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Abstract

This thesis explores the development of miniaturised wireless and battery-free sys-
tems for physiological monitoring and their possible applications in stimulation. It
addresses critical challenges in power delivery, energy harvesting, data communica-
tion, device miniaturisation, lowering implantation potential risks, and improving
end-user comfort. This thesis includes a comprehensive literature review that estab-
lishes the groundwork by identifying gaps and opportunities in the field. The research
introduces a high-bandwidth optical telemetry system for brain signal sensing, which
achieved 108 Mbit/s and 54 Mbit/s back telemetry data rates for tissue thicknesses
of 3 mm and 8 mm, respectively, with a power consumption of 1.57 mW, resulting
in an energy efficiency of 14.5 pJ/bit. This provides a foundation for wireless mon-
itoring technologies. This is extended with a novel integration of optical telemetry
and focused ultrasound power transfer, creating a complete system for endovascular
applications that eliminates long wires and enhances clinical applicability, especially
for fragile or pediatric patients. The experiments shows data transmission speeds of
over 2 Mbit/s and deliver delivers up to 10 mW of power through the scalp(6 mm),
skull(10 mm), and subdural space(5 mm), adhering to safety limits. Further contri-
butions include a groundbreaking wireless power transfer system designed to deliver
sufficient energy directly to standard stents for monitoring and stimulation applica-
tions without modifying its structure, achieving high efficiency and safety compliance.
The experiments shows the system achieved 7.26% DC-to-DC efficiency and can de-
liver over 45 mW of power without exceeding safety limits. The thesis also presents a
novel sensing electrode for a wireless ambulatory electroencephalogram (EEG) using
hair-like conductive material implanted in the skin layer, combining biocompatibil-
ity, comfort, aesthetics, and reliable signal capture for long-term brain monitoring.
Together, these advancements represent a significant step forward in wireless and
battery-free biomedical systems, offering practical and innovative solutions for diag-
nostics, therapy, and research while addressing key limitations in current technologies.
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Chapter 1

Introduction

1.1 Problem definition

Miniaturized wireless and battery-free systems for physiological monitoring and stim-
ulation face numerous challenges that must be overcome to realise their transformative
potential in healthcare and biomedical research fully. A primary challenge lies in the
trade-offs between functionality, power consumption and size Zhang et al. (2023a).
Making the physiological monitoring and stimulation device wireless is highly com-
plex, as these systems require a reliable power supply and continuous streaming data
for sensing. These power transfer and data communication solutions face the challenge
of biological tissue attenuation, energy losses and body movement Stuart et al. (2021).
At the same time, these wireless solutions need to meet safety standards and not cause
damage to surrounding tissues. Miniaturization necessitates the development of com-
pact and lightweight designs that can be seamlessly integrated into or onto the body,
whether for wearable or implantable applications Nair et al. (2023). However, this size
reduction inherently limits the capacity for energy storage, computational power, and
data communication, which are critical for achieving high-performance physiological

monitoring and stimulation.

Physiological monitoring often requires high-bandwidth data transmission to capture

signals with higher resolution and higher sampling rates for diagnostics, decoding
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and real-time feedback. For example, monitoring neural activities demands high-
resolution data as it requires over 10 bits of resolution to cover the dynamic range and
a sampling rate over 250 Hz, and normally, multiple channels will be needed to identify
the different regions of the activity Moore et al. (2021a). These requirements increase
the burden on wireless telemetry systems, especially when power consumption and the
transmitter’s volume are limited. At the same time, in endovascular implants, such as
stent-based smart devices, the shape and volume are highly restricted, which makes
wireless power transfer very hard. The balance between more powerful functions and
maintaining low power consumption to avoid overheating or tissue damage is hard to

achieve, and existing solutions often fail to meet these dual requirements effectively.

Another critical challenge for Physiological monitoring and stimulation devices is
achieving long-term stability and reliability in harsh and often dynamically changed
biological environments Kim et al. (2024). When the implanted or wearable system
has a lead wire or cable, it must withstand movement, varying tissue conditions, and
potential drag force over extended periods. Making the system wireless is the way
to solve these long-term related challenges. Additionally, by removing the cable or
lead wire, we can minimise the invasiveness of the system and reduce the risks and
discomfort for the patient. Over the years, we have seen substantial engineering efforts
to make this system wireless. Still, due to the limited transceiver size, power budget
and bandwidth requirement, it is hard to address these requirements simultaneously,

leaving critical gaps in their applicability to achieve the device’s full potential.

Addressing these challenges is of principal importance, as miniaturized wireless and
battery-free systems hold immense promise for revolutionizing the healthcare indus-
try. They have the potential to enable minimal or non-invasive diagnostics, real-
time feedback mechanisms, and personalized therapies, which can improve patient
outcomes and reduce healthcare costs. For instance, wearable systems could contin-
uously monitor chronic conditions, such as epilepsy or neurodegenerative diseases,
enabling timely interventions and reducing the burden on healthcare facilities. Im-
plantable devices could offer targeted therapies, such as deep brain stimulation or

pain management, with minimal discomfort or disruption to the patient’s daily life.
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Furthermore, these systems could open new frontiers in biomedical research by en-
abling precise, long-term monitoring and stimulation of biological processes, providing

deeper insights into complex physiological mechanisms.

Multidisciplinary advancements in materials science, electronics, bioengineering, and
data science are required to bridge the existing gaps. Innovations in ultra-low-power
electronics, energy harvesting, and wireless communication technologies will be piv-
otal in overcoming size and power constraints. Additionally, integrating advanced
biocompatible materials and adaptive algorithms for real-time data processing will
enhance these systems’ usability, stability, and safety. By addressing these chal-
lenges, miniaturized wireless and battery-free systems can become scalable, reliable,
and impactful solutions that redefine modern healthcare, offering new possibilities for

diagnostics, therapy, and research.

1.2 The approach

This thesis employs a comprehensive and systematic approach to address the research
questions related to miniaturized wireless and battery-free physiological monitoring
and stimulation systems. The investigation begins with an extensive literature review
to provide a broad and detailed perspective on the field’s current state, identifying
key challenges and opportunities. Building on this foundation, the research initially
focuses on developing wireless data communication technology designed explicitly
for brain signal sensing. Wireless data communication is the critical entry point
for creating miniaturized systems, addressing the fundamental need for efficient and

reliable data transmission.

The work then progresses to integrate wireless data communication with innovative
wireless power solutions, advancing the field toward a comprehensive solution for
physiological monitoring systems. This integration enhances system functionality
and lays the groundwork for developing complete miniaturized and battery-free plat-
forms. The thesis introduces and evaluates a novel power transfer technology capable

of delivering sufficient energy directly to a standard stent to address the constraints
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imposed by volume, size, implantation position, and stringent safety requirements.
This solution meets the demanding power requirements for monitoring and stimula-

tion applications, demonstrating its viability for practical use.

Additionally, the research explores innovative electrode designs to create a fully wire-
less, ambulatory EEG system that satisfies signal quality, comfort and aesthetic re-
quirements. These novel electrodes enhance user experience while maintaining high-
quality signal acquisition, making the system suitable for extended use in real-world
settings. Together, these efforts represent a multidisciplinary approach to overcoming
this field’s technical and practical challenges, paving the way for advanced solutions

in biomedical monitoring and therapeutic systems.

1.3 Contributions

This thesis makes significant contributions to the development of miniaturized wireless
and battery-free systems for physiological monitoring and stimulation, addressing key
challenges in power delivery, data communication, device miniaturization, and user
comfort. The research begins with an extensive review of the current state of the field,
providing a comprehensive understanding of existing gaps and opportunities. A major
contribution lies in the development of a novel wireless optical telemetry system for
high-bandwidth brain signal sensing, which serves as a foundation for miniaturized
monitoring systems. This work is further extended by integrating wireless power
solutions, creating a comprehensive system capable of both data transmission and
power delivery. Another notable contribution is the design of a cutting-edge wireless
power transfer technology that delivers sufficient energy to a typical stent, meeting
the stringent requirements for size, implantation position, and safety while enabling
both monitoring and stimulation functionalities. Additionally, this thesis introduces
a novel hair-electrode design for EEG monitoring, transforming conventional systems
into fully wireless, comfortable, and aesthetically acceptable devices suitable for long-
term use. Figure 1.1 illustrates the main contributions of this thesis and how these

works can benefit biomedical devices. These contributions advance the state of the
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art in wireless and battery-free biomedical systems, paving the way for innovative
applications in diagnostics, therapy, and research and addressing critical challenges

in healthcare and biomedical engineering.

Chapter 3 reports a proof-of-concept optical telemetry module that uses a single LED
as the transducer. It demonstrates achieving a small, reliable, and reasonably high
bit-rate data uplink between a neural implant and its proximal wirelessly connected
external unit. This chapter presents the design of a subdermal optical telemetry
module that balances high data rate, high power efficiency, and low volume. The
proposed design, implemented with discrete components and tested with animal tis-
sue, achieves a 108 Mbit /s data rate through 3 mm of tissue, tolerating misalignment
up to 5 mm and £15°. The module’s power consumption is below 1.57 mW, with
a data transmission efficiency of 14.5 pJ/bit. The transducer’s volume is less than
1 mm?, demonstrating excellent potential for miniaturization and diverse applications.
When integrated with an Application-Specific Integrated Circuit (ASIC), this small
(in size) telemetry module nominally supports 1,000 channels of neural recordings,

each sampled at 9 kSps at 12-bit resolution.

Chapter 4 introduces a groundbreaking optical wireless telemetry module combined
with a Focused Ultrasound (FUS) power transfer system designed for integration
within an endovascular stent. This innovation addresses the critical limitations of
current Endovascular Brain-Computer Interfaces (eBCIs), such as the Stentrode™,
by eliminating the need for long wires connecting stent electrodes to encapsulated
electronics. Our approach enhances the clinical applicability of eBClIs for patients
with fragile or weak blood vessels and presents a viable solution for pediatric ap-
plications. The proposed system demonstrates high-speed data transmission (over
2 Mbit /s, supporting 41 Electrocorticography (ECoG) channels at a 2 kHz sampling
rate and 24-bit resolution) and efficient power transfer (up to 10 mW) within safety
limits. Proof-of-concept experiments using fresh bovine tissues confirm the system’s
effectiveness, laying the groundwork for future advancements in neuroscience, engi-

neering, and medical technology.

Chapter 5 presents significant advancements in developing minimally invasive, fully
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Figure 1.1 — Topic introduction, conceptual illustration of the potential benefits of minia-
turized, wireless, and battery-free systems for physiological monitoring and stimulation
in biomedical devices. The left panel highlights various existing devices and technologies
that have achieved significant physiological monitoring and stimulation milestones. These
devices rely on cables for power or data transmission. Some of these devices incorporate
implantable batteries as their energy source, and some of these devices use cables to send
high-speed data out of the body. The top left depicts an endovascular stent-based moni-
toring device with a chest companion and a long cable that travels through the vessel to
connect the two parts. The second top left illustrates a closed-loop deep brain stimulation
device powered by an implantable battery featuring subcutaneous sensing electrodes and
electronics. All electrodes are connected via lead wires to a bulky hermetic package hous-
ing the battery and circuitry. The second bottom left showcases a Utah array device, a
high-performance Brain-Computer Interface (BCI) system that requires a bulky cable for
high-speed data transmission to an external computer. The bottom left presents a classi-
cal Electroencephalogram (EEG) device with multiple wires for signal transmission. The
right panel demonstrates the contributions of this thesis. The top right features a wire-
less power transmission system efficiently delivering power to a typical stent. This system
supports both monitoring and stimulation functionalities. The second top right displays a
system integrating power transmission and data communication solutions for endovascular
implantable devices. The second bottom right shows a high-speed optical data telemetry
system developed for high-performance implantable BCI applications. The bottom right
highlights novel hair-based electrodes designed for a fully wireless EEG device. This in-
novation provides an ambulatory EEG solution with enhanced comfort and suitability for
long-term use.
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wireless endovascular ECoG devices. This study addresses the challenges of space
constraints, biocompatibility, and safety in Wireless Power Transfer (WPT) for stent-
based devices in the brain. A novel WPT system is introduced, capable of delivering
over 45 mW of power directly to a standard medical stent without modifying its
structure or material. The system achieves a 7.26% DC-to-DC efficiency, the highest
reported for stent-based brain implants without additional transceivers or specialized
stent designs. Experimental results using real skin, bone, and vessel tissues align
closely with finite element simulations, confirming accuracy and practicality. Safety
assessments, including Specific Absorption Rate (SAR) analysis and temperature rise
simulations, demonstrate compliance with regulatory standards and minimal risk to
surrounding tissues. This work contributes to the scientific understanding of WPT
in biomedical applications and opens new avenues for endovascular ECoG and neu-

romodulation devices.

Chapter 6 introduces a novel approach to EEG monitoring technology by address-
ing the limitations of conventional wet, dry, and implantable systems. This chapter
details the design of electrically conductive, hair-like electrodes for long-term ambu-
latory monitoring of up to two weeks. These biocompatible, artificial hair strands, vi-
sually indistinguishable from natural hair, provide a non-invasive, socially acceptable,
and comfortable alternative to traditional EEG systems. The electrodes eliminate the
need for conductive gels, uncomfortable pressure, and bulky headgear, long-standing
barriers to continuous brain monitoring. The design incorporates a conductive core
surrounded by a biocompatible sheath, ensuring high-quality signal acquisition while
maintaining low electrode impedance. Anchored by biodegradable, porous artificial
follicles, the electrodes naturally integrate with scalp tissue and degrade over time,
reducing the need for invasive removal procedures. Signal acquisition is facilitated by
a lightweight, wireless "hair clip" device that securely attaches to the artificial hair,
improving user comfort and aesthetic appeal. The design ensures signal redundancy
and reliability by aligning electrode placement with the standard 10-20 EEG sys-
tem, enabling continuous, long-duration monitoring for diagnostics, treatment, and

neurological research.
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This thesis represents a significant contribution to developing advanced wireless and
battery-free systems, addressing critical challenges in healthcare and biomedical en-

gineering while paving the way for innovative solutions in diagnostics and therapy.

1.4 Thesis structure

This thesis focuses on developing and exploring miniaturized wireless and battery-
free systems for physiological monitoring and stimulation. It aims to address key
challenges such as high data bandwidth requirements, wireless power delivery, size

limitations, and user comfort in wearable and implantable biomedical devices.

Chapter 2 provides a comprehensive literature review, highlighting the current state
of wireless and battery-free systems, their applications, and the technological chal-
lenges that remain unsolved. This chapter sets the stage for the subsequent research

by identifying the gaps and opportunities in the field.

Chapter 3 explores wireless data communication technologies, presenting an optical
telemetry system that addresses the high bandwidth requirements of physiological
monitoring. This work, published in Xu et al. (2023), demonstrates how optical
communication can overcome the limitations of conventional telemetry methods, pro-

viding a robust solution for high-fidelity data transmission in biomedical applications.

Chapter 4 extends the optical telemetry technology by integrating a feasible wire-
less power solution to support the system. This chapter includes more experimental
results showing live data transmission through biological tissue and evaluates the bit
error rate using random data. This chapter is published as Xu et al. (2024). The find-
ings underscore the practicality of combining wireless power and data transmission

in a single system for physiological monitoring.

Chapter 5 introduces a novel wireless power delivery system with high efficiency
specifically designed for endovascular implantable devices. This chapter addresses
critical challenges such as power budget constraints, size limitations, and implantation

risks. The system is versatile, supporting monitoring and stimulation applications,
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and represents a significant advancement in wireless power technology for biomedical

devices.

Chapter 6 focuses on the development of novel hair electrodes that transform EEG
devices into fully wireless systems with improved aesthetics. This work addresses the
invasiveness and comfort issues associated with brain monitoring devices, enhancing
user experience and usability. The innovative design makes EEG monitoring more

practical for both clinical and everyday applications.

Chapter 7 concludes the thesis by summarizing the key contributions of the work
and discussing potential future directions. It highlights the broader implications of
miniaturized wireless and battery-free systems in healthcare and biomedical research,

suggesting pathways for continued innovation in this rapidly evolving field.

Each chapter in this thesis is written to be as self-sufficient as possible. The Bibli-
ography goes after the last chapter and before the first appendix.



Chapter 2

Literature Review

Firstly, this literature review explores the advancements and challenges in wireless
and battery-free physiological monitoring and stimulation systems, emphasising their
transformative potential in healthcare and biomedical research. These wireless power
transfer and data communication systems eliminate the limitations of traditional
tethered and battery-dependent designs, enabling long-term, minimally invasive ap-
plications for monitoring health conditions, diagnosing diseases, delivering therapies,

restoring lost functions, and enhancing biological processes.

The review dives into key technologies underpinning these systems, including power
casting, energy harvesting, bioelectronics, data communication and signal processing.
It highlights recent innovations in wireless sensing platforms, stimulation modali-
ties, and real-time closed-loop control systems. The review also addresses critical
challenges such as miniaturisation, power efficiency, computational demands, data
bandwidth limitations, and safety constraints like specific absorption rates. Emerg-
ing trends, such as energy-efficient designs, multi-source energy harvesting, and on-
device machine learning, are identified as the future application trends for these tech-
nologies. This review underscores the potential of wireless and battery-free systems
to revolutionise healthcare standards, enhance therapeutic precision, and facilitate

groundbreaking research in biological and clinical sciences.
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2.1 Introduction

Cells, tissues, and the human biological system are constantly in dynamic commu-
nication, exchanging and responding to electrical, chemical, and mechanical signals.
These intricate interactions drive various biophysical and biological activities that
underpin life itself Hong and Lieber (2019); Wellman et al. (2018); Won et al. (2020).
This ongoing exchange is essential for maintaining homeostasis and supporting com-
plex biological processes such as growth, repair, and adaptation to environmental
changes. Understanding these mechanisms is crucial for advancing our knowledge of
how biological systems operate, from cellular to entire organisms. This knowledge has
profound implications for unlocking the mysteries of fundamental biological mecha-
nisms, enabling the discovery of innovative diagnostic approaches, and paving the
way for novel therapeutic interventions to treat a wide range of diseases Chen et al.

(2017); Corrias et al. (2012); Grill et al. (2009)

Despite decades of research, our ability to record, interpret, and manipulate these
bio-signals remains limited. The challenge lies in the complexity and diversity of the
signals, which span a wide range of temporal and spatial scales. While significant,
traditional bio-signal recording and stimulation technologies often fall short in captur-
ing the full spectrum of these signals or delivering precise therapeutic interventions.
However, recent advances in low-power, large-scale integrated circuits, cutting-edge
electronics, and novel materials have revolutionised the field. These breakthroughs
have enabled the collection and digitalisation of a collection of bio-signals with out-

standing accuracy and efficiency Fattahi et al. (2014).

Simultaneously, modern devices are increasingly capable of interacting with physiolog-
ical systems, offering new ways to deliver targeted stimulation or modulate biology-
related environments. These capabilities have expanded the possibilities for both
diagnostic and therapeutic applications. For example, precise electrical stimulation
can help restore function in damaged neural circuits, while chemical delivery sys-
tems can modulate localised environments to promote tissue repair or counteract

disease Jonsson et al. (2016).
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The convergence of biology and electronics has given rise to a growing group of tech-
nologies that bridge these two domains. These technologies, often tailored to specific
modalities, enable seamless integration between biological systems and devices. They
range from wearable sensors and implantable devices to sophisticated tools for imaging
and real-time data analysis. By building increasingly robust and versatile interfaces,
researchers are expanding our understanding of biological processes and creating new
opportunities for precision medicine, personalised healthcare, and improved quality

of life for patients worldwide Kotov et al. (2009); Won et al. (2018).

This emerging synergy between biology and technology marks a transformative era
where the boundaries between natural and artificial systems continue to blur, unlock-

ing new possibilities for scientific exploration and human health advancements.

Physiological monitoring systems play a pivotal role in modern biomedical research
and healthcare by continuously recording high-fidelity bio-signals and transmitting
these data for advanced processing and analysis. These innovative sensing platforms
have achieved remarkable milestones across various applications, revolutionising our
ability to observe and understand complex biological processes. For instance, a high-
density, long-term brain signal recording system enables researchers to capture de-
tailed neural activity over extended periods, providing critical insights into brain
functions and disorders Steinmetz et al. (2021). Similarly, advanced photometric sys-
tems can now precisely monitor cell-specific activities, allowing scientists to decode
cellular behaviours and their roles in more extensive biological networks Burton et al.

(2020a).

In cardiovascular health, monitoring chronic physiological changes has become a real-
ity through sophisticated wearable and implantable sensors, which provide real-time
data to assess conditions like hypertension and heart failure Reeder et al. (2019).
Wireless oximetry probes, designed for continuous and localised oxygenation mon-
itoring, have brought significant advancements in understanding tissue oxygen dy-
namics during chronic diseases or critical care scenarios Lazaro et al. (2019); Zhang
et al. (2019a). Furthermore, implantable devices that integrate with smartphones are

breaking new ground. For example, such a system can non-invasively read in vivo
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blood flow information, offering patients and clinicians a portable and convenient
diagnostic tool Vennemann et al. (2020a). Another groundbreaking development is
using thermal conductivity changes in tissues to detect abnormal blood flow, aiding
in managing conditions like hydrocephalus Krishnan et al. (2020). These technologies
exemplify the transformative power of physiological monitoring systems in bridging

the gap between data collection and actionable medical insights.

On the other hand, the delivery of targeted stimulation to biological systems has
emerged as both a powerful treatment modality and a versatile tool for modulating
biological properties. The repertoire of stimuli has expanded significantly beyond
electrical energy to include optical, acoustic, magnetic, and thermal modalities, en-
hancing the versatility and precision of these interventions. Optogenetic stimulation,
for example, has demonstrated the ability to alter social behaviours in mice by target-
ing specific neural circuits, showcasing its potential for psychiatric and behavioural
research Yang et al. (2021). In neurology, optical stimulation of the brain has proven
effective in alleviating epileptic seizures, offering a less invasive and more targeted

approach compared to traditional therapies Paz et al. (2013).

In metabolic regulation, advanced stimulation techniques are being explored to con-
trol blood glucose levels, presenting a promising avenue for managing diabetes with-
out pharmacological interventions. For patients with spinal cord injuries, stimulation
technologies have enabled the restoration of walking ability by reactivating dormant
neural pathways, bringing new hope for functional recovery. Drug delivery systems
have also seen significant innovation, with targeted stimuli guiding therapeutic agents
precisely to affected areas, minimising systemic side effects and enhancing treatment
efficacy. Deep brain stimulation has become a cornerstone treatment for Parkinson’s
disease, significantly improving motor symptoms and quality of life for patients who
do not respond to medications Krauss et al. (2021). Similarly, brain stimulation tech-
niques are being employed to enhance working memory, opening new possibilities for
addressing cognitive deficits associated with ageing and neurological disorders Khan

et al. (2019).

Together, these physiological monitoring and stimulation advancements represent a



2.1 Introduction 14

giant leap forward in biomedical science. Observing and modulating biological sys-
tems with such precision and versatility increases our understanding of complex phys-
iological processes and enables the development of personalised and adaptive ther-
apeutic strategies. This integration of monitoring and stimulation technologies is
redefining the boundaries of what is possible in diagnostics, treatment, and research,

indicating a new healthcare innovation era.

When sensing and stimulation platforms are combined with real-time data analy-
sis capabilities, the intervention system can deliver targeted stimulation precisely
when specific conditions are detected. These advanced systems, known as closed-
loop control systems, represent a transformative approach to automated therapeutic
interventions. By continuously monitoring physiological signals, analysing the data
in real-time, and responding with immediate feedback, these systems eliminate the
need for human intervention and ensure that stimulation is delivered only when re-
quired Mickle et al. (2019). Despite their promise, current closed-loop systems face
significant challenges, primarily related to implantable devices’ power constraints and
size limitations. These constraints limit the computational capabilities of the im-
plants, restricting them to performing only basic data analysis locally Hegde et al.

(2021); Park et al. (2018); Ramot and Martin (2022).

The autonomous functionality of closed-loop systems offers numerous advantages,
including adapting to dynamically changing physiological states. For example, one of
the most demanding applications is seizure control. These systems can detect early
warning signs of a potential seizure, such as abnormal neural activity patterns, and
deliver preemptive stimuli to halt the seizure before it fully manifests Jonsson et al.
(2016); Paz et al. (2013). This approach has shown immense potential for improving
the quality of life for individuals with epilepsy, reducing the frequency and severity

of seizures without the need for constant medication or manual intervention.

Two primary engineering solutions have emerged to address the challenges posed by
implants’ limited data analysis capabilities. The first solution involves designing the
system as discrete parts, including a sensing implant, a stimulation unit, and an

external data processing unit. These components are interconnected using wired or
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wireless communication links to achieve closed-loop control. This modular approach
allows each component to specialise in a specific function—sensing, data processing,
or stimulation—Ileveraging the computational power of the external unit to perform
complex analyses. However, this design introduces its own challenges, such as the need
for reliable and efficient communication between the components. Wired systems may
suffer from increased complexity due to long lead wires, which can cause discomfort
or limit mobility for the patient. On the other hand, wireless communication systems

must overcome issues like signal interference, latency, and power consumption.

The second solution to the problem of limited local computational capacity involves
compressing data at the sensing implant and transmitting the compressed data to
a cloud-based platform for processing. With its relatively unlimited computational
resources, the cloud can perform sophisticated analyses of the incoming data and
generate stimulation commands. These commands are then relayed back to the stim-
ulation unit for execution. While this approach offers the advantage of advanced
data analysis and scalability, it has drawbacks. One significant limitation is the de-
pendence on an active Internet connection, which may not always be feasible in all
settings. Furthermore, the time delay introduced by transmitting data to the cloud
and receiving the stimulation command can be problematic in applications requir-
ing ultra-fast response times, such as cardiac arrhythmia correction or acute pain

management.

Despite these limitations, integrating real-time data analysis with sensing and stim-
ulation platforms has already demonstrated groundbreaking potential across various
applications. Future advancements in miniaturisation, power efficiency, and edge
computing could further enhance the capabilities of these systems. For instance,
developing ultra-low-power processors and advanced algorithms optimised for local
processing could enable more complex analyses to be performed directly on the im-
plant, reducing the reliance on external processing units or cloud platforms. Moreover,
innovations in wireless communication protocols and energy harvesting technologies
could address the challenges of power consumption and connectivity, paving the way

for fully autonomous and self-sustaining closed-loop systems.
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The ongoing and growing evolution of closed-loop control systems highlights a con-
junction of disciplines, including bioengineering, electronics, and computational sci-
ences, to create intelligent medical devices capable of revolutionising healthcare. By
enabling precise, on-demand interventions tailored to an individual’s unique phys-
iological state, these systems promise to significantly improve treatment outcomes,
enhance patient comfort, and reduce the burden on healthcare providers. As research
continues, the potential applications for these systems will likely expand, offering
new solutions for managing chronic conditions, enhancing rehabilitation, and even

advancing human-machine interfaces.

2.2 Limitations of systems with battery and teth-

ered

Electronic devices rely on power supplies to operate, and batteries are often consid-
ered a reliable and portable energy source. Tethered systems, on the other hand,
offer a straightforward and highly efficient means of transferring energy, signal, data
and other information using various modalities. These physical connections, such as
conductive wires for electrical power and data, optical fibres for light-based commu-
nication, and tubes for liquid or air transfer are extensively utilised in research and
medical devices due to their simplicity and effectiveness Boyden et al. (2005); Canales
et al. (2015); Kim et al. (2016); Piatkevich et al. (2018); Pisanello et al. (2017).
Despite widespread adoption, battery-powered and tethered systems face significant
challenges when long-term use is required, particularly in applications demanding
high mobility or minimal interference with the surrounding environment Minev et al.

(2015); Sridharan et al. (2013).

The reliance on tethered systems introduces several issues that are particularly critical
in scenarios requiring prolonged or dynamic operation. Fixation parts used to anchor
the tethered system often add complexity and bulk, making them impractical for

wearable or implantable devices. Furthermore, tethers can interfere with surrounding
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tissues, causing irritation, inflammation, or even physical damage over time. This
interference not only risks compromising the integrity of the tissue but also reduces
the stability and reliability of the connection, which is crucial for consistent device

performance in medical applications Fan et al. (2011); Lu et al. (2018).

Battery-powered systems, while eliminating the need for physical tethers for power
present their own set of limitations. The energy density of current battery technolo-
gies is a primary constraint, limiting the duration for which these systems can operate
without recharging or replacement. Additionally, the size and weight of batteries of-
ten impose restrictions on the design and functionality of devices, especially those in-
tended for implantation. The need to recharge or replace batteries frequently increases
the overall system complexity, requiring additional components such as charging cir-
cuits and external power supplies. In implantable systems, recharging can necessitate
invasive procedures or bulky external equipment, which undermines the benefits of
portability and convenience Burton et al. (2020b); Gutruf et al. (2018); Zhang et al.
(2019¢).

Another critical issue with batteries is the potential of failure, particularly in long-
term applications. Battery failure can occur due to degradation of the chemical
components over time, leading to reduced capacity or complete loss of functionality.
This poses a significant risk in medical devices, as a failed battery could compromise
the performance of life-critical systems. Additionally, the leakage of chemical materi-
als from damaged or degraded batteries presents a serious hazard, with the potential
to cause toxic contamination of surrounding tissues. This risk is especially problem-
atic in implantable devices, where chemical contamination can lead to inflammation,
infection, or other severe complications, making batteries unsuitable for many long-
term applications Bhatia and El-Chami (2018); Goodman et al. (2006); Merchant
et al. (2016).

Given these limitations, researchers and engineers are actively exploring alternative
solutions to power and connect devices. Wireless energy transfer technologies, such
as inductive coupling and resonant magnetic systems, are gaining traction to provide

power without physical tethers. These systems offer the potential to reduce tissue
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interference and improve device mobility while maintaining reliable energy delivery.
Similarly, advancements in energy harvesting technologies, such as piezoelectric ma-
terials and thermoelectric generators, aim to harness energy from the environment or

the human body to extend device operation time without needing batteries.

Innovations in battery technology are also being pursued to address the limitations of
current systems. Solid-state batteries, for instance, promise higher energy densities
and improved safety by eliminating the liquid electrolytes prone to leakage and failure.
Miniaturised batteries and flexible energy storage devices are being developed to
enable their integration into wearable and implantable devices without compromising

design constraints.

Ultimately, overcoming the challenges associated with batteries and tethers will be
critical to the next generation of electronic devices, particularly in fields like biomed-
ical engineering, robotics, and the Internet of Things (IoT). By minimising physical
constraints and maximising energy efficiency, these innovations could enable devices
that are more compact, reliable, and capable of operating autonomously over extended
periods. Such advancements can potentially revolutionise healthcare applications, sci-
entific research, and beyond, paving the way for smarter, safer, and more versatile

technologies.

2.3 Design considerations for wireless and battery-

free systems

The physiological monitoring and stimulation system consists of four main parts; (I)
an energy harvesting part, (II) a sensing part, (III) a stimulation part and (IV) a
data processing part. Fig. 2.1 shows the logic of the system and the design consid-
eration. For all power delivery, we listed the most popular modality and the design

considerations related to the design challenge.
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Figure 2.1 — Modalities for power transfer, energy harvesting, data telemetry, sensing
and stimulation. This diagram indicates the considerations that, in our view,
should be taken into account during the system design phase for each class.
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2.4 Solutions for energy delivery and wireless data

Powering implantable devices and enabling reliable data transmission to and from
these systems represent fundamental challenges in developing physiological monitor-
ing and stimulation technologies. Achieving wireless energy transfer and data commu-
nication in implantable devices requires using specific channels and modalities, each
with distinct advantages and limitations. Among the commonly explored methods
are electromagnetic, ultrasound, optical, and mechanical modalities. Each modal-
ity offers unique benefits regarding energy delivery efficiency, tissue penetration, and
data transmission capacity, but they also present specific technical hurdles that need

to be addressed to optimise their performance.

The ultrasound channel, in particular, is notable for its ability to penetrate deeply
into soft tissues, making it highly suitable for powering and communicating with de-
vices implanted in deep or hard-to-reach locations. One of the key advantages of the
ultrasound approach is its compatibility with miniaturised transducers. Reports in
the literature describe submillimeter- and micrometre-scale piezoelectric transducers
explicitly designed for neural implants, underscoring the potential for compact and
efficient systems Ghanbari et al. (2019); Sonmezoglu et al. (2021). These piezoelec-
tric materials convert acoustic waves into electrical energy, enabling wireless power

delivery to the implantable device.

However, the power delivery efficiency of ultrasound channels is relatively low, typi-
cally reaching up to 0.23% under optimised conditions Chang et al. (2018b); Charthad
et al. (2015); Ghanbari et al. (2019); Meng and Kiani (2016). While this efficiency
level is sufficient for low-power applications, such as certain neural implants, it re-
mains a limitation for devices requiring higher energy inputs. Data communication
through ultrasound channels generally employs backscatter techniques to minimise
power consumption in the device’s internal components. Backscatter communica-
tion involves modulating the reflected ultrasound signal to encode data, significantly

reducing the power the implant requires to transmit information.

The frequency of operation for piezoelectric transducers used in ultrasound systems
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is typically less than 2 MHz Chang et al. (2018a); Charthad et al. (2015); Seo et al.
(2015); Song et al. (2015), with optimal operating frequencies often falling below 5
MHz Barbruni et al. (2020). This relatively low-frequency range balances power de-
livery efficiency and tissue penetration depth while avoiding excessive attenuation.
However, these frequency limitations impose constraints on the data transmission
rate. For example, ultrasound-based data telemetry systems often achieve only a few
hundred kilobits per second, which may be insufficient for high-bandwidth applica-

tions such as real-time video or large-scale data streaming.

Moreover, while backscatter-based data telemetry is energy-efficient, it introduces
challenges in implementing advanced modulation schemes. Techniques such as Orthogonal
Frequency-Division Multiplexing (OFDM), which can significantly increase data rates
and improve spectral efficiency, are difficult to implement with backscatter commu-
nication due to their limited bandwidth and processing capabilities. Consequently,
ultrasound channels are often restricted to simpler modulation schemes, limiting their

data transmission capacity.

Despite these challenges, ultrasound remains a promising modality for powering and
communicating with implantable devices. Its ability to penetrate deep tissues and
support miniaturised transducers makes it an attractive option for applications in
neural interfaces, cardiovascular monitoring, and other medical fields. Advances in
material science, such as developing more efficient piezoelectric materials and trans-
ducer designs, could improve power delivery and data transmission efficiency. Simi-
larly, innovations in signal processing and modulation techniques may enable higher

data rates while maintaining low power consumption.

Researchers are also exploring hybrid approaches that combine multiple channels to
maximise the potential of ultrasound and other modalities for implantable systems.
For instance, integrating ultrasound with electromagnetic or optical systems could
leverage the strengths of each modality, providing a more versatile and robust energy
and data transfer solution. These hybrid systems could optimise tissue penetration,
energy efficiency, and data bandwidth, addressing the limitations of individual chan-

nels.
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Ultimately, overcoming the challenges of powering and communicating with implantable
devices is critical for advancing biomedical engineering. By refining ultrasound-based
systems and exploring complementary technologies, researchers can enable a new
generation of implantable devices with enhanced functionality, reliability, and clinical
impact. This progress holds the potential to transform healthcare by enabling more

effective diagnostics, therapies, and long-term monitoring solutions.

2.5 Sensing platforms

The table 2.1 below provides a detailed summary of emerging and promising wireless
sensing platforms specifically designed for a wide range of biomedical applications.
These platforms represent the critical interface between biological systems and digital
technologies, converting complex biological activities into quantifiable and process-
able signals that can be used for monitoring, diagnosis, and intervention Kawamura
and Miyata (2016). FEach sensing platform may consist of a single sensor for tar-
geted detection or multiple sensors working together to monitor a comprehensive set
of biomarkers. This flexibility enables customisation to suit specific clinical needs
or research applications, offering significant potential for personalised and precision

medicine Lee and Mutharasan (2005); Sawant (2017).

The modalities employed in these platforms are diverse and technologically sophisti-
cated. They include amperometry, potentiometry, conductometry, and electrochem-
ical approaches, which are well-suited for detecting chemical and ionic changes in
biological systems. Optical sensing is frequently used for its high resolution and
non-invasive capabilities, while piezoelectric sensing excels in detecting mechanical
changes, such as pressure or vibration. Magnetic and thermal sensors extend the
functionality of these platforms by enabling the detection of changes in magnetic
fields or temperature, adding another layer of versatility and enabling applications in

complex biological environments Ronkainen et al. (2010).

These sensing platforms have been developed to interact seamlessly with various phys-

iological systems, including the nervous system, where they monitor electrical activ-
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ity and neurotransmitter levels, and the cardiovascular system, where they provide
real-time data on blood pressure, oxygenation, and flow dynamics. In the endocrine
system, these platforms enable the detection of hormonal fluctuations critical for un-
derstanding metabolic and reproductive health. They also play a vital role in the
urinary system by monitoring parameters such as hydration levels and kidney func-
tion. Furthermore, in the integumentary system, these sensors are utilised for skin
monitoring, detecting changes in hydration, temperature, or biochemical markers as-

sociated with conditions like inflammation or wound healing.

The table categorises these platforms based on their technical capabilities, applica-
tions, and compatibility with biological systems. The table highlights not only the
technological diversity of these platforms but also their significant potential to revo-
lutionise healthcare by providing minimally invasive, continuous, and wireless moni-
toring solutions. As such, the table is a valuable resource for researchers, engineers,
and clinicians seeking to develop or implement these advanced sensing technologies

in various medical and research contexts.

Table 2.1 — Summary of wireless sensing platforms and their applications.

Interface Function Modality Technical highlights and | Year

main achievement

Neuro cells | Brain struc- | Photometric | Wireless transceiver, 600 | 2018
tures  mon- | (Optical) mW power consumptionfibre
itoring, optic-cannula,  lightweight
neuronal and compact, battery pow-
activity ered Khiarak et al. (2018)

Neuro cells | Recording Photometric | Subdermal device for freely | 2020
cell-specific (Optical) moving subjects, wireless,
neuronal battery-free, 13.56MHz
activity NFC for both data and

powerBurton et al. (2020¢)

Continued on the next page
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Interface Function Modality Highlights and main | Year

achievement

Neuro cells | Recording Electric Voltage imaging, simultane- | 2019
membrane potential ously records multiple neu-
potential rons, SNR 0.93 per 1mV
from a group bandwidth 1KHz, Adam
of neurons et al. (2019)

Neuro cells | Recording Fluorescent Fluorescent to indicate the | 2018
cellular (Optical) spatiotemporal dynam-
signaling ics of signal transduction
networks pathways Greenwald et al.

(2018)

Neuro cells | Recording pH | Biochemistry | Detect cellular processes by | 2018
changes of liv- | (Optical) pH, pH imaging by fluores-
ing cells cent, genetically encoded pH

Martynov et al. (2018)

Brain signal | Recording Bioelectrical | Far field energy harvest- | 2012
brain signal, ing, free moving insects,
muscle signal single-chip telemetry inte-

grated Thomas et al. (2012)
Brain signal | Recording Bioelectrical | Backscatter communication, | 2019

neural spikes
from the

brain

12.4 pJ/b Rosenthal et al.
(2019)

Continued on the next page
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Interface Function Modality Highlights and main | Year
achievement
Brain signal | Recording Optical Optofluidic device, | 2019
pharma- lightweight and injectable,
cological NFC Zhang et al. (2019d)
signal  from
optofluidic
device
Brain signal | Recording Optical Camera imaging, fibre pho- | 2020
posterome- (Imaging) tometry, two-photon imag-
dial cortical ing, combined silicon probe
rhythm Vesuna et al. (2020)
Brain signal | Recording Bioelectrical | High-density electrodes | 2019
brain  activ- (1000), wireless system, data
ities  ECoG compressing Musk (2019)
in a certain
area at high
electrode
density
Brain signal | Recording Bioelectrical | Low-noise, low-power, high | 2019
brain activ- sampling rate Petkos et al.
ities  ECoG (2019)
signals
Cardiac sig- | Recording Bioelectrical | Battery-free and wireless, | 2020
nal and long- electronic tattoo, epidermal
term  moni- interface, stretchable Alberto

toring cardiac

abnormalities

et al. (2020)

Continued on the next page
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Interface Function Modality Highlights and main | Year
achievement
Cardiac sig- | Monitoring Bioelectrical | Analytics in the device, epi- | 2019
nal cardiac  ac- dermal interface, stretchable,
tivities for battery-free and wireless, in-
baby fant care Chung et al. (2019)
Cardiac sig- | Monitoring Triboelectric | Triboelectric nanogenerator, | 2019
nal respiration wireless, sleep apnea detec-
abnormalities tion Zhang et al. (2019b)
from waist
Cardiac sig- | Monitoring Optical High-fidelity blood oxygena- | 2020
nal blood  oxy- tion reading, NFC, smart-
genation phones reading Lu et al.
(2021)
Cardiac sig- | Monitoring Optical Real-time intravascular oxy- | 2021
nal blood oxygen gen level, Bluetooth commu-
saturation in nication, catheter-type Chen
heart et al. (2022a)
Cardiac sig- | Monitoring Bioelectrical | Patch format, small size, | 2022
nal electrocardio- high signal quality, low
gram for a power consumption, send
long time data through smartphone
Zulgarnain et al. (2020)
Cardiac sig- | Recording Bioelectrical | Small- to large-scale, epider- | 2019
nal electrophysio- mal interfaces, magnetic res-
logical signals onance compatible, skin-like
for  cardiac surface Tian et al. (2019)
or neural
activities

Continued on the next page
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Interface Function Modality Highlights and main | Year

achievement

Cardiac sig- | Monitoring Magnetic Use magnetic flow meter to | 2020

nal blood flow detect blood flow after a
information valve, NFC powered, smart-

phone on-demand reading
Vennemann et al. (2020b)

Biofluids Monitoring Biochemical Long-term analysis of saliva, | 2020
fluid and sweat, tears, and interstitial
detecting fluid, body interface, con-
abnormalities tinuous reading Baker and

Wolfe (2020)

Endocrine Continuously | Bioelectrical | Using  passive inductor- | 2022
monitoring capacitor tank as resonator
glucose level to detect glucose level, wire-

less powered Hassan et al.
(2020)

Cortisol Continuously | Electro chem- | Epidermal, flexible, NFC | 2020
detect stress | ical power and data commu-
level from nication, differential pulse
sweat voltammetry reading Cheng

et al. (2021)

Cortisol Monitoring Electro physi- | Collect cellular activities | 2019
cortisol ological from adrenal cortex, wire-
level by im- less, electrophysiological
plantable measurement Sunwoo et al.
device (2019)

Continued on the next page
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Interface Function Modality Highlights and main | Year
achievement
Mechanical | Monitoring Electrical Pressure measurement, Blue- | 2019
bladder pres- tooth Low Energy data com-
sure munication, magnetic reso-
nance power delivery Zhong
et al. (2020)

2.6 Stimulation platforms

The table2.2 provides an in-depth overview of advanced stimulation technologies,
highlighting their diverse applications and the underlying mechanisms that enable
interaction with biological tissues. Stimulation refers to the precise delivery of spe-
cific energy or stimuli to biological tissues, prompting a targeted physiological or
therapeutic response. These technologies have become indispensable in modern med-
ical treatments and research, offering controlled and minimally invasive solutions for
managing various conditions. The ability to modulate biological processes through
stimulation has opened new frontiers in healthcare, from restoring lost function to

enhancing natural healing and controlling complex biological systems.

Several widely used stimulation modalities are included in the table, each tailored
to distinct applications and biological mechanisms. Electrical stimulation, one of the
most established approaches, uses controlled electrical currents to activate or inhibit
neural or muscular activity. It is commonly applied in therapies for neurological dis-
orders, such as deep brain stimulation for Parkinson’s disease, and in devices like
pacemakers and cochlear implants. Mechanical stimulation, which involves the ap-
plication of physical forces such as pressure or vibration, is critical for promoting
tissue repair, bone regeneration, and cellular differentiation. This modality leverages
the body’s natural mechanotransduction pathways, enabling responses essential for

healing and adaptation.
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Photonic stimulation uses light energy to influence biological systems and has been
widely adopted in therapeutic and diagnostic contexts. Applications include photody-
namic therapy for cancer treatment, laser therapies for dermatological conditions, and
light-based modulation of neural activity. Optogenetic stimulation, an emerging and
highly sophisticated technique, combines genetic engineering with photonic energy to
achieve unprecedented precision. Optogenetics allows researchers and clinicians to
control biological functions with millisecond accuracy by introducing light-sensitive
proteins into specific cells. This modality is particularly transformative in neuro-
science, where it is used to dissect neural circuits, study brain disorders, and explore

innovative treatments.

Table2.2 categorises these wireless stimulation platforms based on their applications,
providing a clear overview of their capabilities and potential. These platforms are
grouped according to the systems they target and the therapeutic goals they achieve.
For instance, neural stimulation platforms focus on applications such as controlling
seizures, managing chronic pain, and restoring sensory or motor function. Cardiovas-
cular platforms are designed to address arrhythmias, improve blood flow, or monitor
and influence heart function in real time. Other platforms focus on endocrine and
metabolic modulation, enabling therapies for diabetes and other hormonal disorders.
At the same time, some are tailored for tissue repair, wound healing, or enhancing

the body’s regenerative capacity.

Wireless stimulation technologies are gaining significant attention due to their abil-
ity to operate without physical tethers, offering greater patient mobility and comfort
while reducing the risk of infection or tissue damage. These platforms incorporate
advanced energy transfer methods, such as inductive coupling, ultrasound, or optical
systems, to power and control the stimulation units. This innovation eliminates the
constraints of traditional wired systems, making them suitable for long-term applica-

tions and dynamic environments.

Table2.2 also highlights the ongoing advancements in these technologies, including
miniaturisation, enhanced precision, and integration with other systems like wireless

sensing or cloud-based data processing. These features underscore the potential of
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wireless stimulation technologies to revolutionise medical treatments and research.

By providing a comprehensive summary of their applications, capabilities, and lim-

itations, the table is a valuable resource for researchers, engineers, and clinicians

seeking to leverage these innovative platforms for improved therapeutic outcomes

and a deeper understanding of biological systems.

Table 2.2 — Summary of wireless stimulation platforms and their applications.

Interface Function Modality Technical highlights | Year
and main achieve-
ment

Central | Deep brain | Magnetoelectric | Wireless, magnetoelec- | 2021

nervous | stimulation tric nanoelectrodes to

system to change the deliver stimulation, in-
behaviour of jectable, uses magnetic
mice fields to control stim-
ulation Kozielski et al.
(2021)

Central | Deep brain stim- | Thermal (mag- | Wireless, magnetother- | 2015

nervous | ulation to treat | netothermal) mal, nanoparticles as the

system neurological dis- medium to generate heat
orders Chen et al. (2015)

Peripheral Deliver  stimu- | Electrical Wireless, powered by | 2020

nervous | lation to nerve ultrasonic, bidirectional

system bundles by communication, millime-

application

tre scale Kozielski et al.

(2021)

Continued on the next page




2.6 Stimulation platforms 31
Interface Function Modality Highlights and main | Year
achievement
Central | Deliver stimula- | Electrical Biofuel cell powered, | 2021
nervous | tion to brain tis- fully small and light,
system sue wireless communication
to control stimulation
Lee et al. (2021)
Spinal Modulating Optogenetics Minimally invasive, no | 2015
cord spinal cord to optical fibre, stretchable,
control pain wireless power supply,
and data communication
Park et al. (2015)
Spinal Spinal cord | Optogenetics Converts  near-infrared | 2019
cord stimulation (NIR) light to wvisible
evoke hindlimb light for stimulation,
muscular activ- heat pulling to process
ity the material, nanoparti-
cles as media Wang et al.
(2020)
Peripheral Optogenetic Optogenetics Uses optogenetic tools | 2012
nervous | therapy as artificial photorecep-
system retinitis pigmen- tors to restore function
tosa Busskamp et al. (2012)
Central | Deliver stimula- | Optogenetics Real-time,  closed-loop | 2013
nervous | tion to control response, wireless,
system temporal-lobe laser delivery Krook-

epilepsy

Magnuson et al. (2013)

Continued on the next page
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Interface Function Modality Highlights and main | Year
achievement
Central | Combined elec- | Electrical & Op- | Wireless inductive cou- | 2020
nervous | trical and opti- | tical pling powered, combined
system cal stimulation optical and electrical
stimulation Jia et al
(2020)
Peripheral Implantable Electrical Commercial components | 2019
nerve nerve stimulator to implement, wireless
power and communica-
tion Sivaji et al. (2019)
Bone tis- | Modulation  of | Mechanical Wireless,  battery-free, | 2020
sue intramedullary pressure modulation,
fluid to change on-demand control Chen
bone density et al. (2020)
Peripheral Deliver  stimu- | Optical & Elec- | Uses optical energy to | 2021
nerve lation to nerve | trical deliver stimulation, low
bundle to restore volume, chronic stim-
function ulation, uses organic
electrolytic photocapaci-
tor Silvera Ejneby et al.
(2021)
Peripheral Deliver stimula- | Magnetoelectric | Uses magnetoelectric ef- | 2020
nerve tion to the spinal | & Electrical fects to power the device

cord for pain re-

lief

and transfer data, small

size, safety on high power

Yu et al. (2020)
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2.7 Signal processing and data analysis

The signal processing unit plays a pivotal role in physiological monitoring and stim-
ulation systems, bridging raw sensor data and actionable information. Its primary
function is to improve and enhance the quality of the information collected from
the sensor, making it suitable for real-time applications or further in-depth analy-
sis. Within this framework, signal processing objectives in implantable devices can
be broadly categorised into two main goals. The first is data compression, which
reduces the bandwidth requirements for data communication and enables efficient
transmission. The second is real-time processing, aimed at minimising the delay be-
tween sensing and response, a critical requirement for applications where immediate

intervention is necessary.

One of the most significant challenges signal processing units address is the reduction
of data rates through local, in-device processing. This is particularly important in
implantable systems where wireless telemetry links often have limited bandwidth due
to energy constraints and the physical limitations of transmitting signals through bi-
ological tissues Quiroga (2012a). Various techniques have been developed to achieve
efficient data compression. Spike thresholding is a widely adopted method in which
only spike counts exceeding a predetermined threshold are transmitted, drastically re-
ducing the amount of data sent. Similarly, compressive sensing adaptively compresses
data based on the monitored events, ensuring that only the most relevant information
is preserved. Another advanced technique is spike sorting, which involves identifying
and transmitting the features of neural spikes instead of the raw signal, significantly

decreasing data volume Navajas et al. (2014b); Park et al. (2017a).

While these spike-based approaches effectively lower telemetry bandwidth require-
ments, their utility is often application-specific. For instance, transmitting spike data
is highly suitable for targeted applications such as controlling prosthetics or neu-
rostimulation devices. However, many other applications, such as brain disease mon-
itoring, research on BCI algorithms, and neuro-electro-physiological studies, require

the preservation of high-fidelity signals. These applications demand the transmission
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of raw or minimally processed data to capture the full spectrum of neural activity,

emphasising the need for adaptable and versatile signal-processing solutions.

In addition to compression, significant efforts in signal processing research focus on
real-time in-device processing, which is crucial for minimising latency between sens-
ing and action. Real-time processing requires low-power computing solutions to meet
the strict energy constraints of implantable devices, which are limited by safety con-
siderations and size restrictions. ASICs are commonly utilised in these systems to
achieve efficient low-power operation. ASICs are custom-designed to handle specific
processing tasks, ensuring they consume minimal power while maintaining high per-

formance Kassanos et al. (2018); Pu et al. (2018).

Beyond traditional hardware, modern implantable devices increasingly leverage ad-
vanced algorithms for in-device processing, including machine learning and deep learn-
ing. These algorithms enable the device to recognise patterns, classify data, and
make decisions autonomously, enhancing the system’s responsiveness and adaptabil-
ity Lai et al. (2018); Liu and Richardson (2021); Vellappally et al. (2019). However,
implementing such computationally intensive algorithms within the constrained en-
vironment of an implant poses challenges, particularly in terms of power consump-
tion and processing speed. To address this, researchers are exploring neuromorphic
chips—hardware inspired by the structure and function of the human brain. Neuro-
morphic chips offer a promising solution by combining low power consumption with
high performance and short latency, making them ideal for real-time applications in

implantable devices Shaikh et al. (2019).

Integrating these advanced signal-processing techniques into physiological monitoring
and stimulation systems has far-reaching implications. By reducing data rates, these
systems can operate efficiently within the constraints of current wireless communica-
tion technologies, while real-time processing ensures timely interventions for critical
applications. Moreover, the ongoing development of low-power computing solutions,
machine learning, and neuromorphic hardware holds the potential to enhance the
capabilities of these devices further. This progress will enable more sophisticated,

autonomous, and versatile systems, paving the way for improved diagnostics, thera-
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peutic interventions, and research into complex biological processes.

2.8 Conclusion

Wireless and battery-free physiological monitoring and stimulation systems represent
a transformative leap in biomedical technology, offering a versatile and promising ap-
proach to addressing some of the most critical challenges in healthcare and biological
research. These systems enable various applications, including fundamental biolog-
ical studies, continuous health condition monitoring, disease diagnosis, therapeutic
interventions, restoration of lost functions, and even the enhancement of natural
body functions. Their ability to operate without batteries or physical tethers makes
them uniquely suited for applications requiring long-term, minimally invasive oper-
ation and high mobility, providing unprecedented opportunities to improve patient

outcomes and advance scientific understanding.

Developing wireless and battery-free systems involves a convergence of cutting-edge
technologies spanning multiple disciplines. Key innovations include power casting
and energy harvesting, which enable the wireless delivery and generation of power to
support device operation. Advances in bioelectronics and biochemistry allow for pre-
cise sensing and stimulation at the molecular and cellular levels, while biomechanical
and optoelectronic technologies expand the range of stimuli and data modalities these
systems can leverage. Microfluidics further enhances the capability of these devices
by enabling localised delivery of therapeutic agents or sampling of biomarkers. Addi-
tionally, data communication and signal processing technologies facilitate the efficient
transfer and interpretation of large datasets. At the same time, on-device low-power
data analysis and artificial intelligence algorithms enable real-time decision-making

and adaptive control.

As the field advances, the vision of a fully integrated, wireless, and battery-free sens-
ing platform equipped with an automatically triggered stimulation system appears

increasingly achievable. Such systems promise to operate autonomously, providing
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seamless feedback and intervention without human input. However, significant chal-
lenges remain in realising this vision. Miniaturisation of the system is a critical hurdle,
as these devices must be small enough to be implanted or worn comfortably without
compromising functionality. The trade-off between power consumption and computa-
tional capability is another key issue, as more complex tasks require more substantial
energy resources, which are inherently limited in wireless and battery-free designs.
High-bandwidth continuous data transmission remains a bottleneck for applications
requiring real-time, high-fidelity signal monitoring. However, the constraints imposed

by SAR limit the power levels that can be safely delivered to biological tissues.

Despite these challenges, the future of wireless and battery-free systems is bright, with
several promising trends emerging from the reviewed literature. Efforts to improve
power delivery efficiency are at the forefront, with researchers exploring novel energy
transfer techniques and materials to maximise the energy available to the device.
Simultaneously, innovations aimed at decreasing overall power consumption, such as
energy-efficient circuit designs and neuromorphic computing, are helping to extend
operational lifetimes. Harvesting energy from multiple sources, including body heat,
motion, and environmental energy, offers a sustainable and versatile approach to
powering these devices. Furthermore, integrating on-device Artificial Intelligence (AI)
for data analysis transforms these systems into intelligent platforms capable of real-
time decision-making and adaptive responses. Real-time closed-loop control systems,
which link sensing and stimulation seamlessly, are also emerging as a critical feature,

enabling devices to react instantly to changes in physiological conditions.

As these technologies continue to evolve, wireless and battery-free systems are poised
to revolutionise research and clinical applications. In research, they enable unprece-
dented insights into biological processes by providing continuous, high-resolution data
from living systems. In clinical practice, they offer minimally invasive, long-term so-
lutions for managing chronic conditions, delivering precision therapies, and enhancing
patient monitoring. These advancements are set to dramatically redefine healthcare
and disease treatment standards, paving the way for a future where technology and

biology are seamlessly integrated to improve human health and well-being.



Chapter 3

A Miniaturised Wireless
Low-energy Data Telemetry

Module

This chapter reproduces my published work, which addresses one of the core chal-
lenges in developing battery-free, wirelessly powered systems for physiological moni-
toring and stimulation: achieving reliable, high-speed data transmission in a minia-

turised implantable device.

In the broader context of this thesis, the ability to transmit large volumes of physio-
logical data at high bit rates while maintaining low power consumption and a small
footprint is critical. As neural recording interfaces move toward higher channel counts,
conventional wireless technologies struggle to meet increasing data bandwidth require-
ments without using bulky systems or high power demands. This chapter demon-
strates how optical telemetry can be harnessed to overcome these limitations, offering

a promising, compact, and energy-efficient alternative.

This work presents a proof-of-concept optical telemetry module that leverages a single
LED to transmit data at a high bit rate while consuming low power and occupying
minimal area. Our experiments demonstrated that we could achieve 108 Mbps and 54

Mbps back-telemetry data rates for tissue thicknesses of 3 mm and 8 mm, respectively.
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The proposed module is designed to be powered by near-field coupling and achieves
bidirectional communication through low-speed downlink from Near-Field Commu-
nication (NFC). It aims to minimise the size of the implant while providing reliable
transmission that meets the requirements of high-speed wireless communication for a

multi-electrode array neurotechnology implant external to the body.

The module’s power consumption is 1.57 mW, including the power consumed by re-
lated circuits, resulting in an efficiency of 14.5 pJ/bit at a tissue thickness of 3 mm
and a data rate of 108 Mbps. Using an optical lens, combined with the tissue scatter-
ing effect and optimised emission angle, makes the module robust to misalignments

of up to £5 mm and +15°between the implantable and external units.

The LED in the implantable unit has dimensions of 0.98 x 0.98 x 0.6 mm?, and the
testing module is composed of discrete components and laboratory instruments. This
Chapter demonstrates the feasibility of balancing a small, reliable, and high-bit-rate
data uplink between a neural implant and its proximal, wirelessly connected external

unit.

This optical telemetry module has the potential to be integrated into a significantly
miniaturised system through an ASIC. It can support up to 1,000 channels of neural

recordings, each sampled at 9 kSps with a 12-bit readout resolution.

3.1 Introduction

Uncovering the neurophysiological mechanisms with electrophysiology approaches has
driven the development of neural signal sensor implants with higher spatial and tem-
poral resolution Chen et al. (2022b). With advancements in integrated circuits and
materials, state-of-the-art neural signal sensor implants for animal research now fea-
ture 768 electrodes within a 750 x 720 um? area and can record from 10,240 sites
using two probes Steinmetz et al. (2021). Sensors designed for human clinical studies
include two 96-channel arrays occupying less than 36 mm? Colachis et al. (2021). In-

dependent companies like Neuralink™ are developing systems with more than 1,000
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channels for human applications Pisarchik et al. (2019).

The demand for a better understanding of neural activities and improvements in
decoding neural signals has pushed the Analog-to-Digital Converter (ADC) sampling
rate beyond 30 kHz for each recording channel, with resolutions ranging from 10
to 16 bits Moore et al. (2021a). Leveraging these high-performance neural signal
sensors, BCIs have achieved promising results, including precise control of robotic
arms, movement of computer cursors, and typing at speeds approaching handwriting
Bacher et al. (2015); Chaudhary et al. (2022); Hochberg et al. (2012); Pandarinath
et al. (2017).

Brain-computer interface devices or neural signal recording systems comprise the sig-
nal collection, processing, and execution units. However, limitations in power and
size have hindered the development of standalone devices capable of achieving the
desired human functions. These systems are currently divided into internal and ex-
ternal units. The internal unit, an implant or set of implants near the sensing or
stimulation site, must be miniaturised to minimise invasiveness. It typically contains
only electrodes, lead wires, electronic hermetic housing, and signal acquisition cir-
cuits. In contrast, the external unit functions as a power source. It accommodates
components that exceed the implant’s volume or power constraints or acts as a relay

to transmit neural activity data to another processing unit.

An interface between the internal and external units is necessary to deliver data and
energy. In some advanced BClIs, particularly for research purposes, wired connections
are commonly used for this interface Bacher et al. (2015); Donoghue et al. (2007). This
is because high-performance, multichannel neural signal sensors require data stream-
ing rates of tens of megabits per second to handle raw data. Wired solutions offer a
straightforward means to meet design requirements for high data rates, compact size,
adequate power supply, and safety. However, these wired systems significantly limit
clinical applications and the diversity and duration of research experiments. They
also increase the risk of device failure and tissue infection. Significant engineering ef-
forts are currently focused on developing wireless transcutaneous systems to transfer

high-rate data Liu et al. (2014c); Miranda and Meng (2010); Song et al. (2022). Me-
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dia used for transcutaneous data and energy transfer include ultrasound, magnetic,

electric, electromagnetic, and optical links.

Ultrasound channels offer one of the deepest penetrations into soft tissue, making
them an attractive option for deep neural implants. The transducer for the acoustic
link is typically small, with reported dimensions in the submillimeter range and less
than half a cubic millimetre (mm?) in recent literature Ghanbari et al. (2019); Son-
mezoglu et al. (2021). The power delivery efficiency of the acoustic channel ranges
from 1.93% to 0.23% Chang et al. (2018b); Charthad et al. (2015); Ghanbari et al.
(2019); Meng and Kiani (2016). The data link for the acoustic channel typically
employs a backscatter approach to maintain low power consumption in the internal
unit. The resonant frequency of the piezoelectric material is usually less than 2 MHz
Charthad et al. (2015); Seo et al. (2015); Song et al. (2015); Sonmezoglu et al. (2021),
making the optimal frequency for acoustic channels often below 5 MHz Barbruni et al.
(2020). However, implementing modulation schemes like OFDM is often challenging
due to the backscatter approach used for data telemetry. As a result, ultrasound

channels typically provide telemetry data links of only a few hundred Kbit/s.

Inductive links use alternating magnetic fields through coils to transmit energy and
data. The inductive link offers high power transfer efficiency when the distance be-
tween the source and receiver is less than 30 mm Denisov and Yeatman (2010). A
reported efficiency of 95% is achievable at a distance of 10 mm Haerinia and Shadid
(2020). Inductive links typically operate at frequencies below 20 MHz to balance
the transmitter’s and transfer efficiency between the transmitter and receiver. These
links can provide half-duplex bidirectional communication, with commercially avail-

able products reporting data rates of up to 800 Kbit/s.

The capacitive link utilises tissue as a dielectric medium to form a capacitor, creat-
ing a path for transferring data and power through tissue using a pair of capacitor
plates Barbruni et al. (2020). The advantages of capacitive links for data and power
telemetry include their high-frequency pass characteristics and the confined area of
the energy field bin Mustapa et al. (2019). When transferring data and power through

tissue, the electric field primarily impacts the tissue between the electrodes and does



3.1 Introduction 41

not broadcast widely, as seen in electromagnetic fields Sharif and Sodagar (2022a).
This characteristic enables multichannel capacitive links to be implemented on the
same implant, extending the bandwidth. The plates for capacitive links range from
5 x 5mm? to 40 x 40 mm?, and the carrier frequency ranges from 0.2 MHz to 20 MHz
Erfani et al. (2017b, 2018b); Jegadeesan et al. (2016); Narayanamoorthi (2019a);
Sodagar and Amiri (2009a,b); Takhti et al. (2011).

The drawbacks of capacitive links include the potential for electric field-induced dam-
age to living tissue in a localised area and limitations in miniaturization Erfani et al.
(2018b). Another drawback is the requirement for close contact of the plates with
the tissue surface, which presents challenges in applications where the tissue surface

or contact area is not flat (e.g., areas with hair) Erfani et al. (2018b).

The most popular approach for data telemetry is the electromagnetic field, as it can
quickly achieve both power delivery and bidirectional data communication simulta-
neously. However, two main challenges exist when using an electromagnetic field to
transmit high-bandwidth data through tissue. First, living human tissue contains
water, and skin tissue is conductive. This conductivity causes the absorption rate
to increase exponentially with frequency. As a result, a significant amount of energy
is absorbed by tissue when the radio frequency exceeds 2 GHz Christ et al. (2006);
Drossos et al. (2000). Thus, using electromagnetic fields for high-bandwidth data
transmission through human tissue presents challenges as the tissue becomes an in-
efficient communication channel. Second, as the electromagnetic frequency increases,
the analog radio frequency front-end becomes a power-hungry component, consuming
more energy than the neural signal recording sensor. In addition to the physical lim-
itations, another issue with RF transmission is environmental interference, as many

devices operate at the same frequency that implants propose to use.

In parallel with optimising the transmission channel to meet the requirements of up-
link telemetry for recorded neural signals, there has been significant research into
reducing the data rate by enabling more local data processing within the implant
Quiroga (2012b). Popular solutions include spike thresholding, where only spike

counts above a certain threshold are transmitted, and compressive sensing, which
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adaptively compresses data based on events, converting raw signals into sets of fea-
tured spikes Navajas et al. (2014c); Park et al. (2017b). These spike-related ap-
proaches have significantly reduced the bandwidth requirements for telemetry data
links. While spike signals are suitable for specific applications, transmitting high-
fidelity signals is still essential for many applications, such as brain disease monitoring,

BCI algorithm research, and neural electrophysiological studies.

The optical link is a promising solution for transmitting high-fidelity neural signals
from high-channel-density sensors and has gained considerable attention from re-
searchers in recent years Ackermann et al. (2008); Liu et al. (2012a); Nikita (2014).
Advantages of optical links include their small transducer size (compared to inductive
and capacitive links), high bandwidth, multiple modulation approaches, high energy
efficiency, MRI compatibility, and robustness against environmental electromagnetic

noise.

Optical transcutaneous links have already demonstrated promising results. For ex-
ample, one implementation achieved a data rate of 300 Mbps using a Vertical Cavity
Vertical-Cavity Surface-Emitting Laser (VCSEL) as the transducer and a super-fast
photodiode as the receiver Marcellis et al. (2020). Other examples include in-vivo
modules demonstrated in mice, where microscale inorganic light-emitting diodes (-
ILEDs) served as the transducers and photodiode arrays acted as receivers. The
transducer’s small size enabled the chronic recording of neural dynamics in these
studies, although the maximum data rate in the in-vivo experiments was limited to

27 kbit/s Burton et al. (2020d); Liu et al. (2014b).

Achieving an optimal balance between high data rate, low power consumption, small
volume, and robustness to misalignment has not yet been fully demonstrated. LEDs
show excellent potential as transducers for implementing optical transcutaneous up-

links due to their relatively small size and high wall-plug efficiency.
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3.2 Methods

3.2.1 System design overview

This chapter presents a novel design for an optical telemetry module that employs
a single LED and addresses the challenges of high-speed data transfer, low power
consumption, and minimal volume. Our module is well-suited for data transmission in
multi-electrode neural recording implants and is designed to operate subcutaneously
to facilitate implant-to-surface data transfer. As this module is intended to be part of
the neural recording implant, we designed the entire system, considering power supply,
energy harvesting, and usability for both the telemetry module and the recording

implant.

As shown in Fig. 3.1, the proposed system comprises an implant and an external
unit. The external unit includes a behind-ear unit and an over-the-head unit. The
behind-ear unit houses the rechargeable battery, power management circuits, and data
storage or transmission components. The over-the-head unit, which is smaller and
lighter, is positioned over the site where the internal implant is located beneath the
skin. This unit includes an optical receiver that retrieves high-bandwidth data from
the implant. we used a coil employing 13.56 MHz near-field coupling to demonstrate
the concept of providing power and a minimally occupied forward control data link

(downlink). This setup highlights the potential of our proposed design.

This design combines the high efficiency of inductive power delivery with the high
data rate of the optical link. In addition to optimising power delivery efficiency,
the forward data link can exchange control signals and send handshaking signals
for the high-bandwidth optical communication channel. This approach enhances
channel stability, simplifies the communication protocol and related hardware design,
and lowers the power consumption of the internal unit. The overhead unit can also
incorporate a local data processing unit to implement applications such as controlling

a brain stimulation device to achieve closed-loop brain stimulation.

In Fig. 3.2, we present the critical components of our proposed system and demon-
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Figure 3.1 — The system design with its potential application. The system consists
of an internal implant and an external unit, including a behind-ear unit. The
proposed optical telemetry module resides in the internal implant and aims to send
high-speed data from the sensor to the external unit. The external unit includes a
receiver, a power delivery circuit, and a battery located in the behind-ear unit to
reduce the weight of the overhead unit.

strate how the optical telemetry module integrates with the neural recording implant.
In one possible implant configuration, high-density electrodes are positioned on the
cortex to collect neural signals, while the analog front-end and analog-to-digital con-
verter (ADC) are housed in a package replacing a small part of the skull. To minimise
internal connections, the optical communication module is placed above the neural

signal sensor, under the skin tissue. The transducer is a single 940 nm near-infrared
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Figure 3.2 — The main components of the proposed system. Our experiments consider
power harvesting via a conventional near-field antenna system. Power can also be
delivered through optical energy harvesting, and the device has the potential to
achieve bidirectional communication via an optical link.

InGaN LED, and an ASIC is utilised to encode data and modulate the LED. A lens is
positioned on top of the LED to focus the beam with an optimal emitting angle that
matches the tissue thickness. A thin, flexible printed circuit patch coil is wrapped
around the communication module to receive energy from the external coil through

an inductive link.

The low power consumption of the proposed communication module is achieved
through the high wall-plug efficiency of the LED and the low interference of the opti-
cal channel. This setup allows using a highly sensitive Avalanche Photodiode (APD)
with high gain to recover faint optical pulses from the internal unit, with minimal
noise concerns. With the advantages of short-wavelength light, a high data rate can

be achieved using a simple modulation approach, enabling circuit simplification and
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eliminating power-hungry high-frequency analog components, thus further reducing

power consumption.

3.2.2 Design and Implementation

Design requirement analysis

3.2.3 Data Rate Requirement

The communication module is designed to stream high-fidelity neural signals through
skin tissue. Currently, clinically available neural signal sensors feature between 100
electrodes (e.g., Utah array Bhandari et al. (2010)) and 1024 electrodes (e.g., Neu-
ralink Elon Musk (2019)). To identify a neural spike, both 0—1 mV magnitude Local
Field Potential (LFP) and 0-10 ¢V Extracellular Action Potential (EAP) need to be
recorded simultaneously Maslik et al. (2020). As a result, the minimal requirement
for the Effective Number of Bits (ENOB) of the ADC is 8 bits Maslik et al. (2020),
typically achieved with an ADC resolution exceeding 10 bits Navajas et al. (2014a);
Zjajo (2016).

The data transmission requirement can be calculated using Equation 3.1:

D. — NChannels X Rresolution X fsampling
o= i (3.1)
0

Where Hj is the encoding efficiency.

For example, consider a neural signal sensor with 100 channels, a sampling rate of 20
kSps, and an ADC resolution of 14 bits. Using Manchester encoding with an efficiency

of 50%, the data rate requirement to send the raw neural signals is 56 Mbps.

3.2.4 Noise Analysis

For the proposed optical telemetry module, three main factors influence signal quality:
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(I) Environmental Light Interference Compared to electromagnetic (EM) fields,
fewer artificial signals operate in the open-air optical domain, and the directional
nature of light transmission reduces the likelihood of interference between devices.
Indoors, light sources primarily emit visible wavelengths (380-700 nm) with minimal
energy in the near-infrared range. However, sunlight covers a broader spectrum, with
significant power in the 900-1000 nm range. This presents a challenge for the proposed
optical telemetry module. Therefore, the over-the-head unit must be designed to block

sunlight from reaching the internal unit.

(ITI) Receiver Noise A high-speed, high-sensitivity photodiode is required to convert
optical signals into electronic signals. The internal LED’s emitted light is typically
weak, and the photodiode must detect rapid light intensity changes, as the optical sig-
nals are designed as short-period pulses. Photodiodes inherently generate noise due to
physical properties. The signal from the photodiode is small and needs amplification
to restore information collected from the sensor. Typically, the photodiode’s current
signal is converted to a voltage signal using a Trans-Impedance Amplifier (TTA) and
then passed through one or more cascaded amplifiers to further increase the voltage

level for data recovery.

(III) Tissue Impact As light travels through the skin, it undergoes reflection, re-
fraction, and absorption, leading to multipath effects and noise in the optical commu-
nication channel. Optical wavelengths from 350 nm to 2000 nm are commonly used
in communication systems. For transcutaneous applications, the distance between
the transmitter and receiver ranges from 0.5 mm (epidermal only) to over 10 mm
(total skin thickness). Due to the short wavelength and relatively short transmission
distance, the multipath effect can be considered negligible for transcutaneous optical

channels.

The total noise introduced into the optical communication module can be calculated

using Equation 3.2:

-2 -2 -2 -2 -2
1 noise = Lenv T 2 Pd Tt 2TTIA T 07 AMP (32)
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Power Consumption Analysis

The power consumption of the uplink data module is the sum of the power consumed
by the transducer and the power required for the circuit to control and modulate
the transducer. A higher wall-plug efficiency of the transducer indicates less energy
dissipation during energy conversion. Currently, LEDs exhibit the highest wall-plug
efficiency for generating photons from electrical power. Additionally, integrated cir-
cuits consisting solely of digital components can operate at GHz frequencies with
sub-microwatt power consumption. Removing high-frequency analog circuits from
the design reduces the power consumption of the proposed communication modula-

tion module.

3.2.5 Optical Channel Analysis

Human skin has three layers: epidermis, dermis, and subcutaneous fat. It acts as
a complex, heterogeneous medium for light propagation Navajas et al. (2014c). The
optical properties of human skin are characterised by its absorption and scattering
coefficients Bashkatov et al. (2011). Haemoglobin in the blood and melanin in the
epidermis are the primary substances responsible for absorption. Scattering, on the
other hand, alters the direction and polarisation of light. Scattering can occur at the
contact interface and within small regions where optical properties vary Bashkatov

et al. (2005).

The main contributors to scattering are filamentous proteins and the fibrous structure
of the tissue. Scattering occurs at individual fibrils and scattering centres formed by
the interlacement of proteins and bundles Bashkatov et al. (2005). The distribution of
blood, pigments, and protein bundles is inhomogeneous and varies over time, causing

the absorption and scattering coefficients to fluctuate Bashkatov et al. (2005).

Both in vitro and in vivo studies indicate that light with wavelengths between 800

nm and 1200 nm has lower absorption and scattering coefficients in human skin tissue

Graaff et al. (1993); Rajadhyaksha et al. (1995); Wan et al. (1981). This makes these
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wavelengths suitable for optical power transfer through the skin and for building a

power-efficient telemetry link.

To design the optical components of the communication module, we conducted sim-
ulations to assess the transmitted light power at the receiver side of the skin. Light
propagation in tissue is described using the scalar stationary Radiation Transfer The-

ory (RTT), as shown in Equation 3.3 Bashkatov et al. (2011):

oI (7, 5)

S =l (75 + [ 17.3)p (55 agY (3.3)
47

47

In Equation 3.3, I (7, §) represents the specific intensity at point 7 in the given direc-
tion §. The term p (8§, §) is the scattering phase function, d€)’ is the unit solid angle

about direction §', and y; is the total attenuation coefficient.

A least-squares Gaussian model can approximate the power intensity distribution at
the receiver side under the assumption of an ideal smooth skin surface. This simplified
simulation model allows for the analysis of light propagation through the skin of

varying thicknesses. The Gaussian model is expressed in Equation 3.4 Ackermann

et al. (2008):

A T2
e 202 (3.4)

er,)x (7", 0) =

o\ 2T
According to Ackermann et al. (2008), exponential and quadratic random coefficients

are used to represent the Gaussian parameters A and o, respectively.

In Fig. 3.3, D, represents the size of the light source. For an LED, D, corresponds to
the emitting area of the diode. « is the emitting beam angle, which can be controlled
through lens design. D, is the diameter of the projected light spot, not accounting
for the tissue scattering effect. Dy is the diameter of the light beam with the Full
Width at Half Maximum (FWHM) energy of the Gaussian distribution on the skin
surface. D, is the lens diameter that focuses light onto the photodiode to increase

the received optical power. T,, is the thickness of the skin tissue.
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Figure 3.3 — The optical design of the subcutaneous telemetry module. The LED
is the transmitter, and the APD is the receiver. The lens on the transmitter side
controls the emitting beam angle «, while the lens on the receiver side collects light
and focuses it onto the APD’s surface.

Using Equation 3.4 and the quantitative optical properties of skin described in Ack-
ermann et al. (2008), we implemented a Python script to simulate the effect of light

passing through skin tissue.

From the simulation, we observed that for light with wavelengths between 800 nm and
980 nm, the optical channel in tissue is dominated by the scattering effect. When the
tissue thickness is 3 mm, the shape of the light-emitting source remains observable.

On the receiver side, the area affected by optical energy is approximately 90 times



3.2 Methods 51

larger than the light-emitting source size after passing through the tissue. Compared
to a laser source, the optical power distribution on the skin surface has a plateau-like
shape, making it more robust to the tissue’s heterogeneous optical properties. For a
laser source, the peak power on the receiver side is concentrated in a small hotspot
and decreases rapidly from the central point, increasing the misalignment challenge.
In laser-based systems, the receiving power drops significantly if the peak power falls

on a pigmentation area.
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Figure 3.4 — Simulation results of the optical power distribution on the skin surface
with different light sources and tissue thicknesses. (a) 7, = 3mm, D, = 0.98 x
0.98 mm, a = 30°. (b) T}, = 5mm, D, = 0.98x0.98 mm, oo = 80°. (c) Laser source
with a smaller spot size (100 ym) and 7;, = 3 mm.

Fig. 3.5 illustrates the relationship between tissue thickness (7;, in Fig. 3.3), total
optical power, affected tissue area, and light-emitting beam angles (« in Fig. 3.3).
From the figure, we observe that smaller emitting angles result in less energy atten-
uation for thicker tissue. For thinner tissue and emitting angles less than 80°, the
total received power remains constant while the collection area increases linearly. The
simulation helps identify the optimal emitting angle for the light source to improve

power efficiency.

For instance, with a skin thickness of 3 mm, we found that when the emitting angle is
below 60°, the total received power and optical energy collection area achieve a good

balance.

Fig. 3.6 shows the simulation results of the collected optical energy on the skin surface
with varying skin thicknesses and lens diameters. The solid curve represents the re-

ceived power on the photodiode, while the dashed line indicates the FWHM diameter
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Figure 3.5 — Total optical energy on the skin surface with varying tissue thicknesses
and light-emitting beam angles. The X-axis represents the emitting beam angle
(av), the Y-axis represents the total optical power outside the tissue, and the Z-axis
represents the area affected by optical power (mm?).

of the light beam on the skin surface.

Fig. 3.6 reveals a sharp rise in collected energy when the lens diameter increases
from 1 mm to a size approaching the FWHM spot diameter. However, as the lens
diameter continues to increase, the attenuation caused by the optical material of
the lens outweighs the benefits of the increased diameter, and the collected energy

gradually decreases.

Notably, the figure shows that as skin thickness increases, the relative improved re-
ceived energy due to the lens becomes more significant. The amount of collected
optical energy stabilises for thicker tissue when the lens diameter reaches a certain

threshold. This trend suggests that a lens with an optimal diameter matching the
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tissue thickness can significantly enhance signal quality. Furthermore, a larger lens

reduces alignment sensitivity when the optical source is located in thicker tissue.
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Figure 3.6 — Lens performance simulation results. The colour code represents different
tissue thicknesses, and the dashed line indicates the FWHM diameter on the skin
surface.

Module and Circuits Design

The system design of the proposed module is presented in Fig. 3.7, which displays the
block diagram of the internal unit. The internal unit consists of several components,
including an analog front end, an ADC, a microcontroller (MCU), an NFC power
harvesting and communication module, an encoding unit, a power management unit,
a pulse generator, and a dynamic voltage bias circuit. A crystal within the internal
unit is a clock source, while a frequency multiplier provides a higher base clock for

the pulse generator and encoding unit.

The bias tracking circuit, consisting of two instrumentation amplifiers and a low-

power DAC, supplies a dynamic bias voltage to stabilise the LED’s impedance. This
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Figure 3.7 — The system block diagram. The upper part represents the internal
implant. The yellow strip in the middle indicates the skin tissue. The lower part
represents the external unit.

ensures the electrical pulse from the pulse generator successfully converts into an

optical pulse, even under varying environmental light and temperature conditions.

Fig. 3.8 illustrates the circuit block diagram of the proposed pulse generator, which
uses only digital components to ensure low power consumption. Instead of modulating
pulse amplitude, pulse density encodes digital logic. This modified On Off Keying
(OOK) modulation eliminates the need for a phase-locked loop, reducing complexity

and power consumption.

The pulse generator comprises five delay units with two distinct delay times, Delay 1
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Figure 3.8 — The schematic diagram of the proposed pulse generator for the LED
to generate optical spikes. The input is a digital signal from the sensor with a
corresponding digital clock, and the output is a short pulse to drive the LED.

and Delay 2. Delay 1 defines the output pulse width, while Delay 2 is twice Delay 1.
Logic gates compute the data and clock signals, producing pulses of varying densities
in a single clock cycle. When the input data is logic-high, the output signal generates
a double pulse (logic 1). The output produces a single pulse (logic 0) when the data
is logic low. Delay 1 is set to be less than or equal to one-fifth of the clock cycle

duration to ensure robust signal recovery on the receiver side.

The block diagram of the external unit circuit is shown in Fig. 3.9. A high-gain, low-
noise APD collects optical signals. The TTA comprises two high-speed operational
amplifiers (LTC 6268-10 and ADA4860) in a cascaded configuration. A low-side
MOSFET switch (TPS55340) voltage booster elevates the APD voltage bias. The
booster’s internal switch connects to an inductor and a charge pump network to

increase the output voltage further, enhancing the APD’s gain.

After amplification, the APD’s signal is sent to logic units for clock and data recovery.
Clock recovery involves two steps. The first step generates a trigger signal for the
cycle counter. This step detects optical pulses from the APD and produces a periodic
trigger signal matching the optical pulse cycle. However, the trigger signal lacks
stability and correct duty cycles, necessitating a second step. The second step refines
the clock signal by excluding unstable edges and ensures a stable clock output with
the correct duty cycle. The delay networks in the first step set the delay time to
four times the interval between detected rising and falling edges. Data recovery is

achieved through a cycle counter that counts pulses when the clock signal from the
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Figure 3.9 — The schematic diagram of the external unit, consisting of a TIA, APD
bias voltage booster, and blocks for clock and data recovery from optical spikes.

first step is logic high. If the counter detects two pulses, the output is logic 1; if one
pulse is detected, the output is logic 0. The output level remains stable until the
next cycle begins. With the recovered clock signal, the digital logic can be processed
further by a microcontroller and converted into standard digital bus signals, such as

a serial peripheral interface (SPI).

LED Module and Impedance Analysis at High Frequency

LEDs exhibit high efficiency in generating optical signals within a small area, ranging

from 25 pm? to approximately 1 mm? Hsiang et al. (2020). However, a significant
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challenge in using LEDs for high-speed communication is their frequency response,
which follows a first-order system with bandwidth typically up to hundreds of MHz Li
et al. (2019). As the signal frequency increases, the parasitic capacitance reduces the
LED efficiency and slows down the rise and fall times, significantly degrading signal
quality. Research on high-speed visible light communication systems has tested and

modelled LEDs to improve efficiency and signal quality Li et al. (2019, 2021).

These studies reveal that when the bias current passing through an LED is much
smaller than the saturation current of the diode, the parasitic capacitance decreases
exponentially. In contrast, the resistance decreases linearly Li et al. (2019, 2021). At
the same time, the inductance of the LED remains relatively constant. This indicates
that a high-power LED operating at a low current exhibits better efficiency at higher

frequencies.
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Figure 3.10 — Equivalent circuit of an LED. The LED model consists of three parts:
the intrinsic properties of the diode junction, the parasitic components induced by
manufacturing and packaging, and the Electrostatic Discharge (ESD) protection
components typically integrated into commercial LEDs.

In Fig. 3.10, the equivalent circuit of the LED is depicted:

— R, Resistance of the signal source to the LED,
— Ry: Bonding wire resistance,
— Ly Parallel bonding inductance,

— R,: Series resistance,
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— () Bonding wire and pad capacitance,

— (.. Space-charge capacitance in the junction,
— (4 Diffusion capacitance in the junction,

— R;: Junction resistance, and

— L., C,, R.: The ESD diode’s impedance, capacitance, and resistance.

The impedance of the LED can be calculated using Equation 3.5:

1 1
A4 =||R; || —— R, jwC jwl R jwlL, + ——— + R,
LED [( il jW(Cd+CSC)> + ] | [jwCs + jwly + R || |jw +ij€+
(3.5)

The frequency response of the LED communication system can be derived using the

transfer function shown in Equation 3.6:

Vo h;
H(jw) = =2 = 3.6
(jW) ‘/s ZRg + iZLED(jCU) ( )

Here: - h;: Gain of the photodiode at the receiver side. - V,: Output voltage. - Vj:

Input signal voltage.

I measured the impedance of the LED using an impedance spectroscopy device and
developed Python code (available at the provided link) to estimate the model pa-
rameters. The code can also predict the LED’s power consumption when delivering
short-period pulses. To simplify the model, the intrinsic capacitance Cy + C. is
represented by a single parameter C;. Table 3.1 shows the estimated parameters at

different currents.

Using the estimated parameters, Fig. 3.11 illustrates the predicted LED impedance
at high frequencies. During testing, we observed that when no bias voltage is applied
to the LED or when the bias voltage does not generate a forward current above

50 nA, the LED’s impedance fluctuates significantly across measurements. Under
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Table 3.1 — The LED module parameter at different forward current.

Current | R; C; R, R, Cy Ly R, C, L.
(€2) (nF) | (©2) (€2) (pF) | (mH) | () (pF) | (nH)
50 nA 5 0.05 4.3 0.2 2.3 0.24 17 48 98
500 nA 5.1 0.013 | 5.3 0.2 3.3 0.24 17 60.3 98
1 pA 5 0.04 5) 0.2 3.1 0.24 17 273 98
10 pA 5 0.06 5 0.2 3.9 0.24 17 284 98
50 pA 1.75 0.06 1.85 0.2 4.2 0.24 17 324 98
100 pA 1.535 | 0.08 0.5 0.2 4.1 0.24 17 295 98
200 pA 1.355 | 0.44 0.5 0.2 3.71 0.25 17 345 98
5 mA 0.199 | 5.1 5.18 0.05 11.9 2.1 94 683 40.3
50 mA 0.048 | 7.4 0.48 0.19 8.12 1.72 3.78 113 2.75
100 mA | 0.046 | 18 0.46 0.19 15.4 1.74 2.54 217 7.4

these conditions, sending short-period pulses with low current does not produce a

stable optical pulse detectable by the APD.

A bias tracking circuit was incorporated into the design to ensure a minimal optimal
forward current is maintained. With this small bias current, the LED’s impedance at
high frequencies becomes stable, enabling low-current electrical pulses to be converted

into detectable optical pulses by the LED.

3.3 Results

3.3.1 Experiment setup

To evaluate the performance of our design, we conducted tests using a 940nm wave-
length LED, a lens, and a high-frequency arbitrary waveform generator (Keysight
P9336A) to implement the circuit of the internal unit. The front-end of the external
unit was implemented using discrete components, including an ultra-low-noise and
high-gain APD (MTAPD-07-010), a low-noise APD voltage bias circuit, and a high-
speed TIA circuit. we 3D printed housing to hold an optical lens and a long-pass
filter to implement the optical parts of the external unit. An oscilloscope equipped

with a storage function was used to test the data recovery function and measure
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Figure 3.11 — LED impedance estimation using the estimated parameters at different
currents with the LED model. The upper part shows the amplitude, and the lower
part shows the phase.

data transfer performance. Fig. 3.12(a) depicts the experimental setup used to test
the transmission distance and the impact of misalignment between the transmitter
and receiver units, which were mounted on optical stages. To evaluate the perfor-
mance of our design, we conducted tests using a 940 nm wavelength LED, a lens,
and a high-frequency arbitrary waveform generator (Keysight P9336A) to implement
the internal unit circuit. The front-end of the external unit was implemented using
discrete components, including an ultra-low-noise, high-gain APD (MTAPD-07-010),
a low-noise APD voltage bias circuit, and a high-speed TIA circuit. A 3D-printed
housing was used to hold an optical lens and a long-pass filter, forming the optical
parts of the external unit. An oscilloscope with storage functionality was used to test

data recovery and measure data transfer performance.
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Figure 3.12 — The experiment setup. (a) The transmitter and the receiver are mounted
on optical stages. The LED is mounted on the stage in the bottom right corner.
The stage on the bottom left is the APD with optical lens. The oscilloscope shows
the time domain signal from TIA and the waveform generator. (b) The setup
and measurement of data transfer distance, misalignment angle and misalignment
distance, and the frame to hold the tissue for testing. (c) The skin tissue from
pork was used in the tests. The left is the skin tissue, and the yellow part on the
right is a 3D-printed frame holding the skin. A ruler shows the thickness of the
tissue. (d) The fat tissue from pork was used in the tests. The tissue is held by
a 3D printed frame (the grey base behind the tissue) and mounted on the PCB
with the LED transmitter to ensure no light leaks from the side. (e) The same
setup was to test the performance with muscle tissue from pork. (f) Pork skin, fat,
and muscle tissues were used in the tests and were held in place by a 3D-printed
frame. The picture shows the three-layer tissue arranged with skin on the left, fat
in the middle, and muscle on the right. During the experiment, the muscle side
faced the LED to simulate subcutaneous transmission. (g) The test setup with
tissue. The left part is the data receiver. The right part is the transmitter with
tissue. The tissue is held by the grey frame and mounted on the PCB with the
LED transmitter.
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Figure 3.13 — The data transfer confirmation experiment protocol.

Fig. 3.12(a) shows the experimental setup used to test the transmission distance
and the impact of misalignment between the transmitter and receiver units, which
were both mounted on optical stages. In the figure, the time domain signal from
both transmitter and receiver is captured by the oscilloscope. Fig. 3.12(b) illustrates
the distance, misalignment, and angle measurement. The green line represents the
distance, the yellow line indicates the misalignment, and the angle between the two
red lines represents the misalignment angle. A 3D-printed frame was used to hold
the tissue and test data transfer performance with tissue in between, as shown in the

inset image in the top right corner of Fig. 3.12(b).

The transmission success was evaluated using the oscilloscope’s waveform matching
function. In the experiment, we tested data transfer in the air with and without the
lens on the receiver side to verify the lens performance simulation results from the
design stage. we used extracted skin, fat, and muscle tissue of varying thicknesses to

test transmission performance with tissue between the transmitter and receiver.

To confirm successful data transfer, we generated a 64-bit random data segment,
repeated it 256 times to create a 2 KB dataset, and encoded the data using the
proposed modified OOK encoding described in the design section. This encoded
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data was converted into a waveform file and uploaded to the arbitrary waveform
generator, which periodically repeated pulses based on the data segment. When the
waveform generator was active, we recorded the receiver-side waveform with no tissue
in between. The recorded waveform was exported from the oscilloscope, and a Python
script with an edge detection function was used to implement clock recovery and data
decoding. The transmission was deemed successful if the decoded data matched the
original data segment. Otherwise, the pulse width and density were adjusted, and

the process was repeated until a positive result was obtained.

Once the initial data transfer was confirmed, misalignment, distance, and tissue were
introduced to verify if the recorded waveform maintained the same pattern. The
oscilloscope’s built-in waveform pattern-matching function was used for this purpose.

If the matching was successful, the transmission was confirmed; otherwise, it was not.

The oscilloscope’s memory could store 4 Mpts(Million sample points), and the sam-
pling rate was fixed at 5 GS/s. Under these settings, the receiving data could be
recorded for a maximum of 0.4 ms for transmission confirmation. Due to the os-
cilloscope’s limited storage, the length of the random data segment was fixed at 64
bits to simplify synchronisation between the waveform generator and the oscilloscope.
Transmission confirmation was performed offline using Python code, which applied
circular shifts to match the sent 64-bit data with the recovered data. The transmission
was deemed successful if a match was found and sustained throughout the recording.
Because of the small data segment and offline confirmation protocol, we could not
measure the Bit Error Rate (BER) directly. Instead, the BER was estimated using

the formula:
1

BE
R< data rate x 0.4 x 10-3

For example, at a data rate of 108 Mbps, the estimated BER is below 2.31 x 107°.

3.3.2 Data rate testing result

Table 3.2 shows the successful data transfer testing result with different parameters

and different thicknesses of tissue.
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Table 3.2 — Testing result with misalignment and different tissue thickness
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None N/A 3 Yes +5 mm 45° 10 32 16
None N/A 3 No +2 mm 15° 10 32 8
None N/A 15 No +3 mm 15° 10 32 16
None N/A 140 Yes +20 mm 30° 1.5 0.125 108
Skin 2 3 Yes +8 mm 45° 10 0.125 16
Skin 3 10 Yes +5 mm 15° 1.5 0.125 108
Fat 2 3 Yes +5 mm 30° 1.5 0.125 108
Fat 3 3 Yes +3 mm 15° 1.5 0.125 108
Muscle | 2 3 Yes £8 mm 45° 1.5 0.125 108
Skin + | 8 3 Yes +5 mm 15° 3 0.125 54
Fat +
Muscle

Table note: The misalignment is measured as described in Fig. 3.12. The first
value (in millimetres) represents the misalignment distance, and the second value
(in degrees) represents the misalignment angle. * Pulse density (%) refers to the

maximum pulse duty cycle in each clock cycle, calculated as: Pulse density =
Pulse duration x Max(number of pulses per bit) % 100%
Clock cycle 0-

3.3.3 Power consumption estimation

The power consumption of the proposed design’s internal unit is estimated by com-
bining the transducer power consumption with the circuit power consumption. Our
LED modelling and impedance testing calculates the transducer power consumption.
The circuit power consumption includes both the functional circuit consumption and
the power management circuit consumption. The functional circuit comprises the

pulse generator, encoder, and optimal bias tracking circuit.

As the bias voltage is intended to generate less than 1A current and the circuit
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operates at a frequency below 500 Hz, the power consumption of the bias tracking

circuit is essentially static. This circuit consumes 90 W based on testing results.

The power consumption of the pulse generator and encoder circuits is dynamic, de-
pending on the data transmission rate. The encoder is a digital data processing
circuit, and its power consumption is calculated using the standard CMOS power

consumption formula shown in Equation 3.7:
PC = PT —|—PL = (CPD X V(%C X fI X Nsw) + (CL X V(?C X fo X Nsw) (37)
In Equation 3.7:

— Cpp is the power-dissipation capacitance,

— Ve is the supply voltage (set to 1.8V for this calculation),
— f1 is the input signal frequency,

— Ngw is the number of bits switching,

— (Y, is the load capacitance, and

— fo is the output signal frequency.

The pulse generator designed for this module consists solely of digital logic gates and
delay or buffer units. Using SPICE simulations in LTspice with TSMC’s 350 nm

model library, we estimated its power consumption under a 1.8 V power supply.

The efficiency of the DC-to-DC power management circuits in the internal unit is
assumed to be 80%, which is reasonable for a low-power system. The total power
consumption of the internal unit under different data transmission rates is listed in

Table 3.3.
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efficiency calculation result.

Data Pulse Transducer| Circuit Total Power
Rate Width Power Power Power Effi-
(Mbps) (ns) Consump- | Con- (mW) ciency
tion (uW) | sump- (pJ/bit)
tion
(mW)
108 1.5 566 1.00 1.56 14.5
54 3 458 0.51 0.96 17.8
16 10 342 0.19 0.53 33.1

Table 3.3 — Power consumption estimation result at different data rates and power

3.4 Discussion

I compared the system performance with state-of-the-art wireless communication ap-
proaches for bio-signal sensing implants. The results are shown in Fig. 3.14. The figure
demonstrates that Impulse-Radio Ultra-Wideband (IR-UWB) achieves the highest
data rate, reaching 1.66 Gbps for subcutaneous applications Song et al. (2022). The
power consumption of the IR-UWB communication system ranges from 6 mW to sev-
eral hundred milliwatts Ando et al. (2016); Even-Chen et al. (2020); Mirbozorgi et al.
(2015). Despite its high data rate, IR-UWB technology maintains top-level power
efficiency compared to other technologies. However, challenges remain, including the
large antenna size (close to 100 mm?) and stability issues caused by misalignment. For
neural implants, individual curvature differences necessitate custom antenna designs

for each recipient if the antenna is mounted on the skull.

Ultrasonic communication modules are advantageous due to their small size, low
power consumption, and superior tissue penetration depth. However, ultrasonic
communication faces challenges such as low data rates and limited modulation ap-
proaches, as it is typically based on backscatter communication Seo et al. (2016).
Radio-Frequency (RF) backscatter communication modules also have sub-milliwatt
power consumption for the internal unit and can achieve data rates up to 25 Mbps

Moore et al. (2021b).

High-speed optical links reported in other studies use vertical-cavity surface-emitting
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Figure 3.14 — Performance comparison chart of the state-of-the-art technologies. (a)
compare the data transfer energy efficiency and speed. The x-axis indicates the
power efficiency of the data transmission, the y-axis indicates the data rate, and
the circle area represents the size of the data transfer transmitter. The color
code represents the tissue penetration depth, and the marker shape represents the
technology it used. (b) compare the data transmitter size and the transfer speed.
The x-axis indicates the transmitter size, the y-axis indicates the data transfer
energy efficiency, and the circle area represents the data transfer rate.
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lasers (VCSELSs) as transducers De Marcellis et al. (2017, 2020); Liu et al. (2012b)
and conventional laser driver circuits to operate the laser diodes. Laser-based trans-
ducers offer higher modulation bandwidth than LEDs, achieving data rates of up to
300 Mbps De Marcellis et al. (2020). However, the drawbacks of lasers for implantable

applications include their larger volume and more complex driver circuits.

The comparison graph shows that the LED-based high-speed optical link provides
a well-balanced solution in terms of volume, speed, power consumption, and power
efficiency, making it an optimal communication module for subcutaneous neural signal

SEensors.

3.4.1 Design Trade-offs

The proposed module balances volume, energy efficiency, data rate, and biosafety,
with data transmission performance standing at the forefront of current state-of-the-
art wireless communication systems for implantable devices. However, the current

design and implementation have some drawbacks.

First, in the external unit, we use a high reverse voltage bias APD to detect short-
period optical pulses with very low optical energy. In this design, the bias voltage
is 160-200 V, posing a potential risk to living tissue if the high-voltage part is not
properly insulated. We state this risk for complete transparency; otherwise, this high-
voltage and extremely low current carrying wire is on a very small-length internal

wiring system and, in practice, often covered by a high-grade insulating material.

Second, to transfer power efficiently into the internal unit, we used near-field coupling,
which includes a coil in the internal unit. This approach limits the miniaturisation

capability of the entire system, as coil efficiency decreases with smaller coil sizes.

Third, the LED-based transmitter has the potential to establish an optical downlink
since it can detect light with shorter wavelengths than it emits. However, we did
not implement bidirectional optical communication in this study. Our experiments
revealed that the LED’s impedance fluctuated when we introduced a modulated ex-

ternal light source, causing the optical pulses to become unstable.
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3.5 Conclusion

This chapter presents the design of a subdermal optical telemetry module that bal-
ances a high data rate, high power efficiency, and low volume. By simulating the
optical properties of tissue, we optimised the optical design to improve power effi-
ciency and signal quality. By selecting a high-saturation-current near-infrared LED
and driving it with low-amplitude voltage pulses with an optimal bias current, the
LED generates 1.5 ns short pulses with reasonably high efficiency. The proposed de-
sign was implemented with discrete components and tested using animal tissue. The
module achieves a data rate of 108 Mbps through 3 mm of tissue with a tolerance for
misalignment of up to 5 mm and +15°. The module’s power consumption is below
1.57 mW, with a data transmission efficiency of 14.5 pJ per bit. The transducer’s vol-
ume in the proposed module is less than 1 mm?, making this solution highly promising

for miniaturisation and various applications.



Chapter 4

A Leadless Power Transfer and
Wireless Telemetry Solution for An

Endovascular Electrocorticography

This chapter reproduces my published work and highlights another critical application
area for miniaturised wireless and battery-free physiological monitoring. Specifically,
it addresses the unique challenges of eBCls, which aim to minimise invasiveness by

integrating stent-based electrodes within the brain’s vasculature.

In this thesis’s broader context, removing long, in-body cables stands out as a pivotal
advancement. Such cables introduce risks ranging from complications of vascular
damage to increased infection likelihood and limited patient mobility. By demon-
strating a wireless and leadless solution, this work directly aligns with the thesis goal

of developing safer, more practical, and clinically translatable systems.

Within this chapter, the incorporation of FUS for wireless power transfer and optical
telemetry for data communication illustrates how different modalities can be fused to
overcome the inherent constraints of endovascular implants. Achieving multi-Mbps
data rates and delivering sufficient power through tissue layers confirms the feasibility
of an entirely leadless eBCI implant with minimal energy overhead and without the

reliance on bulky or risky wiring.
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This chapter introduces a wireless and leadless telemetry and power transfer solution
for ECoG. The proposed solution includes an optical telemetry module and a FUS
power transfer system. The proposed system can be miniaturised to fit in an en-
dovascular stent, removing the need for long, intrusive cables. The optical telemetry
achieves data transmission speeds of over 2 Mbps, capable of supporting 41 ECoG
channels at a 2 kHz sampling rate with 24-bit resolution. The FUS power transfer sys-
tem delivers up to 10 mW of power to the implant through the scalp(6 mm), skull(10
mm), and subdural space(5 mm), adhering to safety limits. Testing on bovine tissue
(10 mm thick bone, 7 mm thick skin) confirmed the system’s efficacy. This lead-
less and wireless solution eliminates the need for long cables and auxiliary implants,
potentially reducing complications and enhancing the clinical applicability of eBClIs.
The proposed system represents a step forward in enabling safer and more effective

ECoG for a broader range of patients.

4.1 Introduction

Endovascular brain-computer interfaces have opened up new frontiers in human-
machine interaction and have the potential to revolutionise the way we understand
and treat neurological disorders Mahmood et al. (2022a); Oxley et al. (2016, 2021);
Soldozy et al. (2020a). It offers several benefits for high-fidelity chronic recordings
of cortical neural activities. Firstly, it provides a minimally invasive approach, as it
can be implanted through a blood vessel, reducing the risk of infection and tissue
damage compared to traditional invasive methods. Additionally, the stent-electrode
array allows for stable, long-term recordings due to its integration with the vessel
wall, which results in fewer movement-related artifacts and improved signal quality
Brannigan et al. (2023); Majidi et al. (2023). This enables researchers and clinicians
to gain deeper insights into brain function and develop more effective therapies for

neurological disorders.

However, a significant limitation of the current stent-electrode array is the require-

ment of a long cable within the vessel to carry the signal to a recording device fixated
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in the chest. This arrangement presents a risk to the recipient, possibly leading to
complications such as thrombosis, vessel injury, or infection Opie et al. (2020); Oxley
(2022). Furthermore, the cable can pose a significant challenge in pediatric applica-
tions, as children constantly grow and develop Fry et al. (2023); Mitchell et al. (2023);
Sanjeev and Karpawich (2006). The fixed cable length may not accommodate changes
in the distance from the vessel to the recording device as the child grows, potentially
leading to complications and the need for repeated surgical adjustments Sun et al.

(2021).

To address these issues, it is crucial to develop a wireless telemetry module that sat-
isfies the volume and dimension limits of the stent and can power itself by harvesting
energy from an outside source. This wireless solution would improve eBCIs’ safety
level and expand the potential applications of the stent-electrode array across differ-
ent age groups and clinical scenarios. However, several challenges have prevented the

invention of the telemetry module, including:

Area and volume limitation: The telemetry and power harvesting module needs
to be small enough to fit within the confines of the blood vessel without causing
discomfort or impeding blood flow Oxley et al. (2016). The diameter of the stent for
eBCls is 5 mm to 9 mm to fit in the superior sagittal sinus. Designing a compact
module that incorporates transducers for receiving energy converting it into electrical
power, and integrating components for modulation and encoding to transmit data
presents a significant challenge. This is further compounded by the need to integrate

control and power management circuits, all within the limited available space.

Power consumption limitation: The module must be highly energy-efficient, as
excessive power consumption will exceed the power delivery and harvesting bud-
get and could generate heat, potentially damaging surrounding tissues Nelson et al.
(2020). Furthermore, for chronic recording, the power needs to be supplied and har-
vested continuously, which imposes constraints on the long-term safety concern and

available energy format.

High data rate requirement: Capturing high-frequency neural activity and ac-

commodating the data generated by many electrodes necessitate a high data rate. A
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high sampling rate is required to accurately capture the high-frequency features of
neural activity. At the same time, sufficient resolution of the ADC is crucial to cover
the dynamic range of the neural signals Aggarwal and Chugh (2022). As the number
of electrodes increases, the data rate multiplies accordingly, leading to a substantial

amount of information that needs to be transmitted continuously.

Signal tissue penetration depth and absorption rate limitation: Wireless
transmission of neural data through biological tissues can be challenging due to sig-
nal attenuation and absorption Karimi et al. (2021); Yoo et al. (2021b). The telemetry
module must be able to transmit signals through various tissue layers while main-

taining adequate signal strength and minimising interference or distortion.

The development of a miniaturised wireless power and data module for eBClIs presents
a multitude of challenges that require innovative engineering solutions. Moreover,
the module must be biocompatible, robust, and reliable, considering it will operate
in a highly sensitive and dynamic environment within the human body Kanaan and
Sabaawi (2021). Addressing these challenges necessitates interdisciplinary collabora-
tion, combining expertise in microelectronics, materials science, biomedical engineer-

ing, and signal processing.

Currently, significant efforts are underway to develop power and data transmission
solutions for in-body implantable devices, and some of them can be used for ECoG
systems. Among these, inductive links can offer power budgets exceeding 50 mW and
provide data telemetry with high data rates Igbal et al. (2022a); Kim and Ho (2022);
yu Hu et al. (2024); Zhang et al. (2022). However, inductive link-based technologies
require specific structures or special materials to transform the stent into an efficient
antenna. This presents challenges for clinical implementation because introducing a
novel stent structure design requires long-term clinical trials to demonstrate its safety

before it can be used in humans.

Other technologies, such as thermoelectric, triboelectric, and biofuel, can fit within a
stent yu Hu et al. (2024). However, these technologies can only offer power levels in
the microwatt (n£W) range Roy et al. (2022); Yoo et al. (2021a), which is insufficient

to power ECoG circuits that continuously sense and transmit data. Piezoelectric
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devices can be sized to fit within a stent and can provide power levels in the milliwatt
(mW) range Khan et al. (2024). Nevertheless, they typically rely on backscatter or
passive methods for data telemetry, which do not offer sufficient data rates to transfer

high-fidelity neural signals Khan et al. (2024).

This chapter introduces a novel solution that utilises optical telemetry for data trans-
mission and piezoelectric energy harvesting for power delivery. By combining these
two technologies, we address the challenges of size (cross-sectional area and volume),

data rate, and power delivery and harvesting, leveraging the advantages of each.

4.2 Background

Optical telemetry, particularly in implantable medical devices for neural recording,
presents a compelling advancement in ensuring efficient data transmission while ad-
hering to the stringent size and power constraints inherent to such applications Xu
et al. (2023). The core principle of optical data telemetry hinges on transmitting data
through optical signals, utilising light, typically in the infrared or near-infrared spec-
trum, to encode and transmit information from the implantable device to an external
receiver. This technology capitalises on the intrinsic advantages of light as a medium,
enabling high data rates, minimised power consumption, and a substantial reduction
in the size of the telemetry module, thereby aligning well with the imperatives of

modern implantable neural recording devices.

The optical data solution represents a powerful combination of three essential qual-
ities: compact size, low power consumption, and high data rate. Together, these
attributes effectively tackle the ongoing challenge of achieving a balance between
size, power efficiency, and data transmission speed in implantable wireless devices
Drakopoulou et al. (2023). The compact size of the optical telemetry module is a cru-
cial innovation that allows for its integration into tiny implantable devices, thereby
enhancing the capabilities of neural interfacing and recording technologies. Addi-

tionally, the module’s low power requirements significantly reduce the challenges as-
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sociated with power harvesting circuits and the limitations of the implant’s power

source.

Furthermore, optical telemetry’s high data transmission speed plays a crucial role
in enabling the real-time transfer of neural data. This capability is essential for
applications such as brain-computer interfaces, real-time monitoring of neurological
disorders, and closed-loop neurostimulation systems Tanskanen et al. (2020). This
high-speed data transmission feature allows for the reliable and almost instant transfer
of extensive neural information, facilitating prompt interventions and precise evalua-
tions in clinical and research environments. The wireless aspect of optical telemetry
increases the flexibility and comfort of implantable neural recording devices, removing
the requirement for external wires that might increase infection risks and limit patient
movement. With these standout characteristics, optical data telemetry technology
considerably advances the development of implantable medical devices, creating an
environment that supports more advanced and patient-focused neural recording and

interfacing solutions.

Piezoelectric energy harvesting is a burgeoning field within medical device technology,
stemming from the unique ability of piezoelectric materials to convert mechanical en-
ergy into electrical energy when subjected to stress or strain Upendra et al. (2024).
This principle underpins the development of self-sustaining power systems within
medical devices, capitalising on the abundance of ambient mechanical energy sources
such as body movements, blood flow, or external vibrations. A notable feature of
piezoelectric energy harvesting technology is its compact form and high energy den-
sity, particularly advantageous for small-sized implantable or wearable medical devices
Sezer and Kog (2021). These attributes alleviate the spatial constraints and power
limitations traditionally associated with integrating batteries or other external power
sources, thus significantly enhancing the feasibility and functionality of miniaturised

medical devices.

Piezoelectric materials’ compactness and high energy density are pivotal in advancing
various medical devices’ size, power budget, and reliability. For instance, self-powered

pacemakers Jegadeesan et al. (2017), insulin pumps Tamura et al. (2018), and cochlear
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implants Tamura et al. (2022) have been developed by harnessing the piezoelectric
phenomena to convert biomechanical energy from heartbeats, muscle movements, or
external vibrations into electrical energy that powers these devices or deliver the
desired function directly. Moreover, piezoelectric energy harvesting technology facili-
tates the continuous operation of critical monitoring systems and sensors, integral in
chronic disease management and remote patient monitoring, by providing a steady

and sustainable power supply Narayanamoorthi (2019b).

However, despite these advantages, there are several drawbacks associated with piezo-
electric energy harvesting technology. One of the primary challenges is the relatively
low energy conversion efficiency compared to other energy harvesting technologies,
which may necessitate additional power management systems to ensure a consistent
energy supply. Furthermore, the biocompatibility and packaging method of piezoelec-
tric materials within the human body remain areas of active investigation, as piezo-
electric material will raise safety concerns when implanted in the human body, and
packaging could potentially compromise power harvesting efficiency Aldaoud et al.
(2018); Sedehi et al. (2021). Despite these challenges, piezoelectric materials’ com-
pact nature and high energy density leave them as one of the best candidates for

powering eBCIs by harvesting energy within the stent.

Focused ultrasound waves offer new opportunities for piezoelectric energy harvesting
for implantable devices. This technique uses ultrasonic waves, concentrated at a
specific point inside the body, to transmit energy directly to the device through the
skin and tissue. Unlike general ultrasound, which disperses energy over a wider area,
FUS concentrates energy precisely at a specific target area. This targeted approach
allows for more efficient energy transfer, minimising energy dissipation through non-
targeted tissues and reducing the potential for unintended heating or damage. Still,
the related ultrasound-piezoelectric issues need further investigations, such as pressure
amplitude at deep tissue Erfani et al. (2017a), toxic material’s connection with tissue
Koruprolu et al. (2018)Erfani et al. (2018a), and relatively low power output Mustapa
et al. (2019).
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Figure 4.1 — Full system illustration with stent details. (a) Illustration of the system.
The green arrow shows the tissues. (1) Skin tissue, (2) Bone tissue, (3) Dura mater,
(4) Superior sagittal sinus. The system will have two parts. An implantable stent
and an external device. All electrical components for the implantable part will sit in
the stent in the superior sagittal sinus. The external device sits over the scalp and
aligns with the implant. In the external device, an avalanche photodiode is used
to collect optical signals from the implant, and a Field Programmable Gate Arrays
(FPGA) is used to decode the optical data. The ultrasound transducer array in the
external device will generate focused ultrasound that delivers energy to the stent.
Sub-figure b shows the stent with functional components. The sensing electrodes
are on the stent to sense electrical signals from the cortex. Three piezoelectrics
sit in the stent to convert energy from FUS to power the circuit. The optical
transmitter, an 810 nm wavelength LED (shown in red), sits in a space within the
stent. Two ASICs with control and sensing circuits, energy harvesting and power
management circuit and LED driver sit in other spaces within the stents.

4.3 Method

Here, we present a wireless solution for eBCIs that meets the requirements of low-
volume, low-energy, high data rate and can be powered wirelessly. This solution
includes an optical data telemetry module with a single LED transducer. With a
simplified circuit design, the data telemetry module can transmit data at a high bit

rate while consuming low power and occupying a minimal area. Our experiments
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showed that we could achieve a 5 Mbps telemetry data rate and consume less than 4
mW of power with 7 mm bone and 10 mm soft tissues (fat, muscle and skin) between
the transmitter and the receiver. The result indicates that the proposed module
can transmit neural recording from a 32-channel electrode array, with each channel

sampled at 9.7 kHz with 16-bit resolution.

The proposed solution includes a piezoelectric energy harvesting unit with multiple
small piezoelectric power harvesters attached to the stent. Our simulation result
showed we could harvest a maximum of 3 mW from one piezoelectric before the
delivered acoustic pressure reaches the safety limit. With six or more piezoelectrics,
we can easily have more than a 10 mW power budget to supply all the sensing, data
telemetry, and potential stimulation circuits. Fig. 4.1 shows the conceptual design
of the proposed module working with an eBClIs. In the implant part, three small
piezoelectric harvesters are embedded in the stent to power the circuits. An 810 nm
wavelength LED sits in the stent as the transducer for data telemetry. Two small
ASICs embedded in the stent are the sensing, control, data communication, and
power management circuits. In Fig. 4.1, above the head is the internal structure of
the concept external device for the implant. It will be attached over the head using
a headphone-like fixture. This fixture is designed to maintain the external device in
a relatively fixed position on the head. During the implantation surgery, the position
of the implant is precisely determined, and a Computed Tomography (CT') scan may

be required to establish the optimal initial attachment point for the external device.

The headphone-like fixture uses the two ears as the reference point for the location,
and the cross-bar of the headphone-like structure is used to decide the cross-section
position of the external device. This fixture can help the external device sit in a rela-
tively fixed position on the head. Once the external device is attached, an algorithm
will be employed to adjust the phase of the ultrasound transducers within the array.
This adjustment allows the system to scan and focus the ultrasound energy, ensuring
maximum energy delivery to the implant site. This scan and re-focus algorithm will
compensate for the rough alignment of the external device, as there is no precise fixed

position for the external device.
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Benefiting from the small size of the piezoelectric components and the LED, the
proposed module has a transducer volume of less than 2 mm? (One LED and One
piezoelectric). The module has significant potential for miniaturisation ability. The
proof-of-concept testing board created in this work uses discrete components, and the
total volume is less than 14 mm? (excluding Printed Circuit Board (PCB)), indicating
that with future ASIC development, the volume of the module can be smaller than

4.5 mm?. The entire module can be easily embedded into a stent with this volume.

To validate the proposed design, we did analysis, simulation, and proof-of-concept

experiments according to the following parameters of success:

4.3.1 Optical channel analysis

Research has shown that wavelengths between 750 nm and 850 nm possess optimal
optical properties for penetrating all tissue layers of the human head Firbank et al.
(1993); Sawosz et al. (2016). Technologies such as Functional Near-Infrared Spec-
troscopy (fNIRS), which require light to pass through tissues from the outside to the
brain, commonly use wavelengths around 800 nm Jeong et al. (2022). Based on this
evidence, we chose 810 nm for our data telemetry to leverage this optimal transmis-
sion window. In the passage of 810 nm wavelength light through the human head’s

layers, distinct optical behaviours are observed (see Fig. 4.2).

The Superior sagittal sinus wall, characterised by a thin endothelial lining, shows low
absorption and diffusion at this wavelength, with reflection influenced by refractive
index differences between blood and adjacent tissues. The Dura Mater, a dense
collagen and elastin membrane, exhibits moderate absorption and high diffusion, with
reflection arising from refractive index disparities. The skull, comprising cortical and
trabecular bone, has low absorption, moderate diffusion due to its porous structure,
and reflection at tissue interfaces. Connective tissue, rich in collagen, elastin, and
proteoglycans, demonstrates low absorption and moderate diffusion, with reflection
at tissue boundaries. The skin, with its epidermal melanin and dermal blood vessels,

shows moderate absorption and high diffusion, with reflection at the interfaces of its
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Figure 4.2 — Optical property of the data communication part. (a) Skin, (b) Connec-
tive tissue, Galea aponeurotica, Loose areolar connective tissue, Periosteum, (c)
Skull, (d) Dura Mater, (e) Superior sagittal sinus Wall. Dn is the diameter of the
lens. Alpha is the emitting angle of the LED, which the emitting lens can control.
The arrows represent the diffusion (blue), reflection (red), and absorption effect
(pink).

layers. Overall, the optical properties at 810 nm involve varying absorption, diffusion,
and reflection, primarily influenced by blood, melanin, and water absorption, the
fibrous nature of tissues, and structural complexities facilitating light scattering and

reflection at tissue interfaces.

4.3.2 System design

Fig. 4.3 shows the system’s block diagram and the device’s conceptual design. To

eliminate the need for a long cable connecting the brain to the chest, our plan inte-



4.3 Method 81

grates energy harvesting, sensing, control, power management, and communication
modules directly within the stent. An external device will be positioned over the
implant site outside the body for seamless communication and power delivery. To
accommodate the stent’s dimensions, we propose utilising two ASICs to house the
required circuitry. The first ASIC will encompass the global controller and sensing
circuitry, including a multiplexer, amplifier, ADC, and temperature sensor. The sec-
ond ASIC will contain the energy harvesting, power management, bias, and pulse
generator circuits. By making the circuit into two smaller ASICs, the chips can be
more easily adapted to fit the constrained dimensions of the stent and minimise the
impair to the surrounding tissue or blood flow, which provides more flexibility in
component placement and optimises the use of the stent’s internal space. Separat-
ing power-intensive components (such as energy harvesting and power management
circuits) from sensitive analog components (like amplifiers and ADCs) can reduce
the risk of noise interference and improve signal integrity. This can result in higher

accuracy and better overall performance of the implant.

The external device comprises three primary units: a data receiver unit, a wireless
power delivery unit, and a power and battery management unit. We use an APD as
the optical data receiver given its exceptional sensitivity and high-speed performance.
A FPGA is used in our bench experiment for data recovery due to its flexibility and
processing capabilities, which far exceed our needs. The power management unit will
be responsible for battery management, supplying the bias voltage required for the

APD, and providing power to the FPGA.

4.3.3 System powering plan

The proposed solution for powering the implant in the brain incorporates an external
transducer array and an array of minute piezoelectric materials embedded within the
stent itself. The transducer array, situated externally over the head, is meticulously
engineered to generate focused ultrasound waves. These waves are directed explicitly

toward the stent’s location within the brain, ensuring precision in energy delivery.
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Figure 4.3 — System block diagram. The top left corner shows the blocks in the
external device. The upper right part shows the blocks in the implant. The lower
right part shows the potential components’ size with an actual stent. The LED
is commercially available and has a big substrate. We need a customised smaller
substrate to meet our purpose.

The transducer array comprises numerous individual transducers, each of which can
be controlled independently. This allows for fine-tuning the ultrasound beam in terms
of intensity, focus, and direction, ensuring that the energy is delivered accurately to

the stent while minimising exposure to the surrounding brain tissue.

The stent, positioned within a blood vessel in the brain, is designed to be minimally in-
vasive while providing the necessary support to the vessel. Embedded within the stent
are small piezoelectric materials, which can convert acoustic energy from ultrasound
waves into electrical energy. A lead-free potassium-sodium niobate (K 5Nags5NbO3
KNN) with high piezoelectric coefficient ds3 is employed Igbal et al. (2022b). These
materials are selected for their high energy conversion efficiency and biocompatibility,
ensuring they function effectively within the body without inducing adverse reactions.

The piezoelectric materials are connected to the energy harvesting circuit, which con-



4.3 Method 83

verts the harvested electrical energy into a stable power supply for the other circuits.

The FUS is generated by a group of ultrasound generators in the external unit. To
ensure the safety of the ultrasound energy, we not only set intensity limits for each
ultrasound generator but also carefully control the intensity of the FUS waves to
prevent any potential damage to the surrounding brain tissue. Additionally, we plan
to use the telemetry channel to include feedback mechanisms, letting the external
unit adjust the output power dynamically and ensuring that the energy delivery and

conversion processes operate efficiently and safely.

Overall, this solution provides a novel method of powering endovascular implants in
the brain, utilising the synergy between FUS and piezoelectric materials to create a
self-sufficient system that enhances patient monitoring and intervention capabilities

while adhering to stringent safety standards.

Fig. 4.4 shows the structure of piezoelectric elements that we proposed in this chapter.
The piezoelectric material surface is covered by a metallic conductive layer and an
electrode connection with the stent. The existence of multiple piezoelectric elements

ensures a constant and high-power generation.

Fig. 4.5 visually represents the modelling and simulation process of focused ultrasound
propagation through the human brain. Fig. 4.5(a) displays real CT scan images from
the Visible Human Project, processed using the iSEG tool Dionigi et al. (2017),
providing a detailed cross-sectional view of the human head with various layers and
anatomical details. This initial simulation uses ultrasound waves with an initial

pressure of Py =30 kPa and a frequency of f =1 MHz.

Fig. 4.5(b) presents a modelled representation of the human head created with Sim4Life
Sim4Life (2011), along with a single spherical focused ultrasound transducer, high-
lighting the positioning and biological interaction. This transducer generates the

focused ultrasound waves used in the simulation.

Fig. 4.5(c) illustrates the dynamics of acoustic wave propagation through the head,
showcasing the transient solution and demonstrating how these waves rapidly change

over time. It also presents the transient acoustic pressure experienced at the scalp,
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providing insight into the intensity of the waves as they initially interact with the

head.

Finally, Fig. 4.5(d) depicts the steady-state solution, capturing the point where the
acoustic waves stabilise and no longer change significantly over time. The acoustic
pressure along the focal line is displayed, indicating the precise pressure within the
targeted region of the brain where the ultrasound is most concentrated. The steady-
state acoustic pressure along the Z-axis, shown in Fig. 4.5(d), clearly demonstrates
the effect of the skull bone on the acoustic pressure concentration; therefore, it is

expected that the critical temperature rise occurs at the skull.

Overall, Fig. 4.5 offers a holistic view of how focused ultrasound interacts with and

propagates through the intricate structures of the human head and brain.

Acoustic-thermal analysis is carried out to meet the long-term thermal safety criteria.
Transient ultrasound-thermal analysis for Py =30 kPa and f =1 MHz case is shown in
Fig. 4.6(a) to Fig. 4.6(d). Due to the acoustic pressure concentration on the skull, the
skull temperature rises to the critical temperature. Multiple ultrasound parameter
variations are set with the limitation of temperature rise below 2°C. The temperature
rise for all frequencies is always below 2°C for Py =30 kPa; thus, the acoustic pressure

is used for the safe ultrasound.

4.3.4 Experiment setup

To evaluate the design and performance of the telemetry module and its associated
system, we manufactured custom PCBs featuring discrete components for experimen-
tal purposes. Using 3D printing technology, we created holders to securely position
the PCBs and the biological tissue samples during testing. These 3D-printed holders
facilitated optimal optical alignment and precise control over distance and potential

misalignment settings.

The tissue samples were freshly obtained bovine skin, complete with subcutaneous

tissue and bone. All the tissue samples were purchased from the local Supermarket.
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The 3D-printed frame maintained a firm grip on the tissue samples throughout the

experiment. The prepared tissue samples are depicted in Fig. 4.7.

4.3.5 Testing protocol

To confirm the effectiveness of data transmission via the prototype device, we estab-
lished a comprehensive testing protocol outlined as follows: Initially, we generate a
sequence of random numbers using a random number generator. We add a 32-bit pre-
fix to this sequence as a starting indicator for data transmission. This prefix consists
of four repeats of an 8-bit fixed pattern, which helps align the signal for decoding at

the receiver’s end.

Following this, the combination of random numbers and the prefix is encoded us-
ing either pulse-density modulation or pulse-width modulation, depending on the
test iteration and the data transmission speed being tested. We use an Analog Dis-
covery 2 (AD2), a FPGA multi-function instrument device from DIGILENT and
its Application Programming Interface (API) to create a signal with binary voltage
levels, simulating the digital control and data transmission circuits of our proposed
system. The output signal from the AD2 is then connected to a custom testing board
designed to include our optical pulse generator circuits built from individual compo-
nents. In response to the data sent, the board’s LED emits optical pulses, marking

the completion of the transmission test sequence.

At the receiving end, an avalanche photodiode captures the optical pulses and converts
them into electrical signals. These signals are then amplified by a trans-impedance
amplifier, followed by a cascaded operational amplifier, and fed into another AD2
unit. In this second AD2, the ADC converts the analog signals into digital format,
making them ready for transfer to a Personal Computer (PC). This PC uses an
adaptive peak-searching algorithm to identify the pulses. After finding the peaks,
the algorithm decodes the signal into a binary sequence based on set pulse-density

thresholds.

The software begins by searching for the start indicator. Due to the lack of synchro-
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nisation between sending and receiving, a single 8-bit pattern is used as the search
criterion. Once a matching pattern is found, the data following the last bit of the

prefix is extracted and shortened to 1520 bits.

The software then compares this 1520-bit sequence with the transmitted initial data
to calculate the BER. Subsequently, the receiving PC signals the transmitting PC
to generate a new set of random numbers for the next test. A comprehensive testing
setup was deployed to accurately evaluate the BER at specified transmission speeds.
This testing verifies the time domain signal quality and ensures the data transmis-
sion is valid. This setup can create random images, encode them using the described
method, and then decode them to conduct a thorough bit-level comparison between
the sent and received image data, counting the total erroneous bits found. To es-
tablish a dependable BER metric, this testing protocol was performed continuously
for 24 hours at each set transmission speed. The tests were conducted indoors with
ambient lighting kept around 200 Lux, without direct sunlight exposure, and without
using any environmental light shielding during the BER tests, to ensure the system’s

effectiveness under typical operating conditions without direct sunlight.

Fig. 4.8 shows the testing protocol and how we verify the successful data transmission.
This testing protocol comprehensively evaluates the prototype device’s data transfer
capabilities, considering synchronisation, signal decoding, and error rate analysis.
The power consumption is measured by connecting a voltage source to the power
management part directly and measuring the input current, so the power consumption
already includes the power consumption of the power management unit, LED driver

and the driver for data.

To test the power harvesting plan, we combined COMSOL Multiphysics (1998) and
Sim4Life simulation software Sim4Life (2011) to test the harvested energy under the
safety limit. Fig. 4.9 (a) shows the model parameters and piezoelectric element charac-
teristics. Fig. 4.9 (b) illustrates two primary results. The ultrasound frequency plays
a vital role in piezoelectric energy generation as it affects the mechanical stress in the
piezoelectric. The stent orientation is crucial as it affects the ultrasound-solid interac-

tions. To address the effects of misalignment of the external device and the implant.
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in our system design and evaluation, we implemented multiple piezoelectric elements
(1 to 6) in the implantable energy harvester within the stent. This multi-element con-
figuration meets the size limit and offers advantages against misalignment. Using an
array of piezoelectric elements, the energy harvesting is distributed over a small area,
not a single point. This means that even if some elements are not perfectly aligned
due to misalignment, other elements can compensate, ensuring consistent power de-
livery. We conducted simulations to evaluate the impact of angular misalignments
between the transmitter and receiver. we analysed misalignment angles shown in

Fig. 4.9 ranging from 0°to 5°in both azimuthal and elevation planes.

4.4 Result

We did data transfer experiments using the protocol described in Fig. 4.8. The result

is shown in Table 4.1.

Table 4.1 — Testing results for pulse width modulation (PWM) and pulse-density
modulation (PDM).

Power
Data rate Tissue Mo_dul- Sfl(l)‘:l;_ Efﬁcier.lcy
(Mbps) ation tion (nJ /bit)
(mW)
0.5 Bone (5 mm) + Skin (7 mm) PWM 1.1 2.3
1 Bone (5 mm) + Skin (7 mm) PWM 1.3 1.3
2 Bone (5 mm) + Skin (7 mm) PWM 1.8 0.9
5 Bone (5 mm) + Skin (7 mm) PWM 2.7 0.54
1 Bone (5 mm) + Skin (7 mm) PDM 1.4 1.4
3 Bone (5 mm) + Skin (7 mm) PDM 2.7 0.9
2 Bone (8 mm) + Skin (7 mm) PWM 2.1 1.05
5 Bone (8 mm) + Skin (7 mm) PWM 3.4 0.68
3 Bone (8 mm) + Skin (7 mm) PDM 2.4 0.8
2 Bone (10 mm) + Skin (7 mm) PWM 2.6 1.3
5 Bone (10 mm) + Skin (7 mm) PWM 3.8 0.76
3 Bone (10 mm) + Skin (7 mm) PDM 2.9 0.96

From the result, we can find that the data transfer efficiency is higher when using pulse
width modulation. Still, Pulse Width Modulation (PWM) requires more precision
timing to ensure the optical pulses can be decoded at the receiver side. When we use
pulse-density modulation, we can relax more on timing and simplify the driver circuit

for data.
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Fig. 4.10 shows the power harvesting result of the proposed power harvesting plan. We
can see that a single piezoelectric generates the maximum power of 3.0 mW, and with
the six elements, the sum of power output is 10.0 mW. With rotated piezoelectric
elements, a high power output can be generated by tuning the frequency of FUS
waves. These results illustrate the tunding of the frequency and placement of the
FUS transducer for each piezoelectric; we can get the sum of the maximum single

piezoelectric and reach a high level of power generation.

Fig. 4.11 presents the results of the BER test conducted at transmission speeds of
5 Mbps and 3 Mbps, utilising 10 mm bone and 7 mm skin as mediums. The figure
illustrates the setup used for the BER assessment, including the real-time genera-
tion of a random image for testing purposes. Analysis of the data reveals that, at a
transmission speed of 5 Mbps with PWM, the BER was maintained below 1.09¢™%.
Conversely, employing a transmission speed of 3 Mbps with Pulse-Density Modula-
tion (PDM) resulted in a BER below 1.62e™%. The duration of the BER assessment
exceeded 24 hours, during which more than 400 Gb of data were transmitted. The
use of fresh tissue in these experiments imposed a limitation on the duration of the
BER test due to the continuous dehydration of the tissue, which affects its optical
and electrical properties. Observations from the test indicate that the BER exhibited
fluctuations that appeared to follow a discernible pattern, potentially linked to vari-
ations in environmental lighting. However, due to the constrained timeframe of the
experiment, a definitive correlation between environmental lighting conditions and

BER fluctuations could not be established.

4.5 Discussion

The wireless and leadless power and data system proposed in this chapter repre-
sents a transformative advancement for eBCls, addressing critical power and data
transmission challenges in current eBCls designs. The most notable contribution is
eliminating the long, cumbersome cable that traditionally runs from the brain to the

chest. Removing this cable significantly reduces the risk of blood flow obstruction
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and vessel damage, which is especially beneficial for vulnerable populations. Pedi-
atric patients, in particular, benefit from this solution as it eliminates the need to

accommodate body growth by adjusting cable length.

A key advantage of the proposed system lies in its enhanced data transfer capabilities
within the extremely limited on-site space. While existing communication methods
such as near-field, far-field, and ultra-wideband can offer higher data transmission
speeds with lower power consumption, their transmitters and antennas are too large
to fit within a stent. Other methods, like ultrasound backscatter and body area
communication, have compact transmitters that can fit inside a stent but fail to
meet the bandwidth requirements for high-fidelity ECoG data transmission. Our
system, however, achieves a data transfer rate exceeding 2 Mbps, marking a significant
improvement that enables real-time transmission of detailed ECoG data, crucial for

effective monitoring and intervention.

Regarding power transfer, the system provides efficient and safe energy delivery to
the implant site. However, ensuring consistent and reliable wireless power transfer
in vivo remains a significant challenge due to attenuation caused by variable tissue,
bone, and blood environments. This is a well-known issue in similar systems, and
while our solution shows promise, extensive real-world testing will be necessary to
confirm that it can perform in complex, variable biological environments as effectively

as in controlled simulations.

Another concern regarding power transfer is its suitability for long-term applications.
For FUS power delivery, an acoustic couplant is necessary for the external FUS device
to effectively transmit energy to the proposed ECoG system. Traditional couplants,
such as ultrasound gels, can dry out over time, require frequent reapplication, and
may cause skin irritation or discomfort during extended use. These factors could
limit the practicality and patient compliance for continuous or long-term applications.
To address this challenge, future research should investigate the use of solid-state
biocompatible couplants such as hydrogels, hydrophilic polymers, and 3D-printed
rubber materials Chen et al. (2021); Gao et al. (2023) for the FUS device.

Another significant technical challenge is achieving hermetic packaging in the system’s
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design. The telemetry module needs an optical window within its packaging while
seamlessly integrating into an endovascular stent. As medical devices become more
compact, their designs and manufacturing processes become increasingly intricate,
impacting reliability, durability, and overall system performance. This complexity
underscores the importance of thorough testing and multiple design iterations to

ensure optimal outcomes.

Biocompatibility is also a significant concern. While removing the long cable reduces
certain risks, introducing new electronic components and materials directly into crit-
ical regions like the bloodstream or brain tissue presents new challenges. There is
potential for tissue reactions, unforeseen long-term effects, and other adverse events
arising from the body’s interaction with foreign materials. Rigorous biocompatibil-
ity testing of newly introduced materials or design changes is essential to prevent

potential complications and ensure patient safety.

Furthermore, although software simulations and modelling provide invaluable in-
sights, they may only partially replicate real-world scenarios. Human physiology
and tissue responses are complex, and the device’s behaviour under actual human
conditions might present unanticipated challenges that simulations need to account
for. Consequently, extensive in-vivo testing and post-implantation monitoring are

crucial to validate the system’s performance and safety in real-world settings.

Finally, the leadless power and data solution for eBCIs offers a promising direction
that addresses many drawbacks of current systems. However, it also introduces new
challenges that require careful consideration, rigorous testing, and continuous moni-

toring to ensure its viability, safety, and efficacy in practical applications.

4.6 Conclusion

In conclusion, this chapter presents a novel optical wireless telemetry module designed
for integration within a smart stent, aiming to overcome the limitations of current

eBCls such as the Stentrode™. The proposed module enhances the eBCIs’ applicabil-
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ity for patients with weak blood vessels or susceptible vasculature by eliminating the
need for a long wire connecting the stent electrodes to the encapsulated electronics.

It addresses the challenges associated with pediatric applications.

The telemetry module, which can transfer data at a maximum of 5 Mbps and op-
erate with less than 3 mW power consumption, demonstrates its potential through
proof-of-concept experiments using discrete components and fresh bovine bone, mus-
cle, and skin tissue. Future developments of ASICs will further refine the optical
telemetry module’s performance and pave the way for more versatile, safer, and less
invasive eBCls, ultimately transforming the landscape of neuroscience, engineering,

and medical devices.
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Figure 4.4 — The structure of the piezoelectric harvester Illustrating the process of
electrical energy generation using piezo-FUS: A focused ultrasound beam (blue
ellipse) targets a stent embedded with a thin layer of piezoelectric material (high-
lighted in orange). Upon interaction with the ultrasound, the piezoelectric layer
converts the acoustic energy into electrical energy, represented by the lightning
bolt symbol.
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Figure 4.7 — This figure shows the tissue we used. (a) The tissues and their thickness.
The top layer is skin tissue with subcutaneous fat. The lower three layers are
bones. During the experiments, we stack different layers of bones to get different
thicknesses of bone. (b) We use a 3D-printed frame to hold the tissues and use
screws to put pressure to make the tissue firmly connected. (c) The experiment
setup with tissues in between. The middle is the tissues. The left side is the receiver
PCB, and the right side is the transmitter.
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Figure 4.8 — The upper portion of the diagram represents the transmitter. A computer
running a program generates 190 bytes of random data at a time, limited by the
buffer size of the digital Input/Output (I/O) device. The program then adds a
4-byte prefix consisting of repeating fixed data to indicate the beginning of the
transmission. The data is subsequently encoded into a pulse signal using either
pulse width or pulse-density modulation. A digital I/O device generates the pulse
and sends it to the testing board, producing optical pulses based on the input pulse
signal. The lower portion of the diagram represents the receiver. Qur testing board
includes an analog front-end that converts the received optical pulses into electrical
signals. An ADC digitises the signal and sends it to a computer. Depending
on the modulation scheme used, the program on the computer performs different
operations. For pulse-density modulation, it conducts peak searching and marks
the pulses on the timeline. It uses a duty cycle searching and labelling algorithm
to determine the pulse width for pulse width modulation. The program searches
for the repeated prefix pattern once the signal is converted into binary format.
When an entire segment of the prefix is matched, the program considers this as
the starting point of the data and removes the prefix accordingly. After decoding,
the program compares the recovered signal with the original transmitted data to
verify the data transfer and calculate the error rate.
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cedure. The horizontal axis (X-axis) indicates the duration of testing, with each
evaluation extending over 24 hours. The representation includes red dots and a
corresponding red line, which illustrates the real-time BER measurements and the
overall BER outcome, respectively, for a 5 Mbps transfer rate. Similarly, blue dots
and a solid blue line depict the real-time BER observations and cumulative results
for a 3 Mbps transfer rate. Additionally, the orange and green lines signify the total
volume of data transmitted during the BER assessment, amounting to 260 Gbit
for the 3 Mbps rate and 421 Gbit for the 5 Mbps rate. We recorded a video(Link)
showing the experimental arrangement, featuring the real-time decoded random
image on the computer screen. Positioned at the left is the AD2 device serving as
the receiver, while the right showcases the AD2 device functioning as the transmit-
ter. Central to the setup is the tissue sample utilised for testing purposes.
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Chapter 5

A High-efficiency Wireless Power
Transfer System for Smart

Endovascular Devices

This chapter reproduces my work prepared for publication, which addresses another
critical component in realising fully wireless and battery-free devices. Specifically,
it tackles the challenge of delivering sufficient power to stent-based implants in the
brain without resorting to long lead wires—a key objective in the broader context
of Miniaturised Wireless and Battery-Free Systems for Physiological Monitoring and

Stimulation.

Building on the principle of leadless design introduced in previous chapters, this work
demonstrates how a subcutaneous relay can convert inductive coupling to capacitive
coupling to efficiently power devices inside the vasculature. This approach simplifies
the device architecture and significantly reduces potential complications by eliminat-
ing the need for a lengthy wired connection to a subcutaneous chest implant. The
system’s successful experimental validation across real tissue layers, combined with
supporting finite element simulations, underscores its feasibility for clinical transla-

tion.

WPT for stent-based medical devices in the brain, such as Endovascular Electro-
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corticography (endoECoG) devices, faces challenges. Typical stent-based endoECoG
consists of electrodes placed on a stent and connected with a set of long lead wires
to a subcutaneous chest implant responsible for wireless energy harvesting and data
telemetry. Eliminating the long lead wires is not trivial or straightforward, introduc-
ing a great set of challenges. This work demonstrates a feasible method to deliver
power directly to a standard medical stent without modifying its structure, mechan-

ically or electrically.

The proposed system employs a subcutaneous relay that converts inductive coupling
to capacitive coupling, enhancing power transfer efficiency while maintaining minimal
invasiveness. Experimental validation was performed using real skin, bone, and vessel

tissues, and finite element simulations were conducted to confirm model accuracy.

Experiments demonstrated over 45 mW of power delivery without exceeding safety
limits, sufficient for powering endoECoG devices and biosignal sensors. The sys-
tem achieved 7.26% Direct Current (DC)-to-DC efficiency, the highest reported for
stent-based implants without additional transceivers or specialised stent designs. Re-
sults closely matched simulations, confirming practical viability. Safety assessments,
including SAR analysis and temperature rise simulations, showed compliance with

regulatory standards and minimal risk to surrounding tissues.

This work demonstrates a reasonably efficient and safe power delivery to stent-based
implants in the brain, considering the anatomical challenges regarding the surgical
delivery, paving the way for fully wireless, minimally invasive neuroprosthetic devices.
The external device does not require close skin contact, making it suitable for long-
term applications and improving patient comfort. Future efforts will optimise system

components and address manufacturing challenges to facilitate clinical translation.

5.1 Introduction

Significant advancements have been made in developing stent-based biomedical im-

plants, an invasive device that offers relatively lower-risk surgical delivery procedures
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Kobo et al. (2020). With progress in electronics, stents now provide mechanical sup-
port and are equipped with sensing and stimulation capabilities Vishnu and Mani-
vasagam (2020); Zhang et al. (2023a). This evolution enables stents to function
beyond passive interventions, expanding their applications to monitoring and poten-

tially to active interventions Soldozy et al. (2020b); Zhang et al. (2023a).

These stent-based biomedical implants open new avenues for disease management
and treatment. For example, endoECoG devices offer a relatively lower invasiveness
method for long-term brain monitoring and high-performance brain-computer inter-
faces Oxley et al. (2016); Soldozy et al. (2020a). Currently, the endoECoG device
includes a stent with electrodes in the Superior Sagittal Sinus (SSS), a companion
unit in the chest area that provides power and houses the electronics, and a long
cable connecting the stent in the brain to the companion unit. This device functions
as a monitoring system and has the potential for brain stimulation to treat epilepsy
and other neurological diseases Oxley et al. (2016); Oxley (2024). However, the lead
cable is the most critical challenge for the current device. The cable traverses through
the blood vessel and requires an opening in the vessel wall for exit. These factors
introduce risks, especially for long-term use, which lowers recipients’ acceptance and

limits applications Mitchell et al. (2023).

While significant progress has been made in WPT systems, delivering power directly
to a leadless stent remains a substantial and open problem, not to mention a great deal
of effort around making data telemetry wireless. Challenges include limited space,
the specialised mechanical structure of the stent and issues for electrical requirement
adjustments, energy signal attenuation by biological tissues, and the need to meet
biocompatibility and safety regulations Chen et al. (2014); Herbert et al. (2022). By
addressing this challenge, endoECoG devices can become fully wireless, and after
eliminating the lead-wire-related risks, these devices can reach their full potential

and widespread application.

Researchers have explored various WPT techniques to address the challenge of pow-
ering stent-based biomedical implants. These techniques include near-field inductive

coupling Mahmood et al. (2022b), magnetic resonance coupling Li et al. (2012), far-
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field RF energy transfer Shah and Yoo (2020), optical power delivery Xu et al. (2024);
Zhao et al. (2020), and acoustic power transfer Xu et al. (2024).

Near-field inductive coupling relies on a pair of coils nearby (less than one wave-
length apart). Designing an efficient receiver coil within the limited space of a stent
is extremely challenging Abdin et al. (2024). Some studies have attempted to use
the entire stent as a receiving coil, showing promising results Herbert et al. (2022).
However, this approach requires specially designed stents with coil-like structures, as
standard stents lack effective inductive properties Islam et al. (2020). Using such spe-
cialised stents introduces challenges for clinical approval due to unproven long-term

mechanical stability, safety and the use of non-standard materials.

Magnetic resonance coupling faces similar obstacles when applied to stent-based im-
plants. The requirement for resonant structures and efficient coupling over small
volumes makes it difficult to implement within the confined space of a stent Li et al.
(2012); Xu et al. (2020). Achieving sufficient power transfer efficiency while meeting

safety regulations remains problematic.

Far-field RF energy transfer allows smaller antennas to fit within a stent. However,
at the high frequencies required for effective far-field transmission, tissue absorption
increases significantly Liu et al. (2014a). This reduces power transfer efficiency and
raises concerns about tissue heating and compliance with regulatory safety limits on
electromagnetic exposure Bercich et al. (2013). Therefore, using far-field RF energy
transfer to power a stent-based implant struggles to provide enough power without

reaching the safety limit.

Optical links are promising for data transfer due to high bandwidth capabilities Xu
et al. (2023) but are less suitable for energy transfer in implantable devices. The
optical-to-electrical power conversion efficiency of photovoltaic cells at the implant
site is too low to meet the energy demands, especially considering the light scattering

by the biological tissues Dinis and Mendes (2021); Xu et al. (2023).

Acoustic Power Transfer emerges as a promising alternative due to its ability to pen-

etrate deep tissues with a lower attenuation window with the skull. It allows for
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small-sized receivers compatible with the dimensions of the stent and offers higher
safety margins concerning tissue heating Kim et al. (2021). However, the primary
challenges for acoustic power transfer in stent-based implants include the biocompat-
ibility of piezoelectric materials used in acoustic transducers and the development of
packaging technologies that can integrate these materials into stents without compro-

mising mechanical properties or causing adverse biological reactions Xu et al. (2024).

Although various WPT techniques offer potential solutions, each presents a unique
set of challenges when applied to stent-based implants. Overcoming these obstacles
requires innovative approaches to accommodate the spatial constraints of stents and
anatomical features for surgical implantation, maintain biocompatibility, and comply

with required safety regulations.

Capacitive Coupling WPT is a technology that uses electric fields to transmit power
between two conductive materials separated by a dielectric medium Sharif and Soda-
gar (2022b). In this system, the transmitter and receiver each consist of a pair of
plates that form capacitors, with the intervening space or material acting as the di-
electric. When an Alternating Current (AC) is applied to the transmitter’s plate,
it generates an oscillating electric field that induces a corresponding current in the

receiver’s plate, thereby transferring power Sharif and Sodagar (2022b).

capacitive coupling WPT has gained attention for implantable medical devices due
to its potential for miniaturisation and reduced sensitivity to alignment compared to
other WPT technologies Narayanamoorthi (2019b); Tamura et al. (2022). The thin
and flat nature of capacitive plates makes them suitable for integration into small
implants where space is at a premium. In recent years, capacitive coupling WPT
has been utilised to power various wearable and implantable devices because of its
simplicity and flexibility Sedehi et al. (2021). In addition, capacitive coupling can
be advantageous in scenarios where magnetic fields need to be minimised, such as in

patients undergoing Magnetic Resonance Imaging (MRI) Erfani et al. (2018a).

Although capacitive coupling WPT offers benefits for powering biomedical devices,
it faces significant challenges when applied to implantable devices. The contact

impedance between the capacitive plates and biological tissue is a major issue, which
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can significantly affect power transfer efficiency Erfani et al. (2017a). Sudden changes
in this contact impedance lead to power losses and generate high electric fields that
may unintentionally stimulate nerves or muscles Erfani et al. (2018a). Additionally,
capacitive plates placed directly against the skin for long-term applications can cause
tissue irritation and damage Hossain et al. (2021). These factors limit the practical
usability of capacitive coupling for implants that require consistent, long-term power

delivery Mustapa et al. (2019).

This work presents a novel WP'T system capable of transmitting power directly into
a standard medical stent in the brain. The system provides a power budget exceed-
ing 100 mW before reaching safety limits, sufficient for high-fidelity neural activity
recording circuits, multiple biosignal recordings, and neuromodulation circuits. De-
signed for long-term applications, the external unit can maintain a naturally loose
contact with the skin. Based on our research, this work offers the highest WPT ef-
ficiency for a stent-based biomedical implant without requiring additional space or
modifications to the structure of a typical stent. By providing these benefits, the pro-
posed system is an ideal power transfer solution for an endoECoG device. With this
WPT system, the endoECoG device can be fully wireless without a lead wire or an
extra implant unit for power and data. The proposed system utilises a high-efficiency
inductive link and a more flexible capacitive link to deliver power into the brain area.
By employing a subcutaneous relay, the system effectively addresses the challenge of
plate-to-tissue contact impedance and offers a relatively minimally invasive solution

for the endoECoG device.

Fig. 5.1 shows the structure of the proposed WPT system within the endoECoG
application. The system comprises three main components: an external unit, a sub-
cutaneous passive relay, and the receiver stent. The external device includes a power
source, e.g., a battery, control circuits, and a coil for near-field inductive WPT to
the subcutaneous relay. The external unit is worn over the head and uses a magnet
for precise alignment with the subcutaneous relay coil beneath the scalp, ensuring

efficient power transfer.

The subcutaneous passive relay is formed as a thin metal film with a silicone coating,
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Transfer coil

External unit

Figure 5.1 — Conceptual design of the proposed WPT system for endoECoG device.
The relay is under the periosteum and above the skull. The relay is a passive device
embedded in a thin silicone film. There is a magnet pair to align the external coil
and the really. The external unit aligns with the relay using a magnet. The
stent has three sections: the two ends are the power-receiving stent (marked as
receiving), and the optional middle section (marked as spacing) provides extra
space for electronics.

which can be inserted under the periosteum layer of the scalp. Its structure consists
of two metal plates serving as capacitive pole pairs and a flat coil in the gap be-
tween the two plates. The flat coil receives power through inductive coupling from
the external device’s coil, then delivers energy using the plates to the stent beneath
the relay through the skull via capacitive coupling. This design overcomes challenges
related to contact impedance and skin-related issues that plague traditional capac-
itive coupling methods and brings the transmitter plates closer to the receiver in a
minimally invasive manner. The thickness of the metal layer of the relay is less than
35 pm. Depending on manufacturing capabilities, the total thickness of this relay can

be less than 0.2 mm, ensuring the recipient’s comfort.

The receiver stent is a standard stent with three sections: two sections at the ends

acting as the power receiving stents and a middle section between them to separate the
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two receiving pairs and provide space to house the functional circuits. The middle
section is unnecessary for obtaining power, as it only provides a gap between the
receiving pairs. The two end sections of the stent act as capacitive poles corresponding
to the two capacitive plate poles in the subcutaneous relay. The harvesting circuits
can reside in the middle section or be embedded in one end of the stent section, using
a short lead wire to connect to the other section. Depending on the stent’s length
requirements and the depth of its position, the passive relay plate pairs need to have
matching lengths and sizes to maximise power transfer efficiency. This design does
not require structural modifications to the stent, preserving its validated long-term
safety, mechanical integrity, and medical functionality. The power-harvesting circuits
for capacitive coupling contain only diodes and capacitors. These components have a
very small volume and size, allowing them to be integrated with sensing or stimulation
circuits and miniaturised to fit within the stent, enabling a fully functional smart stent

without a lead wire.

The design aims to continuously deliver over 40 mW of power into the stent placed
in the superior sagittal sinus to meet continuous signal monitoring requirements.
When there is a requirement for stimulation, the system can deliver over 100 mW of
power without reaching the safety limit. With this design, the subcutaneous relay
addresses challenges related to contact impedance between the capacitive pole plates
and the tissue. As the capacitive pole plates are under the scalp and embedded
in a biocompatible material that has been proven for long-term safety, there is no
concern about skin damage caused by the capacitive pole plates during extended
use. The external device uses classical near-field inductive coupling, and a single pair
of magnets helps align the external device with the relay. The size and weight of
the external device can be easily managed with current manufacturing technology,
allowing it to meet both functional and aesthetic requirements and ensuring high

acceptance by recipients for daily wear.
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5.2 Results

To test and verify this proposed WPT system’s feasibility, performance and safety, we
conducted four stages of experiments, including relay-to-stent capacitive WPT effi-
ciency testing, whole system WPT power budget and efficiency testing, finite element
simulation verification and safety simulation. The experiments setup and testing

protocols are detailed in Section 5.3, and the main results are described here.

5.2.1 Relay to stent capacitive WPT efficiency

Fig. 5.2 shows the relay to stent capacitive WPT efficiency testing results. Fig. 5.2(a)
shows the optimal parameters for a 10 mm stent section length at different depths
(Dy). From the results, we observe that for capacitive coupling WPT through bone,
two frequency windows can transmit power from the relay to the stent with higher
efficiency: one window between 34 MHz and 47 MHz and another window around
190 MHz to 700 MHz. When the stent depth is Dy = 1 mm, we achieve a peak
efficiency of 20.86% with a stent section gap of L., = 15 mm, capacitive relay plate
size of Lep X Wep, = 10 x 12 mm?, plate gap distance Ly, = 15 mm, at a frequency
of 46.56 MHz. For other stent implantation depths, the optimal plate size, plate gap,

and stent gap are shown in Fig. 5.2.

The results show that when the stent depth is less than 10 mm, the plate gap should
equal the stent gap, and the gap distance should be longer than the stent section
length. When the stent implantation depth is greater, a larger capacitive plate is
needed to achieve higher efficiency. For deeper implanted stents, we need a larger
gap at the stent side and a smaller gap at the plate side. When the stent depth
reaches 30 mm, the peak efficiency drops to 12.37% with a much larger plate (40 x 18
mm?) and a stent gap distance of 20 mm. We believe that further increasing the
plate size may help the system achieve higher efficiency at this stent implantation
depth, but doing so would make the implantation of the relay more challenging. It
may not be practical via minimally invasive methods in clinical settings. Therefore,

our experiment limited the maximum plate size to 40 x 20 mm?.
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Figure 5.2 — (a) optimal parameters for 10 mm stent section length at a different

implantation depth (Dy). (b) optimal parameters for 30 mm stent section length
at different implantation depths. (c) Power transfer efficiency changes trend when
implantation depth is 1 mm. In the figure table, L, is the length of the capacitive
plate, W,y is the width of the capacitive plate, Dy, is the gap distance of the
capacitive plates, D, is the gap distance of the two receiving stents, L is the
length of the receiving stent section. All the dimension symbols are illustrated in
Fig. 5.8, and we use the same symbols for the paper.
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Fig. 5.2(b) shows the testing results of the optimal parameters for a 30 mm stent
section length at different depths (D;). Compared to the 10 mm stent sections, the
30 mm stent sections exhibit lower efficiency. When the stent depth is 1 mm, the
maximum efficiency is 7.9% with a plate size of 30 x 18 mm?, plate gap of 5 mm, and
stent gap of 10 mm. The peak efficiency is achieved at 35.81 MHz. We also observe
two high-efficiency windows for these longer stent sections: the first window around
36 MHz and the second between approximately 220 MHz and 400 MHz. The average
efficiency is much lower than the 10 mm stent sections, but the parameter variance
is smaller. When the stent depth increases from 1 mm to 30 mm, the efficiency only
drops to 7.47%. When the stent section length is 30 mm, the plate sizes are close to
our set maximum size, and when the depth is 30 mm, a smaller plate can achieve high
efficiency. For the 30 mm section length, the peak efficiency frequency is in the higher
frequency window, but we prefer to use the lower frequency window for our proposed
system. We chose the lower frequency window because for endoECoG, the stent is in
the SSS, and the depth is usually less than 2 mm. When the depth is shallow, the
peak in the higher frequency window is very close to the peak in the lower frequency
window. Additionally, waveform-generating circuits and power amplifier circuits have
higher efficiency for our proposed system when operating at frequencies below 100

MHz.

Fig. 5.2(c) shows the efficiency change when the stent depth is fixed at 1 mm, il-
lustrating the change of stent length and the gap with varying capacitive plate size
and gap. From the results, we observe that when the stent section length is 10 mm,
the best efficiency is achieved when the stent gap equals the capacitive plate gap.
When the stent gap becomes shorter, the maximum efficiency drops significantly, but
the maximum efficiency frequency remains similar. Suppose the stent gap is kept
unchanged and the capacitive plate gap is shortened. In that case, the maximum
efficiency drops less than when changing the stent gap, but the maximum efficiency
frequency decreases. If we keep the capacitive plate gap unchanged but increase the
capacitive plate size, we find that the maximum efficiency is close to the maximum

efficiency with a similar plate gap but significantly different plate sizes; moreover, a
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larger plate size compared to the stent size results in lower efficiency.

For a 30 mm stent section length, similar to the 10 mm stent section length, the
efficiency is high when the capacitive plate length equals the stent section length.
Unlike the 10 mm stent, the efficiency for the 30 mm stent section drops less when
the gap distance changes, but when the plate size becomes smaller, the efficiency
drops sharply with the frequency shifting to higher frequencies. From the results,
we can estimate that when using a 30 mm stent section, if we further increase the
stent section gap and the plate gap, we may achieve higher efficiency, but this would
exceed the dimensions of our testing platform and a larger plate may not be practical

in clinical applications.

The relay-to-stent capacitive coupling power transfer results indicate that the capac-
itive plate in the relay should have a length equal to the length of the stent section
and a width about 2—3 times the diameter of the stent. The gap distance of the stent
section should be greater than 10 mm, and longer stent sections do not significantly

increase power transfer efficiency.

5.2.2 Full system efficiency result

Table 5.1 presents the full system testing results using the optimal parameters ob-
tained from the relay-to-stent capacitive WPT efficiency tests. The detailed experi-
ment setup and how we measure the power input and output are described in Sec-
tion 5.3. After fine-tuning the PWM duty cycle, the amplifier’s LC tank, and the
transmission coil, we achieved a 7.26% DC-to-DC transmission efficiency. This DC-to-
DC efficiency is calculated using Equ. 5.1. The table also recorded the circuit power
consumption for the gate driver and the Microcontroller (MCU), denoted as Piys.
The overall system efficiency is 5.25%; however, since the MCU and the gate driver
circuits are not designed specifically for this purpose, they contain many components
that consume power but do not contribute to our transmission. Therefore, we exclude
these power consumptions from our transmission efficiency calculation. When apply-

ing this technology to a real-world application, designing a specific chip can reduce
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the circuit power consumption below 30 mW and close the system efficiency to the

DC-to-DC transmission efficiency.

PI"GC

Vox I (5.1)

Thrs =

Table 5.1 — Full system testing result.

Parameter |Description Value

f PWM signal frequency 46.6 MHz
D PWM duty cycle 48.79%
Lcp x Wep | Capacitive plate size 10 x 12 mm?
Dy, Capacitive plate gap length 15 mm
Ly Stent section length 10 mm
Dy, Stent section gap length 15 mm
Ly, Transmission coil inductance |1.18 puH
Lye Receiver coil inductance 1.04 pH
Cq Gap distance between coils 8 mm

Vin Amplifier input DC voltage 135V
Ly Amplifier input current (RMS) |45.5 mA
P, Transmission power 614 mW
Py Circuits power consumption 235 mW
P Receiving power 44.6 mW
Nsys System efficiency 5.25%
Dhrs Transmission efficiency 7.26%

5.2.3 Finite Element simulation result

To verify the whole system performance under a more controllable environment with
real anatomical structure, we did a finite element simulation with our proposed system
and compared it with the experiment results. Table 5.2 compares our finite element

simulation results with our experimental results. Both the finite element simulation
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and our experiment used the same setup, including plate sizes, gap distances, coil
sizes, and distances. In our finite element analysis, the AC-to-AC efficiency of our
proposed system is 9.1%. By estimation, our experiment achieved an AC-to-AC
efficiency of 13.35%. We cannot directly compare the AC-to-AC efficiency or DC-to-
DC efficiency because we can only obtain AC-to-AC efficiency in the finite element
simulation due to the absence of amplifier circuits. In the experiment, measuring the

AC input and output power requires an RF power meter, which we do not have.

The table shows that the experimental results demonstrate higher efficiency than the
simulation. We believe the main reason is that the silicone layer in the simulation is
much thicker than in our design and experimental setup. We aim to keep the insu-
lating coating on the capacitive plates as thin as possible for our capacitive coupling
relay. In the experiment, we used silicone adhesive as the coating and kept it as thin

as possible, with a final thickness of around 4-8 pm.

2 creating a fine

In the simulation, since the curved surface covers over 800 mm
grid smaller than 2 um would result in more than 2.3 billion cells, requiring high-
performance computing resources and significant time to obtain results. Therefore,
instead of simulating with a thinner coating layer, we varied the coating layer thickness
to verify how the film thickness affects efficiency. We performed two rounds of new
simulations: the first with a 0.8 mm silicone layer and the second with the same
0.4 mm silicone layer, but we moved the relay metal part only 0.08 mm above the

bottom of the silicone film. We adjusted the grid to 0.04 mm to ensure that the solver

accurately captures the structure of the design.

From the results, we observed that with a thinner film, the simulation results are close
to our experimental measurements. This indicates that a thinner layer of insulating

material increases the transmission efficiency.

5.2.4 Safety verification results

To verify this proposed WPT system’s safety, SAR and temperature rise analysis

were conducted using finite element simulation results.
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Table 5.2 — Simulation result compared with the experiment result.

Input Input AC-AC |DC-DC

Power |power (AC) | effi- effi-

(DC) ciency |ciency
Experiment 614 mW [491.2 mWT |13.35% |7.26%
Simulation (0.4 mm)* 600 mW 9.1% -
Simulation (0.8 mm)* |- 600 mW 7.42% -
Simulation - 600 mW 10.71% |-
(asymmetry)T

() AC power is estimated by the input power of the amplifier and 80% efficiency

of the power amplifier.

() The thickness of the silicone insulation layer is 0.4 mm, and the metal layer

is in the middle.

() The thickness of the silicone insulation layer is 0.8 mm, and the metal layer

is in the middle.

(1) The thickness of the silicone insulation layer is 0.8 mm, and the metal layer

is 0.04 mm above the bottom (close to the skull) of the silicone insulation.
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Table 5.3 — SAR analysis result.

Tissue Peak  Spa-|Mass-Averaged
tial SAR|SAR avg.10g
(W/kg) (W/kg)

Skin 1.6 0.161

Skull 0.58 0.068

CSF 0.024 0.023

Cerebellum |7.7 x 10~ 1.4 x10~*
Grey matter |3.35 x 1073 |2.7x 1073
Total 1.6 0.13

Table 5.3 presents the WPT results obtained with an input power of 600 mW. The
Peak Spatial SAR is computed over a specific mass using moving constant-mass
cubes, as specified in IEEE/IEC 62704-1. The Mass-Averaged SAR calculates the
10-gram average of the electric field according to Annex P of ISO/TS 10974.

The results show that the WPT in skin tissue is the highest among all tissues in our
system. With an input power of 600 mW, the WPT values for all tissues remain
below the safety limit of 2 W /kg, ensuring compliance with regulatory standards.
We also observed that the skin tissue’s peak spatial WPT value is much higher. The
reason is the skin on the scalp is very thin, and the electric magnetic (EM) fields are
concentrated at the area between the transmission coil and the relay receiving coil,
which makes some parts of the skin have a high peak spatial WP'T, but with 10-gram

averaged mass, the WPT level becomes lower.

Fig. 5.3(a), (b), and (c) illustrate the spatial distribution of the WPT within the
head model. The peak spatial WPT is concentrated beneath the external coil and
above the skull. The area below the subcutaneous relay exhibits low WPT values,

indicating minimal exposure in deeper tissues.

Fig. 5.3(e) shows the results of the temperature rise simulation. Our simulation shows
no significant temperature rise in any tissue after 1,800 seconds (30 minutes) of con-
tinuous operation. The graph displays the final temperature distribution at 14,400

seconds (4 hours). The bottom part of the head model includes a temperature projec-
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tion map. The light and dark yellow volumetric areas over the head represent regions
where the temperature rise exceeds 0.1°C and 0.2°C, respectively. The temperature
increase occurs only at the relay and the space above the relay. On the implant side,

no temperature rise is observed.

These results demonstrate that our system is safe to operate and will not cause any
damage to the surrounding tissues due to excessive heating or electromagnetic expo-
sure. The low WPT values and minimal temperature rise confirm the feasibility of
the proposed wireless power transfer system for long-term biomedical implant appli-

cations.

5.3 method

5.3.1 System architecture

Fig. 5.4 illustrates the functional circuit blocks of the proposed system, which rep-
resent what circuits are included in the external unit, subcutaneous relay, and the

implanted stent-based device.

The external unit sits outside the body. It consists of a rechargeable battery, a PMU,
a MCU, a DC to DC booster, a Class-E amplifier, and gate driver circuits for the
GaN transistor in the Class-E amplifier, and a transmission coil. The rechargeable
battery serves as the system’s energy source. Depending on the required battery life
and weight considerations, the battery may be placed at another location to ensure
that the external unit worn over the head remains lightweight. The PMU provides
multiple DC rails for other components in the external unit and manages the charging

and discharging of the battery.

The MCU acts as the system’s control centre. It provides control signals to the DC-
DC booster to dynamically adjust the transmission power. It generates a PWM signal
for the driver circuits used in inductive power transmission. Instead of using high-

frequency signal generation circuits, We also use this MCU to generate the PWM
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signal, as it significantly reduces the complexity and offers an easy way to adjust
the signal frequency and duty cycle. The distance between the transmission and
receiving coils in near-field inductive coupling power transmission affects the resonant
frequency. For a typical inductive coupling system, we can add a tuning capacitor to
improve the efficiency, but for our proposed system, the receiving coil is in the passive
relay and cannot be fine-tuned to match variations in coil distance. Therefore, we
equipped the external unit with the ability to adjust the frequency on the fly to
maximise power transfer efficiency. Utilising this MCU-based design, we can achieve
high efficiency by dynamically fine-tuning the waveform and frequency and reducing

the external unit’s size and weight.

The DC-DC booster provides the power amplifier’s boosted DC voltage, with the
MCU’s voltage level controlled. This design enables the system to dynamically adjust
the output power to meet the requirements of the implant. The driver circuits receive
the PWM signal from the MCU and match the impedance and voltage levels to
drive the power amplifier. The power amplifier is a Class-E amplifier consisting of a
GaN transistor to ensure high efficiency at the desired frequency. The subcutaneous
relay contains no active components and can be manufactured using a single metal
film layer. This relay serves as an energy conduit, converting inductive coupling to
capacitive coupling to allow typical stents to receive power. On the implant side,
the two sections of the stent serve as the capacitive poles. Simple rectifier circuits
with ultra-low-capacitance Schottky diodes convert the AC to DC and supply it to a
buck-boost converter that provides regulated DC power for the sensing or stimulation

circuits.

This design achieves high-efficiency power transfer with simplified circuits, making
the external unit small and lightweight. With the current manufacturing ability
of integrated circuits, all components in this design for the implant part can be
miniaturised to fit within the stent without affecting blood flow, enabling a fully

functional endoECoG device without a lead wire.
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5.3.2 System Modeling

Fig. 5.5 shows the comprehensive circuit model of this power transfer system. The
system transmission efficiency depends on the inductive link to the relay and the
capacitive coupling to the stent implant. Here, we define the inductor coupling factor
between L, and Ly as K, and the Laplace variable as s. Equ. 5.2 shows the system

transfer function.

We derive the transfer function using Kirchhoff’s Voltage Law (KVL). As the capac-
itance between the transmission coil and receiving coil is very small, we simplify the
function by ignoring Cr g; and Cr go. The transfer function is derived based on the
current through three loops: the transmission coil loop, the middle network loop, and

the load loop.

We define the current through L, as I; and the current through Ls as I,. The
impedance of inductors is calculated as shown in Equ. 5.3, and the impedance of
capacitors is calculated as shown in Equ. 5.4. The mutual inductance of L; and Ly is
given by Equ. 5.5. The equation for the transmission coil loop is shown in Equ. 5.6,
the equation for the middle network loop is shown in Equ. 5.7, and the load loop

equation is given in Equ. 5.8.

By solving Equs. 5.6, 5.7, and 5.8 with I;, I, and Vi,.q, we obtain the transfer
function. As the function is complex, we use Python’s Symbolic Mathematics Solver
(SymPy) to solve it. The fully solved transfer function is attached as code in the
appendix. The output can be used for circuit simulation and parameter estimation

to determine tissue capacitance and other parameters.

A0 = S5

Zy(n) =s- L, (5.3)
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5.3.3 Experiment setup

To validate the design and test the performance of our WPT system, we built a

testing platform using several sections of human coronary stents (SYNERGY™ XD

from Boston Scientific), a section of bovine bone, and a section of bovine vessel. The

bovine tissues were freshly purchased from a local butcher and replaced every 24 hours

to maintain their water content and freshness. Fig. 5.6(a) shows the experimental
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setup design, and Fig. 5.6(c), (d), (e), and (f) display the actual testing platform.
From Fig. 5.6, we use the same symbol to indicate the dimension; the meaning of the

symbol are:

— Lcp: capacitive plate length,

— Wep: capacitive plate width,

— Dpgpi gap distance between the capacitive plate pair,

— By: Bone tissue thickness,

— Dy: Distance between the bottom of the bone to the top of the receiving stent,
— L receiving stent length,

— Dyggp: gap distance between the receiving stent section pair, and

— (3 The distance between the transmitting coil and receiving coil and it equals

to the thickness of the skin tissue.

We 3D-printed a container, see Fig. 5.6(c), equipped with fixtures to hold the bone
tissue securely and control the stent’s distance and position. The container was filled
with saline solution to simulate the dura and CSF properties. The first step of the
experiment involved determining the characteristics of the power transfer system from
the relay to the stent. This step allowed us to identify the optimal frequency and
the optimal width and length of the capacitive plates to match specific lengths of the
stent at certain distances for efficient capacitive coupling power delivery. Based on
the results from this initial step, the second step was to verify the performance of the

entire power transfer system using the optimal parameters.

In Experiment Step One, we used 50 um thick copper film as the capacitive plates.
We cut the film to the designed dimensions (shown as length L., and width W, in
Fig. 5.6) and soldered a 50 ) coaxial cable to each pair of film plates. We then

coated one side of the film with an electronics-grade silicone adhesive (Chip Quik
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EGSI10C) and attached the plates to the bone. The silicone adhesive ensured good
and stable contact between the plates and the bone, provided electrical insulation,
and maintained stable dielectric properties, simulating the silicone coating in our
real-world application. We also tested the optimal gap distance (shown as D, in
Fig. 5.6) between the plates during the experiment. The coaxial cables were connected

to impedance-matching networks to match the impedance to 50 €2, then connected

to port A of the VNA (Rohde & Schwarz ZNLEG).

We soldered coated gold wires separately to each section for the stent sections, with
the other end of the short wire soldered to a 50 ) coaxial cable. After soldering,
we coated all the solder joints with epoxy to prevent shorting and strengthen the
connections. The open ends of the coaxial cables were also sealed with epoxy to
prevent saline from entering and altering their properties. These coaxial cables were
connected to impedance-matching networks to match the impedance to 50 €2, then

connected to port B of the VNA.

After preparation, we inserted the stent into the bovine vessel and placed it into our
3D-printed container filled with saline. The container featured marker points and
fixtures to ensure proper alignment and control of the stent’s position. We recorded
the VNA readings at different stent positions. We repeated these steps for each stent
length to determine the optimal parameters for different stent lengths; the detailed

testing procedure is described in the testing protocol section.

In Experiment Step Two, we selected the plate size and gap distance that demon-
strated good performance based on the results from Step One. We then connected
the coaxial cable attached to the copper film to a flat coil with an inductance close
to the calculated optimal value. This configuration simulated the entire relay and

implant part of the proposed system.

For the external part, we used an MCU development board (NXP KV5x) to generate
the desired PWM signal. We manufactured a custom PCB featuring a gate driver
(LMG1020) and a Class-E amplifier with a GaN transistor (EPC2019). The output

of the amplifier was connected to a flat PCB coil serving as the transmission coil.
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On the implant side, we connected the coaxial cable to a bridge rectifier formed by
four low-capacitance Schottky diodes (NSRO1F30). We used a current source(Stanford
Research Systems CS580) to simulate the load and measure the receiving power. The
system’s input power was measured using the DC power supply (GIGOL DP832)
that provided power to our Class-E power amplifier. We set the power supply to a
fixed DC voltage and recorded the RMS current shown on the power supply. We use
the current source as a variable load to get the maximum receiving power at each
setup. We use a computer-controlled multi-function instrument (AD2 from Digilent)
to generate a ramp-up control voltage so the current source draws a known current.
Then, we read the output voltage from the monitoring port of the current source.
The product of the control voltage, control ratio, and monitoring voltage yielded the
received power. The maximum power was recorded for efficiency calculation, with

the tested power efficiency calculated using Equ. 5.1.

In our testing platform, we used off-the-shelf products that met our requirements but
included some features which did not accurately reflect real-world applications. So,
we excluded the power consumption of the MCU and the gate driver circuits for the

system power transmission efficiency calculation and listed the results separately.

5.3.4 Testing protocol

Fig. 5.7 illustrates our testing procedure, experimental steps, and the methods used for
recording results. The testing procedure begins with the selection of stent dimensions.
For the application of an endoECoG device, the ideal position for the stent is the SSS,
the largest vessel in the brain area. When we position the stent close to the visual
cortex and motor cortex regions, the stent length can range from 30 mm to 80 mm,
and the diameter is approximately 5 to 8 mm. In our experiments, we used a coronary
stent as the material, with a 5.75 mm diameter close to the vessel diameter of the
intended application site. For stent length, we tested sections of 10 mm and 30 mm.
We tested distances of 1 mm, 3 mm, 5 mm, 10 mm, 15 mm, and 20 mm for the gap

length to determine the optimal performance distance. The total length of the stent
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area is calculated as (stent section size x2) plus the gap distance, resulting in tested

total lengths ranging from 21 mm to 80 mm, covering the intended application site.

As shown in Fig. 5.7, we have several variables in our experiment: two different stent
lengths (Lg = 10 mm and 30 mm), eight capacitive plate sizes (L., and W), six gap
distances between the two capacitive plates (Dpgp), eight distances from the stent
to the bone (D), six gap distances between the two sections of the stent (Dsgp),
and frequencies from 1 MHz to 6 GHz. We designed the procedure and protocol
to find the optimal parameters for this proposed power transfer system based on
the theoretical modelling shown in Fig. 5.5. To ensure the accuracy of the VNA
measurements, impedance matching is performed for the specified frequency bands

(shown in Fig. 5.7).

First, we separately perform a one-port VNA measurement for the stents and ca-
pacitive plate. From this step, we obtain rough readings to estimate the impedance
and then adjust the matching network to bring it as close to 50 ) as possible at
each band’s central frequency. For this step, we only consider the plate size and the
gap distance between the two plates on the capacitive plate side. For the stent side,
we consider the length of the stent and the gap between the stent sections. Other

variables are ignored in this step to simplify the testing.

After this step, we fix the inductance and capacitance values in the matching network
for each frequency band, stent, and capacitive plate size, preparing for the next two-
port measurement step. During the two-port measurement, each frequency band and
each combination of stent and plate size has a matching network configured to ensure

the device under test’s (Device Under Test (DUT)’s) impedance is close to 50 Q.

We only tested with the optimal parameters determined from the previous tests for
the whole system transmission test. No extra matching network is connected to
either the transmitter or the receiving side in this test. For the transmission side,
the impedance matching is done with the amplifier side, and for the output, we use
the current source to simulate a variable load and get the peak power. For the input

power range, We ramped up the input power from approximately 200 mW to 1 W
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using 0.5 V voltage steps. We recorded all the peak received power for power transfer

efficiency calculations.

Based on our research, this work is the first to use capacitive coupling to deliver power
through bone to a stent-based receiver, including bone tissue in the testing. Previous
works using capacitive coupling for power delivery to deep implants have used large
plates as receivers or only performed modelling without progressing to bone tissue
experiments. Testing different stent lengths and matching transmitter capacitive
plate lengths and widths provides insight into capacitive coupling with bone tissue
in between. The recorded data can be used for this capacitive power transfer system
and aid in capacitive data communication or other transcranial power delivery or
data communication systems. Following this experiment procedure can ensure the

accuracy of the measurement and record correct data.

5.3.5 Finite Element Model and Analysis

To test the system’s performance under a more controllable environment and using
a realistic skull and scalp structure, we designed the proposed system model and
performed finite element simulations and analyses to verify the bench-top testing
results. Fig. 5.8 shows the setup of the finite element analysis. The human head
model was purchased from the Population Head Model (PHM) Repository (DOI:
10.13099/ViP-PHM-V1.0), a collection of 50 de-identified head models including skin,
skull, grey matter (GM), white matter (WM), CSF, cerebellum, and ventricles. We
chose a head with average dimensions as the simulation model. We placed our relay
model in the middle of the head above the skull. The relay model has the same
dimensions as the one in our full-system efficiency bench-top experiments, allowing

us to verify the experimental and simulation results.

The capacitive plate size in the simulation is 10 x 12 mm?, and the gap between the
two plates is 15 mm. The coil in the relay has an outer diameter of 11 mm, 5.5 turns,
a pitch of 0.4 mm, and a line width of 0.3 mm. Considering a parasitic capacitance

of 0.9 pF and a 9 pF capacitance associated with the connecting plates, this coil is
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optimised for a 40 MHz to 50 MHz inductive link without an extra tuning capacitor.
For the simulation, we chose gold as the material for the relay and embedded it in a
0.4 mm thick silicone film. We modelled two stent sections with a diameter of 5 mm
and a section length of 10 mm, and the gap between the two sections is 15 mm. We
set the stent’s material to platinum-iridium, a typical material for an endovascular
stent. We used a slightly larger outer diameter for the external power delivery coil
to increase efficiency. The transmitter coil has an outer diameter of 14 mm, 6 turns,
a pitch of 0.5 mm, and a line width of 0.4 mm. The material for the external coil is

silver to minimise resistance.

As this simulation involves complex structures with small curved parts, we manually
set up an adaptive grid to maintain the fine structure of our simulation object while
balancing simulation time and result detail. We used a 3 x 3mm? grid as the global
mesh grid and then set up a 100mm (length) x80 mm (width) x100mm (depth)
region of interest (ROI) box with a 1 x 1 mm? grid for this region. We set a grid
with 0.02 mm resolution for the relay to ensure all delicate structures are captured.
For the silicone film, we intentionally increased the layer thickness from 0.05 mm to
0.4 mm to reduce the requirement of a fine grid for the curved surface. Then, we set
a 0.04 mm grid for the stent film. For the external coil, we used a 0.05 mm grid. In

total, we have 194 million cells for this simulation.

The receiving power is measured through an edge sensor across the two sections of
the stent. We recorded frequency and time domain data for analysis for field and

edge sensors.

5.3.6 Safety

To verify the safety of this power transfer system in practice, we conducted a WPT
analysis using finite element simulation results. We performed a temperature rise
simulation using Sim4Life software. We extracted the WPT values according to
IEEE/IEC 62704-1 for each tissue type and obtained volumetric WPT values in the
head area for the WPT analysis of Electrical and 62704-1 (2017). Both peak spatial
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WPT and mass-averaged WPT (10 grams) were extracted for analysis. We set a
unified 1 x 1 mm? grid for the temperature analysis and used the WPT analysis’s
electromagnetic (EM) field as the heating source. We set the initial thermal conditions
for the skin, skull, and subcutaneous relay to 37°C and for the tissue below the skull
to 38.5°C, the average internal temperature of a healthy person. The environmental
temperature was set to 25°C. We configured the simulation to allow the tissue to reach
a steady-state temperature equilibrium or run for a maximum of 14,400 seconds. We

recorded the temperature changes in the grid at 30-second intervals.

5.4 discussion

This work presents a novel system that can transfer power directly to any metal-
based, commercially available medical stent without the need for an extra receiving
transceiver. The proposed system can deliver over 45 mW of power without reaching
safety limits, sufficient to power an endoECoG device and multiple biosignal sensing
devices. To our knowledge, this system achieves the highest WPT efficiency for
delivering power into a standard stent in the brain area, providing the first proof that
a fully wireless endoECoG is feasible in the near future. Incorporating a subcutaneous
relay in the proposed system effectively addresses the challenge of low efficiency in
WPT to stent-based bioelectronic devices. The subcutaneous relay enhances power
transfer efficiency while maintaining a minimally invasive operation. Moreover, since
the external device does not require close contact with the skin, the system is suitable

for long-term applications, improving patient comfort and compliance.

Our experimental results, obtained using real skin, bone, and vessel tissues, closely
match the detailed simulations, validating the accuracy of our models and demon-
strating the practicality of further developing this technology. This high degree of
correlation between experimental and simulation results underscores the reliability
of our approach. In practical applications, the alignment between the relay and the
stent can be achieved using medical imaging techniques before and during the surgi-

cal procedure, ensuring precise placement. A pair of magnets facilitate the alignment
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between the external device and the relay. Notably, the proposed system would likely
be MRI-compatible. The stent is a standard device already proven safe for MRI, and
the relay is a passive device made of non-magnetised material. When the alignment
magnets are temporarily removed, the device can undergo MRI scanning without

issues, ensuring patients can still benefit from MRI diagnostics.

Table 5.4 summarises the state-of-the-art research efforts to deliver power into a
stent. Our work achieves the highest transfer efficiency without requiring any extra
transceiver or specially designed stent. The practicality score (PS) column evaluates
the technology’s readiness for real-world application, considering factors such as im-
plantation size and invasiveness for brain implantation, power budget, system design
for long-term usage, manufacturing challenges, and regulatory approval challenges.
Each factor contributes one point to the total practicality score, with a maximum
score of 5 indicating the highest practicality and closeness to clinical application.
The table shows that our work offers a comprehensive advantage for WPT in fully

wireless endoECoG devices.

Based on our research, no stent-based power transfer system is designed for use in
the brain area that has been tested in vivo. One reason for this is the low practicality
of previous works. For example, the study Tamura et al. (2021) achieves over 15%
efficiency but requires a 20 x 60 mm? plate attached to the side of the implant, which
is not feasible in the brain area without damaging surrounding tissue. The work
Tamura et al. (2022) reports 35% AC-AC efficiency; however, the stent used in this
study is essentially a metal tube without a stent structure. In practice, implanting
such a long tube into the vessels in the brain area is impossible. The research Aldaoud
et al. (2018) is designed to use a typical stent to receive power, but bone tissue was
not considered in the design and experiments, and an efficiency of 2.6% is too low for
real-world applications. Inductive links generally offer higher efficiency, but all the

works listed here utilise specially designed stents to function as antennas.

Despite the promising advantages of the proposed system, there are still some unad-
dressed challenges. Firstly, manufacturing the relay may face difficulties. We aim to

make the insulation layer as thin as possible on the bone side, with the total thickness
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of the relay being less than 0.5 mm. However, the mechanical properties of such a
thin device may make it difficult to manufacture or may render it prone to damage
during the surgical procedure. Secondly, although our system shows the highest effi-
ciency reported at over 10%, it is still relatively low compared to the wired system.
This lower efficiency impacts the overall system, particularly regarding the external
device’s battery requirements. When considering long-term applications, balancing
the battery life and the weight of the external device will be challenging. For ex-
ample, assuming an endoECoG device consumes 15 mW continuously, operating it
for over 24 hours would require a battery with a capacity exceeding 15 Wh on the
external side, which may weigh around 100 g with current battery technology. This
could significantly affect the recipient’s long-term comfort and willingness to wear the

device.

Future work should focus on addressing these challenges. Improving the manufactur-
ing process of the relay, possibly through the development of new materials or fabrica-
tion techniques, could enhance mechanical robustness while maintaining the desired
thinness. Additionally, further optimising the system’s efficiency, perhaps through
circuit design improvements or advanced materials, could reduce power requirements
and consequently decrease battery size and weight. Exploring energy-efficient opera-
tional modes or duty cycling could also help mitigate battery constraints. Our work
lays a solid foundation for developing fully wireless, minimally invasive endoECoG

devices with significant potential to positively impact patient care.

5.5 Conclusion

This work presented a novel WPT system capable of delivering power directly to a
standard medical stent in the brain area without modifying its structure. The pro-
posed system utilises a subcutaneous relay to convert inductive coupling to capacitive
coupling, effectively overcoming challenges associated with power transfer efficiency
and biocompatibility in stent-based biomedical implants. Our system achieved over 45

mW of power delivery without reaching safety limits, sufficient to power an endoECoG
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device and multiple biosignal sensing devices.

Experimental results obtained using real skin, bone, and vessel tissues closely matched
our detailed simulations, validating our models’ accuracy and demonstrating our ap-
proach’s practicality. The system maintains minimal invasiveness and does not re-
quire close contact with the skin, making it suitable for long-term applications while

improving patient comfort and compliance.

Compared to existing methods, our system offers the highest WP'T efficiency for deliv-
ering power to a standard stent without requiring additional transceivers or specially
designed stents. This advancement represents a significant step toward realising fully
wireless, minimally invasive endoECoG devices, with the potential to significantly

enhance patient care and expand the capabilities of implantable biomedical devices.

In conclusion, the proposed WPT system demonstrates the feasibility of efficiently and
safely powering stent-based biomedical implants in the brain area. This technology
paves the way for fully wireless, minimally invasive implantable devices, potentially
transforming the landscape of neuroprosthetics and biosensing technologies. By en-
abling high-efficiency power delivery without compromising safety or patient comfort,
our work significantly advances wireless biomedical implant systems and opens new

avenues for research and clinical applications.
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Figure 5.3 — Results of WPT analysis. (a) Right sagittal view of the WPT values. (b)
The frontal view shows the WPT values and distribution. (c) Transverse view of
the WPT analysis. (d) WPT volume exceeding 0.1 W /kg. (e) Left sagittal view of
the temperature rise analysis. The colour map for the WPT analysis is on a decibel
(dB) scale, with the maximum value of 1.7 W /kg mapped to the 0 dB reference.

The colour map for the temperature analysis uses a linear scale, mapped from 25°C
to 38°C.
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Figure 5.4 — System functional circuits block diagram. MCU: Microcontroller Unit,
PMU: Power management unit, Booster: DC to DC voltage booster circuits,
Driver: Gate driver circuits. AC-DC: Convert AC to DC to supply to the Power
Management Unit (PMU). FU: is a functional circuit unit providing signal sensing,
data transmission, and optional stimulation functions. CSF': cerebrospinal fluid.
SSS:superior sagittal sinus
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Figure 5.5 — Proposed system equivalent circuit model. L;: Transmission coil induc-

tance; Rp1, Rro: Transmission coil resistance. Cpi: Transmission coil parasitic
capacitance. Cr g1 and Cr g9: Capacitance between the transmission coil and
receiving coil. Lo: Receiving coil inductance. R; and Rs: Receiving coil resis-
tance. Cpro: Receiving coil parasitic capacitance. Rpi: Resistance between the
two capacitive plates in the relay. Cr p: Capacitance between the two capacitive
plates. C7q1 1 and Cp; 9: Capacitance between the plate and bone tissue. Rpa 1
and Rp2 2: Resistance between the bone and Dura tissue. C7o 1 and Cro o:
Capacitance between the bone and Dura tissue. Rr3 ;1 and Rps 2: Resistance
between the Dura and the Cerebrospinal Fluid (CSF). Crs 1 and Cp3 o: Capac-
itance between the Dura and CSF. Rp4 1 and Rr4 2: Resistance between CSF
and SSS. Cry 1 and Cpg 9@ Capacitance between the CSF and SSS. Cg ; and
Cs 9: Capacitance of the two receiving stents to the SSS. Rp: Resistance between
the two receiving stents. Cp: Load capacitance. Ryoaq: Load resistance. Crp 3,
CT174, CT273, CT274, CT373, CT374, CT473 and CT4742 Capacitances associated
with each capacitive plate in the relay to the far-side receiving stent SSS across the
Bone, Dura, CSF and SSS.
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To VNA pla&es Silicon adhesive

Figure 5.6 — Experiment setup illustration. (a) experiment setup 3D model. (b) Shows
the stents we used in the experiment with the cable connection. (c) The actual
setup will be with the vessel, bone, and saline. When running the experiment,
we have a clamp cover to clamp the stent to a position with designed Dy and
Dggp,. The cover has been removed in this figure to show the internal structure.
(d) The actual capacitive plate with the connection cable is shown. (e) shows
the overview of the 3D printed testing container with our testing Vector Network
Analyser (VNA). (f) shows the full system efficiency testing setup with the MCU-
based PWM generator, Gate driver and Power amplifier board(AMP), transmission
coil (T_ Coil), receiving coil (R_Coil), testing power supplier (PS), AC to DC
circuits (AC-DC), and the voltage-controlled current source (CS) as the load to
measure peak harvested power. The data collection and load control device, the
AD2 device, and the PC used to program the MCU and connect the AD2 device
are also shown in the photo.
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Figure 5.7 — Flow chart shows our testing procedure and parameters we tested during

the experiment stage.
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Figure 5.8 — Finite element analysis and safety verification setup. Transmission effi-
ciency finite element analysis and safety verification setup. The bottom left corner
shows the head model we used for the simulation and the position of our system.
The main graph shows the dimensions of the external coil, relay, and stents.
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Chapter 6

An Artificial Hair-electordes For
Leadless Ambulatory

Electroencephalogram

This chapter introduces a novel conductive hair-electrode system tailored for contin-
uous, long-term ambulatory EEG monitoring. Each hair-electrode is an electrically
conductive artificial hair strand anchored in a biodegradable follicle, enabling mini-
mally invasive scalp integration and eliminating the need for gels or bulky headgear.
A lightweight, wireless clip wearable further enhances user comfort and mobility.
Benchtop experiments in a phantom environment using fresh pork tissue showed that
our hair-electrodes capture high-quality EEG signals comparable to traditional wet
electrodes while addressing significant drawbacks such as skin irritation, mechanical
pressure, and conspicuousness. These findings highlight the potential for an unob-
trusive and user-friendly EEG solution that could significantly improve long-term

neurophysiological monitoring in clinical and research settings.
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6.1 Introduction

Ambulatory electroencephalogram (EEG) monitoring is rapidly becoming an essential
tool in both clinical and research contexts, especially for conditions such as epilepsy,
sleep disorders, and a wide range of neurological dysfunctions that may only manifest
sporadically or under specific conditions Seneviratne and D’Souza (2019). Capturing
these transient events often requires extended, continuous recording of brain activity
in naturalistic environments over several days or weeks. However, traditional EEG
systems have long been hindered by the limitations of existing electrode technologies,
which do not adequately meet the needs of long-term monitoring. Wet electrodes, for
instance, have provided high-quality signals due to the application of conductive gels
or saline solutions that facilitate low-impedance contact with the scalp. Despite this
advantage, their reliance on messy and easily drying conductive media significantly
complicates the recording preparation process. The gels or solutions used can dry
out over time, causing signal degradation and necessitating repeated adjustments or
reapplication, which is disruptive and uncomfortable for the wearer. Moreover, the
gel-based setup is cumbersome and requires skilled personnel for proper placement,
making long-term ambulatory monitoring impractical for most individuals Lawley

et al. (2015).

Dry electrode technology, positioned as a more user-friendly alternative, eliminates
the need for conductive gels but introduces a different set of complications. These
electrodes typically rely on mechanical pressure to ensure adequate contact with the
skin, which can lead to discomfort, irritation, and difficulty sleeping or performing
daily activities Hinrichs et al. (2020). Extended use of dry electrodes can result in
headaches, pressure sores, and motion artefacts if the contact is disturbed by nor-
mal movements, leading to big motion artefacts in the signal Hinrichs et al. (2020).
Both wet and dry EEG solutions further require the use of electrode caps or head-
gear, which often appear bulky, alienating, and socially awkward. The inconvenience
associated with wearing an apparent EEG cap outside of a clinical setting can nega-
tively impact the user’s mental well-being and willingness to adhere to the extended

monitoring protocol. Comfort poses another significant challenge as the weight and
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heat generated by the cap, combined with the pressure of multiple electrode contact
points, can disrupt or disturb regular routines, notably sleep Hinrichs et al. (2020),

which is a critical period for monitoring brain activity.

These collective drawbacks underscore the urgent need to develop more advanced,
user-centric EEG technologies that can reliably capture continuous brain signals with-
out causing discomfort or social anxiety. Innovations such as flexible, textile-based
electrodes and minimally invasive sensor arrays are being explored to reduce setup
time, mitigate skin irritation, and provide stable, high-fidelity readings over days or
weeks. Wearable devices seamlessly blending into everyday clothing or accessories
could also address the social acceptability hurdle, allowing individuals to maintain
normal lifestyles while undergoing vital neurological assessments. Moreover, integrat-
ing wireless data transmission and efficient power management is paramount, ensuring
that devices remain indistinct and reliable for extended recordings. In sum, while the
demand for ambulatory EEG systems continues to rise, the limitations of wet and
dry electrodes—related to comfort, maintenance, social acceptability, and data qual-
ity—highlight an acute need for next-generation electrode solutions that can finally

unlock the true potential of long-term, real-world neurological monitoring.

6.1.1 Background

Wet electrode EEG systems trace their origins back nearly a century, to the earliest
days of brain-wave recording, when researchers discovered that applying a conduc-
tive gel or paste between the electrode and the scalp greatly enhanced signal fidelity
Miiller-Putz (2020). Over time, these electrodes were often fabricated from metals
such as silver, gold, and silver chloride. This metal-with-gel configuration became
the gold standard in clinical and research environments because it maintains low-
impedance contact and enables high-quality neural signal capture Li et al. (2020).
Recent developments have focused on refining conductive materials and gels to im-
prove recording stability, reduce setup time, and enhance user comfort Soufineyestani

et al. (2020). However, wet electrodes come with notable drawbacks, including time-
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consuming preparation, the messy nature of gel application, and the tendency for gels
to dry out during extended monitoring sessions. Applying or reapplying conductive
media can also be intrusive and uncomfortable for patients, particularly in long-term
or ambulatory monitoring scenarios Soufineyestani et al. (2020). These limitations
underscore the need for more user-friendly electrode innovations that meet the evolv-

ing demands of EEG diagnostics and research.

Dry electrode EEG systems emerged to address the cumbersome and time-intensive
setup required by traditional wet electrodes, with late twentieth-century research
aimed at eliminating the need for messy conductive gels Lopez-Gordo et al. (2014). Pi-
oneers in this field experimented with new materials and electrode designs that could
record brain signals directly from the scalp, removing the requirement for specialized
interface gels Di Flumeri et al. (2019). Recent developments feature a range of spe-
cialized sensor geometries—from comb-like devices Duvinage et al. (2013) to spring-
loaded designs Zhang et al. (2023b)—all intended to enhance comfort and maintain
stable electrode-skin contact. These innovations have significantly increased the feasi-
bility of mobile, user-friendly EEG systems, paving the way for their use in consumer
brain-computer interfaces and rapid clinical screenings. However, dry electrodes also
pose certain challenges. Maintaining consistent contact often depends on mechan-
ical pressure, which can become uncomfortable over extended periods Di Flumeri
et al. (2019), and this approach increases susceptibility to motion artefacts if the user
frequently moves, thereby degrading signal quality. Consequently, dry electrode sys-
tems continue to evolve as researchers strive to balance comfort, stability, and signal
fidelity, underscoring the need for further innovation in long-term, unobtrusive EEG

monitoring solutions Li et al. (2020).

Implantable devices designed for long-term brain signal monitoring represent one of
the most advanced solutions in neurotechnology, offering high-fidelity access to neu-
ral activity from directly within the skull Weisdorf et al. (2019). Unlike external
electrode systems that depend on gel interfaces or mechanical contact, these devices
place electrodes or electrode arrays in close proximity to cortical or subcutaneous

structures Djurhuus et al. (2023). This close interface produces higher-quality record-
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ings, making implantable systems invaluable for applications such as chronic seizure
detection, neural prosthetics, and research on neural plasticity Djurhuus et al. (2023).
However, this invasive approach carries inherent risks, including potential infection
at the implantation site, tissue damage or scarring that can degrade signal quality
over time, and the possibility of adverse immune reactions. Additionally, implantable
devices must be robust enough to function reliably within a biological environment
for extended periods, raising concerns about power management, heat generation,
and materials biocompatibility Pal Attia et al. (2023). Despite these challenges, ad-
vancements in surgical techniques and biocompatible materials continue to push the
boundaries of what implantable brain monitoring technology can achieve, promis-
ing transformative clinical and research implications if safety and longevity can be

reliably ensured.

6.1.2 Design concept

While there are significant advancements in wet, dry, and implantable EEG tech-
nologies, none of these approaches fully address the growing demand for continuous,
long-term brain monitoring over several days to weeks. Wet electrodes, while deliver-
ing quality signals, rely on messy conductive gels that dry out and disrupt recordings.
Dry electrodes, on the other hand, often sacrifice comfort by applying pressure to the
scalp. Both technologies typically require obtrusive headgear that is socially unpleas-
ant and compromises user comfort, particularly during sleep. Implantable devices
promise higher-quality data but have substantial risks and remain a level of invasive.
These limitations underscore the urgent need for a next-generation EEG system that
is minimal or non-invasive, offers sustained comfort throughout daily activities and
overnight use, and meets aesthetic requirements for social acceptability. Such techno-
logical breakthroughs would unlock the full potential of long-term neural monitoring
for diagnostics, treatment, and research without the current trade-offs in comfort,

user compliance, and data reliability.

This work introduces a novel, hair-like EEG electrode design tailored for long-term
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Figure 6.1 — hair-electrodes illustration and comparison. Dry—E: Conventional dry
electrodes for EEG. These electrodes require mechanical pressure to maintain
stable contact with the scalp. Active dry electrodes typically include a cable that
supplies power to an onboard amplifier and transmits the recorded signals to down-
stream circuitry. Wet-E: Conventional wet electrodes for EEG. These rely on a
conductive gel to facilitate electrical contact between the metal electrode and the
skin surface. A-follicle: Artificial follicle. This bottom portion of the conductive
hair-electrode provides firm anchoring within the tissue and helps minimise foreign-
body sensations. Clip Wearable: A conceptual, lightweight, fully wireless device
designed to attach to both natural and artificial hair-electrodes for continuous EEG
signal acquisition.
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ambulatory monitoring, which spans from three days up to two weeks without the
drawbacks of conventional wet or dry electrode systems. The proposed electrodes
take the form of electrically conductive, artificial hair strands that are implanted into
the scalp, similar to natural hair. Their natural, hair-like appearance is intended
to address social and aesthetic concerns and user comfort while still capturing high-
quality EEG signals without the need for conductive gels or uncomfortable mechanical

pressure.

Fig. 6.1 compares the conceptual device with traditional dry and wet electrodes. The
left and middle sections of the figure depict existing dry and wet electrode systems,
which typically rely on bulky caps, conductive gels, or sustained pressure. In contrast,
our proposed system on the right features artificial hair strands with a conductive core
surrounded by a biocompatible, hair-like sheath. This design minimizes discomfort
once implanted and maintains stable, low-impedance contact with the scalp. Each
artificial hair strand is anchored by a bottle-shaped “artificial follicle” that is both
porous and hydrophilic, allowing it to bond securely with surrounding skin tissue.
The porous nature of the follicle helps maintain low electrode impedance, while its
shape ensures a firm attachment that prevents accidental detachment. Notably, this
artificial follicle is fabricated from biodegradable materials such as silk, which degrade
naturally over several weeks. As the follicle breaks down, the implanted artificial hair
loosens and eventually falls out on its own, reducing the risk of long-term infection

and eliminating the need for invasive removal procedures.

To collect EEG signals from these conductive hair strands, we propose a lightweight,
wireless “hair clip” device that interfaces with the artificial hair via conductive con-
tacts on its inner surface. Weighing less than 20 grams, the clip can be discreetly
attached to a small bundle of artificial and natural hair, thus remaining both com-
fortable and visually unobtrusive. By eliminating the need for large electrode caps
or cables, this design improves user comfort and reduces the social stigma associated
with wearing conspicuous EEG headgear in daily life or during sleep. Furthermore,
multiple artificial hair strands can be implanted at each scalp site following the 10-

20 EEG placement system to ensure signal redundancy and maintain low overall
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impedance.

This hair-electrode concept combines comfort, aesthetics, and reliable signal capture
into a single solution for extended EEG monitoring. By addressing the limitations
of conventional wet and dry electrodes—such as messy gels, pressure-based contact,
and obtrusive headgear—this technology has the potential to significantly enhance
user compliance, enabling long-duration EEG studies and more accurate monitoring

of neurological conditions in real-world settings.

6.2 Method

6.2.1 experiment setup

To evaluate the performance of our proposed conductive hair-electrode design, we
constructed a comparative experimental platform that simulates realistic scalp condi-
tions. A custom 3D-printed container was filled with saline solution. We positioned
a movable dipole inside this container whose depth, position, and orientation could
be precisely adjusted. We systematically tested signal quality under different config-

urations by rotating the dipole perpendicular or parallel to the electrode plane.

Fresh pork tissue—consisting of skin, subcutaneous fat, and muscle layers—was used
to approximate the electrical and mechanical properties of the human scalp. The pork
skin was implanted with our conductive artificial hair strands and placed on a 3D-
printed shelf within the saline container. This shelf ensured direct contact between the
lower muscle layer and the saline solution while preventing the solution from leaking
into or bypassing other tissue layers. As a result, we created a controlled phantom-like
setup that allowed for objective comparisons of EEG signal quality between various

electrode configurations.

For EEG signal acquisition, we allocated a 10 x 10 mm area of pork skin for implant-

2

ing the conductive artificial hair at a density of 64 hairs per 100 mm=®. A typical

cup-shaped wet electrode was placed adjacent to this region as a reference. Both
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Figure 6.2 — hair-electrodes testing experiment setup. (a) Schematic of the testing
container and dipole source placement. A mesh supports the tissue sample above
the saline, positioning the dipole approximately 20 mm from the electrodes. (b)
Photograph of the experiment in progress, illustrating the skin, fat, and muscle
layers atop the mesh. The ground electrode is visible in the top left corner.

electrode types were connected to the same EEG biosensing board (OpenBCI Cyton,
8-channel), sharing the same ground and reference electrodes to ensure fair signal
comparisons. The dipole source in the saline was driven by a voltage-controlled cur-
rent source (Stanford Research CS580), which received its input from a programmable
waveform generator (Analog Discovery 2, Digilent). The voltage-controlled current
source was configured at a ratio of 1 V/uA, generating a known sinusoidal current at
frequencies of 1, 3, 5, 9, 20, 28, 40, 70 and 110 Hz. We sampled the resulting signals
at 250 Hz and applied a 50 Hz notch filter to suppress power-line interference.

Fig. 6.2 (¢)—(f) shows our conductive artificial hair strands, which are made of 316L
stainless steel wire with a diameter of approximately 60pum. Each strand was im-

planted at a 30°-45°ngle, with 3—5 mm of wire beneath the skin. Careful inspection
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ensured the wire remained entirely within the skin layer and did not pass through
it. We used a clip to connect single-hair or multi-hair bundles to an EEG channel
during testing. For the wet reference electrode, we applied the conductive gel and
fixed it in place with an adhesive strip. The ground and reference electrodes were
positioned on the far side of the tissue to minimize interference. This setup enabled
direct, side-by-side signal amplitude and quality comparisons between our hair and

traditional wet electrodes under controlled conditions.

6.3 Result

We calculated the Signal-to-Noise Ratio (SNR) to compare the wet electrode and our
proposed hair-electrodes. Figure6.3 shows the SNR comparison with different signal

frequencies and different numbers of hairs connected as one electrode.

We calculated the SNR to compare the performance of conventional wet electrodes
with our proposed hair-electrodes. Fig. 6.3 illustrates the SNR comparison across dif-
ferent signal frequencies and varying numbers of hair-electrodes grouped as a single
unit. The results are presented as relative comparisons, as measuring the absolute
SNR of the EEG device in our experimental setup was not feasible due to uncontrol-

lable background noise.

To ensure accurate SNR comparisons, signals from the wet and hair-electrodes were
collected simultaneously. To minimize the influence of DC offset on the calculation,
frequencies below 0.2 Hz were excluded from the analysis. Table 6.1 summarizes the

average SNR improvement of the hair-electrodes relative to the wet electrode.

The results show that the optimal SNR performance was achieved when six hair-
electrodes were combined, beyond which no significant improvement was observed.
For comparisons between hair-electrodes and wet electrodes, configurations with three
or more hair-electrodes consistently demonstrated an SNR improvement of over 2 dB
across most frequency bands. Notably, at higher frequencies (>70 Hz), the SNR im-

provement exceeded 4 dB. Despite its small contact area, even a single hair-electrode
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Figure 6.3 — Relative SNR Comparison Results. The Y-axis represents the signal fre-
quency, while the X-axis indicates the SNR values. The top-left subplot compares
the SNR of a single hair-electrode with that of a wet electrode. The top-right
subplot shows the SNR comparison when three hair-electrodes are combined and
treated as a single electrode against a wet electrode. The bottom-left subplot
presents the results for six combined hair-electrodes compared to a wet electrode.
Finally, the bottom-right subplot illustrates the SNR comparison when 20 hair-
electrodes are combined and evaluated against a wet electrode. The time domain
signal from 6 hair electrodes and a reference wet electrode is shown at the bottom.
The signal pattern and amplitude are comparable from hair electrodes to the wet
electrodes.
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achieved an SNR comparable to the wet electrode.

However, the hair-electrode exhibited slightly lower SNR for signals at 5 Hz, likely due
to interference from power line noise at 50 Hz. Overall, these findings indicate that
a single hair-electrode can provide comparable SNR performance to a wet electrode,
while configurations with three to six hair-electrodes offer a modest SNR improvement

of approximately 1 dB.

Table 6.1 — Average SNR gain with hair-electrode.

’ Number of hair-electrodes \ single \ 3 \ 6 \ 20 ‘
| Average SNR gain(dB) | -0.1 [1][1.2[09|

6.4 Discussion

Despite the promising advantages of conductive hair-electrodes for long-term EEG
monitoring, several significant obstacles must be resolved before such a system can
be clinically or commercially adopted. One primary concern involves the potential
for foreign-body sensation or skin irritation, particularly if the artificial follicles fail
to integrate seamlessly with the scalp. Therefore, specialised surface treatments and
biocompatible coatings are required to reduce inflammation risk and promote stable
bonding between the artificial follicle and living tissue. Such treatments could also
include anti-bacterial or anti-inflammatory agents, further reducing infection risk dur-

ing implantation.

Fabricating conductive hair with a biocompatible artificial follicle poses another chal-
lenge, requiring an interdisciplinary effort involving materials science, biomedical en-
gineering, and advanced manufacturing techniques such as micro-moulding or elec-
trospinning. The chosen materials must combine mechanical strength to withstand
physical movement in everyday living environments and, at the same time, maintain
sufficient electrical conductivity for reliable signal capture. Meanwhile, the artificial
follicle must be carefully engineered to degrade in a controlled manner depending on

the intended replacement schedule.
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Beyond the electrodes themselves, designing a wearable, wireless hair clip capable
of efficiently collecting EEG signals adds another layer of complexity. Continuous
data recording and streaming place stringent demands on battery life, which must
be balanced against overall device weight. A practical, user-friendly system requires
ultra-low-power electronics, reliable wireless communication, and an ergonomic form

factor that does not interfere with daily activities or sleep.

For clinical diagnosis, EEG signals from multiple scalp locations are often needed,
and electrode placements typically follow standardized configurations like the 10-20
system Soufineyestani et al. (2020). When multiple electrode sites are required, the
design and engineering challenges for the clip-based wearable increase significantly.
Each additional site calls for its own cluster of artificial hairs and corresponding
contact points, all while remaining discreetly packaged and minimizing mechanical
stress on the scalp. Balancing these competing priorities comfort, durability, data
quality, and battery life is crucial. With careful design, the wearable hair clip can
evolve into a practical and widely accepted solution for continuous, long-term EEG

monitoring.

6.5 Conclusion

In conclusion, our novel conductive hair-electrode system represents a significant step
toward truly wireless, long-term ambulatory EEG monitoring. By embedding a con-
ductive core within artificial hair strands, anchoring them in specially engineered
artificial follicles, and integrating them with a lightweight wireless clip, we have ad-
dressed many of the limitations of conventional wet and dry electrode solutions. In
our tests, using fresh pork tissue, which closely mimics the mechanical and electrical
properties of the human scalp. The hair-electrodes reliably captured EEG signals in
this phantom environment, indicating the success of the design concept. Our compar-
ative evaluations with traditional wet electrodes showed competitive signal quality,

underscoring the potential for a more comfortable, discreet, and durable option.

Nevertheless, several challenges remain. Fine-tuning the material properties of the
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artificial hair and follicle to ensure optimal biocompatibility, balancing battery life
and weight in the wearable clip, and developing novel contact points for multi-site
recordings all require further research. With continued refinements and interdisci-
plinary collaboration, the artificial hair-electrode approach could pave the way for
extended EEG monitoring that is more user-friendly, socially acceptable, and clini-

cally effective.



Chapter 7

Discussion and Conclusion

This thesis presents significant advancements in the field of miniaturized wireless and
battery-free systems for physiological monitoring and stimulation, addressing critical
challenges in power delivery, data communication, device miniaturization, and user
comfort. Through a comprehensive and systematic approach, this work contributes
to the development of innovative technologies that hold the potential to revolutionize

biomedical diagnostics, therapy, and research.

A key achievement of this thesis is the development of a high-bandwidth optical
telemetry system designed for brain signal sensing. This system establishes a robust
foundation for wireless data communication, meeting the stringent requirements of
physiological monitoring. The optical telemetry module demonstrates exceptional
performance in terms of data rate, power efficiency, and miniaturization, making
it a viable solution for next-generation neural implants. This work also introduces
integration strategies that combine wireless data communication with power delivery
solutions, addressing the dual needs for energy and information transfer in a single

system.

To further overcome the limitations of existing eBClIs, this thesis introduces a novel
optical telemetry module combined with FUS power transfer. This innovative system
eliminates the need for long wires, enhancing its clinical applicability for patients

with fragile blood vessels and pediatric populations. Proof-of-concept experiments
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demonstrate the feasibility of high-speed data transmission and efficient power trans-
fer within safety limits, paving the way for broader adoption of wireless eBCls in

medical and neuroscience applications.

Another major contribution is the design of a WPT system capable of delivering suf-
ficient energy to standard stents without modifying their structure or material. This
system achieves unprecedented efficiency while maintaining compliance with safety
standards, making it suitable for powering endoECoG devices and other biosignal sen-
sors. The experimental validation of this system using real biological tissues confirms

its practical viability and highlights its potential for widespread clinical use.

In addition to advancements in power and data transfer, this thesis addresses the
challenge of user comfort and social acceptability in brain monitoring systems. A
novel hair-like electrode design is introduced for EEG monitoring, offering a non-
invasive, aesthetically pleasing, and biocompatible alternative to conventional wet,
dry, and implantable systems. This innovation combines comfort and reliability, en-
abling long-term ambulatory monitoring for durations of up to two weeks. By aligning
electrode placement with the standard 10-20 EEG system, this work ensures both sig-

nal redundancy and high-quality data acquisition.

7.1 Future Works

The contributions of this thesis have broad implications for the future of healthcare
and biomedical research. By addressing key technical and practical challenges, the
proposed systems enable new possibilities for minimal-invasive or non-invasive di-
agnostics, personalized therapies, and long-term monitoring in real-world settings.
These advancements have the potential to significantly enhance patient outcomes,
reduce healthcare costs, and provide deeper insights into complex physiological pro-

cesses.

Looking ahead, future research could focus on further miniaturizing and integrating

these systems through advanced fabrication techniques such as ASICs and novel ma-
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terials. Additionally, exploring more energy harvesting methods could enhance the
sustainability and versatility of these technologies. Expanding the scope of these solu-
tions to other physiological systems and conditions, such as cardiovascular monitoring

or metabolic regulation, could further broaden their impact.
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As an appendix, this should contain some content that’s not really required for the
argument in the main body of the thesis, but is clearly relevant and supports the

work.

A.1 Including published Paper

This section is attached to the paper I have published and included in Chapter3 and
chapter4.
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Objective. This study presents a proof-of-concept optical telemetry module that leverages a single
light-emitting diode (LED) to transmit data at a high bit rate while consuming low power and
occupying a small area. Our experiments showed that we could achieve 108 Mbit s~! and

54 Mbit s~ ! back telemetry data rates for tissue thicknesses of 3 mm and 8 mm, respectively.
Approach. The proposed module is designed to be powered by near-field coupling and achieve
bidirectional communication by low-speed downlink from near-field communication. It aims to
minimize the size of the implant while providing reliable transmission that meets the requirements
of high-speed wireless communication from a multi-electrode array neurotechnology implant
outside the body. Results. The power consumption of the module is 1.57 mW, including the power
consumption of related circuits, resulting in an efficiency of 14.5 p] bit ™!, at a tissue thickness of

3 mm and a data rate of 108 Mbit. The use of an optical lens, combined with tissue scattering effect
and optimized emission angle, makes the module robust to misalignments of up to £5 mm and
£15° between the implantable and external units. The LED in the implantable unit is only

0.98 x 0.98 x 0.6 mm?, and the testing module is composed of discrete components and

laboratory instruments. Significance. This work aims to show how it is possible to strike a balance
between a small, reliable, and high-bit-rate data uplink between a neural implant and its proximal,
wirelessly connected external unit. This optical telemetry module has the potential to be integrated
into a significantly miniaturized system through an application-specific integrated circuit and can

support up to 1000 channels of neural recordings, each sampled at 9 kSps with a 12-bit readout

resolution.

1. Introduction

Uncovering the neurophysiology mechanism with
the electrophysiology approaches has pushed the
development of neuro signal sensor implants
with higher spatial and temporal resolution [1].
With the advancement of integrated circuits and
materials, the state-of-the-art neuro signal sensor
implants for animal research have 768 electrodes in
a 750 x 720 um? area and can record 10 240 sites
from two probes [2]. The sensors for human clin-
ical studies now include two 96-channels in less than
36 mm? [3]. Some independent company, such as
Neuralink, is developing systems has more than 1000

© 2023 The Author(s). Published by IOP Publishing Ltd

channels for human [4]. The demand for a better
understanding of neural activities and improving the
performance of decoding neural signals have pushed
the analog-to-digital converter (ADC) sampling rate
to over 30 kHz for each recording channel with 10—
16-bit resolution [5]. With those high-performance
neural signal sensors, more and more brain-computer
interfaces (BCls) have achieved promising results,
such as accurately controlling a robotic arm, moving
a computer cursor, and typing at a speed close to
handwriting [6-9].

BCI devices or neural signal recording systems
comprise signal collecting, processing, and executing
units. However, limitations in power and size have
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prevented the development of stand-alone devices
with the desired human functions. These systems are
currently divided into internal and external units.
The internal unit, which is an implant or a set of
implants located near the sensing or stimulation site,
should be miniaturized to minimize invasiveness. It
contains only electrodes, lead wires, electronic her-
metic housing, and signal acquisition circuits. On the
other hand, the external unit functions as a power
source, accommodating components that exceed the
volume or power constraints of the implant or serving
as a relay to transmit neural activities to another
processing unit. An interface between the internal
and external units is required to deliver data and
energy. In some advanced BCls, the standard setup
(mainly research-driven) uses wire as the internal and
external interface [9, 10]. The reason is that the high-
performance multichannel neural signal sensors have
pushed the data streaming requirement to tens of
megabits per second for raw data. The wired solutions
provide the simplest way to meet the design require-
ments of high data rate, small size, adequate power
supply, and safety concerns. Still, the wired system
significantly limited the clinical applications and the
diversity and duration of research experiments. The
wired systems also increase the risk of device failure
and tissue infection.

Currently, we can see a high degree of engineering
efforts to achieve wireless transcutaneous systems to
transfer high-rate data [11-13]. The medium that can
establish the transcutaneous data and energy trans-
fer includes ultrasound, magnetic field, electric field,
electromagnetic field, and optical links.

Ultrasound channels offer one of the deepest pen-
etrations into soft tissue, making them an attract-
ive option for deep neural implants. The transducer
for the acoustic link is typically small, with repor-
ted dimensions of submillimeter and less than half a
millimeter cube (mm?®) in recent literature [14, 15].
The power delivery of the acoustic channel has an
efficiency of 1.93%-0.23% [14, 16—18], and the data
link for the acoustic link typically uses a backscat-
ter approach to maintain the low power consump-
tion in the internal part. The resonate frequency of
the piezoelectric material is usually <2 MHz [16, 17,
19, 20], so the optimal frequency for the acoustic
channels is often below 5 MHz [21]. However, due
to the backscatter approach used for data telemetry
links, implementing modulation schemes like ortho-
gonal frequency-division multiplexing (OFDM) is
often challenging. As a result, ultrasound channels
can only typically provide a few hundred kbit s ! tele-
metry data links.

Inductive links use alternating magnetic fields
through coils to transmit energy and data. The
inductive link offers high power transfer efficiency
when the distance between the source and receiver is
less than 30 mm [22]. A reported efficiency of 95% is
achievable when the distance is 10 mm [23]. Inductive
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links typically operate at a frequency below 20 MHz
to maintain a balance between the transmitter’s effi-
ciency and the efficiency between the transmitter and
receiver. These links can provide half-duplex bidirec-
tional communication, and commercially available
products report an 800 kbit s~! data rate.

The capacitive link utilizes the tissue as a dielec-
tric medium to form a capacitor. It builds the path to
transfer data and power between tissues using a pair
of capacitor plates between tissues [21]. The advant-
age of capacitive link for data and power telemetry
includes the high-frequency pass character and the
confined area of the energy field [24]. When using a
capacitive link to transfer data and power through tis-
sue, the electric field only impacts the tissue between
the electrodes and does not broadcast widely like an
electromagnetic field [25]. This character also enables
the multichannel capacitive link to be built on the
same implant to extend the bandwidth. The plates for
capacitive link range from 5 x 5 mm? to 40 X 40 mm?
and the carrier frequency ranges from 0.2 to 20 MHz
[26-31]. The drawback of the capacitive link includes
the potential damage to the living tissue caused by
the electric field in a small area and the limitation of
the miniaturization ability [30]. Another drawback of
the capacitive link is the need for close contact of the
plates on the tissue surface, which adds a challenge to
applying a capacitive link at a site where the tissue sur-
face, or contact in general, is not flat (e.g. hairs) [30].

From above, the most popular approach is the
electromagnetic field, as it can easily achieve power
delivery and have bi-directional data at the same
time. There are two challenges when using an electro-
magnetic field to send high bandwidth data through
tissue. One is that the living human tissue con-
sists of a large among of water. A large amount
of skin tissue is conductive, meaning the absorp-
tion rate increases exponentially with frequency. A
large amount of energy will be absorbed by tissue
when the radio frequency is over 2 GHz [32, 33]. So,
when carrying on high bandwidth data through tis-
sue using electromagnetic, the human tissue becomes
a questionable choice of the communication channel.
Another challenge is that when the electromagnetic
frequency increases, the analog radio frequency fron-
tend becomes a power-hungry component and con-
sumes more power than the neural signal recording
sensor. Apart from the limitation originating from
the physical property, another issue with RF trans-
mission is the environment’s interference, as many
devices may operate at the same frequency that the
implants are proposed to use.

Apart from optimizing the transmission channel
to meet the requirement of uplink data telemetry of
recorded neural signal, we can see a significant degree
of efforts published each year to reduce the data rate
by enabling more local data processing in the implant
[34]. The popular solution includes spike threshold-
ing, which only sends spike count over a certain
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threshold; another example is compressive sensing
which adaptively compresses data by event, which
turns the raw signal into a set of featured spikes [35,
36]. The spike-related approaches have significantly
lowered the high bandwidth requirement of the tele-
metry data link. The spike signal meets some targeted
applications very well. However, transmitting a high-
fidelity signal is still needed for many applications
such as brain disease monitoring, research on BCls
algorithms, and neural electrophysiological research.

The optical link is a promising solution for trans-
mitting high-fidelity neural signal from high channel
density sensors and has been explored by researchers
in recent years [37-39]. The advantage of optical links
includes small transducer size (relative to inductive
and capacitive links), high bandwidth, multiple mod-
ulation approaches, high energy efficiency, magnetic
resonance imaging (MRI) compatibility, and robust-
ness against environmental EM noise.

Optical transcutaneous links have already
achieved some promising results. One example has
achieved a data rate of 300 Mbit s, in which a ver-
tical cavity surface emitting laser (VCSEL) is used as
the transducer, and a super-fast photodiode is the
receiver [40]. Other examples include modules that
are demonstrated in-vivo in mice, where they used
microscale inorganic light-emitting diode (LED) as
the transducer and a group of photodiodes as the
receiver. Benefit from the small size of the trans-
ducer, chronic recording of neural dynamics has been
achieved in that work, but the maximum data rate in
the in-vivo experiment only reached 27 kbit s~! [41,
42]. Hence, a better balance of high data rate, low
power consumption, small volume, and robust to
misalignment has not yet been demonstrated. There-
fore, there is an excellent potential for using LEDs as
the transducer to implement optical transcutaneous
uplinks as it has a relatively small size and a high
wall-plug efficiency.

2. Methods

2.1. System design overview

In this work, we present a novel design for an optical
telemetry module that employs a single LED and
addresses the challenges of high-speed data transfer,
low power consumption, and minimal volume. Our
module is well-suited for data transmission in multi-
electrode neural recording implants and is designed
to operate subcutaneously to facilitate implant-to-
surface data transfer. As this module is intended to be
a part of the neural recording implant, we designed
the entire system, taking into account power sup-
ply, energy harvesting, and usability for both the tele-
metry module and the recording implant.

The proposed system, as shown in figure I,
comprises an implant and an external unit. The
external unit comprises a behind-ear unit and an
over-the-head unit. The behind-ear unit houses the
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— Internal Implant

Figure 1. The system design with the potential application.
The system consists of internal implant, external unit with a
behind ear unit. The proposed optical telemetry module is
in the internal implant and aims to send high-speed data
from the sensor to the external unit. The external unit
include receiver and power delivery circuit, and the battery
is in the behind ear unit to reduce the weight of the
overhead unit.

rechargeable battery, power management circuits,
and data storage or transmission components. The
over-the-head unit, which is smaller and lighter, is
positioned over the site where the internal implant
is located beneath the skin. This unit includes an
optical receiver that retrieves high-bandwidth data
from the implant. To demonstrate the concept, we
used a coil that employed 13.56 MHz near-field coup-
ling to provide power and less occupied forward con-
trol data link (downlink). This setup helped us show-
case the potential of our proposed design.

This design utilizes the high efficiency of induct-
ive power delivery and the high data rate of the optical
link. Apart from optimizing power delivery efficiency,
the extra forward data can be used to exchange con-
trol signals and send handshaking signals for the high
bandwidth optical communication channel. This link
will further enhance the channel stability, simplify
the communication protocol and related hardware
design, and lower the internal unit’s power consump-
tion. The overhead unit can also have a local data
processing unit to implement applications, like con-
trolling a brain stimulation device to achieve closed-
loop brain stimulation.

In figure 2, we present the critical compon-
ent of our proposed system and demonstrate how
the optical telemetry module works with the neural
recording implant. In one possible implant configur-
ation, high-density electrodes are positioned on the
cortex to collect neural signals, while the analog front-
end and ADC are located in a package that replaces
a small part of the skull. The optical communication
module is placed above the neural signal sensor under
the skin tissue, minimizing internal connections. The
transducer is a single 940 nm near-infrared InGaN
LED, and an application-specific integrated circuit

3
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Figure 2. The main parts of the proposed system. Note that
in our experiments we considered power harvesting via a
conventional near-field antenna system. The power can be
delivered also through optical energy harvesting and the
device has a potential to achieve bidirectional
communication via optical link.

(ASIC) is utilized to encode data and modulate the
LED. A lens is positioned on top of the LED to focus
the beam with an optimal emitting angle that matches
the tissue thickness. A patch coil on a thin, flexible
printed circuit is wrapped around the communica-
tion module to receive energy from the external coil
through inductive link. The low power consumption
of the proposed communication module is achieved
through the high wall-plug efficiency of the LED and
the low interference of the optical channel, which per-
mits us to use a highly sensitive avalanche photodi-
ode (APD) with high gain to recover the faint optical
pulses from the internal unit with less concern about
noise. With the advantage of the short wavelength of
light, a high data rate can be achieved with a simple
modulation approach that enables us to simplify the
circuit and remove the power-hungry high-frequency
analog part, thus further reducing power consump-
tion.

2.2. Design and implementation

2.2.1. Design requirement analysis

2.2.1.1. Data rate requirement

The communication module is designed to stream
high-fidelity neural signals throughout the skin tis-
sue. Currently, the clinically available neural signal
sensor has 100 (Utah array) [43] to 1024 (Neuralink)
electrodes [44]. In order to identify a neural spike,
both 0—1 mV magnitude local field potential and 0-
10 pV extracellular action potential need to be recor-
ded at the same time [45]. As a result, the minimal
requirement of the effective number of bits of the
ADC is eight-bits [45], which is usually achieved by
an ADC with over ten-bits resolution [35, 46]. As
described above, the data transmission requirement
can be calculated as follow:

__ NChannels X Ryesolution stampling

D
s H,

&

where Hj is the encoding efficiency.
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Take a neural-signal sensor with 100 channels as
an example. When the sampling rate is 20 kSps, and
the resolution of the ADC is 14 bits. When we use
Manchester encoding with an efficiency of 50%, the
data rate requirement will be 56 Mbit s~ to send the
raw neural signal out.

2.2.1.2. Noise analysis

For this proposed optical telemetry module, three
main reasons will influence the signal quality. First
is the environmental light interference. Compared to
the electromagnetic (EM) field, fewer artificial signals
work in the open-air optical domain, and the trans-
mission of light has a specific direction that further
reduces the chance of interference between different
devices. Indoors, the light source is mainly visible
(380 nm-700 nm wavelengths) and only have very
limited energy in the near-inferred wavelength. How-
ever, sunlight covers a vast range of wavelengths, and
the power in wavelengths from 900 nm to 1000 nm is
much stronger than indoor light, which is the main
challenge to this proposed optical telemetry mod-
ule. As a result, the over-the-head unit also needs to
be designed to block the sunlight shining into the
internal unit.

The second source of the noise is from the receiver
side. To convert the optical signal to an electronic sig-
nal that can be processed further, we need a photo-
diode with high speed and high sensitivity. The light
from the internal LED can be feeble, and it needs to
detect fast light intensity changes as the optical signal
we designed is short period pluses. The photodiode
will generate noise as the physic intrinsic. The signal
from the photodiode is typically a small signal and
needs to be further amplified to restore the informa-
tion collected from the sensor. In most cases, the sig-
nal from the photodiode is a current signal requiring
a trans-impedance amplifier (TIA) to turn it into a
voltage signal and then send it to one or a few cas-
cades amplifiers to increase voltage level further to
help restore the data.

The third source of noise is the tissue impact.
When the light travels through the skin, there is
reflecting, refraction, and absorption of the light.
The reflecting and refraction caused multipath effects
generating noise and impacting the optical commu-
nication channel. The light wavelength ranging from
350 nm to 2000 nm are widely used in optical com-
munication systems. For transcutaneous application,
the distance between transmitter and receiver ranges
from 0.5 mm (epidermal only) to over 10 mm (total
skin thickness). With the short wavelength of light
and the relatively short transmission distance, the
multipath can be ignored for transcutaneous optical
channels.

The total noise introduced to the optical commu-
nication module can be calculated as equation (2),

2

2 2 2 2 2
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2.2.1.3. Power consumption analysis

The power consumption of the uplink data module
is the sum of the power consumption of the trans-
ducer and the power consumption of the circuit to
control and modulate the transducer. The higher the
wall-plug efficiency of the transducer indicates the
less energy dissipates during the transformation. Cur-
rently, LEDs have the highest wall-plug efficiency in
generating photons from electrical power, and the
integrated circuits that only consist of digital com-
ponents can operate at GHz with sub-microwatt
power consumption. Removing the high-frequency
analog circuits in the design will lower the power con-
sumption of the proposed communication modula-
tion module.

2.2.1.4. Optical channel analysis

The human skin has three layers: epidermis, dermis,
and subcutaneous fat. The skin tissue presents as a
complex heterogeneous medium to lights [47]. The
optical properties of human skin can be character-
ized by absorption and scattering coefficient [48].
The hemoglobin in the blood and the melanin in
the epidermis are the substances that dominate the
absorption. The scattering effect changes the direc-
tion and polarization of the light. Scattering can hap-
pen both on the contacting interface and within a
small region where the optical property varies [49].
The main factors that contribute to scattering are fila-
mentous proteins and the fibrous structure of the tis-
sue. The scattering can happen at both a single fib-
ril and a scattering centers as the interlacement of the
proteins and bundles [49]. The distribution of the
blood, pigments and protein bundles are inhomogen-
eous and random in the skin and varies over time,
which makes the absorption and scattering coefficient
change over time [47].

Both in vitro and in vivo studies showed that
the lights with a wavelength between 800 nm and
1200 nm have lower absorption and scattering coeffi-
cient for the human skin tissue [50-52], which is suit-
able for optical power transfer through the skin and
building a power-efficient telemetry link.

To design the optical components for the optical
communication module, we did a skin simulation to
check the transmitted light power on the skin surface
at the receiver side. The light propagation in a tissue
can be described using the scalar stationary radiation
transfer theory, which is described in equation (3)
(471,

N
AMES) ey e / 17,)p (5 2.
O 47 ;
T
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In equation (3), (7,5) is the specific intensity at
the point 7 in the given direction 5. p(5,5") is the
scattering phase function. dQ’ is the unit solid angle
about the direction s, and i, is the total attenuation
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Figure 3. The optical design of the subcutaneous telemetry

module. LED is the transmitter and the APD is the receiver.
The lens at the transmitter side controls the emitting beam

angle o, and the lens at the receiver side collecting light and
focus on the APD’s surface.

coefficient. A least-squares Gaussian model can fit the
distribution and approximate the shape of the power
intensity at the receiver side when we assume the skin
has an ideal smooth surface, which simplifies the sim-
ulation model and helps us analyze the light pass-
through skin with different thicknesses. The Gaussian
model in the form of equation (4) [37],

A
= T 202
JrxA (r,0) U\/ﬁe 27 (4)

According to [37], we use an exponential and
quadratic random coefficient to represent the Gaus-
sian parameters A and o, respectively.

In figure 3, Dr is the light source size. For LED,
Dr equals the emitting area in the diode.

« is the emitting beam angle that can be con-
trolled by lens design.

Dd is the diameter of the projection light spot,
which does not consider the tissue scatter effect.

Ds is the diameter of the light beam with the full
width at half of the maximum (FWHM) energy of the
Gaussian distribution on the skin surface.

Dn is the diameter of the lens to focalize the light
to the photodiode to increase the receiving optical
power on the receiver side.

Tn is the thickness of the skin tissue.

With equation (3) and the quantitative measure
of skin’s optical property in [37], we write a Python
code (available on the link) to simulate the effect of
light passing through skin tissue. Figure 4 shows the
simulation result with optical energy distribution on
skin surface.

From the simulation, we can find for lights in
800-980 nm wavelength, the optical channel of tis-
sue is dominated by the scattering effect. When tis-
sue thickness is 3 mm, we can still observe the shape
of the light emitting source. On the receiver side, the



A.1 Including published Paper

186

10P Publishing

J. Neural Eng. 20 (2023) 036017

ZXuetal

(a)

LED
LED Tn = 5mm
Tn =3mm 0

0=30°

Jamod feondo anpeiey

Figure 4. The simulation result of the optical power distribution on the skin surface with different light source with different
tissue thickness. (a) Tn = 3 mm, Dr = 0.98 x 0.98 mm and « = 30° (b) Tn = 5 mm, Dr = 0.98 X 0.98 mm and o = 80° (c) use
laser as the light source which has a relatively smaller spot size (100 ;zm) and Tn = 3 mm.

(b) ()
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area that has the optical energy is around 90 times lar-
ger than the light emitting source size when the light
passes the tissue. Compared with the laser source,
the optical power distribution on the skin surface is
a plateau shape, making it robust to the heterogen-
eous optical property of the tissue. For laser, the peak
power on the receiver side is only in a small hot spot
and decreases rapidly from the central point, increas-
ing the misalignment challenges. For laser transmit-
ters, the receiving power will significantly drop when
the peak power point is a pigmentation area.

Figure 5 shows the relationship of tissue thickness
(Tn in figure 3), total optical power, affecting tissue
area and light-emitting beam angles (« in figure 3).
From the figure, we can find that with thicker tissue,
a small emitting angle will have less energy attenu-
ation, and with thin tissue, emitting angle less than
80°, the total receiving power remains the same, but
the collecting area increases linearly. The simulation
can help us find the optimal emitting angle for the
light emitting source to improve the power efficiency.
Here we take 3 mm skin as an example. We can find
that when the emitting angle is below 60°, the total
receiving power and optical energy collecting area will
be balanced well.

Figure 6 is the simulation result of the collected
optical energy on the skin surface with different skin
thicknesses and diameters of the lens. The solid curve
is the receiving power on the photodiode. The dashed
line is the FWHM diameter of the light beam on
the skin surface. Figure 6 reveals that there has been
a sharp rise when the lens diameter increases from
1 mm to a size that close to the spot diameter of the
FWHM. With the increasing lens diameter, the atten-
uation caused by lens optical material overweight the
benefit from the increasing diameter, and the collec-
ted energy gradually decreases. What can be clearly
seen in this figure is when the skin thickness increases,
the relative improvement of receiving energy from
the help of a lens increases, and with thicker tissue,
the amount of collected optical energy is projected to
remain steady when the diameter of the lens reaches
to a certain point. This trend indicates that a lens with
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Figure 5. The total optical energy on the skin surface with
different tissue thickness and light emitting beam angles.
The X-axis is the emitting beam angle, the Y-axis is the
total optical power outside the tissue, and the z-axis is the
area affected by the optical power in mm?.
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Figure 6. Lens performance simulation result. Color code
indicates different tissue thickness, the dash line is the
diameter of the FWHM diameter on skin surface.

an optimal diameter that matches the tissue thickness
will significantly improve the signal quality, and a big-
ger lens will have less alignment requirement when
the optical source is in a thicker tissue.

2.2.2. Module and circuits design
The system design of the proposed system is presen-
ted in figure 7, which displays the block diagram of
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Figure 7. The system block diagram. The upper part is the internal implant. The yellow strip in the middle indicates the skin

tissue. The lower part is the external unit.

the internal unit. The internal unit consists of several
components, including an analog front end, an ADC,
amicrocontroller unit (MCU), an Near field commu-
nication (NFC) power harvesting and communica-
tion module, an encoding unit, a power management
unit, a pulse generator, and a dynamic voltage bias cir-
cuit. The crystal within the internal unit serves as a
clock source, while a frequency multiplier multiplies
the base clock for the pulse generator and encoding
unit. The bias tracking unit provides a bias current to
the LED, ensuring it can generate short period optical
pulses with low current digital signals from the pulse
generator while maintaining low power consump-
tion. The optimal bias tracking circuit, consisting of
two instrumental amplifiers and a low-power digital-
to-analog converter (DAC), is designed to provide a
dynamic bias voltage that stabilizes the LED’s imped-
ance, allowing the electrical pulse from the pulse gen-
erator to turn to an optical pulse successfully. This
circuit provides a dynamic bias voltage, which keeps
the LED’s impedance at a constant level, regardless of
changes in environmental light and temperature.
Figure 8 is the proposed pulse generator’s cir-
cuit block diagram that only uses digital components
to ensure low power consumption. Instead of using
plus amplitude, we use pulse density to encode digital
logic. With this modified on-off-key modulation, the

phase shift will not impact the signal’s recovery and
allows the phase locker removal.

The proposed pulse generator has five delay units
with two different delay times, delay 1 and delay 2.
The logic gates compute the data signal and clock sig-
nal, then output pluses with varying densities in a
single clock circle. Here delay 1 is the output pulse
width, and delay 2 equals two times of delay 1. From
figure 8, we can find that when the data is logic high,
then after the digital computing, the output signal is
a double pulse shown as logic 1. When the data is
logic low, the output is a single pulse shown as logic 0.
When delay 1 <1/4 of the clock signal circle, the signal
and clock can be recovered on the receiver side. Here
we set the delay 1 <1/5 of the clock circle, so any phase
shift of the delay unit will not influence the recovery
of the data.

The block diagram of the circuit in the external
unit showed in figure 9. A high gain low noise APD
is chosen to collect optical signals. The TIA con-
sists of two high-speed operational amplifiers (LTC
6268-10 and ADA4860) in a cascade connection. A
booster with a low-side metal-oxide-semiconductor
field-effect transistor (MOSFET) switch (TPS55340)
is chosen to boost the voltage to provide voltage bias
for the APD. The internal switch in the booster is dir-
ectly connected to an inductor and a set of charge
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Figure 8. The schematic diagram of the proposed pulse generator for the LED to generate optical spikes. The input of the pulse
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Figure 9. The schematic diagram of the external unit,
consisting with TIA, APD bias voltage booster and blocks to
recovery clock and data from optical spikes.

pump networks to further elevate the output voltage
to increase the gain of the APD. After the amplifier,
the signal from the APD is sent to two logic units to
recover the clock and data signal.

The clock recovery is achieved in two steps. The
first step is to recover a trigger signal for the cycle
counter. The output of the first step is a periodic-
ally triggered signal which matches the optical pulse
detected by the APD and works like a clock signal. As
there is no phase locker for the pulse generator in the
internal unit, the output of the first step only matches
the optical pulse cycle but is not a stable clock signal.
The duty cycle of the first step output is also not cor-
rect for clock synchronize that why a second step cir-
cuit is needed to recover the clock. The first step can
be implemented with raising and falling edge detec-
tion and delay network circuits. The delay time is set
to four times of the interval between every first rise
and fall edge, which has been detected from the out-
put of the TIA. When the edge detector detects the
first rise edge, the output of the first step is set to logic
high, and it reminded high until it reaches the delay
time. The second step is designed to output a stable

8

clock signal with the recovered data. The clock cycle
of the second step output is the interval between every
first rise edge that excluded all edges during the delay
period, and the pulse width of the second step output
is half of the delay time.

The data recovery is achieved by a cycle counter
that continues count pulses when the output of first
step clock recovery is logic high. When the pulse
counter counts two pluses, the output of the data
recovery is logic 1, and when the pulse counter result
is one, the outputislogic 0. The output level remained
the same until a new counter cycle started. With the
recovered clock signal, the digital logic can be pro-
cessed further by a microcontroller and converted to a
standard digital bus signal, for example, a serial peri-
pheral interface.

2.2.3. LED module and impedance analysis at high
frequency

The LEDs has high efficiency in generating optical sig-
nal within a small area from 25 yum? to around 1 mm?
[53]. The challenge of LEDs for high-speed commu-
nication is the frequency response of LEDs follows
the first order system with corresponding bandwidth
up to hundreds of MHz [54]. When the frequency of
the signal passing to the LED goes high, the parasitic
capacitance lowers the LED efficiency and slows down
the rising and falling time, significantly lowering the
signal quality. Research on high-speed visible light
communication systems has tested and modeled the
LED:s for efficiency and signal quality improvement
[54, 55]. From the result, we can find when the bias
current passing through a LED is much smaller than
the saturation current of the diode, the parasitic capa-
citance decreases exponentially with the resistance
decreasing linearly [54, 55]. At the same time, the
inductance of the LED remained at the same level,
which means a high-power LED working at a low
current will have a better efficiency performance at a
higher frequency.

In figure 10, Ry is the resistance of the signal
source to the LED. Ry, is the bonding wire resist-
ance. L is the parallel bonding inductance. Ry is
the serial resistance. G, is the bonding wire and
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Figure 10. The equivalent circuit of LED. The LED model
consists of three parts: the intrinsic property of the diode
junction, the parasitic components induced by
manufacturing and packaging, and the ESD protection
components that are usually integrated into the commercial
LEDs.

pad capacitance. Cy. is the space-charge capacitance
in the junction. Cy is the diffusion capacitance in
the junction. R; is the junction resistance. L., Ce,Re
is the inductance, capacitance and resistance com-
ponents in the Electrostatic discharge (ESD) diode.
The impedance of the LED can be calculated as
equation (5),

Zugp = {(Ri//m) +RS} /!

1. ) . 1
[A— + jwLy + jwLy, +Rb] // []wle + o

Re|.
JwCy :.‘;CejL e:|

5)

The frequency response of the LED communica-
tion can be calculated by the following transfer func-
tion equation (6):

H(jw) v, hi
W= = —
Vs iRg +iZ1ED (]UJ)

(6)
hi is the gain of the photodiode at the receiver side.

We measured the impedance of the LED using
an impedance spectroscopy device and wrote Python
code (available on the link) to estimate the model’s
parameters and then predict the LED’s power con-
sumption when delivering short-period pulses. To
simplify the model, the intrinsic capacitance Cg + Cyc
is represented with one parameter C;.

Table 1 shows the estimated parameters at differ-
ent currents.

Figure 11 shows the prediction of the LED on high
frequency using the estimated parameter. During the
testing, we discovered that when there is no bias
voltage applied to the LED or when the bias voltage
does not generate a forward current over 50 nA, the
LED’s impedance fluctuates from each measurement.
When we send short-period pulses with a low current
under this situation, the LED will not generate a stable
optical pulse that the APD can detect. As a result, we
added a bias tracking circuit in the design to provide a
minimal optimal forward current. With the small cur-
rent bias, the impedance of the LED at high frequency
is stable, and low current voltage electrical pulses

ZXuetal

can be converted to a detectable optical pulse by
the LED.

3. Results

3.1. Experiment setup

To evaluate the performance of our design, we con-
ducted tests using a 940 nm wavelength LED, a lens,
and a high-frequency arbitrary waveform generator
(Keysight P9336A) to implement the circuit of the
internal unit. The frontend of the external unit was
implemented using discrete components, including
an ultra-low-noise and high-gain APD (MTAPD-07-
010), alow-noise APD voltage bias circuit, and a high-
speed TIA circuit. We 3D printed a housing to hold
an optical lens and a long-pass filter to implement
the optical parts of the external unit. An oscilloscope
equipped with a storage function was used to test the
data recovery function and measure data transfer per-
formance.

Figure 12(a) depicts the experimental setup used
to test the transmission distance and the impact of
misalignment between the transmitter and receiver
units, which were both mounted on optical stages.

Figure 12(b) illustrates how the distance, mis-
alignment, and angle were measured, with the green
line representing the distance, the yellow line indic-
ating the misalignment, and the angle between the
two red lines representing the misalignment angle. A
3D printed frame was used to hold the tissue and test
the data transfer performance with tissue in between,
as shown in the sub-photo on the top right corner
of figure 12(b). The transmission success judgment
was achieved by the waveform matching function in
the oscilloscope. In the experiment, we tested the data
transfer in the air with and without the lens on the
receiver side to verify the lens performance simulation
results obtained in the design stage. We used extrac-
ted skin, fat, and muscle tissue with varying thick-
ness to test the transmission performance with tissue
between the transmitter and receiver. Data transfer
experiment protocol is described in figure 13. To con-
firm the success of the data transfer, we generated a
64-bit random data segment, which we repeated 256
times to extend the data to 2 kB. We encoded the data
using the proposed modified on-off-key encoding
described in the design section and translated the data
to a waveform file. We then uploaded the waveform
file to the arbitrary waveform generator to generate
periodically repeated pulses according to the data seg-
ment. When the arbitrary waveform generator star-
ted working, we recorded the waveform from the
receiver side with no tissue in between. We exported
the waveform data from the oscilloscope and used an
edge detection function written in Python to imple-
ment the clock recovery and data decoding function
described in the design section. If the decoding result
matched the input data segment, we confirmed the
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Table 1. The LED module parameter at different forward current.
Current R; (£2) G (nF) Ry(©2) Ry(2) Gy (pF) Ly(nH) R.(92) Ce (pF) L. (nH)
50 nA 5 0.05 4.3 0.2 2.3 0.24 17 48 98
500 nA 5.1 0.013 5.3 0.2 3.3 0.24 17 60.3 98
1 pA 5 0.04 5 0.2 3.1 0.24 17 273 98
10 A 5 0.06 5 0.2 3.9 0.24 17 284 98
50 pA 1.75 0.06 1.85 0.2 4.2 0.24 17 324 98
100 pA 1.535 0.08 0.5 0.2 4.1 0.24 17 295 98
200 pA 1.355 0.44 0.5 0.2 3.71 0.25 17 345 98
5mA 0.199 5.1 5.18 0.05 11.9 2.1 94 683 40.3
50 mA 0.048 7.4 0.48 0.19 8.12 1.72 3.78 113 2.75
100 mA 0.046 18 0.46 0.19 15.4 1.74 2.54 217 7.4
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Figure 11. LED impedance estimation using the estimated parameter at different current with the LED model. Upper part shows

the amplitude, and the lower part shows the phase.

data transfer was successful; otherwise, we adjusted
the pulse width and density and repeated the process
until we obtained a positive outcome. Once the ini-
tial data transfer was confirmed, we added misalign-
ment, distance, and tissue to verify if the waveform
remained the same pattern with the recorded signal
using the built-in waveform pattern matching func-
tion of the oscilloscope. If the matching was success-
ful, we confirmed the transmission was successful,
and vice versa. As the oscilloscope had limited stor-
age to hold the receiving signal, we fixed the length of
the random data segment at 64 bits to minimize the
experiment challenge of synchronizing the waveform
generator and oscilloscope waveform catch. The data
transmission confirmation was done by the Python
code that performed circular shift and tried to match
the sending 64-bit data and the recovered data. Once
the first 64 bits found a match, and the matching
could last until the end of the recording, we regarded
this as a successful transmission. As a result of the
small data segment and the offline data transmis-
sion confirmation protocol used in the experiment,
we were not able to measure the bit error rate (BER).
The oscilloscope’s memory could hold 4 Mpts, and
the sampling rate was fixed at 5 G samples per second.
Under this setting, we could only record the receiving

10

data in 0.4 ms for transmission confirmation. We can

estimate the BER by calculation. If the transmission

passed confirmation checking, the BER must be lower
1

than. T a0 X0 For example, when tl.le data

rate is 108 Mbit s, we can confirm the BER is lower

than 2.31 x 107°.

3.2. Data rate testing result

Table 2 shows the successful data transfer testing res-
ult with different parameters and different thickness
of tissue.

3.3. Power consumption estimation

The power consumption of the proposed design’s
internal unit is estimated by combining the trans-
ducer power consumption with the circuit power
consumption. The transducer power consumption
is calculated from our LED modeling and imped-
ance testing. The circuit power consumption includes
both the functional circuit power consumption and
the power management circuit power consumption.
The functional circuit comprises the pulse generator,
encoder, and optimal bias tracking circuit. As the bias
voltage is intended to generate <1 pA current and
the circuit is operating at a frequency <500 Hz, the
power consumption of the bias tracking circuit is a
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Figure 12. The experiment setup. (a) The transmitter and
the receiver are mounted on optical stages. The LED is
mounted on the stage shown in the bottom right corner.
The stage on the bottom left is the APD with optical lens.
Oscilloscope shows the signal from TIA and the waveform
generator. (b) The setup and measurement of data transfer
distance, misalignment angle and misalignment distance,
and the frame to hold the tissue for testing. (c) The skin
tissue from pork was used in the tests. The left part is the
skin tissue, and the yellow part on the right side is a
3D-printed frame that holds the skin. A ruler shows the
thickness of the tissue. (d) The fat tissue from pork was
used in the tests. The tissue is held by a 3D printed frame
(the grey base behind the tissue) and mounted on the PCB
with the LED transmitter to ensure no light leaks from the
side. (e) Same setup to test the performance with muscle
tissue from pork. (f) Pork skin, fat, and muscle tissues were
used in the tests, and were held in place by a 3D-printed
frame. The picture shows the three-layer tissue arranged
with skin on the left, fat in the middle, and muscle on the
right. The muscle side was facing the LED during the
experiment to simulate subcutaneous transmission. (g) The
test setup with tissue. The left part is the data receiver. The
right part is the transmitter with tissue. The tissue is held by
the grey frame and mounted on the PCB with the LED
transmitter.

static value, with the testing result, this circuit con-
sumes 90 pW.

The power consumption of the plus generator
circuit and the encoder circuit is a dynamic num-
ber related to the transferring data rate. The encoder
is a digital data processing circuit, and the power
consumption is calculated with standard comple-
mentary metal-oxide-semiconductor (CMOS) power
consumption as equation (7).

In equation (7) Cpp is the power-dissipation capa-
citance, Vc is the supply voltage. Here we use 1.8 V
for the calculation. fj is the input signal frequency,
Nsw is the number of bits switching, Cy, is the load
capacitance and fo is the output signal frequency,

P =Pr+ P = (Cpp X Ve X fi X Nsw)
+ (CL x Ve X fo x Nsw) . (7)

The pulse generator we designed for this module
only consist digital logic gate and delay or buffer unit.
We estimate the power consumption by SPIC simula-
tion in LTSPICE with TSMC’s 350 nm model library
under 1.8 V power supply.

ZXuetal

We assume the efficiency of the DC-to-DC power
management circuits in the internal unit is 80%,
which is a reasonable number for a low-power system.
The calculation result of the total power consumption
of the internal unit under different data transmitting
rates is listed in table 3.

4. Discussion

We compared the system performance with some
state-of-the-art wireless communication approaches
for bio-signal sensing implants. The result is shown
in figure 14. The figure shows that the impulse radio-
ultra wide band (IR-UWB) has the highest data rate,
reaching 1.66 Gb s~! for subcutaneous application
[11]. The IR-UWB communication system’s power
consumption ranges from 6 mW to a few hundred
milliwatts [56-58]. With the advantage of a high data
rate, the power efficiency of IR-UWB technology is
still at the top level among other technologies. The
challenges remained in IR-UWB technology, includ-
ing the big antenna size of close to 100 mm?, and the
misalignment caused stability problems. For neural
implants, if the antenna is on the skull, the indi-
vidual curvature differences will require a custom
antenna design for each recipient. Ultrasonic com-
munication modules have the smallest size, lowest
power consumption, and the best tissue penetra-
tion depth. The challenge with ultrasonic is the low
data rate and limited modulation approach as it is
a backscatter-based communication [59]. Radio fre-
quency (RF) backscatter communication module also
has sub-milliwatt power consumption for the internal
unit, and a data rate can achieve 25 Mb s~! [5]. High-
speed optical links reported in other works use VCSEL
as the transducer [38, 40, 60] and conventional laser
driver circuits to drive the laser diodes. The laser-
based transducer has higher modulation bandwidth
compared to LEDs and has reached a 300 Mbit s~!
data rate [40]. The drawbacks of lasers for implant-
able applications are the big volume and more com-
plex driver circuits. From the comparison graph, we
can find that this LED-based high-speed optical link
has balanced both volume, speed, power consump-
tion, and power efficiency very well, which is the
optimal communication module for subcutaneous
neural signal sensors.

4.1. Design trade-offs

The proposed module has balanced both volume,
energy efficiency, data rate, and biosafety well, and
the data transmission performance stands at the top
of current state-of-the-art wireless communication
systems for implantable devices. However, the cur-
rent design and implementation still have some draw-
backs. First, in the external unit, we use a high reverse
voltage bias APD to detect short-period optical pulse
with a very low optical energy. In this design, the bias
voltage is 160-200 V, which is a risk to living tissue if

11
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Figure 13. The data transfer confirmation experiment protocol.
Table 2. Data transfer testing result.
Thickness Distance Receiver ~Maximum Pulse Pulse Data rate

Tissue (mm) (mm) lens misalignment®  duration (ns)  density (%)° (Mbps)
None N/A 3 Yes +5 mm 45° 10 32 16
None N/A 3 No 42 mm 15° 10 32 8
None N/A 15 No +3 mm 15° 10 32 16
None N/A 140 Yes 420 mm 30° 1.5 0.125 108
Skin 2 3 Yes 48 mm 45° 10 0.125 16
Skin 3 10 Yes 45 mm 15° 1.5 0.125 108
Fat 2 3 Yes 45 mm 30° 1.5 0.125 108
Fat 3 3 Yes +3 mm 15° 1.5 0.125 108
Muscle 2 3 Yes +8 mm 45° 1.5 0.125 108
Skin + fat + muscle 8 3 Yes +5 mm 15° 3 0.125 54

2 The misalignment is measured as described in figure 12(b), the first number in millimeter is the misalignment distance and the second

number in degree is the misalignment angle.

b Pulse density % refers to the maximum pulse duty cycle in each clock cycle, which calculated as following equation

Pulse duration X Max(numberofper bit) % 100%

Pulse density = ok oydle

Table 3. Power consumption estimation result at different data rate and power efficiency calculation result.

Circuit power Total Power
Data rate Pulse width Transducer power consumption power efficiency
(Mbps) (ns) consumption (W) (mW) (mW) (pJ/bit)
108 1.5 566 1 1.56 14.5
54 3 458 0.51 0.96 17.8
16 10 342 0.19 0.53 33.1

the high voltage part is not insulated well. Second, to
transfer power into the internal part at high efficiency,
we planned to use near field coupling, which includes
a coil in the internal unit and will limit the miniatur-
ization capability of the whole system as the coil effi-
ciency drops with decreasing coil size. Thirdly, the
LED-based transmitter has the potential to establish
an optical downlink since it can detect light with a
shorter wavelength than it emits. However, we did
not implement bidirectional optical communication
in this study because our experiment revealed that the
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LED’s impedance fluctuated when we introduced a
modulated external light source, causing the optical
pulse to become unstable.

4.2. Future work

The optical telemetry module proposed in this
work has a great potential to solve the challenge
of bandwidth-hungry high-density neural recording
implants. Thus, this work only presents a proof-
of-concept validation. There are still some engin-
eering challenges that have not been solved in this
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Figure 14. Performance comparison chart of the
state-of-the-art technologies. (a) Compare the data transfer
energy efficiency and speed. The x-axis indicates the power
efficiency of the data transmission, the y-axis indicates the
data rate, and the circle area represent the size of the data
transfer transmitter. The color code represents the tissue
penetration depth and the marker shape represent the
technology it used. (b) Compare the data transmitter size
and the transfer speed. The x-axis indicates the transmitter
size, the y-axis indicates the data transfer energy efficiency,
and the circle area represent the data transfer rate.

work like the hardware level implementation of the
low-power consumption pulse generator, the hard-
ware level implementation of the data and clock sig-
nal recovery circuits, and the miniaturization of the
whole system.

5. Conclusion

This paper presents a design of a subdermal optical
telemetry module that balances high data rate, high
power efficiency, and low volume. By simulating
the optical property of the tissue, we optimized the
optical design to improve power efficiency and signal
quality. By choosing a high-saturation-current near
inferred LED and driving it with a low amplitude
voltage pulse with an optimal bias current, the LED
can generate 1.5 ns short pulses with reasonable high
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efficiency. The proposed design is implemented with
discrete components and tested with animal tissue.
The proposed module can achieve a 108 Mbits~! data
rate with 3 mm tissue and tolerance with misalign-
ment up to 5 mm and £15°. The module’s power
consumption is below 1.57 mw, and the data trans-
mission efficiency is 14.5 pJ per bit. The volume of
the transducer in the proposed module is less than
1 mm?, which gives the proposed solution an excel-
lent potential for miniaturization and a wide vari-
ety of applications. Modeling codes and data for this
paper are available via https://dx.doi.org/10.6084/m9.
figshare.22699279.
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Abstract

Objective. Endovascular brain-computer interfaces (eBCls) offer a minimally invasive way to
connect the brain to external devices, merging neuroscience, engineering, and medical technology.
Currently, solutions for endovascular electrocorticography (ECoG) include a stent in the brain
with sensing electrodes, a chest implant to accommodate electronic components to provide power
and data telemetry, and a long (tens of centimeters) cable travel through vessels with a set of wires
in between. Removing this long cable is the key to the clinical viability of eBCIS as it carries risks
and limitations, especially for patients with fragile vasculature. Approach. This work introduces a
wireless and leadless telemetry and power transfer solution for ECoG. The proposed solution
includes an optical telemetry module and a focused ultrasound (FUS) power transfer system. The
proposed system can be miniaturised to fit in an endovascular stent, removing the need for long,
intrusive cables. Main results. The optical telemetry achieves data transmission speeds of over

2 Mbit/s, capable of supporting 41 ECoG channels at a 2 kHz sampling rate with 24-bit resolution.
The FUS power transfer system delivers up to 10 mW of power to the implant through the

scalp(6 mm), skull(10 mm), and subdural space(5 mm), adhering to safety limits. Testing on
bovine tissue (10 mm thick bone, 7 mm thick skin) confirmed the system’s efficacy. Significance.
This leadless and wireless solution eliminates the need for long cables and auxiliary implants,
potentially reducing complications and enhancing the clinical applicability of eBCls. The proposed
system represents a step forward in enabling safer and more effective ECoG for a broader range of

patients.

1. Introduction

Endovascular brain-computer interfaces (eBCIs) sys-
tems have opened up new frontiers in human-
machine interaction and have the potential to revolu-
tionize the way we understand and treat neurological
disorders [1-4]. It offers several benefits for high-
fidelity chronic recordings of cortical neural activities.
Firstly, it provides a minimally invasive approach, as
it can be implanted through a blood vessel, reducing
the risk of infection and tissue damage compared to

© 2024 The Author(s). Published by IOP Publishing Ltd

traditional invasive methods. Additionally, the stent-
electrode array allows for stable, long-term record-
ings due to its integration with the vessel wall,
which results in fewer movement-related artifacts and
improved signal quality [5, 6]. This enables research-
ers and clinicians to gain deeper insights into brain
function and develop more effective therapies for
neurological disorders.

However, a significant limitation of the current
stent-electrode array is the requirement of a long
cable within the vessel to carry the signal to a
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recording device fixated in the chest. This arrange-
ment presents a risk to the recipient, possibly leading
to complications such as thrombosis, vessel injury, or
infection [7, 8]. Furthermore, the cable can pose a sig-
nificant challenge in pediatric applications, as chil-
dren constantly grow and develop [9-11]. The fixed
cable length may not accommodate changes in the
distance from the vessel to the recording device as the
child grows, potentially leading to complications and
the need for repeated surgical adjustments [12].

To address these issues, it is crucial to develop a
wireless telemetry module that satisfies the volume
and dimension limits of the stent and can power itself
by harvesting energy from an outside source. This
wireless solution would improve eBCIs’ safety level
and expand the potential applications of the stent-
electrode array across different age groups and clinical
scenarios. However, several challenges have prevented
the invention of the telemetry module, including:

Area and volume limitation: The telemetry and
power harvesting module needs to be small enough
to fit within the confines of the blood vessel without
causing discomfort or impeding blood flow [1]. The
diameter of the stent for eBCIs is 5 mm to 9 mm to
fit in the superior sagittal sinus. Designing a com-
pact module that incorporates transducers for receiv-
ing energy and converting it into electrical power, as
well as integrating components for modulation and
encoding to transmit data, presents a significant chal-
lenge. This is further compounded by the need to
integrate control and power management circuits, all
within the limited available space.

Power consumption limitation: The module must be
highly energy-efficient, as excessive power consump-
tion will exceed the power delivery and harvesting
budget and could generate heat, potentially damaging
surrounding tissues [13]. Furthermore, for chronic
recording, the power needs to be supplied and harves-
ted continuously, which imposes constraints on the
long-term safety concern and available energy format.

High data rate requirement: Capturing high-
frequency neural activity and accommodating the
data generated by a large number of electrodes
necessitate a high data rate. A high sampling rate
is required to accurately capture the high-frequency
features of neural activity, while sufficient resolu-
tion of the analog-to-digital converter (ADC) is cru-
cial to cover the dynamic range of the neural sig-
nals [14]. As the number of electrodes increases, the
data rate multiplies accordingly, leading to a substan-
tial amount of information that needs to be transmit-
ted continuously.

Signal tissue penetration depth and absorption
rate limitation: Wireless transmission of neural
data through biological tissues can be challenging
due to signal attenuation and absorption [15, 16].

ZXuetal

The telemetry module must be able to transmit
signals through various tissue layers while maintain-
ing adequate signal strength and minimizing interfer-
ence or distortion.

The development of a miniaturized wireless
power and data module for eBCls presents a mul-
titude of challenges that require innovative engin-
eering solutions. Moreover, the module must be
biocompatible, robust, and reliable, considering it
will operate in a highly sensitive and dynamic envir-
onment within the human body [17]. Addressing
these challenges necessitates interdisciplinary col-
laboration, combining expertise in microelectronics,
materials science, biomedical engineering, and signal
processing.

Currently, significant efforts are underway to
develop power and data transmission solutions for
in-body implantable devices and some of them can
be used for ECoG systems. Among these, inductive
links can offer power budgets exceeding 50 mW and
provide data telemetry with high data rates [18-21].
However, inductive link-based technologies require
specific structures or special materials to transform
the stent into an efficient antenna. This presents chal-
lenges for clinical implementation because introdu-
cing a novel stent structure design requires long-term
clinical trials to demonstrate its safety before it can be
used in humans.

Other technologies, such as thermoelectric, tri-
boelectric, and biofuel, have the potential to fit
within a stent [18]. However, these technologies
can only offer power levels in the microwatt (W)
range [16, 22], which is insufficient to power ECoG
circuits that continuously sense and transmit data.
Piezoelectric devices can be sized to fit within a stent
and can provide power levels in the milliwatt (mW)
range [23]. Nevertheless, they typically rely on backs-
catter or passive methods for data telemetry, which do
not offer sufficient data rates to transfer high-fidelity
neural signals [23].

Our work introduces a novel solution that util-
izes optical telemetry for data transmission and piezo-
electric energy harvesting for power delivery. By com-
bining these two technologies, we address the chal-
lenges of size (cross-sectional area and volume), data
rate, and power delivery and harvesting, leveraging
the advantages of each.

2. Background

Optical telemetry, particularly in implantable med-
ical devices for neural recording, presents a compel-
ling advancement in ensuring efficient data transmis-
sion while adhering to the stringent size and power
constraints inherent to such applications [24]. The
core principle of optical data telemetry hinges on
transmitting data through optical signals, utilizing
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light, typically in the infrared or near-infrared spec-
trum, to encode and transmit information from the
implantable device to an external receiver. This tech-
nology capitalizes on the intrinsic advantages of light
as a medium, enabling high data rates, minimized
power consumption, and a substantial reduction in
the size of the telemetry module, thereby aligning well
with the imperatives of modern implantable neural
recording devices.

The optical data solution represents a power-
ful combination of three essential qualities: com-
pact size, low power consumption, and high data
rate. Together, these attributes effectively tackle the
ongoing challenge of achieving a balance between
size, power efficiency, and data transmission speed in
implantable wireless devices [25]. The compact size of
the optical telemetry module is a crucial innovation
that allows for its integration into tiny implantable
devices, thereby enhancing the capabilities of neural
interfacing and recording technologies. Additionally,
the module’s low power requirements significantly
reduce the challenges associated with power harvest-
ing circuits and the limitations of the implant’s power
source.

Furthermore, the high data transmission speed
provided by optical telemetry plays a crucial role in
enabling the real-time transfer of neural data. This
capability is essential for applications such as brain-
computer interfaces, real-time monitoring of neuro-
logical disorders, and closed-loop neurostimulation
systems [26]. This high-speed data transmission fea-
ture allows for the reliable and almost instant transfer
of extensive neural information, facilitating prompt
interventions and precise evaluations in both clin-
ical and research environments. The wireless aspect of
optical telemetry increases the flexibility and comfort
of implantable neural recording devices, removing
the requirement for external wires that might increase
infection risks and limit patient movement. With
these standout characteristics, optical data telemetry
technology considerably advances the development
of implantable medical devices, creating an envir-
onment that supports more advanced and patient-
focused neural recording and interfacing solutions.

Piezoelectric energy harvesting is a burgeoning
field within medical device technology, stemming
from the unique ability of piezoelectric materials
to convert mechanical energy into electrical energy
when subjected to stress or strain [27]. This prin-
ciple underpins the development of self-sustaining
power systems within medical devices, capitalizing on
the abundance of ambient mechanical energy sources
such as body movements, blood flow, or external
vibrations. A notable feature of piezoelectric energy
harvesting technology is its compact form and high
energy density, particularly advantageous for small-
sized implantable or wearable medical devices [28].
These attributes alleviate the spatial constraints and

ZXuetal

power limitations traditionally associated with integ-
rating batteries or other external power sources, thus
significantly enhancing the feasibility and functional-
ity of miniaturized medical devices.

Piezoelectric materials’ compactness and high
energy density are pivotal in advancing the size, power
budget, and reliability of various medical devices.
For instance, self-powered pacemakers [29], insulin
pumps [30], and cochlear implants [31] have been
developed by harnessing the piezoelectric phenom-
ena to convert biomechanical energy from heart-
beats, muscle movements, or external vibrations into
electrical energy that powers these devices or deliver
the desired function directly. Moreover, piezoelec-
tric energy harvesting technology facilitates the con-
tinuous operation of critical monitoring systems and
sensors, integral in chronic disease management and
remote patient monitoring, by providing a steady and
sustainable power supply [32].

However, despite these advantages, there are sev-
eral drawbacks associated with piezoelectric energy
harvesting technology. One of the primary challenges
is the relatively low energy conversion efficiency com-
pared to other energy harvesting technologies, which
may necessitate the incorporation of additional power
management systems to ensure a consistent energy
supply. Furthermore, the biocompatibility and pack-
aging method of piezoelectric materials within the
human body remain areas of active investigation,
as piezoelectric material will raise safety concerns
when implanted in the human body, and packaging
could potentially compromise power harvesting effi-
ciency [33, 34]. Despite these challenges, piezoelec-
tric materials’ compact nature and high energy dens-
ity leave them as one of the best candidates for power-
ing eBClIs by harvesting energy within the stent.

Focused ultrasound (FUS) waves offer new
opportunities for piezoelectric energy harvesting
for implantable device. This technique uses ultra-
sonic waves, concentrated at a specific point inside
the body, to transmit energy through the skin and
tissue directly to the device. Unlike general ultra-
sound, which disperses energy over a wider area,
FUS concentrates energy precisely at a specific target
area. This targeted approach allows for more effi-
cient energy transfer, minimizing the dissipation of
energy through non-targeted tissues and reducing the
potential for unintended heating or damage. Still, the
related ultrasound-piezoelectric issues need further
investigations, such as pressure amplitude at deep tis-
sue [35], toxic material’s connection with tissue [36,
37], and relatively low power output [38].

3. Method

Here, we present a wireless solution for eBCIs that
meet the requirements of low-volume, low-energy,
high data rate and can be powered wirelessly. This
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Ultrasound
transducer array

Figure 1. (a) Illustration of the system. In sub-figure (a), the green arrow shows the tissues. (1) Skin tissue, (2) Bone tissue, (3)

Piezoelectric

Dura mater, (4) Superior sagittal sinus. The system will have two parts. An implantable stent and an external device. All electrical
components will sit in the stent in the superior sagittal sinus for the implantable part. The external device sits over the scalp and
aligns with the implant. In the external device, an avalanche photodiode is used to collect optical signals from the implant, and an
Field Programmable Gate Arrays (FPGA) is used to decode the optical data. The ultrasound transducer array in the external
device will generate focused ultrasound that delivers energy to the stent. Sub-figure (b) shows the stent with functional
components. The sensing electrodes are on the stent for sensing electrical signals from the cortex. Three piezoelectrics sit in the
stent to convert energy from FUS to power the circuit. The optical transmitter, an 810 nm wavelength light-emitting diode (LED)

(shown in red), sits in a space within the stent. Two application-specific integrated circuits (ASICs) with control and sensing
circuits, energy harvesting and power management circuit and LED driver sit in other spaces within the stents.

solution includes an optical data telemetry module
that uses a single light-emitting diode (LED) as the
transducer. With a simplified circuit design, the data
telemetry module can transmit data at a high bit
rate while consuming low power and occupying a
minimal area. Our experiments showed that we can
achieve 5 Mbit/s telemetry data rate and consume
less than 4 mW of power with 7 mm bone and
10 mm soft tissues (fat, muscle and skin) between the
transmitter and the receiver. The result indicates that
the proposed module can transmit neural recording
from a 32-channel electrode array with each channel
sampled at 9.7 kHz with 16-bit resolution. The pro-
posed solution includes a piezoelectric energy har-
vesting unit with multiple small piezoelectric power
harvesters attached to the stent. Our simulation res-
ult showed we could harvest a maximum of 3 mW
from one piezoelectric before the delivered acoustic
pressure reaches the safety limit. With six or more
piezoelectrics, we can easily have more than a 10 mW
power budget to supply all the sensing, data telemetry,
and potential stimulation circuits. Figure 1 shows
the conceptual design of the proposed module work-
ing with an eBClIs. In the implant part, three small
piezoelectric harvesters are embedded in the stent to
power the circuits. An 810 nm wavelength LED sits
in the stent as the transducer for data telemetry. Two
small application-specific integrated circuits (ASICs)

embedded in the stent are the sensing, control, data
communication, and power management circuits. In
figure 1, above the head is the internal structure of
the concept external device for the implant. It will be
attached over the head using a headphone-like fix-
ture. This fixture is designed to maintain the external
device in a relatively fixed position on the head.
During the implantation surgery, the position of the
implant is precisely determined, and a CT scan may
be required to establish the optimal initial attachment
point for the external device. The headphone-like fix-
ture uses the two ear as the reference point for the loc-
ation, and the cross bar of the headphone-like struc-
ture is used to decide the cross-section position of
the external device. This fixture can help the external
device sit on the head with a relative fixed position.
Once the external device is attached, an algorithm
will be employed to adjust the phase of the ultra-
sound transducers within the array. This adjustment
allows the system to scan and focus the ultrasound
energy, ensuring maximum energy delivery to the
implant site. This scan and re-focus algorithm will
compensate for the rough alignment of the external
device as no precise fixed position for the external
device.

Benefiting from the small size of the piezoelectric
components and the LED, the proposed module has a
transducer volume of less than 2 mm? (One LED and
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Figure 2. (a) Skin, (b) Connective tissue, Galea aponeurotica, Loose areolar connective tissue, Periosteum, (c) Skull, (d) Dura
Mater, (e) Superior sagittal sinus Wall. Dn is the diameter of the lens. Alpha is the emitting angle of the LED, which the emitting
lens can control. The arrows represent the diffusion (blue), reflection (red), and absorption effect (pink).

Lens ‘

(a) 3¥5mm

One piezoelectric). The module has significant poten-
tial for miniaturization ability. The proof-of-concept
testing board created in this work uses discrete com-
ponents, and the total volume is less than 14 mm’
(excluding printed circuit board (PCB)), indicating
that with future ASIC development, the volume of
the module can be smaller than 4.5 mm?®. The entire
module can be easily embedded into a stent with this
volume.

To validate the proposed design, we did ana-
lysis, simulation, and proof-of-concept experiments
according to the following parameters of success:

3.1. Optical channel analysis

Research has shown that wavelengths between 750 nm
and 850 nm possess optimal optical properties for
penetrating all tissue layers of the human head [39,
40]. Technologies such as functional near-infrared
spectroscopy (fNIRS), which require light to pass
through tissues from the outside to the brain, com-
monly use wavelengths around 800 nm [41]. Based
on this evidence, we chose 810 nm for our data tele-
metry to leverage this optimal transmission window.
In the passage of 810 nm wavelength light through
the human head’s layers, distinct optical behavi-
ors are observed (see figure 2). The Superior sagit-
tal sinus wall, characterized by a thin endothelial
lining, shows low absorption and diffusion at this
wavelength, with reflection influenced by refractive
index differences between blood and adjacent tissues.

The Dura Mater, a dense collagen and elastin mem-
brane, exhibits moderate absorption and high diffu-
sion, with reflection arising from refractive index dis-
parities. The skull, comprising cortical and trabec-
ular bone, has low absorption, moderate diffusion
due to its porous structure, and reflection at tissue
interfaces. Connective tissue, rich in collagen, elastin,
and proteoglycans, demonstrates low absorption and
moderate diffusion, with reflection at tissue boundar-
ies. The skin, with its epidermal melanin and dermal
blood vessels, shows moderate absorption and high
diffusion, with reflection at the interfaces of its lay-
ers. Overall, the optical properties at 810 nm involve
varying absorption, diffusion, and reflection, primar-
ily influenced by blood, melanin, and water absorp-
tion, the fibrous nature of tissues, and structural com-
plexities facilitating light scattering and reflection at
tissue interfaces.

3.2. System design

Figure 3 shows the system’s block diagram and the
device’s conceptual design. To eliminate the need
for a long cable connecting the brain to the chest,
our plan involves integrating energy harvesting, sens-
ing, control, power management, and communic-
ation modules directly within the stent itself. An
external device will be positioned over the implant
site outside the body for seamless communication
and power delivery. To accommodate the stent’s
dimensions, we propose utilizing two ASICs to house
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the required circuitry. The first ASIC will encompass
the global controller and sensing circuitry, includ-
ing a multiplexer, amplifier, ADC, and temperature
sensor. The second ASIC will contain the energy har-
vesting, power management, bias, and pulse gener-
ator circuits. By making the circuit into two smal-
ler ASICs, the chips can be more easily adapted to
fit the constrained dimensions of the stent and min-
imize the impair to the surrounding tissue or blood
flow, which provides more flexibility in component
placement and optimizes the use of the stent’s internal
space. Separating power-intensive components (such
as energy harvesting and power management cir-
cuits) from sensitive analog components (like amp-
lifiers and ADCs) can reduce the risk of noise inter-
ference and improve signal integrity. This can res-
ult in higher accuracy and better overall performance
of the implant. The external device comprises three
primary units: a data receiver unit, a wireless power
delivery unit, and a power and battery management
unit. Given its exceptional sensitivity and high-speed
performance, we use an avalanche photodiode (APD)
as the optical data receiver. An field programmable
gate arrays (FPGA) is used in our bench experiment
for data recovery due to its flexibility and processing
capabilities, which far exceed our needs. The power
management unit will be responsible for battery man-
agement, supplying the bias voltage required for the
APD, and providing power to the FPGA.

3.3. System powering plan

The proposed solution for powering the implant in
the brain incorporates an external transducer array
and an array of minute piezoelectric materials embed-
ded within the stent itself. The transducer array, situ-
ated externally over the head, is meticulously engin-
eered to generate focused ultrasound waves. These
waves are specifically directed toward the stent’s loc-
ation within the brain, ensuring precision in energy
delivery. The transducer array comprises numerous
individual transducers, each of which can be con-
trolled independently. This allows for fine-tuning the
ultrasound beam in terms of intensity, focus, and dir-
ection, ensuring that the energy is delivered accurately
to the stent while minimizing exposure to the sur-
rounding brain tissue. The stent, positioned within
a blood vessel in the brain, is designed to be min-
imally invasive while providing the necessary sup-
port to the vessel. Embedded within the stent are
small piezoelectric materials, which have the capabil-
ity to convert the acoustic energy from the ultrasound
waves into electrical energy. A lead-free potassium-
sodium niobate with high piezoelectric coefficient ds;
is employed [42]. These materials are selected for their
high energy conversion efficiency and biocompatibil-
ity, ensuring that they function effectively within the
body without inducing adverse reactions. The piezo-
electric materials are connected to the energy har-
vesting circuit, which converts the harvested elec-
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focused ultrasound beam (blue ellipse) targets a stent embedded with a thin layer of piezoelectric material (highlighted in
orange). Upon interaction with the ultrasound, the piezoelectric layer converts the acoustic energy into electrical energy,

represented by the lightning bolt symbol.

trical energy into a stable power supply for the other
circuits.

The FUS is generated by a group of ultrasound
generators in the external unit. To ensure the safety of
the ultrasound energy, we not only set intensity limits
for each of the ultrasound generators but also care-
fully control the intensity of the FUS waves to prevent
any potential damage to the surrounding brain tis-
sue. Additionally, we plan to use the telemetry chan-
nel to include feedback mechanisms, which can let the
external unit dynamically adjust the output power,
ensuring that the energy delivery and conversion pro-
cesses are operating efficiently and safely.

Opverall, this solution provides a novel method
of powering endovascular implants in the brain,
utilizing the synergy between FUS and piezoelec-
tric materials to create a self-sufficient system that
enhances patient monitoring and intervention cap-
abilities while adhering to stringent safety standards.

Figure 4 shows the structure of piezoelectric elements
that we proposed in this work. The piezoelectric
material surface is covered by a metallic conductive
layer and an electrode connection with the stent. The
existence of multiple piezoelectric elements ensures a
constant and high-power generation.

Figure 5 visually represents the modeling and
simulation process of focused ultrasound propaga-
tion through the human brain. Part (a) displays real
computed tomography (CT) scan images from the
Visible Human Project, processed using the iSEG
tool [43], providing a detailed cross-sectional view of
the human head with various layers and anatomical
details. This initial simulation uses ultrasound waves
with an initial pressure of Py = 30 kPa and a frequency
of f =1 MHz.

Part (b) presents a modeled representation of
the human head created with Sim4Life [44], along
with a single spherical focused ultrasound transducer,
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Figure 5. Modelled focused ultrasound/brain, (a) real CT (computed tomography) scan images, (b) modelled human head and a
single spherical focused ultrasound transducer, (c) Py acoustic wave propagation through the head by the transient solution and
the transient acoustic pressure at the scalp, and (d) the steady state solution of acoustic pressure and the acoustic pressure at the

focal line.

highlighting the positioning and biological interac-
tion. This transducer generates the focused ultra-
sound waves used in the simulation.

In part (c), the figure illustrates the dynamics of
acoustic wave propagation through the head, show-
casing the transient solution and demonstrating how
these waves rapidly change over time. It also presents
the transient acoustic pressure experienced at the
scalp, providing insight into the intensity of the waves
as they initially interact with the head.

Finally, part (d) depicts the steady-state solution,
capturing the point where the acoustic waves stabil-
ize and no longer change significantly over time. The
acoustic pressure along the focal line is displayed,
indicating the precise pressure within the targeted
region of the brain where the ultrasound is most con-
centrated. The steady-state acoustic pressure along

the Z-axis, shown in figure 5(d), clearly demonstrates
the effect of the skull bone on the acoustic pressure
concentration; therefore, it is expected that the crit-
ical temperature rise occurs at the skull.

Opverall, this comprehensive figure offers a hol-
istic view of how focused ultrasound interacts with
and propagates through the intricate structures of the
human head and brain.

Acoustic-thermal analysis is carried out to meet
the long-term thermal safety criteria. Transient
ultrasound-thermal analysis for Py = 30 kPa and
f =1 MHz case is shown in figure 6(a)—(d). Due to
the acoustic pressure concentration on the skull, the
skull temperature rises to the critical temperature.
Multiple ultrasound parameters variations are set
with the limitation of temperature rise below 2° C.
The temperature rise for all frequencies is always
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below 2° C for Py = 30 kPa; thus, the acoustic pres-
sure is used for the safe ultrasound.

3.4. Experiment setup

In order to evaluate the design and performance of
the telemetry module and its associated system, we
manufactured custom PCBs featuring discrete com-
ponents for experimental purposes. Using 3D print-
ing technology, we created holders to securely posi-
tion the PCBs and the biological tissue samples during
testing. These 3D-printed holders facilitated optimal
optical alignment and precise control over distance
and potential misalignment settings.

The tissue samples were freshly obtained bovine
skin, complete with subcutaneous tissue and bone.
All the tissue samples were purchased from the local
Supermarket. The 3D-printed frame was used to
maintain a firm grip on the tissue samples through-
out the experiment. A depiction of the prepared tissue
samples is provided in figure 7.

3.5. Testing protocol
To confirm the effectiveness of data transmission via
the prototype device, we established a comprehensive

testing protocol outlined as follows: Initially, we gen-
erate a sequence of random numbers using a random
number generator. To this sequence, we add a 32-bit
prefix as a starting indicator for data transmission.
This prefix consists of four repeats of an 8-bit fixed
pattern, which helps align the signal for decoding at
the receiver’s end. Following this, the combination
of random numbers and the prefix is encoded using
either pulse-density modulation or pulse-width mod-
ulation, depending on the test iteration and the data
transmission speed being tested. We use an Analog
Discovery 2 (AD2), a FPGA multi-function instru-
ment device from DIGILENT and its application pro-
gramming interface (API) to create a signal with bin-
ary voltage levels, simulating the digital control and
data transmission circuits of our proposed system.
The output signal from the AD2 is then connected to a
custom testing board designed to include our optical
pulse generator circuits built from individual com-
ponents. In response to the data sent, the board’s LED
emits optical pulses, marking the completion of the
transmission test sequence. At the receiving end, an
avalanche photodiode captures the optical pulses and
converts them into electrical signals. These signals




A.1 Including published Paper

205

10P Publishing

J. Neural Eng. 21 (2024) 066009

ZXuetal
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Figure 7. This figure shows the tissue we used for the experiment. (a) The tissues and their thickness. The top layer is skin tissue
with subcutaneous fat. The lower three layers are bones. During the experiments, we stack different layers of bones to get different
thicknesses of bone. (b) We use a 3D-printed frame to hold the tissues and use screws to put pressure to make the tissue firmly
connected. (c) The experiment setup with tissues in between. The middle is the tissues. The left side is the receiver PCB and the

are then amplified by a trans-impedance amplifier,
followed by a cascaded operational amplifier, and
fed into another AD2 unit. In this second AD2, the
analog-to-digital converter (ADC) converts the ana-
log signals into digital format, making them ready for
transfer to a personal computer (PC). This PC uses
an adaptive peak-searching algorithm to identify the
pulses. After finding the peaks, the algorithm decodes
the signal into a binary sequence based on set pulse-
density thresholds. The software begins by searching
for the start indicator. Due to the lack of synchron-
ization between sending and receiving, a single 8-bit
pattern is used as the search criterion. Once a match-
ing pattern is found, the data following the last bit
of the prefix is extracted and shortened to 1520 bits.
The software then compares this 1520-bit sequence
with the originally transmitted data to calculate the
Bit Error Rate (BER). Subsequently, the receiving PC
signals the transmitting PC to generate a new set of
random numbers for the next test. A comprehens-
ive testing setup was deployed to evaluate the BER at
specified transmission speeds accurately. This setup
can create random images, encode them using the
described method, and then decode them to conduct
a thorough bit-level comparison between the sent and
received image data, counting the total erroneous bits
found. To establish a dependable BER metric, this
testing protocol was performed continuously for 24 h
at each set transmission speed. The tests were carried
out indoors with ambient lighting kept around 200
Lux, without direct sunlight exposure, and without
using any environmental light shielding during the
BER tests, to ensure the system’s effectiveness under
typical operating conditions without direct sunlight.

Figure 8 shows the testing protocol and how we
verify the data transmission has been successful. This
testing protocol ensures a comprehensive evaluation
of the prototype device’s data transfer capabilities,
considering synchronization, signal decoding, and
error rate analysis. The power consumption is meas-
ured by connecting a voltage source to the power
management part directly and measuring the input
current, so the power consumption already includes

the power consumption of the power management
unit, LED driver and the driver for data.

To test the power harvesting plan, we com-
bined COMSOL [45] and Sim4Life simulation soft-
ware [44] to test the harvested energy under the
safety limit. Figure 9(a) shows the model parameters
and piezoelectric element characteristics. Figure 9(b)
illustrates two primary results. The ultrasound fre-
quency plays a vital role in piezoelectric energy gen-
eration as it affects the mechanical stress in the
piezoelectric. The stent orientation is crucial as it
affects the ultrasound-solid interactions. To address
the effects of misalignment of the external device and
the implant. in our system design and evaluation we
implemented multiple piezoelectric elements (1t0 6 )
in the implantable energy harvester within the stent.
This multi-element configuration not only meet the
size limit, but also offers advantages against misalign-
ment. By using an array of piezoelectric elements, the
energy harvesting is distributed over a small area, not
a single point. This means that even if some elements
are not perfectly aligned due to misalignment, other
elements can compensate, ensuring consistent power
delivery. We conducted simulations to evaluate the
impact of angular misalignments between the trans-
mitter and receiver. we analysed misalignment angles
shows in figure 9 ranging from 0° to 5° in both azi-
muthal and elevation planes.

4. Result

We did data transfer experiments using the protocol
described in figure 8. The result is shown in table 1.

From the result, we can find that the data transfer
efficiency is higher when using pulse width modula-
tion. Still, pulse width modulation (PWM) requires
more precision timing to ensure the optical pulses can
be decoded at the receiver side. When we use pulse-
density modulation, we can relax more on timing and
simplify the driver circuit for data.

Figure 10 shows the power harvesting result of
the proposed power harvesting plan. We can see that
a single piezoelectric generates the maximum power

10
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Figure 8. The upper portion of the diagram represents the transmitter. A computer running a program generates 190 bytes of
random data at a time, limited by the buffer size of the digital input/ output (I/O) device. The program then adds a 4-byte prefix
consisting of repeating fixed data to indicate the beginning of the transmission. The data is subsequently encoded into a pulse
signal using either pulse width or pulse-density modulation. A digital I/O device generates the pulse and sends it to the testing
board, which in turn produces optical pulses based on the input pulse signal. The lower portion of the diagram represents the
receiver. Our testing board includes an analog front-end that converts the received optical pulses into electrical signals. An ADC
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performs different operations. For pulse-density modulation, it conducts peak searching and marks the pulses on the timeline.
For pulse width modulation, it uses a duty cycle searching and labeling algorithm to determine the pulse width. Once the signal is
converted into binary format, the program searches for the repeated prefix pattern. When an entire segment of the prefix is
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program compares the recovered signal with the original transmitted data to verify the data transfer and calculate the data error

TIA

\

\

\

\

\

\

AMP |

Testing board J

Acoustic pressure Stent:
(a) P.=10 kP‘; fo Hz Ls=8 mm ; D=5 mm ; t;=0.1 mm
1 /o ¢: variable (default=0°)
—
e Piezoelectric generator:
w =3 mm ; D=1 mm
Stent t,=0.14 mm ; t,=0.56 mm
(titanium) Performance parameters
R: resistant variable (default=750 Q)
blood fo: variable (default=1.4 MHz)
00
D
- Brass ¢
b
i Piezoelectric tp
1ssue KNLNS, ,-BZ
(b) . Pax104 Pax10* Pa x10° Pa x10°
. D 45 s I
5 . 0.9
7 o o5 flos
— el I gl 4 2os
e Ty 3 a2 all . allos
= [0 3 1] .
. 5 , €2 % 8o
e 22l D
hahn oo St 32 s 1121122 o3
5]
£=0.8 MHz, ¢=6° <13 fo=1.6MHz, p=2° | <[, 2 oz
0.5 -

Figure 9. The acoustic-electro-mechanical simulation of energy harvesting system, (a) model parameters of piezoelectric
generators, biomedical tissues, and acoustic pressure, (b) acoustic pressure in the tissue surrounding the piezoelectric generators
and Von Mises stress on the piezoelectric generators for two settings.

of 3.0 mW, and with the six elements, the sum of
power output is 10.0 mW. With rotated piezoelec-
tric elements, a high power output can be generated
by tuning the frequency of FUS waves. These results
illustrate the tunding of the frequency and placement

of the FUS transducer for each piezoelectric; we can
get the sum of the maximum single piezoelectric and
reach a high level of power generation.

Figure 11 presents the results of the bit error
rate (BER) test conducted at transmission speeds of

11
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Table 1. Testing results for pulse width modulation (PWM) and pulse-density modulation (PDM).
Data rate (Mbit/s)  Tissue Modul-ation  Power consumption (mW)  Efficiency (n]/bit)
0.5 Bone (5 mm) + Skin (7 mm) PWM 1.1 2.3
1 Bone (5 mm) + Skin (7 mm) PWM 1.3 1.3
2 Bone (5 mm) + Skin (7 mm) PWM 1.8 0.9
5 Bone (5 mm) + Skin (7 mm) PWM 2.7 0.54
1 Bone (5 mm) + Skin (7 mm) PDM 1.4 1.4
3 Bone (5 mm) + Skin (7 mm) PDM 2.7 0.9
2 Bone (8 mm) + Skin (7 mm) PWM 2.1 1.05
5 Bone (8 mm) + Skin (7 mm) PWM 34 0.68
3 Bone (8 mm) + Skin (7 mm) PDM 2.4 0.8
2 Bone (10 mm) + Skin (7 mm) PWM 2.6 1.3
5 Bone (10 mm) + Skin (7 mm) PWM 3.8 0.76
3 Bone (10 mm) + Skin (7 mm) PDM 2.9 0.96

5 Mbps and 3 Mbps, utilizing 10 mm bone and
7 mm skin as mediums. The figure illustrates the
setup used for the BER assessment, including the real-
time generation of a random image for testing pur-
poses. Analysis of the data reveals that, at a transmis-
sion speed of 5 Mbps with PWM, the BER was main-
tained below 1.09¢~%. Conversely, employing a trans-
mission speed of 3 Mbps with pulse density modu-
lation (PDM) resulted in a BER below 1.62¢°. The
duration of the BER assessment exceeded 24 h, dur-
ing which more than 400 Gb of data were transmitted.
The use of fresh tissue in these experiments imposed
alimitation on the duration of the BER test due to the
continuous dehydration of the tissue, which affects its
optical and electrical properties. Observations from
the test indicate that the BER exhibited fluctuations
that appeared to follow a discernible pattern, poten-
tially linked to variations in environmental lighting.
However, due to the constrained timeframe of the
experiment, a definitive correlation between envir-
onmental lighting conditions and BER fluctuations
could not be established.

5. Discussion

The wireless and leadless power and data system
proposed in this work represents a transformative
advancement for eBCIs, addressing critical power
and data transmission challenges in current eBCls
designs. The most notable contribution is the elimin-
ation of the long, cumbersome cable that traditionally
runs from the brain to the chest. Removing this cable
significantly reduces the risk of blood flow obstruc-
tion and vessel damage, which is especially beneficial
for vulnerable populations. Pediatric patients, in par-
ticular, benefit from this solution as it eliminates the
need to accommodate body growth by adjusting cable
length.

A key advantage of the proposed system lies in
its enhanced data transfer capabilities within the
extremely limited on-site space. While existing com-
munication methods such as near-field, far-field, and

12

ultra-wideband can offer higher data transmission
speeds with lower power consumption, their trans-
mitters and antennas are too large to fit within a stent.
Other methods, like ultrasound backscatter and body
area communication, have compact transmitters that
can fit inside a stent but fail to meet the bandwidth
requirements for high-fidelity endovascular electro-
corticography (ECoG) data transmission. Our sys-
tem, however, achieves a data transfer rate exceed-
ing 2 Mbit/s, marking a significant improvement that
enables real-time transmission of detailed ECoG data,
crucial for effective monitoring and intervention.

Regarding power transfer, the system provides
efficient and safe energy delivery to the implant site.
However, ensuring consistent and reliable wireless
power transfer in vivo remains a significant chal-
lenge due to attenuation caused by variable environ-
ments of tissue, bone, and blood. This is a well-known
issue in similar systems, and while our solution shows
promise, extensive real-world testing will be necessary
to confirm that it can perform in complex, variable
biological environments as effectively as in controlled
simulations.

Another concern regarding power transfer is its
suitability for long-term applications. For FUS power
delivery, an acoustic couplant is necessary for the
external FUS device to effectively transmit energy to
the proposed ECoG system. Traditional couplants,
such as ultrasound gels, can dry out over time,
require frequent reapplication, and may cause skin
irritation or discomfort during extended use. These
factors could limit the practicality and patient com-
pliance for continuous or long-term applications. To
address this challenge, future research should invest-
igate the use of solid-state biocompatible couplants
such as hydrogels, hydrophilic polymers, and 3D-
printed rubber material [46, 47]s for the FUS
device.

Another significant technical challenge is achiev-
ing hermetic packaging in the system’s design. The
telemetry module needs an optical window within
its packaging while seamlessly integrating into an
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Figure 10. Simulation of piezoelectric power generation with FUS acoustic pressure, (a) piezoelectric power output from element
number [1] to [4], and power summation for all elements. Power comparison versus ultrasound frequency and resistance load

endovascular stent. As medical devices become more Biocompatibility is also a major concern. While
compact, their designs and manufacturing processes removing the long cable reduces certain risks, intro-
become increasingly intricate, which can impact ducingnew electronic components and materials dir-
reliability, durability, and overall system perform- ectly into critical regions like the bloodstream or
ance. This complexity underscores the importance brain tissue presents new challenges. There is poten-
of thorough testing and multiple design iterations to  tial for tissue reactions, unforeseen long-term effects,

ensure optimal outcomes.

and other adverse events arising from the body’s
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Figure 11. The diagram delineates the setup and outcomes of the bit error rate (BER) testing procedure. The horizontal axis
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3 Mbit/s transfer rate. Additionally, the orange and green lines signify the total volume of data transmitted during the BER
assessment, amounting to 260 Gbit for the 3 Mbit/s rate and 421 Gbit for the 5 Mbit/s rate. We recoreded a video(Link) that also
portrays the experimental arrangement, featuring the real-time decoded random image on the computer screen. Positioned at the
left is the AD2 device serving as the receiver, while the right showcases the AD2 device functioning as the transmitter. Central to

interaction with foreign materials. Rigorous biocom-
patibility testing of newly introduced materials or
design changes is essential to prevent potential com-
plications and ensure patient safety.

Furthermore, although software simulations and
modeling provide invaluable insights, they may
only partially replicate real-world scenarios. Human
physiology and tissue responses are complex, and
the device’s behavior under actual human conditions
might present unanticipated challenges that simu-
lations need to account for. Consequently, extens-
ive in-vivo testing and post-implantation monitoring
are crucial to validate the system’s performance and
safety in real-world settings.

Finally, the leadless power and data solution for
eBClIs offers a promising direction that addresses
many drawbacks of current systems. However, it also
introduces new challenges that require careful consid-
eration, rigorous testing, and continuous monitoring
to ensure its viability, safety, and efficacy in practical
applications.

6. Conclusion

In conclusion, this paper presents a novel optical
wireless telemetry module designed for integration
within a smart stent, aiming to overcome the lim-
itations of current eBCIs such as the Stentrode™.
By eliminating the need for a long wire connecting
the stent electrodes to the encapsulated electronics,
the proposed module enhances the eBCIs’ applicab-
ility for patients with weak blood vessels or suscept-
ible vasculature and addresses the challenges associ-
ated with pediatric applications. The telemetry mod-
ule, which can transfer data at maximum 5 Mbit/s

and operate with less than 3 mW power consump-
tion, demonstrates its potential through proof-of-
concept experiments using discrete components and
fresh bovine bone, muscle, and skin tissue. Future
developments of ASICs will further refine the optical
telemetry module’s performance and pave the way
for more versatile, safer, and less invasive eBCls, ulti-
mately transforming the landscape of neuroscience,
engineering, and medical devices.
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