 88.6% (1.35-3.5 GHz) while maintaining a low-profile
structure. The wideband performance is attributed to the use of an asymmetric
complementary split-ring resonator, which enables multiple mode excitations. Fur-
ther miniaturisation and enhanced impedance matching are accomplished through
the integration of asymmetrical arc-shaped annular ring slots within the primary
radiator. This antenna design achieves a high gain of —16.5 dBi.

In , an implantable antenna designed for the 2.4 GHz ISM band is presented.

The antenna has a circular radiator with four L-shaped slots and a shortening pin,
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which allows for circular polarization, as shown in Figure To enhance perfor-
mance, rectangular cross-cut slots are etched into the ground plane, improving both
the impedance and the axial ratio (AR) bandwidths. The test results demonstrate
an impedance bandwidth of 2.25-2.78 GHz and an AR bandwidth of 2.32-2.63 GHz.
The antenna occupies a total volume of 63.8 mm?. Miniaturisation is achieved us-
ing Rogers 3010 material (¢, = 10.2, tand = 0.001), applied as both substrate and
superstrate, each with a thickness of 0.635 mm.

In @, the design of a dual-band spiral antenna is presented, as illustrated in Fig-
ure[2.8] This antenna operates in the MICS band at 403 MHz and the ISM band 2.45
GHz, with a total volume of 59.5 mm?. To validate its performance, measurements
were conducted in a saline solution formulated to replicate the dielectric properties
of human muscle tissue. The antenna achieves peak gains of —33 dBi at 403 MHz
and —16 dBi at 2.45 GHz. Additionally, the fractional bandwidths are 18.4% for
the 403 MHz band and 40.8% for the 2.45 GHz band. The design utilizes a Rogers
RT/duroid 6010 substrate with a dielectric constant (e,) of 10.2 which reduces the

physical size of the antenna by shortening the wavelength within the structure.
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In m, the antenna has a circular shape with a volume of 39.3 mm?®, as shown
in Figure [2.9] Two rectangular slots were introduced into the patch to increase
the electrical length of the antenna, which aids in miniaturisation by lowering the
resonant frequency. The antenna geometry was optimized to resonate at 2.4 GHz.

The design was fabricated using Taconic RF-35, a low-loss, biocompatible PCB
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material with a dielectric constant (e,) of 3.5 and a loss tangent (tand) of 0.0018.
Both simulation and measurement results demonstrated similar 10-dB impedance
bandwidths of 13.8% and 14.9%, respectively. The antenna also achieved a peak
realized gain of —20.75 dBi and a radiation efficiency of 0.24%.

In , the antenna design incorporates a two-section spiral-shaped radiating
patch combined with a slotted ground plane, as shown in Figure [2.10] This configu-
ration achieves an ultra-wideband performance of > 84% and a volume of 28.85 mm?.
The design is optimized to address detuning issues caused by variations in implanta-
tion scenarios or interactions with nearby device components such as batteries and
circuits. The antenna employs a Rogers RO6010 laminate for both the substrate
and the superstrate, materials known for their high relative permittivity (e, = 10.2)
and low loss tangent (tand = 0.003). These layers have standard thicknesses of
0.635mm and 0.127 mm, respectively, aiding in miniaturisation while maintaining
high performance.

The designs proposed in []g[] demonstrate dual-band functionality, operating at

915 and 2450 MHz. A characteristic of the antenna is its compact size, with a volume
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of 24mm? (8 x 6 x 0.5mm3). A meandered line slotting technique was applied to
the patch to achieve size reduction, and a full ground plane was used to simplify the
design, as shown in Figure [2.11 The antenna exhibits gains of —28.5 dBi at 915
MHz and —22.8 dBi at 2450 MHz. Both the substrate and the superstrate are made
from Rogers RT/duroid 6010, a material with a relative permittivity of ¢, = 10.2, a
loss tangent of tand = 0.0023, and a thickness of A = 0.25 mm.

The study in [10] introduces a multiband spiral-shaped implantable antenna
designed to operate across various frequency bands, including 403 MHz (MICS),
433 MHz (ISM), 1600 MHz (midfield), and 2450 MHz (ISM). The antenna has
a compact size of 17.15mm? (7mm x 6.5mm x 0.377mm), achieved by using a
spiral-shaped radiator with symmetrical arms and an open-ended slot in the ground
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plane, as shown in Figure[2.12] The design exhibits realized gains of —30.5 dBi, —30
dBi, —22.6 dBi, and —18.2 dBi at 402 MHz, 433 MHz, 1600 MHz, and 2450 MHz,
respectively. To assess its biotelemetry capabilities, a wireless communication link
budget was calculated, supporting data rates of 7 kb/s and 100 kb/s. The antenna
substrate and superstrate are made from Rogers RT /duroid 6010, a material with a
dielectric constant of £, = 10.2 and a loss tangent of tan 6 = 0.0035, with thicknesses
of 0.25 mm and 0.127 mm, respectively.

The study in presents a compact dual-band antenna designed for implantable
applications in the ISM bands at 915 MHz and 2.4 GHz. The antenna has a small
form factor of 6 x 6 x 0.25mm? and offers wide bandwidths of 12.6% and 12.8% at
the respective frequency bands. It delivers comparatively high gains of —21.8 dBi at
915 MHz and —19.2dBi at 2.4 GHz, making it well-suited for use in implantable envi-
ronments. The antenna’s performance was assessed in both healthy and adenocarcinoma-
affected tissues. To validate the simulated results, a prototype was fabricated and
tested in minced pork tissue, which closely mimics real biological conditions. Com-
parative analysis with recent literature confirms the proposed antenna’s effectiveness
in terms of compactness, bandwidth, and gain, as shown in Figure [2.13

The study in presents a compact ultra-wideband (UWB) implantable an-
tenna intended for scalp-based biomedical applications within the 2.4-2.48 GHz ISM
band. The antenna is realized on a 0.1 mm thick Liquid Crystal Polymer (LCP)

Rogers ULTRALAM substrate and superstrate, selected for its low loss tangent
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Figure 2.14: (a) Geometry structure of the antenna; (b) Simulation of the | S| .

(tand = 0.0025), relative permittivity (e, = 2.9), flexibility, and biocompatibility.

The design occupies a small volume of 9.8 mm? (7 X 7 x 0.2mm?) and incorporates

a shorting pin along with both open- and close-ended slots to facilitate miniaturiza-

tion, improve impedance matching, and expand bandwidth. The antenna demon-

strates a wide impedance-matched bandwidth of 1038.7 MHz and a peak gain of

—20.71 dBi, making it suitable for implantable use, as illustrated in Figure [2.14]

The antennas presented in [1-8] are not suitable for leadless cardiac pacemaker
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(LCP) devices due to their larger dimensions compared to commercially available
LCPs like Nanostim (42 mm x 5.9 mm) and Micra (25.9 mm x 6.7 mm). Although
some compact antenna designs have been introduced in the literature, they exhibit

limited bandwidth performance, as reported in [9,/10].

2.8.1.2 Flexible Antenna Design

These antennas are designed to bend or flex along curved surfaces, making them
ideal for applications where the antenna must adapt to the contours of the im-
plantation site, such as around cylindrical or irregularly shaped organs. Conformal
designs improve comfort and compatibility with the surrounding biological environ-
ment while maintaining effective performance. Numerous conformal antenna designs
have been proposed to achieve broad bandwidth characteristics. For example, in [13],
a wideband antenna is proposed for MIMO applications, which enhances real-time
communication by supporting high channel capacity while mitigating frequency de-
tuning effects. The design is achieved using folding and meandering techniques, as
shown in Figure[2.15] This MIMO configuration, consisting of two antenna elements,
operates in the 0.61-1.51 GHz range, providing a fractional bandwidth (FBW) of
84.91%. The antenna achieves a maximum gain of —30.4 dBi and ensures a high
isolation level greater than 20 dB, minimizing mutual coupling between elements.
The specific absorption rate (SAR) is 0.0202 W /kg at a transmission power of —16
dBm, and the link margin (LM) is 20 dB at a distance of 2 meters. The antenna
has volume of 30.5 x 15 x 0.04mm = 18.3 mm?.

In [14], an ultra-wideband conformal capsule antenna with a volume of 18 mm?
is designed for use in biomedical systems. The antenna employs a compact slotted
planar microstrip structure, fed by a coplanar waveguide, and is constructed from
flexible materials to ensure it conforms to the capsule’s shape, as shown in Fig-
ure [2.16] Operating within the 2.45-2.48 GHz ISM band, it achieves ultra-wideband
performance with a bandwidth of 108.9%. Despite its compact size, the antenna

ensures radiation safety and achieves a gain of —25.4 dBi at 2.45 GHz.

44



Wa_We;

Ws

S-parameters (dB)

) Frequency (GHz)

(@) [Ls=3c.5,ws=15,1=0.618,2=11.088, 3= 1.594, |(b)
L4 =12.799, L5 =14.499, L6 = 14.585, L7 = 30.87, W1 =
1,585, W2 =1.585, W3 =2.9,W4 =1.5625, W5 =2.5, W6 =
1.4875, and R = 0.6 (unit: mm).

Figure 2.15: (a) Geometry of the antenna structure; (b) Simulated |Si;| response
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Figure 2.16: (a) Geometry of the antenna structure; (b) Simulated |Si;| response

14].
2.8.2 3D Antenna Type

In [15], a 3D implantable MIMO antenna is proposed to operate at 915 MHz and
2.45 GHz, both within the ISM frequency bands. The antenna features a meandered
geometry with capacitive regions between the meandered arms and a partially slotted
ground plane to maintain compact overall dimensions, as shown in Figure Its
total volume is 118.75 mm?® (5 x 5 x 4.75 mm). MIMO channel parameters and
safety assessments indicate favorable performance. Each antenna element exhibits
peak specific absorption rate (SAR) values of 306.19 W /kg at 915 MHz and 252.36
W/kg at 2.45 GHz. The antenna is designed for high-speed data transmission,

supporting a bit rate of 120 Mb/s and communication distances of up to 8 meters
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Figure 2.17: (a) Geometry structure of the antenna; (b) Simulation of the | S| .

at 915 MHz and 5.2 meters at 2.45 GHz.

2.9 Summary

This chapter has outlined the key aspects of implantable antenna design, providing
a structured foundation for understanding this complex field. It began by dis-
cussing essential requirements and standards, with an emphasis on safety, power
constraints, and accurate modeling. The influence of human tissue properties—such
as conductivity and permittivity—on antenna performance was also examined. A
solid theoretical basis was established to support the designs and analyses presented
in later chapters.

Evaluation methods and techniques were introduced to ensure accurate perfor-
mance assessment, and a step-by-step methodology was provided to guide the design
process. Finally, the literature review highlighted prior research and key contribu-
tions in this area. Overall, this chapter equips the reader with the necessary knowl-
edge and tools to explore implantable antenna design in greater depth, setting the

stage for the more advanced topics covered in subsequent chapters.
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CHAPTER 3

Compact Antenna With Broadband Wireless Biotelemetry for

Future Leadless Pacemakers

This chapter introduces a wideband antenna tailored for next-generation leadless
cardiac pacemakers (LCPs). Designed to overcome detuning challenges, the antenna
offers a wide bandwidth, improving channel capacity and enabling the integration of
advanced features in LCPs. The complex properties of the human body and the in-
teraction between implantable antennas and electronic devices often cause detuning
effects. To mitigate these issues, a broad bandwidth is critical for maintaining stable
performance. With a compact volume of 9.44 mm?, the antenna achieves a band-
width of 3.39 GHz, resulting in a fractional bandwidth (FBW) of 138%. It covers
a wide frequency range from 0.76 to 4.15 GHz, encompassing ISM bands at 0.869,
0.915, and 2.45 GHz, the WMTS band at 1.4 GHz, and the midfield band at 1.6
GHz. Simulations performed on a homogeneous phantom (HP) representing heart
tissue show antenna gains of —32.4, —27.94, and —19.8 dBi at frequencies of 0.915
GHz, 1.4 GHz, and 2.45 GHz, respectively. Furthermore, the antenna demonstrates
low Specific Absorption Rate (SAR) values in a full-body model (FBM), well below
the safety limits of 1.6 W /kg for 1 g of tissue and 2.0 W /kg for 10 g of tissue. A link

budget analysis, conducted at a data rate of 10 Mbps, assesses the telemetry range.
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Experimental measurements of the antenna in minced pork tissue closely match the

simulation results, confirming the practical performance of the antenna.

3.1 Introduction

Recently, the demand for miniaturized antennas in implantable medical devices
(IMDs) has surged, particularly for wireless biotelemetry applications. Among these
devices, pacemakers are crucial for monitoring and regulating heartbeats. However,
traditional pacemakers (TP) face significant challenges related to transvenous leads,
which can lead to serious complications, including infections. Studies reveal that
approximately 1 in 14 patients experience lead-related complications, contributing
to a mortality rate of 20% among those affected [79]. To overcome these critical
issues, leadless cardiac pacemakers (LCPs) offer a promising solution for wireless
pacing [80]. LCPs bring several advantages, such as cost-effectiveness, reduced in-
vasiveness, and improved efficiency. These innovative devices are implanted directly
into the heart, as depicted in Figure|3.1] and rely on implantable antennas to facili-
tate remote monitoring by healthcare providers using smartphones and computers.
Despite their potential, the design of compact antennas for LCPs is not without chal-
lenges. The limited space available and the need for wideband performance make
this task complex. Deep tissue placement introduces additional obstacles, including
propagation losses in cardiac tissue that can attenuate RF signals. Therefore, care-
ful antenna design is essential, focusing on optimal frequency selection and improved
radiation efficiency. Furthermore, variations in human tissue properties due to age
and changes in the implantation site add layers of complexity that designers must
navigate. By addressing frequency detuning related to these variations and increas-
ing the bandwidth of implantable antennas, channel capacity can be significantly
improved. A wider bandwidth translates into higher data rates, which are crucial
for integrating advanced features into LCPs. As technology advances, further de-
velopments in leadless pacing will undoubtedly require enhanced data transmission
capabilities to support dynamic device programming and improved monitoring [81].

Ultra-wideband antennas offer an effective approach to optimizing LCP battery life
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Figure 3.1: The architecture of the leadless cardiac pacemaker and its components.

through intermittent data transmission, activating only when necessary. These in-
novations have the potential to greatly enhance adaptability and patient outcomes.
However, achieving a wide bandwidth while maintaining a compact antenna size
remains a pressing challenge. Successfully addressing this issue could lead to signif-
icant advancements in the design of implantable antennas for LCPs, allowing us to
strike a vital balance between miniaturisation and performance .

Various implantable antenna designs have been proposed to achieve wide band-
width while ensuring compact antenna size ,. In , coupled small loop
antennas are utilized to achieve a wide bandwidth of 74.1%. Capacitance loading
techniques are employed in to obtain a bandwidth of 20.5%. Similarly, meta-
materials are used in [4] to achieve a wide bandwidth of 88.6%. The ground plane
is truncated in HEI] to attain a bandwidth of 40.8%. In another study 7 the au-
thors utilized a spiral-shaped patch and a high permittivity substrate to achieve
a bandwidth of 84% thanks to the inductive nature of the spiral structure. How-
ever, the antennas presented in ,,|§|, are not suitable for LCPs due to their
larger dimensions compared to commercially available LCPs such as Nanostim (42
mm X 5.9 mm) and Micra (25.9 mm x 6.7 mm). More compact antenna designs

have been reported in the literature, but they often suffer from narrow bandwidths.
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For instance, in [7], an antenna with a volume of 39.3 mm?® with a bandwidth of
14.9% was designed. Similarly, in [9], an antenna with dimensions of 24 mm? and a
bandwidth of 8.57% is introduced. In another study [10], the authors presented an
antenna with dimensions of 17.15 mm?, operating at 2.45 GHz with a bandwidth of
9%. The authors in [84] presented a spiral-shaped antenna with a volume of 6 mm?3,
operating at 2.4 GHz and achieving a bandwidth of 21.8%. Finally, |[85] introduced
an antenna with a volume of 10.66 mm? and a bandwidth of 131.6%, overcoming
the issue of narrow bandwidth seen in other compact designs.

This research introduces an innovative implantable antenna tailored for next-
generation leadless pacemakers, addressing current limitations through its compact
size and wide bandwidth. With a volume of just 9.44 mm?, it stands as one of the
most compact implantable antennas documented to date. In particular, it achieves a
fractional bandwidth of 138%, which is significantly higher than the leading designs
in the field. The extended bandwidth supports high-speed data transmission and ad-
vanced pacemaker functions, while improving resistance to detuning caused by tissue
variations, ensuring reliable in-body communication. According to the Shannon-
Hartley theorem (Equation [3.1)), channel capacity (C')—the maximum achievable
data rate—is directly proportional to bandwidth (B) and the signal-to-noise ratio
(SNR):

C = B x log,(1 + SNR) (3.1)

A broadband antenna, such as the one proposed, enhances channel capacity (C),
particularly under high signal-to-noise ratio (SNR) conditions, making it ideal for
modern pacemaker systems. This performance results from several advanced design
strategies, including expanded ground plane slots, a U-shaped slot, additional rect-
angular slots on the radiating patch, and an inductive shorting pin. To the best
of our knowledge, this design sets a new benchmark in fractional bandwidth while

maintaining compact physical dimensions relative to the guided wavelength.
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3.2 Methodology

3.2.1 Antenna Design

The detailed geometric model of the proposed antenna, with dimensions of 6.2 mm
X 6 mm x 0.254 mm (9.44 mm?®), is shown in Figure 3.2l These dimensions are
specifically designed to ensure that the antenna fits within a commercial leadless
pacemaker. The radiating patch is rectangular and features a prominent U-shaped
slot in its center. A shorting pin with a radius of 0.1 mm is positioned at one corner
of the patch. In addition, several rectangular slots are placed along the edges of the
patch, as shown in Figure (a). On the opposite side of the patch, a ground plane
with a series of enlarged slots is incorporated, as shown in Figure [3.2|b). To achieve
wideband performance while maintaining a compact design, reactive loading tech-
niques are employed [86]. These design choices specifically address the requirements
for deep tissue placement, especially for leadless pacemaker applications, as dis-
cussed in the following subsection. The antenna is fabricated using Rogers RO3003
material, which has a loss tangent (tand) of 0.0010 and a dielectric constant (g,.) of
3. Both the substrate and the superstrate have a thickness of 0.127 mm, in accor-
dance with standard Rogers material specifications. Figure [3.2(c) provides a side
view of the antenna, which is fed through a coaxial connector with a characteristic

impedance of 50 Ohms.

3.2.2 Design Evolution

Figure (a) illustrates the step-by-step progression of the proposed antenna design,
divided into six distinct steps. A detailed comparison of the S-parameter (Si;) is
provided in Figure (b) The primary objective of this design is to achieve a wide
bandwidth while maintaining a compact size.

The design process begins with Step 1, where a rectangular patch antenna with
a complete ground plane is introduced, featuring a large U-shaped slot at the cen-
ter and fed by a coaxial connection. The U-slot introduces both capacitance and
inductive loading, which alters the electric field distribution. According to coupled

mode theory, these modifications create additional resonant points that expand the
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Figure 3.2: The configuration of the proposed implantable antenna is depicted with
(a) front, (b) back, and (c) side views (dimensions in mm).

bandwidth [87]. In this initial configuration, the bandwidth ranges from 4.5 to 7.7
GHz.

In Step 2, a shorting pin is introduced in the top right corner, linking the patch
to the ground plane (which remains unchanged). This shorting pin acts as a lumped
inductor, modifying the current distribution and introducing a new low-frequency
resonance around 1.95 GHz, resulting in a dual-band response [88,89]. However, the
impedance matching at this new resonance is suboptimal, resulting in a narrowband
response at 1.95 GHz.

In Step 3, several rectangular slots are added to the patch—one at the bottom
and four at the corners. In addition, the original U-shaped slot is modified to include
rounded cuts on both sides. These structural adjustments fine-tune the resonant
modes and increase capacitive loading, facilitating the addition of resonances and
broadening the impedance bandwidth via stagger-tuned resonance [90]. Each slot
enhances capacitance, disrupts current paths, and modifies the effective permittivity,
enabling resonance control without increasing the patch size. Consequently, this

results in improved impedance matching for the first band and a slight increase in
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the bandwidth of the second band.

In Step 4, a U-shaped slot is introduced into the ground plane, while the radiat-
ing patch remains unchanged. This modification initiates a series of expansions to
the ground slot, a process that continues in Steps 5 and 6. The U-shaped slot en-
hances the bandwidth by adding capacitive loading, lowering the resonant frequency,
and improving impedance matching. Additionally, it enables the ground plane to
contribute to radiation [91], thereby enhancing overall antenna performance. As a
result, the dual-band response is maintained, with the lower frequency band shift-
ing downward by approximately 500 MHz, while the higher frequency band shifts
upward by about 1.2 GHz. This leads to a broader bandwidth ranging from 3.43 to
5.8 GHz.

In Step 5, the U-shaped slot in the ground plane is further enlarged, modifying
the antenna’s effective dielectric constant. This modification lowers the resonant
frequency and enhances impedance matching over a wider frequency range. The
impact on antenna performance is significant, as illustrated in the Si; plot (purple
line). Consequently, the first and second frequency bands begin to merge, resulting
in a wider bandwidth from 1.17 to 4.34 GHz.

In the final step (proposed antenna), two additional slots are introduced at the
top of the ground plane. These slots create new current paths that couple with
existing resonant modes, improving impedance matching and further widening the
bandwidth [92]. This distributed tuning approach for inductance and capacitance
stabilizes resonance points across different conditions and supports multi-band op-
eration for effective in-body medical telemetry. Ultimately, a broad bandwidth of
3.39 GHz is achieved, covering a frequency range from 0.76 GHz to 4.15 GHz. This
range effectively includes the ISM bands (0.869, 0.915, and 2.45 GHz), the WMTS
band (1.4 GHz), and the midfield band (1.6 GHz).

3.2.3 Simulation and Measurement Configuration

The proposed antenna design was successfully simulated using the HFSS simula-
tor, demonstrating its potential for use in essential medical devices. It is housed
inside an LCP capsule that has been carefully sized to match the commercial Mi-
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Figure 3.3: (a) Evolution of design adjustments. (b) |Si;| at different design steps.

cra pacemaker, which measures 25.9 mm in length and 6.7 mm in diameter. The
LCP capsule is made from biocompatible ceramic alumina (Al,O3, with &, = 9.8)
and is only 0.2 mm thick, ensuring patient safety. Inside the capsule, the antenna
is strategically positioned alongside a battery and dummy electronics, providing a
compact and practical solution for medical applications. The antenna is placed
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at a depth of 30 mm at the center of a homogeneous phantom (HP) as shown in
Figure 3.4(a), effectively simulating real-world conditions. To replicate the dimen-
sions of a typical human heart, the HP measures 120 mm x 80 mm X 60 mm,
following the guidelines outlined in [93]. The design also takes into account the
heart’s electrical properties at key frequencies of 0.915, 1.4, and 2.45 GHz—critical
for biomedical applications (915 MHz for ISM use, 1400 MHz for telemetry, and
2450 MHz for wireless communication; see Table in [94]). A radiation box was
constructed to ensure placement at a distance greater than \,/4 from the edges of
the antenna, ensuring accurate measurements [95]. Figure [3.4b) shows the antenna
integrated into a full-body model (FBM) positioned at the heart’s location, which
helps provide a realistic evaluation of its performance. Prototype antennas were
then fabricated and installed into a 3D-printed leadless pacemaker capsule, with
actual components replacing the simulated dummies for comprehensive testing, as
illustrated in Figure [3.4](c). For the measurements, the LCP was placed at the center
of a container filled with minced pork, which serves as a tissue-equivalent medium.
The antenna’s S-parameters were measured using a Keysight P5004 Vector Network
Analyzer (VNA), with high-quality cables ensuring accurate and reliable data, as
shown in Figure 3.4(d). The fabricated antenna was connected to the VNA after
undergoing standard calibration procedures (open, short, and load). These tech-
niques eliminated errors, including cable losses and connector mismatches. Once
calibrated, the VNA was set to the desired frequency range. Radiation patterns
were then measured in a SATIMO anechoic chamber, where a signal generator pow-
ered a high-gain horn antenna as the transmitter (Tx) and the proposed antenna
acted as the receiver (Rx). The Tx and Rx antennas were maintained at a constant
distance of 1 meter, as shown in Figure[3.4]e), confirming the antenna’s effectiveness

and its potential for practical use.

3.3 Performance Analysis and Discussion

The assessment of the antenna’s suitability for deep tissue applications involved a

series of detailed analyses. This process included simulations conducted in both a

95



Table 3.1: Dielectric Properties of Heart Tissue at Various Frequencies

Phantom Frequency Conductivity Relative

type (GHz) (S/m) permittivity

0.915 1.2378 59.796

HP 1.4 1.5132 57.538
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Figure 3.4: The setups are illustrated as follows: (a) Homogeneous phantom (HP),
(b) Full body model (FBM), (c) Fabricated prototypes, (d) Setup for S-parameter
measurements, and (e) Setup for gain measurements (dimensions in mm).

homogeneous phantom and a full-body model, followed by experimental validation

using a tissue-simulating medium.

3.3.1 Bandwidth Characteristics

In antenna design, bandwidth represents the frequency range over which the antenna
operates efficiently, maintaining critical performance metrics such as impedance
matching, gain, and radiation efficiency. For implantable antennas, achieving a wide
bandwidth is paramount to ensuring reliable functionality under varying conditions,
such as tissue property changes, implantation depth, and surrounding environmen-

tal factors. Figure illustrates the S-parameter (S;;) for the proposed antenna
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under various scenarios, both with and without LCP capsule. The antenna exhibits
a broad bandwidth and excellent impedance matching across all intended frequency
ranges. The recorded bandwidths are 3.39 GHz without LCP, 3.35 GHz with LCP,
3.55 GHz in the full-body model (FBM), and 3.63 GHz in measurements. The
measured S7; data indicates slightly wider bandwidths, likely due to variations in
tissue properties between. A frequency shift of approximately 0.5 GHz between the
simulated and measured results is primarily attributed to differences in the permit-
tivity of minced pork versus human heart tissue. The permittivity of minced pork
ranges from 48 to 50, with conductivity between 0.6 and 2 S/m. These variations
significantly affect the frequency shift, highlighting the importance of using accurate
tissue-mimicking materials for experimental validation. The ultra-wide bandwidth
achieved by the proposed antenna serves several critical roles in implantable ap-
plications. Biomedical environments present challenges such as frequency detuning
caused by variations in tissue properties due to age, hydration, or differences in im-
plantation sites. The wide bandwidth ensures stable communication despite these
factors. Furthermore, the antenna’s operational range (0.76-4.15 GHz) covers key
medical communication bands, including ISM (0.869, 0.915, and 2.45 GHz), WMTS
(1.4 GHz), and midfield (1.6 GHz) bands. This multi-band compatibility reduces
the need for multiple narrowband antennas, simplifying device design and enhanc-
ing efficiency. Moreover, according to Shannon’s channel capacity theorem, a wider
bandwidth supports higher data rates, which are critical for next-generation medical
devices such as leadless cardiac pacemakers (LCPs). While not all current applica-
tions require such extensive bandwidth, emerging medical technologies increasingly

demand higher data rates, making this feature vital for future innovations.

3.3.2 Radiation Patterns

The radiation pattern of an antenna represents how it radiates energy in space, high-
lighting its directionality and coverage. For implanted antennas, understanding this
pattern is vital as the properties of the tissue and depth of implantation significantly
influence the performance. As illustrated in Figure[3.6] the radiation patterns of the
proposed antenna are evaluated in different scenarios at frequencies of 0.915, 1.4,
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Figure 3.5: Analysis of the |Sj;| parameter for the proposed antenna across various
scenarios, including configurations with and without the leadless cardiac pacemaker
(LCP).

and 2.45 GHz. The findings demonstrate coverage in all directions. When LCP is
not applied, the simulated peak gains in HP at these frequencies are —32.4, —27.94,
and —19.8 dBi, respectively. However, when LCP is utilized, these gains drop to
—34.6, —31, and —20 dBi. In the same frequency range, the maximum gains for the
FBM are recorded at —22.06, —32.01, and —35.76 dBi, with corresponding measured
gains of —29.3, —25.8, and —19.4 dBi. It is crucial to recognize that the depth of
implantation greatly influences the gain of implanted antennas [96]. Additionally,
the phantom size used in the simulations is larger than the one used for the mea-
surements, which accounts for the observed slight difference, with the simulated gain
values being somewhat lower than the measured ones. The radiation patterns in the
H-plane exhibit exceptional stability across the evaluated frequencies. This stability
is attributed to the antenna’s inherent impedance matching over the operational
bandwidth. Variability in tissue properties, such as changes in dielectric constant

or conductivity across different layers, has minimal impact on the H-plane pattern
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due to the inherent impedance stability of the antenna in the specified operational
bandwidth. More specifically, key design elements of the antenna, such as specific
slot configurations and the short pin, improve impedance matching, thus reducing
the effects of detuning and minimizing pattern distortion across a wide range of
frequencies.

Moreover, the current distribution analysis across the patch shows that the cur-
rent paths contributing to the H-plane radiation remain relatively constant at the
targeted frequencies. Therefore, tissue types primarily affect the E-plane patterns,
where asymmetry in tissue distribution is more pronounced, especially at the front
and back of the antenna. The simulated and measured patterns were validated un-
der a range of tissue conditions and operational depths, confirming the robustness
of the design against environmental variability.

As expected, the radiation patterns do not exhibit a perfectly omnidirectional
pattern in both the E- and H-planes, which is theoretically unachievable for practi-
cal antennas—especially in compact, implantable scenarios. However, the patterns
demonstrate approximately omnidirectional behavior, which is suitable for biomedi-
cal applications where antenna orientation cannot be controlled. It’s also important
to note that the radiation plots use a scale from —60 dB to —30 dB, which compresses

the range and makes the patterns appear more uniform than they actually are.

3.3.3 Surface Current Distributions

The surface current distribution on an antenna describes how electric currents flow
across its surface when excited by an input signal. These currents play a crucial role
in the generation of electromagnetic fields responsible for radiation. Analyzing their
distribution is essential to understanding the efficiency and radiation characteristics
of the antenna. Figure [3.7[(a)—(c) illustrate the surface current distributions on the
antenna patch at frequencies of 0.915 GHz, 1.4 GHz, and 2.45 GHz, respectively.
At 0.915 GHz, as shown in Figure [3.7(a), the surface currents exhibit a consistent
flow, starting from the feed port. The strongest current intensity is observed on
the right side of the radiating patch. At 1.4 GHz, as shown in Figure 3.7(b), the
current distribution shifts, with notable changes along the line near the port and
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Figure 3.6: Far-field patterns at frequencies of (a) 0.915 GHz, (b) 1.4 GHz, and (c)
2.45 GHz. Table 3.2: Maximum SAR and Maximum Allowable Power

Phantom Frequency SAR MAP SAR MAP

type (GHz) ~ W/kg (1g) (mW) W/kg (10g) (mW)
0.915 262.8 6.08 54.6 36.6
FBM 1.4 378.1 4.23 40.3 49.6
2.45 556.9 2.87 315 63.5

the shorting pin. The current paths are longer than those at 0.915 GHz, with
significant current build-up observed on both sides of the patch. At 2.45 GHz, as
shown in Figure 3.7)(c), the surface current distribution resembles that at 1.4 GHz
but with slightly shorter current paths. These currents follow extended routes along
the patch, which contributes to the compact design of the antenna while supporting
efficient radiation. The changes in current distribution across frequencies reflect the
antenna’s multi-frequency operation and its ability to maintain stable performance

within a compact form factor.
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Figure 3.7: Current distribution on the patch at frequencies of (a) 0.915 GHz, (b)
1.4 GHz, and (c) 2.45 GHz.
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Figure 3.8: SAR values at frequencies of (a) 0.915 GHz, (b) 1.4 GHz, and (c) 2.45
GHz.

3.3.4 Specific Absorption Rate Distribution

The Specific Absorption Rate (SAR) quantifies the amount of electromagnetic en-
ergy absorbed by biological tissue when exposed to radiofrequency fields. To comply
with safety standards, SAR values must not exceed 1.6 W/kg for 1 gram of tissue
and 2 W/kg for 10 grams of tissue, as outlined in relevant health guidelines [33].
In the simulations conducted, the SAR levels within the FBM and the maximum
allowed power (MAP) were evaluated. Initially, an input power of 1 W was applied
to facilitate comparison with previous studies, However, this resulted in SAR values
that exceeded safety limits: greater than 1.6 W/kg for 1 gram of tissue and greater
than 2 W /kg for 10 grams of tissue. Figure a)—(c) illustrate SAR values at fre-
quencies of 0.915, 1.4, and 2.45 GHz, with the highest SAR value of 556.9 W /kg
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recorded at 2.45 GHz for 1 gram of tissue, which corresponds to a MAP of 2.87 mW.
To meet safety regulations, an input power of —16 dBm was selected according to
the European Research Council’s guidelines [97]. This input power level ensures
compliance with SAR limits while minimizing electromagnetic interference (EMI)
with surrounding wireless devices, thereby preventing disruptions in multi-device
environments. The SAR and MAP values for the antenna are summarized in Ta-
ble[3.2] Under an adjusted input power of —16 dBm, the SAR values for the antenna
were measured as 0.0066 W /kg at 0.915 GHz, 0.0095 W /kg at 1.4 GHz and 0.0140
W /kg at 2.45 GHz. These values are significantly lower than the safety thresholds
of 1.6 W/kg and 2 W/kg, confirming that the antenna SAR levels are within the

safe limits for human exposure.

3.3.5 Link Budget Analysis

The performance of the proposed implantable antenna is evaluated using the link
budget framework detailed in Chapter 2, Section 2.6.1.4. This method assesses the
received power at the external device by accounting for transmission power, antenna
gains, propagation losses, and receiver sensitivity. A key metric derived from this
framework is the link margin (LM), which reflects the difference between the received
power and the minimum receiver sensitivity. For reliable communication, a positive
link margin is essential, with a typical design target of at least 20 dB.

In this study, a bit rate of 10 Mbps is assumed. The implantable antenna func-
tions as the transmitter, while the external receiver is modeled as an ideal half-
wavelength dipole antenna with a gain of 2 dBi. The transmission power is set to
—16 dBm, adhering to SAR safety requirements (see Section 2.4.1). The antenna
exhibits directional gains of —32.4 dBi, —27.94 dBi, and —19.8 dBi at operating
frequencies of 0.915 GHz, 1.4 GHz, and 2.45 GHz, respectively.

For this analysis, losses due to polarization mismatch and impedance mismatch
are excluded, given the antenna’s effective matching. All link budget parameters
used in the calculations are summarized in Table 3.3

As shown in Figure the proposed antenna achieves maximum communication
distances of approximately 12 m, 14 m, and 21 m at 0.915 GHz, 1.4 GHz, and
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Table 3.3: Link Budge

t Parameter Analysis

Signal power

Varaibale Parameter value Unit
Transmitter Side
P, Transmitted power —16 dBm
f Frequency 915, 1400, 2450 MHz
Gy Antenna gain —32.4, —27.94, —19.8 dBi
Propagation medium
Ly Path loss Variable dB
Receiver Side
G, Receiver antenna gain 2 dBi
Noise power
N, Noise power density —203.93 dBm/Hz
T Temperature 273 Kelvin
K Boltzmann constant 1.38 x 10723 J/K
Signal quality
B, Bit rate various Mbps
BER Bit error rate 1x107° -
Ey/N, Ideal PSK 9.6 dB
G, Coding gain 0 dB
Gy Fixing deterioration 2.5 dB

best overall performance in terms of range and link margin.
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2.45 GHz, respectively. These distances are well beyond the 1-2 m range typical
in leadless pacemaker applications, confirming the antenna’s suitability for reliable
biotelemetry. Despite higher propagation losses at 2.45 GHz, the improved antenna

gain at this frequency compensates for the increased attenuation, resulting in the

As shown in Table [3.4] the proposed antenna is evaluated alongside recent state-

of-the-art implantable antenna designs. It exhibits the smallest guided wavelength
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Figure 3.9: Link margin at 10 Mbps across different frequency bands.

and offers the broadest fractional bandwidth (FBW) compared to other implantable
antennas reported in the literature. These characteristics make it particularly well-
suited for use in pacemaker devices, where operation is required in lossy, hetero-
geneous heart tissue. To ensure a fair comparison, it is important to contextualise
the performance parameters based on the operating frequency, antenna volume,
bandwidth, gain, and SAR compliance. First, the proposed antenna operates at
1.4 GHz, which is an intermediate frequency between the MICS (0.403 GHz) and
ISM (2.4/2.45 GHz) bands. This positioning enables a balance between acceptable
tissue penetration (which improves at lower frequencies) and physical miniaturisa-
tion (which improves at higher frequencies). Designs operating at 2.4-2.45 GHz, such
as [3,5,83], tend to have inherently smaller physical sizes due to shorter wavelengths,
but suffer from higher tissue absorption and SAR values. In contrast, antennas op-
erating at lower frequencies such as 0.433 GHz and 0.915 GHz |1,[8,|13] demonstrate

superior penetration depth but require significantly larger physical volumes to main-
64



Table 3.4: Comparison of the Proposed Antenna with Previous Designs

Ret Frequency | Volume | FBW | Gain Size SAR (W/kg)
GHA) | om®) | (%) | @B) | (AP | lg 10
[1] 0.433 240 74.1 | —23.19 | 3.02 x 107! | 177.1 -
[83] 2.4 121.9 | 21.5 —33 2x 1073 486 90
3] 2.45 90.7 | 205 | —264 | 1.76x 1073 | T12.1 | -
4] 2.45 70.4 | 88.6 | —16.5 | 1.25 x 1073 | 269 -
[5] 24 63.8 16.12 | —37.3 | 1.06 x 1073 | 856.4 -
6] 2.45 59.5 40.8 —16 | 1.11 x 107* | 330.4 | 39.9
8] 0.915 28.85 84 —30.2 | 2.66 x 107° | 796.1 | 64.1
17 2.4 39.3 | 14.9 | —20.75 | 1.31 x 104 | 568.2 | 84.6
o] 2.45 24 | 857 | —22.8 | 4.26 x 10~ | 807.3 | 102.4
[13] | 0.915 18.3 | 8491 | —304 | 34x107 | - :
[10] 2.45 1715 | 9 | —18.2 |3.04x107*| 305 | 81.7
T.W 1.4 9.44 138 | —27.94 | 1.39 x 107° | 378.1 | 40.3

tain resonance and impedance matching. The proposed antenna outperforms many
of these in terms of miniaturisation, achieving a volume of only 9.44 mm3, which is
among the smallest reported, especially for frequencies below 2 GHz. Furthermore,
the proposed design achieves a fractional bandwidth (FBW) of 138%, the highest
among all compared antennas, confirming its ultra-wideband (UWB) nature as de-
fined by FCC and theoretical standards. This broad bandwidth allows for stable
performance under various detuning conditions, which is essential for implantable
applications. Although the gain of the proposed antenna (—27.94 dBi) is moderate
compared to some designs operating at higher frequencies, this is expected due to
the lossy nature of tissue and the low profile of the structure. More importantly, the

proposed antenna demonstrates strong compliance with SAR constraints, showing
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values well within the IEEE safety limits. This ensures its suitability for long-
term implantation in biomedical applications. In summary, the proposed design
presents a favourable trade-off between size, bandwidth, and safety at a mid-range
frequency. It effectively bridges the performance gap between antennas designed for
low-frequency deep-tissue penetration and high-frequency miniaturisation, offering
a balanced and practical solution for next-generation leadless cardiac pacemaker

systems.

3.4 Conclusion

A compact ultra-wideband antenna has been designed, simulated, and experimen-
tally verified for use in next-generation leadless cardiac pacemaker (LCP) systems.
The impressive performance of the antenna is attributed to innovative design el-
ements, such as enlarged slots in the ground plane, a U-shaped slot, additional
rectangular slots in the radiating patch, and an inductive shorting pin. As a result,
the antenna occupies a small volume of 9.44 mm?® and achieves a broad bandwidth of
3.39 GHz (FBW = 138%). It demonstrates antenna gains of —32.4 dBi, —27.94 dBi,
and —19.8 dBi at frequencies of 0.915 GHz, 1.4 GHz, and 2.45 GHz, respectively.
The simulation was performed within a human phantom model, and the experimen-
tal measurements were conducted in minced pork tissue. Both the simulation results
and experimental data confirm stable impedance matching, wide bandwidth, high
gain, and consistent radiation patterns. The SAR values are within the IEEE safety

limits, confirming the suitability of the antenna for LCP applications.
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CHAPTER 4

A Low-Profile Implantable Antenna for Heart Implants

This chapter presents an ultra-compact, ultra-wideband antenna specifically de-

3 and

signed for use in LCPs. The antenna has a compact dimension of 8.33 mm
achieves a —10 dB bandwidth of 4.33 GHz, resulting in a fractional bandwidth of
152.7% that spans from 0.67 to 5 GHz. It effectively facilitates communication across
a variety of critical frequency bands, such as the Industrial, Scientific, and Medical
(ISM) bands at 0.915 GHz and 2.45 GHz, the Wireless Medical Telemetry Service
(WMTS) band at 1.4 GHz, and the midfield band at 1.6 GHz. The simulation re-
sults indicate antenna gains of —31.3 dBi at 0.915 GHz, —25.8 dBi at 1.4 GHz, and
—21.9 dBi at 2.45 GHz. The antenna also demonstrates high SAR values, with a
peak of 320.4 W /kg at 0.915 GHz, 332.8 W /kg at 1.4 GHz and 464.1 W /kg at 2.45
GHz. The communication range between the implantable transmitter and the exter-
nal receiver was estimated by conducting a link budget analysis at data rates of 10
Mbps and 25 Mbps to ensure reliable wireless telemetry. A prototype was fabricated
and experimentally tested using minced pork as a tissue-equivalent medium. The

measured results showed close agreement with the simulated predictions, validating

the antenna’s performance.

67



4.1 Introduction

Recent developments in wireless biotelemetry have increased the demand for smaller
antennas intended for implantable medical devices (IMDs). One of the most crucial
applications is in cardiac pacemakers, which help improve the quality of life for in-
dividuals with bradycardia, a condition in which the heart rate is abnormally slow.
Traditional cardiac pacemakers (TCPs) are surgically implanted beneath the skin,
with leads (wires) passing through the veins to the heart. Despite their widespread
use, TCPs often face complications related to their leads, which can cause poten-
tial problems. Complication rates are reported to range between 7.76% and 12.4%
during the first 90 days, with almost half of these problems associated with lead
failure and infections. In response to these challenges, compact leadless cardiac
pacemakers (LCPs) have emerged as a promising alternative. These devices offer
advantages such as smaller size, reduced invasiveness, improved efficiency, and cost-
effectiveness. Unlike TCPs, LCPs eliminate the need for pacing leads, as the entire
device is implanted directly into the right ventricle. A key component of wireless
LCPs is the implantable antenna, which facilitates essential wireless communica-
tion, enabling remote monitoring of cardiac activity via mobile devices and digital
systems. The design of compact antennas for LCPs comes with several challenges,
including spatial limitations and the need for wideband frequency coverage. To
address this, achieving ultra-wideband properties is crucial, as it helps counteract
frequency shifts caused by the varying characteristics of human tissue. These tissue
variations can change due to factors such as age or location of the implantation. Ex-
panding the antenna’s bandwidth not only solves frequency detuning issues but also
increases channel capacity. A wider bandwidth supports higher data rates, which
are essential for advanced features in LCPs, such as faster communication speeds.
According to Shannon’s channel capacity theorem, a larger bandwidth allows for
more data to be transmitted in a given period compared to narrowband antennas.
As technology advances, leadless pacemakers will require higher data transmission
rates to support new functionalities and enhance overall device performance. For
example, real-time heart monitoring and transmission of critical data will require

faster data rates to provide timely and accurate medical assessments. In addition,
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improved data rates will allow for more sophisticated functions, such as dynamic
programming and real-time battery monitoring, which ultimately lead to better pa-
tient outcomes. However, designing antennas for LCPs presents the challenge of
balancing a broad bandwidth with the constraints of miniaturizing the antenna. Ef-
forts to make antennas smaller often come with trade-offs that can limit their ability
to cover a wide frequency range effectively.

Several designs of implantable antennas have been suggested with the goal of
achieving both wide bandwidth and compact size [1}3-6,[8,98,99]. In [1], a band-
width of 74.1% has been achieved using coupled small loop antennas. In [3], a
bandwidth of 20.5% is achieved using capacitance loading techniques. Similarly,
metamaterials highlighted in [4] attain a bandwidth of 88.6%. Utilizing two orthog-
onal slots on the ground plane, [5] achieves a bandwidth of 16.3%. Truncating the
ground plane, [6] attains a bandwidth of 40.8%. Utilising open-ended slots on both
the patch and ground achieve a bandwidth of 19.6% [99]. In [8], the combination of
a high permittivity substrate with a spiral-shaped radiator facilitates an 84% band-
width, capitalizing on the inductive characteristics inherent in the spiral geometry.
Nevertheless, the antennas discussed in [1-6,8,/99] are unsuitable for LCPs because
they are larger in size when compared to current commercial models like the Micra,
which measures 25.9 mm by 6.7 mm. Although miniaturized designs are available
in existing research, bandwidth limitations are frequently encountered. An example
from [7] illustrates an antenna with a volume of 39.30 mm?® and achieves a fractional
bandwidth of 14.90%. Another example, [9], describes an antenna measuring 24
mm? with an 8.57% bandwidth. Furthermore, [10] describes an antenna operating
at 2.45 GHz with dimensions measuring 17.1 mm?, achieving a bandwidth of 9.0%.

This work presents a novel antenna design specifically created for advanced lead-
less cardiac pacemakers (LCPs). The design addresses the shortcomings of existing
models by optimizing both size and bandwidth. With a volume of only 8.33 mm?, it
is the smallest antenna reported in the current literature. In addition to its compact
form, it achieves an impressive fractional bandwidth (FBW) of 152.7%, surpassing
the capabilities of many existing designs. This extended bandwidth supports faster

data rates, enabling the integration of advanced features in future LCPs. Key ele-
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ments contributing to this performance include strategically designed enlarged slots
in the ground plane, a C-shaped slot in the radiating patch, and the use of a via. The
main advantages of this antenna are (a) its minimal size, (b) wide bandwidth, (c)
resistance to frequency detuning, and (d) its ability to accommodate high channel

capacity.

4.2 Methodology

4.2.1 Device Architecture

The specific geometric configuration of the antenna is shown in Figure (.1 with
dimensions of 5.8 mm x 6.0 mm x 0.254 mm, resulting in a total volume of 8.33
mm?. Wideband performance is achieved by employing reactive loading techniques,
while maintaining a compact form . The antenna has a rectangular radiating
patch with a central C-shaped slot, as illustrated in Figure a). A via, located in
the bottom corner with a radius of 0.08 mm, enhances the inductive properties of the
antenna. This radius was intentionally kept below 0.1 mm to ensure proper fit and
efficiency, considering the 0.2 mm width of the metal loop at the shorting pin. The
vias were fabricated using precision laser microdrilling, a method known as Plated
Through Hole (PTH), which creates holes that extend through the entire PCB,
connecting the top and bottom copper layers. Figure (b) shows the ground plane

6

t

 C L

Figure 4.1: (a) shows the front view and (b) the back view of the proposed design,
(dimensions in mm).
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design, which incorporates enlarged slots and asymmetric circles positioned around
the center. The antenna is made of RO3003 material, with a dissipation factor (tan
) of 0.0013 and a relative permittivity (e,) of 3, and a combined thickness of 0.254
mm for both the substrate and the superstrate. The antenna is fed by a 50 ohm

coaxial feed.

4.2.2 Parametric Study

The development of the proposed antenna is structured in six progressive stages, as
depicted in Figure [4.2]a), with the results of the S-parameter (Si;) for each stage
compared in Figure (b) The primary objective is to achieve wide bandwidth
while maintaining a compact form factor.

Stage 1: The initial configuration includes a rectangular patch antenna with
dimensions of 5.8 mm x 6 mm, ensuring compatibility with commercially available
leadless cardiac pacemakers like the Micra, which measures 6.7 mm x 25.9 mm.
The design incorporates a C-shaped slot in the center of the patch, a continuous
ground plane, and a coaxial feed located near the center. This setup produces two
mismatched resonance modes at 3.3 GHz and 7.5 GHz, with Sy; values exceeding — 5
dB. The central slot generates multiple current paths, enabling dual-band operation,
which will serve as the foundation for merged resonances in subsequent stages [100].

Stage 2: The C-shaped slot on the radiating patch undergoes adjustments,
leaving the ground plane unchanged. These changes improve impedance matching,
shifting the two operating bands to 3.8 GHz and 9 GHz.

Stage 3: A C-shaped slot is added to the ground plane while retaining the
previous configuration of the patch. Simulations reveal that this addition introduces
new current paths, improving performance. The lower resonant frequency shifts by
approximately 300 MHz, while the higher band shifts by around 2 GHz. A third
resonance emerges at 1.7 GHz, with Sj; reaching —8.9 dB. The introduction of
the ground-plane slot increases capacitance, resulting in these frequency shifts and
broadening the upper bandwidth range from 5.8 GHz to 9 GHz.

Stage 4: Additional slots are introduced in the central area of the ground plane,
strategically placed based on simulation results to improve impedance matching.
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This modification shifts the first resonance to 1 GHz and merges the second and
third resonances into a single band spanning 1.9 to 5.9 GHz. These slots extend the
antenna’s effective electrical length, reducing the resonant frequencies. The addi-
tional capacitance created by these slots contributes to further downward frequency
shifts [8].

Stage 5: Building upon the adjustments in Stage 4, three asymmetric circular
features are added to the ground plane to further optimize impedance matching.
These features shift the first resonance to 0.92 GHz and adjust the second resonance.
Their placement helps refine impedance matching across the operating frequencies.

Stage 6 (Proposed Design): The final stage introduces open-ended slots and
a via to enhance reactive loading. Open-ended slots increase capacitive loading,
while a via in the bottom corner, with a radius of 0.08 mm, increases inductance.
Together, these features extend the antenna’s current path, reducing the resonant
frequency to 0.67 GHz and improving impedance matching at lower frequencies.
Simulations guided the placement of these components in regions with high current
density, maximizing their impact on performance. All geometric parameters, in-
cluding dimensions and positioning, were rigorously optimized through simulation

to ensure the highest performance of the proposed antenna.

4.2.3 Simulation and Measurement Setup

The design and analysis of the proposed antenna are carried out using HFSS sim-
ulation software. An LCP capsule, with dimensions of 25.9 mm in length and 6.7
mm in diameter, is modeled to house the antenna alongside a simulated battery
and electronic components. The capsule is made of ceramic alumina (Al,O3), a
biocompatible material with a dielectric constant (e,) of 9.8 and a wall thickness of
0.2 mm. To emulate the electrical environment of the human heart, a homogeneous
phantom (HP) is designed, measuring 120 mm X 80 mm x 60 mm. The phantom’s
properties are configured to correspond to key biomedical frequencies of interest:
0.915 GHz for ISM applications, 1.4 GHz for telemetry, and 2.45 GHz for wireless
communication, as detailed in Table [£.1 To ensure accurate predictions in the far
field, a simulation boundary is set at a distance of \,/4 from the antenna edges, fol-
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Figure 4.2: (a) Design evolution of the proposed antenna. (b) |S11| at various stages

of the design process.

lowing to the recommendations of [95]. The antenna is embedded at a depth of 30

mm within the phantom for testing, as illustrated in Figure [4.3(a). For a more real-

istic evaluation, the design is also tested using a human torso model (HTM), where

the antenna is placed near the heart region, as shown in Figure (b) Antenna

prototypes are integrated into a 3D printed polylactic acid (PLA) capsule, which

includes placeholder components to mimic the electronic setup, as demonstrated in
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Table 4.1: Electrical properties at different frequencies

Frequency Conductivity Relative

Phantom
(GHz) (S/m) permittivity
0.915 1.2 59.7
HP 1.4 1.5 97.5
2.45 2.2 54.8
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Figure 4.3: (a) Homogeneous phantom, (b) Human torso model (HTM), (c) Fabri-
cated prototypes, (d) S-parameters measurement setup, and (e) Gain measurement
setup (dimensions in mm).

Figure [1.3)(c). In vitro testing is conducted by placing the antenna within a circular
plastic container filled with minced pork meat, with dimensions of 90 mm x 90 mm
x 60 mm. The LCP capsule is centrally placed within the phantom to ensure reliable
measurement conditions. A Keysight Vector Network Analyzer P9374A is used to
assess the reflection coefficient, as shown in Figure [4.3(d). Additional evaluations,

including gain measurements, are carried out in a SATIMO anechoic chamber, as

depicted in Figure [£.3(e).
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4.3 Performance Evaluation and Discussion

4.3.1 Reflection Coefficient Analysis

The Si; response of the proposed antenna was evaluated in multiple scenarios, as
depicted in Figure[d.4] In each case, the antenna exhibited a broad operational band-
width while maintaining reliable impedance matching. The recorded bandwidth was
4.33 GHz without the LCP, 4.37 GHz when paired with the LCP, 4.39 GHz in con-
junction with the HTM, and 4.45 GHz in real-world tests. Slight differences in
the measured S1; bandwidth can be attributed to changes in the properties of the
surrounding tissue.

In the homogeneous phantom, torso model, and pacemaker-integrated scenarios,
the high permittivity of biological tissues reduces the effective wavelength, resulting
in a notable downward shift in the resonant frequency. This behavior aligns with
established electromagnetic theory and underscores the significant role of dielectric
loading in implantable antenna design. By contrast, minced pork tissue exhibits a
lower effective permittivity than the simulated tissue models. As a result, a slight
upward shift in the resonance frequency is observed in the measurements, reflecting
the impact of more realistic dielectric properties on antenna behavior. These results
validate the sensitivity of the antenna design to varying dielectric environments
and support the effectiveness of the proposed structure across practical biomedical

conditions.

4.3.2 Far-field Radiation Characteristics

Figure[4.5]illustrates the omnidirectional radiation patterns of the proposed antenna,
with gain measurements taken at 0.915, 1.4, and 2.45 GHz under various conditions.
In simulations with a homogeneous phantom (HP) and without LCP, the recorded
gains were —31.3 dBi, —25.8 dBi, and —21.9 dBi, respectively. When the LCP
was included, the gains decreased slightly to —33 dBi, —27.8 dBi, and —22.7 dBi.
In the human torso model (HTM), the gains were reduced to —34.3 dBi, —28.2
dBi, and —23.4 dBi. In real-world measurements, the antenna demonstrated gains

of —29.5 dBi, —24.9 dBi, and —19 dBi. It is important to note that the smaller
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Figure 4.4: Proposed antenna |Sy;| analysis under varying circumstances.

size of the measurement phantom compared to the simulation model may result in
slightly higher gain values. In addition, the depth at which the antenna is implanted
significantly affects its performance.

The antenna design incorporates a partial ground plane, which supports wider
bandwidth and enables backward radiation—crucial for achieving omnidirectional
radiation patterns. This ensures robust communication with external devices, re-
gardless of the antenna’s orientation within the body [84,101].

As expected, the radiation patterns do not exhibit perfectly omnidirectional
behavior in either the E- or H-plane, which is theoretically unachievable for practi-
cal antennas—especially in compact, implantable scenarios. However, the patterns
demonstrate approximately omnidirectional characteristics, which are suitable for
biomedical applications where antenna orientation cannot be controlled. It is also
worth noting that the radiation plots are displayed using a scale from -60dB to
-30dB, which compresses the dynamic range and visually smooths out the varia-

tions, making the patterns appear more uniform than they actually are.
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Figure 4.5: Radiation patterns. (a) 0.915 GHz, (b) 1.4 GHz, and (c) 2.45 GHz.

The implantable antenna delivers a wide 4.33 GHz bandwidth with high gain,

attributed to several key design techniques.

e Multi-Resonant Design: By overlapping multiple resonances, the antenna
achieves a wideband response. Through careful optimization, three resonances

were closely aligned, resulting in a large bandwidth.

e Use of Low-Loss Material: The antenna’s substrate and superstrate are
made from Roger material RO3003, which has a low loss tangent of 0.0013.
This property reduces signal loss within the antenna, improving both its band-

width and overall efficiency.

e Patch and Ground Plane Structures: The antenna’s looped design en-
hances its magnetic properties, making it less sensitive to the lossy dielectric
environment. This design choice improves radiation efficiency, which, in turn,
maximizes gain (since gain is a product of efficiency and directivity). The
looped patch structure increases efficiency across the wide bandwidth, con-

tributing to higher gain.
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Figure 4.6: Current surface distribution on the radiating patch at (a) 0.915 GHz,
(b) 1.4 GHz, and (c) 2.45 GHz.

4.3.3 Current Distribution Analysis

The current distributions across the radiating patch of the proposed antenna at
frequencies of 0.915 GHz, 1.4 GHz, and 2.45 GHz are shown in Figure [1.6|(a)—(c).
For each frequency, the current flows evenly across the radiation field from the
antenna port, with the top and left edges of the radiating patch being activated
in all bands. However, at 2.45 GHz, as illustrated in Figure [£.6|c), the current is
weaker at the right and bottom edges of the patch, indicating a shorter current
path at this frequency. In general, the majority of the patch is energized across all
frequency bands, and the extended current paths over the radiating patch play a

key role in maintaining the antenna’s compact size.

4.3.4 Specific Absorption Rate Distribution

To ensure the safety of implantable devices equipped with the proposed antenna,
SAR values must remain within safe limits: specifically, 1.6 W /kg for a tissue mass of
1 gram and 2 W /kg for a tissue mass of 10 gram, as outlined in previous research .
For comparison with recent studies, the initial evaluation assumes an input power
of 1 W. This evaluation includes the determination of the SAR values in the HTM
and the calculation of the highest allowable power (HAP). The SAR is given by

Equation [4.T}

2
SAR = 72 (4.1)
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Table 4.2: SAR and HAP Values

Frequency SAR HAP SAR HAP
Phantom
(GHz) ~ W/kg (1g) (mW) W/kg (10g) (mW)
0.915 320.4 4.9 32.5 61.5
HTM 1.4 332.8 4.8 34.7 57.6
2.45 464.1 3.4 49.1 40.7

where o is the tissue conductivity, F is the electric field strength, and p is the
mass density of the tissue. Figure (afc) present the SAR values at frequencies
of 0.915 GHz, 1.4 GHz, and 2.45 GHz. At 2.45 GHz, the maximum SAR value
recorded for 1-gram tissue is 464.1 W /kg, corresponding to a HAP of 3.4 mW. For 10
grams of tissue at the same frequency, the highest SAR value is 49.1 W /kg, with an
HAP of 40.7 mW. In real-world scenarios, to avoid interference with nearby devices
operating within the same frequency band, the input power is typically reduced to
25 nW rather than 1 W [35]. This lower input power standard also helps protect
surrounding tissues from potential damage [102]. As a result, the SAR values for
this antenna remain within the safe limits of 1.6 W /kg and 2 W /kg, ensuring safety
during human body operation. The peak SAR values (0.00801 W /kg at 0.915 GHz,
0.00832 W/kg at 1.4 GHz, and 0.0116 W /kg at 2.45 GHz for 10 grams of tissue)
confirm that the antenna is well within the allowable limits when using the typical
25 nW input power for implantable devices. The SAR and HAP data in Table 4.2

further verify that the antenna meets the required safety standards.

4.3.5 Link Budget Calculation

The communication range between the proposed implantable antenna—operating
within the human heart—and an external receiver was evaluated using link budget
analysis. This analysis calculates the link margin (LM), defined as the difference
between the received power (P,) and the receiver sensitivity (Ps). To ensure reli-

able communication, a conservative margin of 20 dB was adopted, exceeding the
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Figure 4.8: Link margin at (a) 10 Mbps and (b) 25 Mbps across various frequency
bands.

minimum 0 dB requirement.

Two bit rates were analyzed—10 Mbps and 25 Mbps—to assess how increased
data throughput impacts the link margin and communication distance. The calcu-
lations follow the theoretical framework established in Section 2.6.1.4.

The resulting communication distances are summarized in Table 4.3 At 10
Mbps, the antenna supports transmission distances of 13 m at 0.915 GHz, 16 m
at 1.4 GHz, and 24 m at 2.45 GHz. When the bit rate increases to 25 Mbps, the
corresponding ranges decrease to 7 m, 11 m, and 15 m, respectively. As shown in
Figure this confirms that higher data rates lead to reduced range across all

frequencies.

Although higher frequencies like 2.45 GHz are generally associated with increased
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Table 4.3: Link Budget Parameters

Varaibales Parameters values Units
Transmission
P, Power 25 W
f Frequency 0.915, 1.4, 2.45 GHz
Gy Gain —31.3, —25.8, —21.9 dBi
Meduim
L, Path loss Variable dB
Reception
G, Gain 2 dBi
N, Noise power density —203 dBm/Hz
T Temprature 273 Kelvin
K Boltzmann constant 1.38 x 107 J/K
B, Bit rate 10, 25 Mbps
BER Bit error rate 1x107° -
Ey/N, Ideal PSK 9.6 dB
G, Coding gain 0 dB
Gy Fixing deterioration 2.5 dB

propagation losses, the proposed antenna exhibits a relatively higher gain at this
frequency (—21.9 dBi), compared to —31.3 dBi at 0.915 GHz and —25.8 dBi at
1.4 GHz. This higher gain compensates for the additional loss and contributes to
an extended communication range at 2.45 GHz. These results underscore the trade-

offs between operating frequency, antenna gain, and data rate in determining system
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Table 4.4: Comparison between the Proposed Antenna and Earlier Works

Frequency | FBW | Gain Size SAR (W/kg)
Ref.
(GHz) (%) | (dBi) (Ag)? l-g  10-g
[98] 24 130.9 —12 | 6.75x107* | 223 -
1] 0.433 74.1 | —23.19 | 3.02 x 107! | 177.1 -
[3] 2.45 20.5 | —26.4 | 1.76 x 1073 | 712.1 -
4] 2.45 88.6 | —16.5 | 1.25x 1073 | 269 | -
[5] 2.45 16.3 | —36.8 | 1.13x 1073 | 869.9 | 92.9
6] 2.45 40.8 | —16 | 1.06 x 1072 | 330.4 | 39.9

[99] 0.915 19.6 | —19.7 | 6.7x 107 | 263.5 | 53.9

8] 0.915 84 | —30.2 [ 266 x107° | 796.1 | 64.1
2] 2.4 21.5 | —33 2x107% | 486 | 90
7] 2.4 14.9 | —20.75 | 1.31 x 107* | 568.2 | 84.6
[9] 2.45 857 | —22.8 | 4.26 x 107* | 807.3 | 102.4
[10] 2.45 9 —18.2 | 3.04x107* | 305 | 81.7
T.W 1.4 152.7 | —25.8 | 4.40 x 1070 | 332.8 | 34.7
performance.

As shown in Table , the performance of the proposed antenna (T.W) is eval-
uated against several state-of-the-art implantable antenna designs. The comparison
includes key performance metrics such as operational frequency, fractional band-
width (FBW), realized gain, normalized size (in guided wavelength volume, (\,)?),
and Specific Absorption Rate (SAR) values. To ensure a fair and meaningful com-
parison, it is important to consider designs operating at or near similar frequencies.
For example, several antennas in the table operate around the 2.4-2.45 GHz ISM
band [3-5], whereas the proposed design operates at 1.4 GHz—a lower frequency
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that typically requires a physically larger antenna. Despite this, the proposed de-
sign maintains an exceptionally small normalized size of 4.40 x 107%(),)?, making it
among the most compact antennas in the table, even when compared with higher-
frequency counterparts. The proposed antenna also achieves the highest FBW at
152.7%, significantly surpassing other designs such as [4] (88.6%) and [8] (84%). This
ultra-wideband capability is especially valuable in biomedical applications, where
variations in tissue properties can lead to detuning. A broader bandwidth ensures
more robust communication performance in such environments. In terms of SAR,
the proposed antenna demonstrates safe performance with a 1-g average SAR of
332.8 W/kg and a 10-g SAR of 34.7 W/kg. These values are lower than or com-
parable to many other designs operating at similar frequencies, such as [5| and [7],
confirming its suitability for safe implantation under regulatory guidelines. Finally,
while the peak gain of the proposed antenna (—25.8 dBi) may not be the highest
in the table, it is acceptable for deep-tissue communication, particularly consider-
ing the lossy environment and compact structure. In implantable applications, gain
is often sacrificed to meet miniaturization and safety constraints. In summary, the
proposed antenna achieves a superior balance between bandwidth, compactness, and
SAR compliance, making it highly competitive for leadless cardiac pacemaker and
similar biomedical applications, even when compared against higher-frequency and

less space-constrained alternatives.

4.4 Conclusion

A new implantable antenna for leadless pacemakers has been designed, simulated,
and validated through experiments, offering a compact size and broad bandwidth.
The simulation process was carried out in two phases: initially within a homoge-
neous phantom and then in a human torso model. The antenna was tested in vitro
using minced pork meat to simulate the tissue properties. With a volume of 8.33
mm?, the antenna achieves a wide bandwidth of 4.33 GHz, corresponding to a frac-
tional bandwidth of 152.7%. Its measured gains are —31.3 dBi at 0.915 GHz, —25.8
dBi at 1.4 GHz, and —21.9 dBi at 2.45 GHz. The recorded SAR values are 320.4
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W/kg at 0.915 GHz, 332.8 W/kg at 1.4 GHz and 464.1 W/kg at 2.45 GHz. Link
margin calculations show that the antenna can communicate over distances of 13 m
at 0.915 GHz, 16 m at 1.4 GHz, and 24 m at 2.45 GHz at a bit rate of 10 Mbps.
At 25 Mbps, the ranges decrease to 7 m, 11 m and 15 m, respectively. The con-
sistency between simulated and experimental data emphasizes the antenna’s stable
impedance matching, wide bandwidth, and reliable radiation patterns, making it an

ideal candidate for leadless pacemaker applications.
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CHAPTER b

A Compact Ultra-Wideband MIMO Antenna for

Next-Generation Leadless Pacemakers

This chapter presents a two-port ultra-wideband (UWB) multiple-input multiple-
output (MIMO) antenna, developed for potential integration into next-generation
leadless pacemakers. The antenna utilises a dual rectangular loop design, arranged
side by side, to optimise performance for these advanced medical devices. A shared
slotted ground plane, substrate, and superstrate are utilised to optimise perfor-
mance. The antenna achieves a compact size of 12 x 5.4 x 0.254 mm (16.4 mm?)
through a combination of advanced miniaturization techniques, including the use of
conductive vias, metallic rectangular strips, and strategic slotting. A low-permittivity
material with a dielectric constant of 2.2 is employed to improve radiation efficiency
and support wideband operation, which is crucial for biomedical applications. Each
antenna loop is designed with conductive vias and metallic rectangular strips to
reduce the antenna’s size. To enhance isolation between antenna elements, two rect-
angular slots are introduced in the center of the ground plane, one for each loop, with
a spacing of only 0.8 mm between the elements. This configuration ensures a mutual
coupling lower than — 21 dB throughout the operating bandwidth. The antenna

achieves an impressive fractional bandwidth (FBW) of 165.2%, covering frequencies
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from 710 MHz to 7438 MHz. Key performance metrics, including Specific Absorp-
tion Rate (SAR), Link Budget, Channel Capacity, and Correlation coefficient, were
evaluated. SAR was measured at acceptable levels: 0.042 W /kg at 915 MHz, 0.072
W/kg at 1.4 GHz, 0.083 W/kg at 2450 MHz, and 0.132 W /kg at 5.8 GHz with
an input power of 25 pW. At a signal-to-noise ratio (SNR) of 20 dB, the antenna’s
channel capacity reached 15.04 bps/Hz. A prototype was fabricated to validate the
simulation results obtained from HFSS, and experimental testing was carried out
using minced pork as a tissue-equivalent medium. The agreement between the sim-
ulated and measured results confirms the practicality and suitability of the antenna

for next-generation leadless pacemaker applications.

5.1 Introduction

The market for implantable medical devices (IMDs) is projected to grow signifi-
cantly, reaching $205.5 billion by 2032, up from $135 billion in 2023 |103|. These
devices have revolutionized healthcare by improving patient care in various ways,
including chronic disease management, emergency interventions, and overall well-
being [104,/105]. IMDs are used in a range of applications, from cardiac care with
pacemakers and defibrillators to pain management through spinal cord stimulators
and neurological treatments such as deep brain stimulation. Recent innovations,
such as closed-loop neuromodulation and automated insulin delivery systems, have
further expanded their capabilities [106-110]. To enable these advanced features,
reliable wireless communication is crucial, relying on precisely designed implantable
antennas that serve as the vital link between the device and external monitoring
systems. These antennas facilitate real-time monitoring and remote care, ensuring
timely medical interventions and improved outcomes [111], as shown in Figure [5.1]
However, the design of implantable antennas remains a significant technical chal-
lenge.

The primary challenge of miniaturisation lies in designing antennas that de-
liver optimal performance within extremely confined dimensions, as seen in leadless

pacemakers and similar applications. For example, the Nanostim pacemaker, with
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Figure 5.1: Configuration and components of the leadless cardiac pacemaker, in-
cluding the UWB-MIMO antenna.

a small volume of 1 c¢cm?®, highlights the possibilities of miniaturisation in medi-
cal devices. In contrast, the Micra pacemaker is even more compact, at just 0.8
cm?, illustrating significant progress in reducing device size while maintaining full
functionality . Achieving this degree of miniaturisation is essential to ensure
patient comfort [69]. The transmission of signals through human tissue, particularly
at radio frequencies, presents substantial challenges. At 2.45 GHz, RF signals expe-
rience significant attenuation, with the muscle layer contributing to approximately
1 dB/cm of signal loss, a result of the high absorption rate of the tissue and the
distinct dielectric characteristics ,. The design of IMDs is further complicated
by power constraints, as these devices must operate efficiently within the stringent
SAR limits defined by the IEEE C95.1-2005 standard. Another challenge is detun-
ing, where changes in surrounding tissue properties, device movement, and biological
variations can affect the resonant frequency of the antenna, ultimately jeopardizing
the reliability of communication [85].

To tackle these challenges, several implantable antennas have been designed and
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developed [1,36,8,83]. Despite their success in miniaturisation and tissue compati-
bility, these designs face inherent limitations due to their Single-Input Single-Output
(SISO) configurations. These limitations include data rates of only 5.77 and 5.89
bps/Hz at 20 SNR in recent studies [35,[113], along with poor resistance to multi-
path distortion in complex tissue environments and limited spectral efficiency [114].
Recent studies highlight that multiple input, multiple output (MIMO) technology
offers a promising solution to overcome these limitations, emphasizing the need for
more advanced architectures to improve performance in biomedical applications.
Research [35,/113] indicates that MIMO systems can deliver much higher data rates,
achieving 9.97 and 10.2 bps/Hz at 20 SNR. Moreover, MIMO systems are essential
in medical implants, as they ensure reliable communication despite the challeng-
ing propagation conditions within human tissues. Recent developments in MIMO
technology have made significant improvements in overcoming the constraints of
single-element systems. For example, [115] shows a compact design measuring 5.35
x 6.2 mm?2. This design achieves significant performance improvements, including
a channel capacity of 9.9 bps/Hz (compared to 5.8 bps/Hz for SISO), data rates of
up to 120 Mbps, and a high isolation level of 28 dB. Similarly, [116] demonstrated
a larger design (18.5 mm x 18.5 mm x 1.27 mm) that improved spectral efficiency,
achieved good channel capacity, and increased the transmission rate over an 18.64%
bandwidth within the 2.4-2.48 GHz frequency range. Likewise, [117] introduces a
MIMO antenna operating at 433 MHz, designed with the same goal of improving
data transmission. The antenna incorporates a small magnetic loop with horizontal
polarization and a conformal meandered dipole with vertical polarization. How-
ever, the limited operating bandwidths of these designs restrict their adaptability in
modern medical applications, where the ability to function across multiple frequency
bands simultaneously is becoming increasingly necessary for various tasks.

To achieve wider bandwidth, [118] proposed a conformal MIMO loop antenna
with a rectangular and meandered line design, offering a 2.2 GHz bandwidth and 20
dB isolation. Significant advances in miniaturisation include a design by [35], which
offers compact dimensions of 7 x 31.92 x 0.13mm?, achieved through innovative

integration of posts and slots. The design also offers a 33.9% fractional bandwidth
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and a gain of —30 dBi. In [119], an additional size reduction was achieved by
adding an H-shaped parasitic patch to the superstrate, leading to dimensions of
9 x 9 x 0.508 mm?3, an isolation level exceeding 20 dB, and a fractional bandwidth of
62.6%. The conformal meander technique introduced in [13] resulted in the creation
of a 18.5 mm? antenna design, achieving a bandwidth of 84.91%, a gain of —30.4 dBi
and an isolation level that exceeded 20 dB. In [120], a fractal-based MIMO antenna
operating in the 2.4-2.48 GHz ISM band was developed, achieving a gain of —21.3
dBi, an isolation level greater than 20 dB, a fractional bandwidth of 36.76%, and a
—10 dB bandwidth of 1.02 GHz.

This research introduces a small two-port ultra-wideband (UWB) MIMO an-
tenna, specifically designed for the next generation of leadless cardiac pacemakers
(LCPs). For deeply implanted devices, such as LCPs, maintaining reliable commu-
nication is essential. This requires overcoming challenges such as signal attenuation
due to tissue interference, multipath interference, and frequency detuning caused by
diverse environments within the body. With a channel capacity of 15.04 bits/s/Hz
at an SNR of 20 dB, the proposed two-element UWB-MIMO antenna design deliv-
ers reliable long-term performance, effectively overcoming the constraints typically
associated with conventional implantable antennas. The design offers superior data
rates, a reliable communication link and wide bandwidth capabilities, significantly
outpacing the performance of existing top-tier implantable antennas [13.35/118-120].
Although antennas with larger bandwidths and higher data rates tend to consume
more energy, the leadless pacemaker addresses this issue by employing intermittent
data transmission, activating only when necessary. This method strikes a balance
between high data rates and low power consumption, ensuring its suitability for
long-term use. In addition, digital CMOS pulse generator techniques are utilized to
further minimize power consumption in UWB applications |121]. Future advance-
ments in wireless power transfer may allow the continuous recharging of implant
batteries, thereby prolonging the operational lifespan of the pacemaker. The com-
pact design of the antenna utilizes low-permittivity materials (¢, = 2.2) for both the
substrate and superstrate to enhance bandwidth. Size reduction is achieved through

techniques such as optimized rectangular loop elements, via-based inductive load-
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ing, and strategically placed U-shaped and open-ended slots in the ground plane.
These methods enable effective miniaturization, achieving a compact form factor of
12 x 5.4 x 0.254mm?® (16.4 mm?), along with impedance matching and bandwidth
enhancement. Mutual coupling between elements is minimized by incorporating a
0.8 mm gap between the rectangular loop antenna elements and utilizing optimized
ground-plane slots, including two rectangular slots, one for each loop antenna. The
design achieves an isolation greater than 21 dB over the full operating bandwidth,
which exceeds the 15 dB threshold necessary for optimal MIMO performance [122].
In addition, the antenna demonstrates peak gains of —34.7 dBi at 0.915 GHz, —28.4
dBi at 1.4 GHz, —23.3 dBi at 2.45 GHz, and —20.1 dBi at 5.8 GHz. The specific
absorption rate (SAR) values are 0.042 W /kg at 915 MHz, 0.072 W /kg at 1.4 GHz,
0.083 W/kg at 2.45 GHz and 0.132 W/kg at 5.8 GHz, all with an input power
of 25 W, which remain well below the safety limits outlined in [123]. Featuring
high gain, wide bandwidth, low SAR, and outstanding 2x1 UWB-MIMO channel
performance, this antenna stands out as an excellent candidate for next-generation

leadless pacemakers.

5.2 Methodology

Figure illustrates the proposed implantable UWB-MIMO antenna, which con-
sists of a superstrate, two rectangular loop antenna elements, a substrate, and a
shared ground plane. To maintain consistent signal interpretation and stable sys-
tem performance, it is crucial to use a single shared ground plane. The use of
multiple ground planes can result in voltage irregularities, which can cause noise,
signal distortion, and instability, especially in MIMO systems [124]. Throughout
the bandwidth, the design maintains a mutual coupling value of —21dB, ensuring
strong isolation between the elements. Rogers RO5880 material, with a relative
permittivity of €, = 2.2, is used for both the substrate and the superstrate. The
common ground plane is designed with multiple U-shaped and open-ended slots to
enhance bandwidth and improve impedance matching.

To achieve miniaturization, metallic vias connect the rectangular loop antenna
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Figure 5.2: Configuration of the proposed 2x1 UWB-MIMO antenna (units = mm).

elements to the ground plane, resulting in a compact design with dimensions of
12 x 5.4 x 0.25 mm?®. Each antenna element is connected through a coaxial cable
with a characteristic impedance of Zy = 50€2. The cable has an inner conductor
with a diameter of 0.18 mm, a Teflon insulating layer with a relative permittivity
(e,) of 2.1, and an outer conductor with a diameter of 0.6 mm. The characteristic

impedance Z; of a coaxial cable is derived using Equation [5.1

A= (2) -
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The characteristic impedance Z; is influenced by the coaxial cable’s structure, where
g, represents the relative permittivity of the insulating layer, D denotes the outer
conductor’s diameter, and d specifies the inner conductor’s diameter. To enhance
compactness, the design employs ultra-thin substrate and superstrate layers, each
with a thickness of 0.127 mm. Biocompatibility, a critical requirement for medical
implants, is ensured by enclosing the antenna within a PLA capsule (polylactic acid),
a material with a relative permittivity of £, = 3.1. The capsule dimensions—>5.5 mm
in diameter and 24 mm in length—accommodate the antenna along with essential
components, including a printed circuit board (PCB) for interconnections and a
battery. All components are securely housed within a robust protective shell, as
illustrated in Figure [5.I] This encapsulation effectively isolates the device from
surrounding tissues, while adhering to stringent biocompatibility standards, ensuring

safe and reliable operation within the human body.

5.2.1 Simulation Setup

Simulating implantable antennas demands a specialized setup due to their operation
within complex biological tissues, which differs significantly from free-space antenna
scenarios. Initial simulations were carried out using HFSS within a phantom model
with dimensions of 100 x 100 x 100mm?. The chosen size provides a sufficiently
large volume to mimic the electromagnetic properties of the human heart surround-
ing the implanted antenna. This helps replicate the propagation and attenuation of
the signal realistically. The antenna was designed to fit inside a capsule shell made
of PLA, which has a thickness of 0.2 mm. The capsule was placed at a depth of
50 mm to mimic typical implantation depths for leadless pacemakers, which range
between 40 and 60 mm, as described in clinical studies |[125]. The capsule shell’s
0.2 mm thickness adheres to medical implant standards by balancing the transmis-
sion of the RF signal with structural integrity. Thinner shells could enhance signal
transmission but compromise durability, whereas thicker shells may reduce signal
strength |126]. To obtain reliable far-field simulation results, a radiation box mea-
suring 500 x 500 x 500 mm?® was placed around the antenna. The box was sized to
ensure that the distance from the antenna to the box walls exceeded \g/4 at the res-
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Figure 5.3: Simulation setups of the 2x1 UWB-MIMO antenna: (a) Phantom Model

and (%ﬁg%ylMﬁglgﬂeégﬁg%ﬁp%l%)és of the heart tissue at various frequencies

Phantom Frequency Conductivity Relative
type (GHz) (S/m) permittivity

0.915 1.2378 59.796

1.4 1.5132 D7.538

Phantom Model 2.45 2.2561 54.814

5.8 5.8622 48.949

onant frequency of 915 MHz, preventing boundary reflections from interfering with
the simulation, as shown in Figure (a). The electrical properties of the Phan-
tom Model were carefully adjusted to mimic the characteristics of heart tissue, with
specific permittivity and conductivity values at different frequencies, as detailed in
Table [5.1, The UWB-MIMO antenna uses a thin Rogers RO5880 substrate with a
relative permittivity (e,) of 2.2, a loss tangent (tand) of 0.0022, and a thickness of
0.127 mm. Following the initial simulation, the capsule was repositioned within the

Body Model to more accurately reflect the position of the human heart, as shown
in Figure [5.3|(b).
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5.2.2 Design Process

Designing an antenna for implantation in the human body involves addressing sev-
eral factors that influence its performance, requiring a multi-stage approach to
achieve optimal outcomes. Throughout this iterative design process, key objec-
tives are prioritized: (1) achieving a compact form factor, (2) enhancing impedance
matching, (3) ensuring UWB-MIMO functionality, and (4) maintaining excellent
isolation. To achieve these objectives, the rectangular loop antenna is developed
through four distinct designs, as shown in Figure (a), with the corresponding
results presented in Figure [5.4[(b) and Figure [5.4)c).

Design I (Initial): The size of the rectangular loop antenna element was
determined based on the resonant frequency formula provided in Equation [5.2]
This design ensures that the antenna fits within the compact capsule dimensions

of 5.5 mm x 24 mm, which are suitable for modern leadless pacemaker devices.

C

Jr= V/€r - Perimeter of the loop

(5.2)

where f, denotes the resonant frequency, C' is the speed of light in a vacuum, e,
represents the relative permittivity of the substrate, and the perimeter of the loop
refers to the effective length of the rectangular loop, considering any modifications
for slots or structural features. The limited size of the leadless pacemaker capsule
presents a major challenge in achieving adequate isolation and minimizing mutual
coupling between antennas in MIMO system applications. Traditional designs for
spatial diversity typically require antenna separations of at least half the wavelength
[127], which is impractical within the small dimensions of a pacemaker capsule. To
address this challenge, a parametric study was conducted to determine the optimal
edge-to-edge separation between the two rectangular loop elements. The study
revealed that a 0.8 mm separation strikes an ideal balance between performance
and compactness. While decreasing the separation increases mutual coupling due
to enhanced near-field interactions [12§], the 0.8 mm spacing provides sufficient
isolation, as verified through both simulations and experimental tests. To introduce

capacitance and inductive loading, rectangular loop elements were integrated with
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a complete ground-plane configuration. This modification altered the electric-field
distribution on the loop and created multiple resonant points based on coupled-
mode theory. This approach resulted in a broader bandwidth and more precise
control over resonant frequencies, as demonstrated in |[129]. As a result, the design
exhibited two mismatched resonances at 2.5 GHz and 4.5 GHz, but achieved a well-
matched resonance at 8 GHz with excellent impedance matching and a bandwidth
exceeding 4 GHz. In addition, an inductive shorting pin was added to increase
inductance, aiding in miniaturizing the antenna. More specifically, the shorting
pin creates a voltage-null boundary condition, causing the antenna to resonate at
a longer wavelength [130]. By positioning the shorting pin at the edge, far from
the feed point, its effect on the loop’s impedance is minimized. This is because the
impedance of the loop depends on its geometry and the feeding point, where the
voltage is highest. Mutual coupling in this design is kept very low, below —33 dB,
primarily due to the poor impedance matching at lower frequencies. Although better
matching is achieved at higher frequencies, they are more susceptible to surrounding
tissue and suffer greater signal attenuation.

Design II: The rectangular loop radiating elements from the previous design
were retained, with the addition of two open-ended rectangular slots in the ground
plane. These slots extend the effective length of the current path, thereby reducing
the resonance frequency. Consequently, the three resonances observed in the initial
design shifted to 1.8, 3.2, and 5.8 GHz. This modification also led to a significant
increase in mutual coupling to —16.2 dB, primarily due to improved impedance
matching.

Design I1I: In this step, the rectangular loop elements from the previous design
were retained, with the addition of multiple U-shaped slots in the ground plane to
enhance bandwidth and improve impedance matching. This modification increases
the antenna’s electrical length, resulting in a further reduction of the resonant fre-
quencies from 1.8 GHz and 3.2 GHz to 0.9 GHz and 2.5 GHz, respectively. The in-
troduction of multi-loop slots also expands the bandwidth and optimizes impedance
matching by generating multiple resonance frequencies, yielding an impedance band-

width that spans from 2 GHz to 9.5 GHz [131]. Furthermore, this design achieves
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Figure 5.4: (a) Evolution of the proposed 2x1 UWB-MIMO antenna design; (b)
S-parameter analysis (|S11]); and (¢) Mutual coupling analysis (Sa1).

a reduction in mutual coupling at —17.2 dB. The final shape and dimensions of the
slots were carefully optimized through both theoretical calculations and simulation-

based refinements.
Design IV (Proposed): In this design, a metallic rectangular strip is incor-
porated into each of the rectangular loop elements. This addition reduces the reso-

nance frequency by effectively increasing the electrical length of the antenna without
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physically extending the loop. The strip length is carefully chosen to fine-tune the
resonance frequencies; as the strip length increases, the resonance frequency de-
creases. However, adding metallic strips also reduces the isolation between the two
radiating elements. This is due to an increase in current density at specific points
along the loop, which enhances the electromagnetic coupling between the elements.
To counteract this effect, two rectangular slots were added around the center of the
ground plane, beneath each loop—resulting in a mutual coupling level of less than

—21 dB throughout the bandwidth.

5.2.3 Circuit Model

The proposed antenna features closely spaced resonances and overlapping frequency
bands, each represented by a parallel RLC circuit. In wideband antenna sys-
tems, multiple parallel RLC circuits are connected in series to model adjacent
frequency bands. To conduct a more thorough analysis, a circuit model was de-
veloped using Advanced Design System (ADS) software, following the degenerate
Foster canonical form—a standard approach for analyzing ultra-wideband (UWB)
antennas [132H134]. The optimization of the circuit model, which involved setting
initial conditions and aligning electromagnetic (EM) simulations with ADS circuit
simulations, resulted in the equivalent circuit shown in Figure (a). Both antenna
elements (Antenna 1 and Antenna 2) share the same equivalent circuit configura-
tion. In this model, the inductance (Ly) and capacitance (Cy) represent the primary
resonance of the antenna, while higher-frequency resonances are modeled by series-
connected tank circuits, with resistors accounting for the radiation resistance. A
strong correlation between the S-parameter (S1;) obtained from both the EM and
circuit simulations is evident, as shown in Figure (b) Any minor discrepan-
cies between the curves can be attributed to the complex ground plane, which is
modeled as a parallel inductor and capacitor in series with the resonance tank cir-
cuits. Furthermore, the coupling between the two antennas is represented using a
combination of series and parallel RLC circuits. The Sy parameter was used as
the optimization target, resulting in excellent agreement between the simulated and
measured coupling data, as demonstrated in Figure (c) The component values
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Figure 5.5: (a) Proposed equivalent circuit model for the 2x1 UWB-MIMO antenna;
(b) Comparison of the S;; parameter; and (c) comparison of the Sy; parameter, both
simulated in HFSS and ADS.

for the equivalent circuit are listed in Table

5.2.4 Fabrication and Measurements Environment

To validate the simulation results, a 2x1 UWB-MIMO antenna was fabricated us-
ing the same Rogers substrate and superstrate as in the simulations. The fabricated
antenna prototype is shown in Figure (a). The capsule shell of the leadless
pacemaker was manufactured using 3D printing technology, ensuring precision in
dimensions and structural integrity. The assembled device was encapsulated in

epoxy to evaluate key performance parameters, including return loss (.S7), trans-
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Table 5.2: Values of electronic components used in the 2x1 UWB-MIMO circuit.
(Units: R = 2, L = nH, C = pF)

Component Ly Cy Ry Ly ; Ry Lo Csy

Value 1.67 | 50 |6.11 {955 | 33.3 | 22.3 | 100.8 | 17.81

Component | R3 Ls Cs Ry Ly Cy Rs Ls

Value 593.3 | 2.2 | 0.55 | 86.5 | 47.7 | 46.6 | 50.6 9.8

Component Cs Rg Lg Cs R, L, C. Ra

Value 25 1206|197 59 | 178 | 1344 | 0.6 | 1860

Component Lcl Ccl R02 L02 CC2 Rc3 Lc3 Cc3

Value 34.33 | 0.7 | 205 1 | 1.14|11.05| 0.6 0.5

mission coefficient (S;), radiation patterns, and gain. The parameters Sy; and So
of the fabricated antenna were measured in a medium based on biological tissue,
specifically minced pork meat, at a depth of 50 mm using a Keysight P5004 Vector
Network Analyzer (VNA). High-quality cables ensured reliable and accurate con-
nections between the antenna and the VNA ports, as illustrated in Figure [5.6|(b).
Before measurements, the VNA was calibrated using open, short, and load standards
to compensate for systematic errors such as cable losses and connector mismatches.
After calibration, the VNA was configured to operate within the desired frequency
range. For radiation pattern measurements, a SATIMO anechoic chamber was used,
as shown in Figure (c) The experimental setup included a signal generator con-
nected to a high-gain horn antenna serving as the transmitting antenna (Tx), while
the implantable MIMO antenna acted as the receiving antenna (Rx). The horn
antenna, measuring 49 cm in width, 40 cm in depth, and 32 c¢m in height, transmit-
ted the signal. One port of the implantable antenna was connected to a spectrum
analyzer, while the second port was terminated with a 50¢2 load. A distance of
3 m was maintained between the horn antenna and the implantable antenna to en-
sure accurate power measurements. The implantable antenna was rotated in 10°

increments to record the received power, enabling a comprehensive analysis of its
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Figure 5.6: The 2x1 UWB-MIMO antenna was fabricated and tested, including (a)
the fabricated antenna prototype, (b) the measurement setup for S-parameters, and
(c) the measurement setup for radiation patterns.

radiation performance in different orientations.

5.3 Findings and Discussion

5.3.1 S-parameter Characteristics

A comparison between the simulated and measured S-parameters is presented in
Figure 5.7 Due to the symmetry of the 2x1 UWB-MIMO antenna design, only
the reflection coefficient of one element is shown. Both simulated and measured
results exhibit strong agreement, validating the antenna’s ultra-wideband perfor-
mance. Specifically, the simulated Sj; results indicate an operational frequency
range from 710 MHz to 7483 MHz, corresponding to a fractional bandwidth (FBW)
of 165.12%. The measured Sj; results demonstrate a reflection coefficient below
—10dB over an even wider bandwidth. Furthermore, the S5; parameter quantifies
the signal leakage between antenna elements, serving as an indicator of isolation
performance. Achieving low Sy; values is particularly challenging in compact im-
plantable designs due to the close proximity of antenna elements, which inherently

increases coupling. The simulated Sy, results show strong isolation, with a mutual
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Figure 5.7: Comparison of the S-parameters from simulation and measurement for
the 2x1 UWB-MIMO antenna.

coupling value of —21 dB across the entire bandwidth. In contrast, the measured So;
values demonstrate even better isolation, with a mutual coupling value of —29dB.
This high isolation ensures that each antenna element operates independently with
minimal interference, an essential requirement for reliable MIMO performance. Re-
duced mutual coupling enhances antenna efficiency in high-data-rate applications by
minimizing cross-coupling and signal degradation, ultimately ensuring optimal com-
munication quality for medical telemetry. The improved mutual coupling observed
in the measured S, values (—29 dB) compared to the simulated results (—21 dB) can
be attributed to slight variations in the fabrication and material properties. These
unintentional factors may have contributed to enhanced isolation in the measured
prototype, highlighting the robustness of the antenna design. Differences between
the simulated and measured results may also arise from factors such as manual
assembly and integration issues, potential misalignment of the antennas, and incon-
sistencies in the soldering of the coaxial cables. Additionally, variations in dielectric
properties between the human model used in the simulations and the minced pork
used in measurements may contribute to the discrepancies. Nevertheless, the overall
performance remains consistent, demonstrating the antenna’s ultra-wideband char-

acteristics and confirming its suitability for leadless pacemaker applications.
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5.3.2 Radiation Patterns

The performance of any wireless device is heavily dependent on its radiation pat-
terns. For a leadless pacemaker implanted in the heart, an omnidirectional radiation
pattern is crucial [135]. The ground plane configuration of our proposed antenna fa-
cilitates this omnidirectional radiation pattern, as shown in Figure This pattern
ensures effective signal reception regardless of the orientation or position of external
devices, which is essential for reliable communication between implantable anten-
nas and these devices. Although reducing the ground-plane area may increase back
radiation, our analysis indicates that this modification does not significantly com-
promise the antenna’s performance or safety. The individual elements of the MIMO
antenna exhibit peak gain values at various frequencies: —34.7 dBi at 0.915 GHz,
—28.4 dBi at 1.4 GHz, —23.3 dBi at 2.45 GHz, and —20.1 dBi at 5.8 GHz. Figure[5.8
presents the simulated and measured radiation patterns of the proposed antennas
in both the H-plane (6 = 90°) and the E-plane (¢ = 0°). A strong correlation ex-
ists between the simulations and the measurements at all frequencies; however, the
measured gain is slightly higher, with values of —33.2 dBi, —27.6 dBi, —22.4 dBi
and —19.4 dBi at 0.915 GHz, 1.4 GHz, 2.45 GHz and 5.8 GHz, respectively. This
discrepancy may be attributed to the smaller minced pork container used during the
measurements. The radiation pattern remains omnidirectional across all frequen-
cies but begins to show distortion at 2.45 GHz due to a slight increase in gain in
the E and H planes between 90° and 180°, leading to a less uniform distribution.
This distortion may result from resonance effects and the current distribution over
the antenna surface, which cause the geometry to favor certain directions at higher
frequencies. At 5.8 GHz, the radiation pattern exhibits variations of up to 5 dB,
resulting in a zigzag pattern in the omnidirectional profile. This behavior is likely
due to the increased sensitivity of higher frequencies to design imperfections and
edge diffraction, especially compared to lower frequencies, which maintain a smooth
omnidirectional pattern. Additionally, increased propagation losses and phase shifts

may also contribute to these irregularities.
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Figure 5.8: Radiation patterns of the individual elements of the 2x1 UWB-MIMO
antenna across different frequencies: (a) 0.915 GHz, (b) 1.4 GHz, (c) 2.45 GHz, and
(d) 5.8 GHz.

5.3.3 SAR Distribution Analysis

In leadless pacemaker applications, the antenna system is encapsulated within a
small capsule, which is implanted into the right ventricle of the patient to ensure
long-term uninterrupted operation. The primary function of this system relies on
electromagnetic (EM) radiation to receive and transmit vital data for the pacemaker.
As the device continuously interacts with the body, the absorption of electromag-
netic energy by human tissue becomes a critical concern. The Specific Absorption
Rate (SAR) is the key metric used to quantify this energy absorption. This is
particularly important in medical devices like pacemakers, where sustained expo-
sure to EM radiation can lead to an increase in tissue temperature. To protect
patient well-being, the IEEE C95.1-2019 standard sets a strict limit on SAR, cap-
ping it at 2W /kg when averaged over 10 grams of tissue. This standard ensures
that the absorbed energy does not cause harmful tissue heating, maintaining the
safety and functionality of the device [136]. To comprehensively evaluate the SAR
performance of the proposed antenna, numerical simulations were conducted using
a human body model. The capsule, equipped with the integrated antenna, was

placed in an approximate location within the heart. To avoid interference with sur-
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Figure 5.9: SAR results of a 2x1 UWB-MIMO

rounding wireless devices, ensure compliance with SAR standards, and minimize
electromagnetic interference (EMI), an input power of 25 uW was selected. This
power level is essential for reducing signal conflicts in environments with multiple
wireless systems operating in the same frequency bands. The simulations were car-
ried out at this power level in accordance with the ITU-R RS.1346 guidelines for
implantable medical devices [114]. Figure shows the SAR analysis performed at
several key frequencies relevant to medical telemetry and communication systems.
The analysis covered 915 MHz for ISM (Industrial, Scientific and Medical) appli-
cations, 1400 MHz for telemetry and communication, and 2450 MHz and 5800 MHz
for wireless communications. The simulated 10-gram averaged SAR values for all
scenarios remained significantly below the 2 W/kg limit established by the IEEE
(C95.1-2019 standard. The highest observed SAR value, 0.132 W /kg, occurred at
5800 MHz. These findings consistently indicate that the proposed antenna system
results in minimal exposure to electromagnetic radiation, ensuring patient safety
while operating within the heart. Consequently, it is considered a viable option for

leadless pacemaker applications.

5.3.4 Communication Link Assessment

To evaluate the communication link between the proposed implantable antenna and
an external device, a link budget analysis was conducted. The methodology follows
the theoretical framework established in chapter 2 Section 2.6.1.4, which includes the
definitions and equations for link margin, received power, and receiver sensitivity.
In this analysis, a minimum link margin of 20 dB was adopted to ensure robust

and reliable communication. This margin accounts for practical uncertainties such
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as propagation loss variations, interference, and hardware inefficiencies. A positive
link margin is necessary for successful data reception, and the 20 dB buffer provides
additional design assurance under real-world conditions.

The evaluation considered four data rates—1 Mbps, 10 Mbps, 25 Mbps, and 50
Mbps—which represent typical operating conditions for wireless medical telemetry
systems. These data rates were chosen to reflect application-specific requirements,
where higher rates can increase receiver sensitivity demands and reduce the achiev-
able link margin.

The transmit power was fixed at —16 dBm, in accordance with European Re-
search Council regulations [97]. The proposed implantable antenna served as the
transmitter, while the receiver was modeled as an ideal half-wavelength dipole an-
tenna with a gain of 2 dBi |137]. The antenna exhibited gains of —34.7 dBi at 0.915
GHz, —28.4 dBi at 1.4 GHz, —23.3 dBi at 2.45 GHz, and —20.1 dBi at 5.8 GHz.
Polarization and impedance mismatch losses were not included in the analysis, as
the antenna demonstrates excellent impedance matching characteristics. All other
parameters relevant to the link budget analysis are detailed in Table

Figure[5.10|illustrates the communication ranges achieved at different frequencies
for a bit rate of 1 Mbps. The antenna achieved maximum communication distances
of 13 m at 0.915 GHz, 14.9 m at 1.4 GHz, 16 m at 2.45 GHz, and 12 m at 5.8
GHz. As expected, increasing the bit rate led to reduced coverage distances across
all frequencies due to the higher sensitivity requirements.

Despite the higher propagation loss typically associated with 2.45 GHz, the an-
tenna’s gain at this frequency was sufficiently high to enable better coverage com-
pared to the lower-frequency bands. Specifically, the gain of —23.3 dBi at 2.45 GHz
contributed to superior range performance compared to the gains of —34.7 dBi and
—28.4 dBi at 0.915 GHz and 1.4 GHz, respectively. Conversely, although the gain at
5.8 GHz was relatively higher at —20.1 dBi, the signal experienced more significant
attenuation due to high free-space path loss, resulting in the shortest communication
range overall.

These findings emphasize the importance of balancing operating frequency, an-

tenna gain, and data rate in the design of reliable wireless links for implantable
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Table 5.3: Link Budget Parameters Analysis of a 2x1 UWB-MIMO

Variable Parameter Value Unit
P, Transmitted power 25 uW
f Frequency 915, 1400, 2450, 5800 MHz
Gy Antenna gain —34.7, —28.4, —23.3, —20.1 dBi
Ly Path loss Variable dB
G, Receiver antenna gain 2 dBi
N, Noise power density —203.93 dBm/Hz
T Temperature 273 Kelvin
K Boltzmann constant 1.38 x 1072 J/K
B, Bit rate 1, 10, 25, 50 Mbps
BER Bit error rate 1x107° -
Ey/N, Ideal PSK 9.6 dB
G. Coding gain 0 dB
Gy Fixing deterioration 2.5 dB
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5.3.5 Channel Capacity Analysis

Analyzing the channel capacity (CC) is a crucial step in evaluating the performance
of the proposed antenna, particularly when compared to single-input single-output
(SISO) systems. Channel capacity, which defines the maximum data throughput
that a communication system can handle, is a fundamental metric for assessing the
efficiency of an antenna design. It is determined by factors such as the signal-to-
noise ratio (SNR), the bandwidth, and the number of transmitting and receiving
antennas. The theoretical foundation of channel capacity is rooted in Shannon’s
Capacity Theorem, which establishes an upper limit to the data rate based on the
noise and bandwidth available in a communication channel.

In the case of multiple-input multiple-output (MIMO) systems, they offer a sig-
nificant advantage over SISO systems by utilizing spatial diversity, enabling the
transmission of multiple data streams simultaneously. This spatial diversity im-
proves the data rate and enhances the system’s resilience to multipath fading. MIMO
systems exploit the independent paths created by multiple antennas, leading to an
increase in capacity without the need for additional bandwidth. The channel capac-

ity for a MIMO system is typically expressed by the following Equation |5.3f
SNR

Where, det stands for the determinant, which quantifies the overall spatial diversity
and capacity of the MIMO channel. I represents the identity matrix, corresponding
to a case with no signal enhancement. The term SNR refers to the signal-to-noise
ratio, N indicates the number of antennas, and H is the channel matrix, with H*
being its Hermitian transpose (the complex conjugate of H). The channel matrix is
first obtained from the 2-D radiation patterns of the 2x1 UWB-MIMO antenna and
then used to estimate the channel capacity [138]. Three configurations are compared
in Figure the ideal SISO, the proposed 2x1 UWB-MIMO, and the ideal 2x1
MIMO systems, with their respective channel capacities. In practical use, MIMO
systems usually operate within an SNR range of 10 to 30 dB. For the purpose of this

analysis, an SNR value of 20 dB is chosen as a representative average to evaluate the
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Figure 5.11: Channel capacity variation with SNR for ideal SISO, proposed 2x1
UWB-MIMO, and ideal 2x1 MIMO systems.

system performance [139]. The channel capacities at an SNR level of 20 dB for the
various configurations are as follows: 6.65 bps/Hz for the ideal SISO, 15.04 bps/Hz
for the proposed 2x1 UWB-MIMO, and 18.27 bps/Hz for the ideal 2x1 MIMO. These
results demonstrate that the proposed 2x1 UWB-MIMO configuration significantly
improves performance compared to the ideal SISO system. At lower SNR values,
noise dominates, leading to similar channel capacities for both the ideal and proposed
MIMO configurations. However, at higher SNR levels, the channel capacity of the
proposed 2x1 UWB-MIMO system approaches that of the ideal 2x1 MIMO system.
The slight difference between these two configurations at high SNR is primarily due
to mutual coupling, which results from interference between closely spaced antenna
elements. Although this effect may slightly reduce the performance of the proposed
MIMO antenna, it still outperforms the SISO system in terms of capacity.

5.3.6 Envelope Correlation Coefficients

The envelope correlation coefficient (ECC) plays a critical role in evaluating the
performance of the 2x1 UWB-MIMO antenna design. It measures the correlation
between channels in a MIMO system, which is a key to understanding how effectively

the system utilizes spatial diversity. In an ideal MIMO setup, the channels would
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be perfectly uncorrelated, allowing each channel to carry independent data without
interference. This results in optimal performance and capacity.

However, in practical systems, channel interference and mutual coupling between
closely spaced antennas often lead to some degree of correlation. Higher ECC values
indicate a stronger correlation between the channels, which can limit the system’s
ability to fully exploit spatial diversity, thereby negatively affecting its performance.
Consequently, minimizing the ECC is crucial for enhancing data throughput and
reducing interference.

The ECC can be computed from either the S parameters of the antenna system
or its far-field radiation patterns. The formula for calculating the ECC using the
S parameters is provided in Equation 5.4 A lower ECC typically indicates better

spatial diversity and overall efficiency of the MIMO system.

51155, + S5, 5%/

ECC =
(1 —[S1[* = [Sa1[?) (1 — [Sa2|* — |S12]?)

(5.4)

In this formulation, the parameters S;; correspond to the reflection coefficient of
Antenna 1, while Sy, refers to the reflection coefficient of Antenna 2. Meanwhile, S
and Sy describe the mutual coupling between the two antennas. The terms S}, and
S5, denote the complex conjugates of the transmission coefficients, which account for
both the magnitude and the phase of the signals. A lower ECC value, ideally close
to zero, indicates that the antennas are well isolated and operate independently.
Although the S-parameter method is widely used, it assumes lossless antennas
operating in an isotropic environment. For antennas that exhibit significant losses,
such as printed antennas, this assumption may not hold, potentially leading to
inaccurate ECC evaluations [124]. Therefore, in our study, ECC was computed using
the radiation pattern-based approach shown in Equation |5.5. This method offers a
more realistic and accurate characterization of channel correlation by accounting for
the actual far-field behavior of the antenna elements in three-dimensional space. All
ECC values reported in this chapter—including those plotted in Figure [5.12—are
based on this radiation-pattern method, ensuring consistency and physical relevance

in the performance assessment of the proposed MIMO design. All results were
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Figure 5.12: The ECC and DG of the 2x1 UWB-MIMO antenna

obtained using full-wave simulations in HFSS, and ECC values were computed by

exporting 3D far-field data and post-processing them in MATLAB.

BOC — (f,. Ani(0,0) : ?n,j(e, $) Q)

([ir [Ani(0,0)[2dQ) _|A,;(0,0)2dQ) (5.5)

In this equation, A, ;(6,¢) and A, ;(8,¢) represent the far-field 3D radiation pat-
terns of Antenna 1 and Antenna 2, respectively. These radiation patterns are func-
tions of the spherical coordinates 6 (elevation angle) and ¢ (azimuth angle). The
symbol (d2) represents the solid angle and the integrals are performed on the entire
sphere, encompassing all directions in a three-dimensional space. The numerator,
( Lo Ani(0.0) - Ay (6, 9) dQ)Q, quantifies the spatial overlap between the radiation
patterns of the two antennas. A higher overlap indicates a greater correlation.
The denominator normalizes the expression by considering the total radiated power
of each antenna, which is calculated through the integrals [, |A,;(6,¢)[> dQ and
Jor 1Ay (6. 9)]2 dC2

The ECC based on radiation patterns offers a spatial analysis of the correlation
between antennas by assessing their radiated fields. For the 2x1 UWB-MIMO
configuration, an ECC value lower than 0.037 indicates that the antennas exhibit

different radiation characteristics, which are favorable for MIMO applications.
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Table 5.4: Comparison Between the Proposed 2x1 UWB-MIMO Antenna and Prior
Designs

Parameters [11§] [35] [119] [13] [120] [115] | This
/ Ref. Work

Freq. (GHz) | 0.915 | 0.433 2.4 0.915 2.45 2.45 2.45
BW (MHz) 2200 | 146.49 | 1240 900 1002 320 6728
FBW (%) 157.1 33.9 62.6 84.9 36.8 13.1 165.1
Gain (dBi) —33.1 -30 =276 | =304 | =21.3 | —20.5 | —23.3

Size (A\?) 524 x | 1.78 x | 3.21 x | 2.67 x | 3.23 x | 7.06 x | 1.52 x
107° 1076 10~* 1076 1073 107° 1076

Depth (mm) 57 90 6.5 75 4 75 50
Elements 2 2 2 2 2 2 2
Isolation >20 >26 >20 20 >20 >28 >21

(dB)
CcC N/A 10 8.8 14 8.37 9.9 15.04
(bps/Hz)
ECC <0.5 0.1 <0.25 <0.1 <0.1 <0.1 | <0.037

Diversity gain (DG) is another crucial performance indicator for MIMO antenna
systems, as it measures the improvement in signal quality and system dependability
provided by antenna diversity. DG reflects the system’s ability to reduce fading and
improve overall link performance. The relationship between DG and ECC is given

by Equation [5.6]
DG = 104/1 — (ECC)? (5.6)

In this equation, a smaller ECC value denotes a lower correlation between antennas,
leading to a higher DG and better system performance. As demonstrated in Fig-
ure [5.12] within the antenna’s operational frequency range, the ECC remains below
0.037, ensuring that the DG remains above 9.99 dB.

To ensure a comprehensive evaluation, Table compares the proposed 2 x 1
UWB-MIMO antenna with several state-of-the-art designs reported in the litera-
ture. For fairness, emphasis is placed on comparing antennas operating around the
same frequency range (2.4-2.45 GHz), as performance parameters such as band-
width and gain are inherently frequency-dependent. Among the antennas operating

at 2.45 GHz [115,119,120], the proposed design stands out with an ultra-wide band-
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width of 6728 MHz and a corresponding fractional bandwidth (FBW) of 165.12%,
significantly exceeding that of all other works. This extended bandwidth is par-
ticularly beneficial for implantable systems as it enhances resilience to frequency
detuning and supports high-data-rate communication per Shannon’s theorem. In
terms of gain, although implantable antennas typically exhibit low values due to
lossy tissue environments, the proposed antenna’s gain of —23.3 dBi is comparable
to or better than similar systems such as [119] (—27.6 dBi) and [13] (—30.4 dBi),
while still supporting deep-tissue implantation (50 mm depth). From a miniatur-
ization standpoint, the proposed antenna achieves the smallest normalized volume
(1.52 x 10_6)\3), reflecting its highly compact structure suitable for capsule-type de-
vices. This compactness is achieved without compromising other key metrics, such
as isolation (>21 dB) and envelope correlation coefficient (ECC < 0.037), which in-
dicate strong MIMO performance. Finally, the channel capacity (CC) at 20 dB SNR
is 15.04 bps/Hz—the highest among the reviewed works—confirming the antenna’s
ability to sustain robust, high-speed telemetry in a multipath-rich, lossy environ-
ment. In summary, compared to other implantable MIMO antennas operating in
the same band, the proposed design provides a superior trade-off between band-
width, size, isolation, and communication performance, making it highly suitable

for next-generation biomedical telemetry applications.

5.4 Conclusion

This study successfully developed a miniaturized 2x1 UWB-MIMO antenna opti-
mized for next-generation leadless pacemakers. The design, featuring compact rect-
angular loop antenna elements and a common slotted ground plane, demonstrated
good isolation between them, with low mutual coupling values across key frequen-
cies. The antenna achieved a wide operational bandwidth, covering a range from
710 MHz to 7438 MHz, with a fractional bandwidth of 165.12%. Performance evalu-
ations, including Specific Absorption Rate (SAR), channel capacity, and correlation
coefficient, confirmed antenna safety and efficiency, with SAR values well within

safe limits. The 2x1 UWB-MIMO configuration exhibited a high channel capacity
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at signal-to-noise ratio (SNR) = 20 dB, making the design suitable for medical appli-
cations. The fabricated prototype, which was tested with tissue-equivalent material,
validated the simulation results, confirming the practicality of the proposed antenna

for the integration of leadless pacemakers.
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CHAPTER 6

Conclusion and Future Work

6.1 Conclusion

This thesis presents significant advancements in the design of implantable anten-
nas for leadless pacemaker applications. It provides a comprehensive review of im-
plantable antenna design, highlighting the associated challenges and limitations.
The issues addressed in this work include size constraints, frequency detuning, and
signal fading. To overcome these challenges, three innovative antenna designs have
been developed, each aimed at improving size efficiency, expanding bandwidth, and
enhancing reliability, respectively, within the complex biological environment. These
designs offer promising solutions for enhancing the performance of implantable an-

tennas in medical applications, as outlined below:

e First Contribution: This implantable antenna is designed to achieve an
ultra-wide bandwidth, effectively mitigating the issue of frequency detuning.
The radiating element is rectangular with a centrally positioned large U-shaped
slot. An inductive shorting pin, with a radius of 0.1 mm, is placed at one
corner of the patch. Additionally, several rectangular slots are incorporated

along the edges of the patch. On the opposite side, the ground plane features
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multiple expanded slots to further optimize performance. To ensure wideband
performance while maintaining a compact form, reactive loading techniques
are employed. The antenna is constructed using Rogers RO3003 material,
which has a low loss tangent (tand) of 0.0010 and a relative permittivity (e,)
of 3. Both the substrate and superstrate have a standard thickness of 0.127
mm. The antenna has a compact volume of 9.44mm? and provides a wide
bandwidth of 3390 MHz, with a fractional bandwidth of 138%. The frequency
range spans from 0.76 to 4.15 GHz, covering several critical bands such as the
ISM (0.869, 0.915, and 2.45 GHz), WMTS (1.4 GHz), and midfield (1.6 GHz)
bands. Simulations conducted in a homogeneous phantom model of heart
tissue reveal antenna gains of —32.4dBi at 0.915 GHz, —27.94dBi at 1.4 GHz,
and —19.8dBi at 2.45 GHz. The proposed antenna also demonstrates low
Specific Absorption Rate (SAR) levels in a full-body model, with SAR values
below 1.6 W /kg for 1 g of tissue and 2.0 W /kg for 10 g of tissue. Furthermore,
a link budget analysis was performed to estimate the telemetry range at a
10 Mbps data rate. The antenna prototype was fabricated and subsequently
tested on minced pork meat, with the measured results closely matching the

simulated predictions.

Second Contribution: This antenna was developed to address both fre-
quency detuning and size constraints. Compared to the first design, it achieves
greater compactness and a wider bandwidth. The antenna features a rectangu-
lar radiating patch with a central C-shaped slot, which enhances its functional
efficiency. To improve inductance, a via with a precisely chosen radius of 0.08
mm is strategically placed at the bottom corner. Additionally, the ground
plane is optimized with expanded slots and asymmetrical circular features
near its center, further enhancing performance. Constructed using RO3003
material, the antenna benefits from a low loss tangent (tand = 0.0013) and a
relative permittivity (e, = 3), ensuring efficient and reliable operation. The
design achieves a compact volume of only 8.33 mm?® and provides an ultra-wide
—10 dB bandwidth of 4330 MHz, corresponding to a fractional bandwidth of

152.7%. Tt operates over a frequency range of 0.67 GHz to 5 GHz. Simulation
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results demonstrate antenna gains of —31.3dBi at 0.915 GHz, —25.8dBi at
1.4 GHz, and —21.9dBi at 2.45 GHz. Furthermore, the antenna exhibits peak
Specific Absorption Rate (SAR) values of 320.4 W/kg at 0.915 GHz, 332.8
W/kg at 1.4 GHz, and 464.1 W /kg at 2.45 GHz. To assess the reliability of
the wireless communication link, a link budget analysis was conducted to esti-
mate the range between the transmitter and receiver at data rates of 10 Mbps
and 25 Mbps. The performance of the antenna was further validated through
testing in minced pork tissue, with the measured results closely aligning with

the simulated results.

Third Contribution: This antenna was developed to overcome signal fading
and multipath interference. The antenna employs a two-port ultra-wideband
multiple-input, multiple-output (UWB-MIMO) configuration, with two rect-
angular loop antenna elements positioned side by side. To enhance perfor-
mance, the design includes a shared slotted ground plane, substrate, and su-
perstrate. The compact design of the antenna utilizes low-permittivity mate-
rials (e, = 2.2) for both the substrate and superstrate to enhance bandwidth.
Size reduction is achieved through techniques such as optimized rectangular
loop elements, via-based inductive loading, and strategically placed U-shaped
and open-ended slots in the ground plane. These methods enable effective
miniaturization, achieving a compact form factor of 12 x 5.4 x 0.254 mm?
(16.4 mm?), along with impedance matching and bandwidth enhancement.
Isolation between the antenna elements is significantly improved through the
addition of two rectangular slots placed at the center of the ground plane,
one for each loop, along with a small 0.8 mm gap between the elements.
This design achieves mutual coupling of less than —21dB across the entire
operational bandwidth. The UWB-MIMO antenna offers an impressive frac-
tional bandwidth (FBW) of 165.12%, allowing it to function across a broad
frequency range from 710 MHz to 7438 MHz. Various performance metrics,
including Specific Absorption Rate (SAR), link budget, channel capacity, and
correlation coefficient, were thoroughly analyzed. The measured SAR values
remained well within safe limits, with readings of 0.042 W /kg at 915 MHz,
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0.072 W/kg at 1.4 GHz, 0.083 W /kg at 2.45 GHz, and 0.132 W/kg at 5.8
GHz, all for an input power of 25 pW. When operating at a signal-to-noise
ratio (SNR) of 20 dB, the UWB-MIMO antenna achieved a channel capacity
of 15.04 bps/Hz. To validate the HFSS simulation results, a prototype was
fabricated and subsequently tested using minced pork as a tissue-equivalent
medium. The experimental results demonstrated strong agreement with the
simulated results, confirming the suitability of the proposed antenna for next-

generation leadless pacemakers and other implantable biomedical applications.

6.2 Future Work

This thesis has addressed several challenges related to implantable antennas; how-
ever, additional areas remain for future investigation. As outlined in the implantable
antenna design roadmap in Chapter 2, further validation is needed before these de-
signs can be applied to real-world leadless pacemaker applications for patients. In
particular, future work should prioritize conducting additional tests in living organ-
isms, such as pigs or rats, to assess the designs’ practicality and safety.

Furthermore, exploring wireless power transfer for leadless pacemaker devices
is another important avenue for future work. Since these devices are designed for
long-term implantation, enabling battery recharging without replacement would sig-
nificantly reduce patient discomfort and associated costs. A promising future de-
velopment involves creating a comprehensive rectenna system to wirelessly power
implantable devices, offering a more efficient and cost-effective solution.

Additionally, future work should investigate the data rate require-
ments of emerging biomedical telemetry systems. As next-generation pace-
makers are expected to support real-time monitoring, secure firmware updates, and
synchronization with wearable or external diagnostic devices, antenna systems must
meet higher throughput and latency demands. Adapting the antenna designs to
reliably support data rates exceeding 50 Mbps may be necessary.

Integration of emerging communication technologies, such as sub-THz

bands, 6G-inspired nano-networks, or ultra-low-power backscatter communication,
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could also be considered for future implantable devices.

Finally, the use of metamaterials or metasurfaces, including electromag-
netic bandgap (EBG) structures or artificial magnetic conductors (AMCs), could be
explored to improve antenna miniaturization, gain, and isolation without increasing
complexity or volume. Such materials could enable smarter electromagnetic control

in lossy environments like human tissue.
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APPENDIX A

Properties of Human Body Tissues Across Frequency Bands

This Appendix outlines the dielectric properties of human body tissues in various
frequency bands relevant to this research. These properties are essential for under-
standing electromagnetic interactions with the human heart. The tables provided
summarize the frequencies utilized in different designs developed during the PhD
period.

The data shown below [140] illustrate how the permittivity and conductivity
of tissues vary with frequency. As frequency increases, permittivity decreases, and
conductivity increases. These trends are important for optimizing antenna designs

and ensuring that they align with biological conditions.
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Figure A.1: Dielectric properties in the 902-928 MHz ISM Band.
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Figure A.2: Dielectric properties in the 1.395-1.432 GHz WMTS Band.
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Figure A.3: Dielectric properties in the 2.4-2.5 GHz ISM Band.
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Figure A.4: Dielectric properties in the 5.725-5.875 GHz ISM Band.
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