Microwave and Wireless Technologies Series

Antennas and Wireless
Power Transfer Methods
for Biomedical Applications

Yongxin Guo, Yuan Feng, Changrong Liu

WILEY






Antennas and Wireless Power Transfer Methods for Biomedical Applications



Microwave and Wireless Technologies Series

Series Editor: Professor Steven (Shichang) Gao, Chair of RF and Microwave Engineering, and the
Director of Postgraduate Research at School of Engineering and Digital Arts, University of
Kent, UK.

Microwave and wireless industries have experienced significant development during recent
decades. New developments such as 5G mobile communications, broadband satellite
communications, high-resolution earth observation, the Internet of Things, the Internet of
Space, THz technologies, wearable electronics, 3D printing, autonomous driving, artificial
intelligence etc. will enable more innovations in microwave and wireless technologies. The
Microwave and Wireless Technologies Book Series aims to publish a number of high-quality
books covering topics of areas of antenna theory and technologies, radio propagation, radio
frequency, microwave, millimetre-wave and THz devices, circuits and systems, electromagnetic
field theory and engineering, electromagnetic compatibility, photonics devices, circuits and
systems, microwave photonics, new materials for applications into microwave and photonics,
new manufacturing technologies for microwave and photonics applications, wireless systems
and networks.

Antennas and Wireless Power Transfer Methods for Biomedical Applications
Yongxin Guo, Yuan Feng and Changrong Liu
February 2024

RF and Microwave Circuit Design: Theory and Applications
Charles E. Free, Colin S. Aitchison
September 2021

Low-cost Smart Antennas
Qi Luo, Steven (Shichang) Gao, Wei Liu
March 2019



Antennas and Wireless Power Transfer Methods
for Biomedical Applications

Yongxin Guo

Department of Electrical and Computer Engineering
National University of Singapore
Singapore

Yuan Feng

Department of Electrical and Computer Engineering
National University of Singapore
Singapore

Changrong Liu
School of Electronic and Information Engineering

Soochow University
China

WILEY



This edition first published 2024
© 2024 John Wiley & Sons Ltd.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise,
except as permitted by law. Advice on how to obtain permission to reuse material from this title is available
at http://www.wiley.com/go/permissions.

The right of Yongxin Guo, Yuan Feng and Changrong Liu to be identified as the authors of this work has
been asserted in accordance with law.

Registered Offices
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

For details of our global editorial offices, customer services, and more information about Wiley products
visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content that
appears in standard print versions of this book may not be available in other formats.

Trademarks: Wiley and the Wiley logo are trademarks or registered trademarks of John Wiley & Sons, Inc.
and/or its affiliates in the United States and other countries and may not be used without written
permission. All other trademarks are the property of their respective owners. John Wiley & Sons, Inc. is not
associated with any product or vendor mentioned in this book.

Limit of Liability/Disclaimer of Warranty

While the publisher and authors have used their best efforts in preparing this work, they make no
representations or warranties with respect to the accuracy or completeness of the contents of this work and
specifically disclaim all warranties, including without limitation any implied warranties of merchantability
or fitness for a particular purpose. No warranty may be created or extended by sales representatives, written
sales materials or promotional statements for this work. This work is sold with the understanding that the
publisher is not engaged in rendering professional services. The advice and strategies contained herein may
not be suitable for your situation. You should consult with a specialist where appropriate. The fact that an
organization, website, or product is referred to in this work as a citation and/or potential source of further
information does not mean that the publisher and authors endorse the information or services the
organization, website, or product may provide or recommendations it may make. Further, readers should
be aware that websites listed in this work may have changed or disappeared between when this work was
written and when it is read. Neither the publisher nor authors shall be liable for any loss of profit or any
other commercial damages, including but not limited to special, incidental, consequential, or other
damages.

Library of Congress Cataloging-in-Publication Data

Names: Guo, Yongxin, author. | Feng, Yuan (Researcher), author. | Liu,
Changrong (Professor), author.

Title: Antennas and wireless power transfer methods for biomedical
applications / Yongxin Guo, Yuan Feng, Changrong Liu.

Description: Hoboken, NJ : Wiley, 2024. | Series: Microwave and wireless
technologies series | Includes index.

Identifiers: LCCN 2023046606 (print) | LCCN 2023046607 (ebook) | ISBN
9781119189916 (cloth) | ISBN 9781119189923 (adobe pdf) | ISBN
9781119189930 (epub)

Subjects: LCSH: Medical electronics. | Antennas (Electronics) | Wireless
communication systems.

Classification: LCC R856.A6 G96 2024 (print) | LCC R856.A6 (ebook) | DDC
610.285-dc23/eng/20231214

LC record available at https://lccn.loc.gov/2023046606

LC ebook record available at https://lccn.loc.gov/2023046607

Cover Design: Wiley
Cover Image: © Weiquan Lin/Moment/Getty Images

Set in 9.5/12.5pt STIXTwoText by Straive, Chennai, India


http://www.wiley.com/go/permissions
www.wiley.com
https://lccn.loc.gov/2023046606
https://lccn.loc.gov/2023046607

Contents

Foreword Xi
Preface xiii
Acknowledgment XV

1 Introduction: Toward Biomedical Applications 1
1.1 Biomedical Devices for Healthcare 1
1.1.1 Wearable Devices 3
1.1.2 Implantable Devices 6

1.2 Wireless Date Telemetry and Powering for Biomedical Devices 8
1.2.1 Wireless Data Telemetry for Biomedical Devices 8
1.2.2 Wireless Power Transmission for Biomedical Devices 12

1.3 Overview of Book 13
References 14
2 Miniaturized Wideband and Multiband Implantable Antennas 17
2.1 Introduction 17
2.2 Miniaturization Methods for Implantable Antenna Design 18
2.2.1 Use of High-permittivity Dielectric Substrate/Superstrate 18
2.2.2 Use of Planar Inverted-F Antenna Structure 20
2.2.3 Lengthening the Current Path of the Radiator 22
2.2.4 Loading Technique for Impedance Matching 24
2.2.5 Choosing Higher Operating Frequency 26

2.3 Wideband Miniaturized Implantable Antenna 28
2.3.1 Introducing Adjacent Resonant Frequency Points 28
2.3.1.1 Linear Wire Antenna 28

2.3.1.2 Slot Antenna 32

2.3.1.3 Loop Antenna 34

2.3.1.4 Microstrip Patch Antenna 34

2.3.2 Multiple Resonance and Wideband Impedance Matching 35

2.3.3 Advanced Technology for Detuning Problem 49



vi

Contents

2.4 Multiband Miniaturized Implantable Antennas
2.4.1 Compact PIFA With Multi-current Patch
2.4.2 Open-end Slots on Ground
2.4.3 Single-layer Design

2.5 Conclusions

References

3 Polarization Design for Implantable Antennas

3.1 Introduction
3.2 Compact Microstrip Patch Antenna for CP-implantable Antenna Design
3.2.1 Capacitively-loaded CP-implantable Patch Antenna
3.2.1.1 An Implantable Microstrip Patch Antenna with a Center
Square Slot
3.2.1.2 Compact-implantable CP Patch Antenna with Capacitive
Loading
3.2.1.3 Communication Link Study of the CP-implantable Patch
Antenna

3.2.1.4 Sensitivity Evaluation of the Implantable CP Patch Antenna
3.2.2 Miniaturized Circularly Polarized-implantable Annular-ring Antenna

3.3 Wide AR Bandwidth-implantable Antenna
3.3.1 Miniaturized CP-implantable Loop Antenna
3.3.1.1 Configuration of the CP-implantable Loop Antenna
3.3.1.2 Principle of the CP-implantable Loop Antenna
3.3.1.3 Antenna Measurement and Discussions

3.3.1.4 Communication Link of the Implantable CP Loop Antennas

3.3.2 Ground Radiation CP-implantable Antenna

3.4 Application Base Design of CP-implantable Antenna — Capsule Endoscopy

3.4.1 Axial-mode Multilayer Helical Antenna
3.4.1.1 Antenna Structure
3.4.1.2 Conformal Capsule Antenna Design Including
Biocompatibility Shell Consideration
3.4.1.3 Wireless Capsule Endoscope System in a Human Body
3.4.1.4 In Vitro Testing and Discussions
3.4.2 Conformal CP Antenna for Wireless Capsule Endoscope Systems
3.4.2.1 Antenna Layout and Simulation Phantom
3.4.2.2 Mechanism of CP Operation
3.4.2.3 Results and Discussion
3.5 In Vivo Testing of Circularly Polarized-implantable Antennas
3.5.1 In Vivo Testing Configuration
3.5.2 Measured Reflection Coefficient
3.5.3 Analysis of the Results and Discussions
3.6 Conclusions
References

50
50
54
55
61
61

67
67
68
68

68

71

73
75
79
83
83
83
86
88
90
91
97
97
929

101
103
108
112
112
114
115
118
118
119
120
122
124



4 Differential-fed Implantable Antennas

4.1
4.2

4.3

4.4

4.5

4.6

4.7

Introduction
Dual-band Implantable Antenna for Neural Recording
4.2.1 Differential Reflection Coefficient Characterization
4.2.2 Antenna Design and Operating Principle
4.2.3 Measurement and Discussions
4.2.4 Communication Link Study
Integrated On-chip Antenna in 0.18 pm CMOS Technology
4.3.1 System Requirement and Antenna Design
4.3.2 Chip-to-SMA Transition Design and Measurement
Dual-band Implantable Antenna for Capsule Systems
4.4.1 Planar-implantable Antenna Design
4.4.2 Conformal Capsule Design
4.4.3 Coating and In Vitro Measurement
Miniaturized Differentially Fed Dual-band Implantable Antenna
4.5.1 Miniaturized Dual-band Antenna Design
4.5.2 Parametric Analysis and Measurement
4.5.2.1 The Effect of the Shorting Strip
4.5.2.2 The Effect of the Length of L-shaped Arms
4.5.2.3 Measurement
Differentially Fed Antenna With Complex Input Impedance for Capsule
Systems
4.6.1 Antenna Geometry
4.6.2 Operating Principle
4.6.2.1 Equivalent Circuit
4.6.2.2 Parametric Study
4.6.2.3 Comparison With T-Match
4.6.3 Experiment
Conclusions

References

5 Wearable Antennas for On-/Off-Body Communications

5.1
5.2

5.3
5.4

5.5

Introduction

Exploring Wearable Antennas: Design and Fabrication Techniques
5.2.1 Typical Designs of Wearable Antennas

5.2.2 Variation of Antenna Characteristics and Design Considerations
5.2.3 AMC-Backed Near-Endfire Wearable Antenna

Latex Substrate and Screen-Printing for Wearable Antennas Fabrication
AMC-backed Endfire Antenna

5.4.1 Bidirectional Yagi Antenna for Endfire Radiation

5.4.2 Near-Endfire Yagi Antenna Backed by SAMC

5.4.3 Near-Endfire Yagi Antenna Backed by DAMC

Simulations of the Antennas in Free Space

Contents

129
129
130
130
131
134
136
137
139
142
146
146
149
153
154
155
158
158
158
159

160
161
162
163
164
166
169
172
173

177
177
179
179
181
182
183
184
184
184
187
189

vii



viii

Contents

5.5.1 Return Loss
5.5.2 Radiation Patterns
5.5.3 Gain
5.6 Simulations of the Antennas on Human Body
5.6.1 Frequency Detuning
5.6.2 SAR and Antenna Efficiency
5.6.3 Radiation Patterns on A Human Body
5.7 Antenna Performance Under Deformation
5.8 Experiment
5.8.1 Return Loss
5.8.2 Radiation Pattern Measurement
5.8.3 Gain Measurement
5.9 Conclusion
References

Investigation and Modeling of Capacitive Human Body Communication
6.1 Introduction
6.2 Galvanic and Capacitive Coupling HBC
6.3 Capacitive HBC
6.3.1 Experimental Characterizations
6.3.2 Numerical Models
6.3.3 Circuit Models of Capacitive HBC
6.3.4 Theoretical Analysis
6.4 Investigation and Modeling of Capacitive HBC
6.4.1 Measurement Setup and Results
6.4.2 Simulation Setup and Results
6.4.3 Equivalent Circuit Model
6.5 Conclusions: Other Design Considerations of HBC Systems
6.5.1 Channel Characteristics
6.5.2 Modulation and Communication Performance
6.5.3 Systems and Application Examples
References

Near-field Wireless Power Transfer for Biomedical Applications
7.1 Introduction
7.2 Resonant Inductive Wireless Power Transfer IWPT) and IWPT Topologies
7.2.1 Resonances in IWPT
7.2.2 Resonant IWPT Topologies
7.2.3 Power Transfer Efficiency
7.2.4 Experimental Verification
7.2.5 Limitations of the Resonance Tuning
7.3 IWPT Topology Selection Strategies
7.3.1 For Applications With a Fixed Load
7.3.2 For Applications With a Variable Load

189
189
190
191
191
192
194
195
198
198
198
201
201
202

205
205
206
207
207
211
212
212
214
214
220
226
230
231
232
232
233

237
237
238
238
242
242
244
245
247
247
249



7.4

7.5

7.6

7.3.3 Optimal Operating Frequency
7.3.4 Upper Limit on Power Transfer Efficiency
Capacitive Wireless Power Transfer (CWPT)
7.4.1 NCC Link Modeling
7.4.1.1 Tissue Model
7.4.1.2 Tissue Loss
7.4.1.3 Conductor Loss (R)
7.4.1.4 Self-inductance
7.4.1.5 Equivalent Capacitance
7.4.1.6 Return Loss
7.4.1.7 Power Transfer Efficiency
7.4.1.8 Power Transfer Limit
7.4.2 Full-wave Simulation
7.4.3 Optimal Link Design
CWPT: Experiments in Nonhuman Primate Cadaver
7.5.1 Study on Power Transfer Efficiency
7.5.2 Flexion Study
Summary

References

Far-field Wireless Power Transmission for Biomedical Application

8.1
8.2

8.3

Introduction
Far-Field EM Coupling
8.2.1 Power Transfer Efficiency
8.2.2 Link Design
8.2.3 Challenges and Solutions
Enhanced Far-field WPT Link for Implants
8.3.1 Safety Considerations for Far-field Wireless Power Transmission
8.3.2 Implantable Rectenna Design
8.3.2.1 Implantable Antenna Configuration
8.3.2.2 Wireless Power Link Study
8.3.2.3 Safety Concerns
8.3.2.4 Method to Enhance the Received Power
8.3.2.5 Wireless Power Link With the Parasitic Patch
8.3.3 Measurement and Discussion
8.3.3.1 Rectifier Circuit Design
8.3.3.2 Integration Solution of the Implantable Rectenna
8.3.3.3 Measurement Setup

8.4 WPT Antenna Misalignment: An Antenna Alignment Method Using

Intermodulation
8.4.1 Operation Mechanism
8.4.1.1 PCE Enhancement and Intermodulation Generation
8.4.1.2 Relation Between Intermodulation and Misalignments
8.4.2 Miniaturized IMD Rectenna Design With NRIC Link
8.4.2.1 Miniaturized Rectifier With Intermodulation Readout

Contents

251
252
254
256
257
258
260
260
260
261
261
262
264
266
267
267
269
270
272

275
275
275
277
278
279
280
280
281
281
284
285
287
288
290
291
294
295

297
298
298
300
300
300

ix



X

Contents

8.4.3

8.4.2.2 IMD Antenna Codesigned With Rectifier Circuit
8.4.2.3 NRIC Link Establishment

Experimental Validation

8.4.3.1 Experimental Setup

8.4.3.2 Results and Discussion

8.5 Summary

References

9 System Design Examples: Peripheral Nerve Implants and Neurostimulators
9.1 Introduction
9.2 Wireless Powering and Telemetry for Peripheral Nerve Implants

9.2.1

9.2.2

9.2.3

9.24

9.2.5

Peripheral Nerve Prostheses

9.2.1.1 Stimulator Implant

9.2.1.2 Neural Recording

9.2.1.3 Wireless Power Delivery and Telemetry Requirements
Wireless Platform for Peripheral Nerve Implants

9.2.2.1 Wireless Platform for Stimulator Implant

9.2.2.2 Wireless Platform for Recording Implant

Design and Experiments

9.2.3.1 Power Transfer Characteristics in Tissue Environments
9.2.3.2 Power Transfer Link for Peripheral Nerve Implants
9.2.3.3 Stimulator Implant Experiment

Safety

9.2.4.1 Biosafety

9.2.4.2 Electrical Safety

Near-field Resonant Inductive-coupling Link (NRIC) Versus
Near-field Capacitive-coupling Link (NCC)

9.3 Co-matching Solution for Neurostimulator Narrow Band Antenna

9.3.1
9.3.2
9.3.3
9.34
9.3.5
9.3.6

Co-matching Antenna Operating Mode

Antenna Property in Body Phantom

Co-matching Circuit Design

Fabrication Processing of the Proposed Antenna
Reflection Coefficient and Impedance Measurement
Radiation Performance

9.4 Reconfigurable Antenna for Neurostimulator

9.4.1
9.4.2
9.4.3
9.4.4
9.4.5

Tuning Principle

Antenna Configuration and Design Procedures
Antenna Manufacturing and Measurement Setup
System Design

Antenna Tuning and Optimized RF Link

9.5 Summary

References

Index

302
304
306
306
308
309
310

313
313
314
314
314
314
316
317
317
319
319
320
323
324
328
328
328

328
330
332
334
336
338
339
340
343
344
344
347
348
349
352
352

357



Foreword

The journey of innovation has always been a tale of intersections. When seemingly disparate
fields merge, they often pave the way for groundbreaking advancements that possess the
potential to redefine human experience. “Antennas and Wireless Power Transfer Meth-
ods for Biomedical Applications” is a testament to such an intersection - a melding of the
intricate world of antenna technology with the domain of biomedical applications. This
exploration is not just an academic endeavor but a beacon that points toward a future where
healthcare is seamless, efficient, and unobtrusive.

The significance of antennas and wireless communication in our daily lives is undisputed.
However, their application in the biomedical realm elevates their importance to another
level altogether. The promise of real-time physiological monitoring, remote treatments, and
the potential elimination of cumbersome wires and frequent recharging brings us a step
closer to a future where patient care is not just effective but also deeply personalized.

From the opening chapter, the reader is provided a glimpse into the vast expanse of
possibilities that emerge when biomedical applications are integrated with modern com-
munication techniques. The subsequent chapters delve deep into the specifics, elucidating
the complexities of designing miniaturized and multiband implantable antennas, the art
and science behind polarization designs, and differential-fed implantable antennas.

The chapters on wearable antennas and capacitive human body communication further
expand the horizon, outlining a world where our very body becomes a medium of commu-
nication. Yet, for all these advancements to be feasible, power remains central. The sections
on near-field and far-field wireless power transfer demystify the magic behind powering
these marvels of technology.

By the time one reaches the concluding chapter, it becomes evident that all these threads
of knowledge intertwine to create systems that can revolutionize healthcare, as exemplified
by the design intricacies of peripheral nerve implants and neurostimulators.

As you embark on this enlightening journey, it is my hope that you not only grasp the
technicalities detailed within these pages but also appreciate the broader vision. This is not
just a book but a canvas depicting a future where technology and medicine come together
to ensure healthier, longer, and more fulfilling lives for all.

It is with great enthusiasm that I commend this invaluable resource to anyone eager to
glimpse into the future of biomedical innovations. Let the discoveries within these pages
inspire and propel you into a world of boundless potential.

Xi






Preface

It is our privilege to present this comprehensive book, “Antennas and Wireless Power
Transfer Methods for Biomedical Applications,” a publication that delves into the increas-
ingly essential role that antennas and wireless power transfer technologies play in the
realm of biomedical applications. This book provides an in-depth exploration of the latest
research and advancements in this intersection of engineering and medical science.

In the contemporary world, the ability to monitor and modulate various physiological and
pathological conditions remotely and wirelessly has brought about revolutionary changes
in healthcare and treatment modalities. In this context, antennas, with their role in commu-
nication, and wireless power transfer methods, enabling remote powering of implantable
devices, stand as the twin pillars supporting these advancements.

Chapter 1 introduces the world of biomedical applications and sets the stage for the rest
of the book. Here, we traverse the journey of the field, charting out its evolution and con-
textualizing its relevance in today’s healthcare landscape.

In Chapters 2 and 3, we dive deep into the realm of implantable antennas. We investi-
gate their bandwidth enhancement and miniaturization and tackle the issue of polarization
design. Chapter 4 brings a specific focus on differential-fed implantable antennas, exploring
the particular challenges and opportunities that they present.

We shift our attention to wearable technologies in Chapter 5, examining the role of anten-
nas in on-body and off-body communication. This is followed by Chapter 6, where we
venture into the cutting-edge domain of capacitive human body communication, breaking
down its mechanisms and outlining its potential applications.

Chapters 7 and 8 tackle the critical aspect of power delivery to these wireless devices.
We provide an extensive examination of near-field and far-field wireless power transfer
methods and discuss their respective merits and challenges.

Finally, in Chapter 9, we bring all these aspects together through a system design example.
This comprehensive application illustrates the integration of these concepts in the design
of peripheral nerve implants and neurostimulators.

This book aims to be a beneficial resource for researchers, academicians, professionals,
and students engaged in the design and application of antennas and wireless power trans-
fer techniques for biomedical applications. We have endeavored to present the topics in
an accessible and reader-friendly manner while maintaining academic rigor and technical
depth.

February 2024, Singapore Yongxin Guo
Yuan Feng
Changrong Liu
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1

Introduction: Toward Biomedical Applications

1.1 Biomedical Devices for Healthcare

The advancement in healthcare and health monitoring technologies has closely paralleled
the overarching trajectory of human civilization. In ancient China, for example, practition-
ers of traditional medicine utilized methodologies such as observation, auditory examina-
tion, inquiry, and pulse diagnosis—referred to as “Wang, Wen, Wen, Qie”—to determine an
individual’s health status. These practices, marking the earliest recorded instances of health
monitoring, underscored the importance of examining physical manifestations, listening
to patients’ reported symptoms, inquiring about their medical history, and palpating their
pulse in the diagnosis and treatment of various health conditions. Though these methods
hinged on subjective assessments, they established an understanding of the crucial linkage
between external physical signs and internal health conditions.

With the advent of revolutionary technological and medical breakthroughs, we have
embarked on a remarkable journey toward a more precise, quantitative characterization
of human health and disease states. This entails harnessing an extensive array of physical,
electrical, and chemical indicators in a quest for precise and quantitative comprehension
[1] (Figure 1.1). This transition, marking the dawn of modern, data-driven medicine,
spurred the development of advanced biomedical devices [2]. These devices integrate
sophisticated sensing technologies, data analysis algorithms, and wireless communication
capabilities, paving the way for precise and continuous health monitoring [3].

Physical indicators tied to human health include metrics such as heart rate and pulse,
which can be gauged through the detection of bodily mechanical movements. Electrical
indicators involve signals generated by potential differences within the human body, such as
electrocardiograms (ECGs), electroencephalograms (EEGs), and electromyograms (EMGs).
These electrical signals reflect the electrical activity of the heart, brain, and muscles, respec-
tively, offering valuable insights into the functionality of these vital organs and our overall
physiological state.

Chemical indicators, including metrics such as blood oxygen saturation and glucose
levels, provide crucial insights into metabolic activities and bodily functions. These
parameters are measured using specialized sensors and analytical techniques, facilitating
the early detection and proactive management of a myriad of health conditions, ranging
from respiratory disorders and cardiovascular diseases to diabetes.

Antennas and Wireless Power Transfer Methods for Biomedical Applications, First Edition.

Yongxin Guo, Yuan Feng and Changrong Liu.
© 2024 John Wiley & Sons Ltd. Published 2024 by John Wiley & Sons Ltd.
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Figure 1.1 Physical, electrical, and chemical indicators for a human body. Source: Chen et al.
[1]/Springer Nature/CC BY 4.0.
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Figure 1.2 Biomedical sensors for health monitoring. Source: Choi et al. [3]/John Wiley & Sons.

The advent of biomedical devices has revolutionized healthcare by integrating these phys-
ical, electrical, and chemical indicators into comprehensive health-monitoring systems, as
shown in Figure 1.2. Designed to measure, record, and analyze vital signs, these devices
equip healthcare professionals with the data necessary to make informed decisions regard-
ing patient diagnosis, treatment, and care. As technology continues to advance, biomedical
devices are becoming increasingly miniaturized, accurate, and interconnected. This evo-
lution not only enables individuals to actively monitor their health, but it also fosters the
rise of personalized healthcare models, reshaping the healthcare landscape as we know it.



1.1 Biomedical Devices for Healthcare

Over the years, the evolution of biomedical devices for healthcare has been marked by
substantial advancements, primarily driven by the growing demand for accurate and tai-
lored health-monitoring solutions. Initially, the focus of biomedical devices centered on
recording basic vital signs, such as heart rate and blood pressure, using analog tools. How-
ever, the emergence of digital technology and the drive toward miniaturization have led to
the transformation of these devices into intricate systems capable of monitoring a broad
spectrum of physiological parameters [4].

The integration of sensor technologies [4], signal processing algorithms [5], and wireless
communication capabilities [6] has spearheaded the development of wearable devices
[7], remote health-monitoring systems [8], and implantable medical devices [9]. Wearable
devices, such as fitness trackers and smartwatches, have gained significant popularity due
to their ability to provide real-time monitoring of vital signs, physical activity, and sleep
patterns. These tools empower individuals to keep track of their health and make informed
lifestyle decisions.

Remote monitoring systems have brought about a revolution in healthcare, enabling
medical professionals to remotely monitor patients’ health status and intervene as
necessary. These systems typically utilize wearable sensors, home-monitoring devices,
and mobile applications, facilitating patients to transmit their health data to healthcare
providers for analysis and timely intervention. This approach is especially beneficial for
individuals with chronic conditions, the elderly, and those residing in remote locations,
as it minimizes the need for frequent hospital visits, thereby enhancing overall healthcare
accessibility and outcomes.

Implantable medical devices have also played a pivotal role in the advancement of
healthcare. These devices are surgically placed inside a human body to monitor and
manage specific medical conditions. Examples of such devices include pacemakers for
regulating cardiac rhythm disorders, neurostimulators for controlling chronic pain or
movement disorders, and implantable glucose monitors for diabetes management. These
devices often incorporate wireless communication capabilities to facilitate data transfer
and remote monitoring, enabling healthcare professionals to closely track patients’
conditions and adjust treatment protocols accordingly.

The relentless advancements in technology, including miniaturization, improved power
efficiency, and enhanced connectivity, have significantly broadened the capabilities of
biomedical devices. Further, the integration of artificial intelligence and machine learning
algorithms enhances the diagnostic and monitoring abilities of these devices, enabling
early detection of irregularities, personalized treatment recommendations, and improved
patient outcomes.

In the following sections, we will provide examples of some of the current state-of-the-art
wearable and implantable medical devices. These devices showcase the advancements in
technology and their potential to revolutionize healthcare.

1.1.1 Wearable Devices

Asillustrated in Figure 1.3, wearable devices embody a multitude of forms, merging sophis-
ticated sensing technologies with accessible and user-centric designs [10]. These devices
offer an array of capabilities, granting individuals the opportunity to track their health

3
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Figure 1.3 Wearable medical devices used in patient care. Source: Ref. [10].

indicators in real-time. Here, we delve into a variety of wearable devices, elucidating their
distinct functionalities and application methods.

Wearable spirometers integrated with masks: Specifically designed for individuals
managing respiratory conditions such as asthma or chronic obstructive pulmonary disease
(COPD), these devices make measuring lung function parameters, including forced
vital capacity (FVC) and forced expiratory volume in one second (FEV1), conveniently
accessible [11]. The ability to track respiratory health, observe changes in lung function,
and adjust medication or treatment plans accordingly equips users with a proactive
approach to their health. Additionally, wireless communication technology facilitates data
transmission to healthcare providers for remote monitoring and analysis, enabling prompt
intervention and personalized care.

Wearable watches and wristbands with integrated blood pressure, oxygen satura-
tion, and pulse monitoring sensors: These devices offer consistent monitoring of vital
signs, including blood pressure, oxygen saturation levels, and pulse rate. Throughout the
day, users can easily track these parameters, fostering early detection of any potential irregu-
larities. This vital information is particularly useful for individuals managing hypertension,
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cardiovascular diseases, or respiratory conditions. Furthermore, wireless connectivity
supports seamless transmission of vital sign data to healthcare professionals for remote
monitoring, providing real-time feedback and proactive condition management [12].

Body temperature and activity tracking sensors: Devices equipped with temperature
sensors and accelerometers empower users to monitor body temperature variations and
track their physical activity levels [13]. These devices find versatile applications, including
fitness tracking, sleep monitoring, and remote patient monitoring. With wireless connectiv-
ity, data is seamlessly transmitted to healthcare providers, allowing for remote assessments
and personalized care recommendations based on collected data.

Upper arm wearable continuous glucose monitors (CGMs): For individuals man-
aging diabetes, CGMs are invaluable. These devices consistently monitor glucose levels
in interstitial fluid, reducing the need for routine finger pricks [14]. Real-time tracking of
glucose levels equips users with better glycemic control and informed decision-making
regarding insulin administration, dietary choices, and physical activity. The wireless
connectivity of CGMs enables data transmission to smartphones or dedicated receivers,
supporting remote monitoring by healthcare providers and timely adjustments to diabetes
management plans.

Thigh and calf wearable devices for range of motion assessment: In rehabilitation
settings, these devices are useful for assessing joint mobility and tracking range of motion
[15]. They typically incorporate sensors to capture muscle activity signals and motion data,
evaluating progress for patients with musculoskeletal conditions or those recovering from
joint surgeries. These devices’ wireless communication capabilities allow collected data to
be transmitted to healthcare professionals for remote assessments and guidance, thereby
enabling personalized rehabilitation plans and timely adjustments.

Wearable transcutaneous electrical nerve stimulation (TENS) therapy devices:
These devices offer non-invasive pain relief by administering electrical stimulation to
specific body areas. Frequently utilized for managing chronic pain conditions such as back
pain or arthritis, users can adjust the intensity and frequency of the electrical stimulation
to their needs. With the integration of wireless communication technology, TENS devices
can be remotely controlled and monitored, enhancing pain management convenience and
effectiveness [16].

Insulin pumps: These wearable devices provide individuals with type 1 diabetes or
insulin-dependent type 2 diabetes with a consistent, precise insulin delivery method
throughout the day [17]. Typically worn on the body, these pumps offer continuous insulin
infusion, eliminating the need for multiple daily injections. Their wireless connectivity
supports remote monitoring of insulin delivery, facilitating personalized insulin dose
adjustments, and easing diabetes management.

Smart gloves [18]: Particularly beneficial for rehabilitation purposes, these gloves assist
individuals with hand injuries or neurological conditions affecting hand movements.
Incorporating sensors that capture hand movements, smart gloves offer real-time feedback
and guidance during rehabilitation exercises. The wireless connectivity enables remote
monitoring by healthcare professionals and supports personalized rehabilitation plans and
progress tracking.

Holter monitors and ECG patches: These wearable devices provide long-term ECG
monitoring. While Holter monitors [19] are typically portable devices, ECG patches
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[20] are adhesive patches that adhere directly to the skin. Both continuously record the
heart’s electrical activity over an extended period, facilitating the detection and analysis of
abnormal cardiac rhythms or arrhythmias. Their wireless connectivity allows for remote
monitoring and immediate intervention in case of critical events.

Wearable cardioverter defibrillators (WCDs) [21]: These external devices continu-
ously monitor the heart’s electrical activity, prepared to deliver a shock to restore normal
heart rhythm in the event of a life-threatening arrhythmia. WCDs are prescribed for
individuals at high risk of sudden cardiac arrest, providing temporary protection until
definitive treatment can be administered. The wireless connectivity enables remote
monitoring by healthcare professionals, ensuring prompt detection of arrhythmias and
appropriate intervention.

These wearable devices underscore the transformation of healthcare through technology,
empowering individuals to monitor their health metrics, manage chronic diseases, and
facilitate remote healthcare collaborations. The incorporation of wireless communication
technology enables seamless data transmission, remote observation, and personalized
healthcare provision. As the wearable devices field continues to progress, we can look for-
ward to more sophisticated advancements in miniaturization, precision, and connectivity,
heralding a new era of personalized and preventive healthcare.

1.1.2 Implantable Devices

As depicted in Figure 1.4, implantable devices are meticulously engineered for surgical
implantation within the body, providing enduring therapeutic advantages and substan-
tially enhancing the quality of life for patients. In this segment, we delve into a variety
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Figure 1.4 Implantable medical devices used in patient care. Source: Mayo Clinic.
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of implantable devices, including pacemakers, artificial cochlea, medication pumps, cap-
sule endoscopic systems, and neurostimulators, such as Deep Brain Stimulation (DBS) and
Spinal Cord Stimulation (SCS).

Pacemakers: Utilized to manage abnormal heart rhythms or combat bradycardia (a slow
heart rate), pacemakers are implantable devices comprising a compact electronic unit and
one or more leads that dispatch electrical impulses to the heart muscle, aiding in main-
taining a regular heartbeat [22]. They incessantly monitor the heart’s electrical activity
and deliver stimulation as needed. Tailored to individual requirements, pacemakers can
be programmed and adjusted remotely due to advancements in wireless communication
technology, thus permitting healthcare providers to ensure optimal device performance.

Artificial Cochlea: More commonly known as cochlear implants [23], these devices
are designed to restore auditory sensation in individuals experiencing severe to profound
sensorineural hearing loss. The system includes an external speech processor and an inter-
nal electrode array that is surgically positioned inside the cochlea. The speech processor
captures auditory inputs and converts them into electrical signals. These signals bypass
damaged or dysfunctional hair cells in the ear, stimulating the auditory nerve directly,
thereby facilitating the perception of sound. Each cochlear implant system is highly
personalized, with programming fine-tuned to align with the specific auditory require-
ments of the individual. Cochlear implants utilize wireless energy and data transmission,
enabling efficient communication between the external speech processor and the internal
electrode array. The processed audio signals, including speech and environmental sounds,
are wirelessly transmitted from the speech processor to the internal electrode array. This
electrode array then translates the received signals into electrical impulses, which are
delivered to different sections of the auditory nerve, thus simulating the sensation of sound.

Medication Pumps: Also referred to as drug infusion systems, these implantable devices
offer controlled and continuous delivery of medication directly into specific body regions
or systems [24]. Often used to manage chronic pain, spasticity, or conditions necessitat-
ing long-term medication administration, these programmable pumps allow healthcare
providers to adjust the dosage and delivery rate based on patient needs. The implantation
site varies according to the target area of the medication. Wireless communication tech-
nologies enable remote dosage monitoring and adjustment.

Capsule Endoscopic Systems: As a minimally invasive diagnostic tool, capsule
endoscopy employs a wirelessly enabled, ingestible capsule embedded with a camera to
visualize the interior of the gastrointestinal tract [25]. Upon ingestion, the capsule journeys
naturally through the digestive system, capturing images and subsequently transmitting
them wirelessly to an external receiver worn by the patient. Given the need for real-time
and high-definition image transmission from within the body to the receiver, capsule
endoscopic systems pose rigorous demands on wireless communication bandwidth and
power consumption. The transmission speed must be sufficiently high to relay quality
images without substantial delay or data loss. Additionally, considering that the capsule’s
voyage through the entire gastrointestinal tract can span several hours, power efficiency
becomes critical to ensure the capsule’s operation duration and consistent image trans-
mission throughout the procedure. Capsule endoscopic systems provide a non-invasive,
patient-centered alternative for diagnosing various gastrointestinal conditions such as
Crohn’s disease, ulcers, and tumors, particularly in hard-to-reach areas such as the small
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intestine, traditionally challenging to access with standard endoscopic techniques. By
eliminating the necessity for invasive procedures or sedation, capsule endoscopy reduces
patient discomfort and minimizes potential complication risks. The wireless communica-
tion functionality within these systems facilitates seamless data transmission from inside
the body, equipping healthcare professionals with in-depth, accurate visual data necessary
for diagnosis and treatment planning.

Neurostimulators: These implantable devices, designed to deliver electrical impulses
to particular nerves or brain regions, are employed in the treatment of diverse neurological
conditions. Techniques such as DBS [26] can alleviate symptoms associated with move-
ment disorders such as Parkinson’s disease or essential tremor. In contrast, SCS [27] is used
to manage chronic pain conditions by sending electrical stimulation to the spinal cord.
Neurostimulators are highly customizable, offering programmable parameters to meet
individual patient needs. Alongside their therapeutic functionality, neurostimulators have
evolved to incorporate sophisticated features for monitoring and data transmission. For
instance, certain closed-loop neurostimulators [28-30] come with physiological sensing
capabilities, including the ability to record EEG signals, making them indispensable
tools for both scientific research and clinical applications in the realm of brain-computer
interfaces. Consequently, these systems have necessitated the transmission of substantial
amounts of physiological data from within the body to an external receiver, similar to the
demands of capsule endoscopy systems.

Each of these implantable devices brings distinct advantages to the field of healthcare,
representing the continuous advancements in medical technology that provide targeted
treatment options, enhanced patient outcomes, and improved quality of life. With the
integration of wireless communication technologies, these devices offer expanded func-
tionality and improved usability, enabling remote monitoring, customized adjustments,
and personalized care. As the research and development of implantable devices progresses,
we anticipate further innovations and enhancements in their capabilities, opening up new
possibilities for advanced patient care.

1.2 Wireless Date Telemetry and Powering for Biomedical
Devices

In the section above, we delved into the world of wearable and implantable medical
devices. Observing from a functional standpoint, we found that wireless communication
is integral to these devices, facilitating not only the transmission of data but also enabling
the adjustment of device parameters, remote monitoring of device status, and tracking
of human physiological indicators. In addition, considering the devices’ long-term power
needs, wireless powering technologies have emerged as a significant focus in their sys-
tem integration. However, as these devices continue to decrease in size, both wireless
communication and power transfer are met with considerable challenges.

1.2.1 Wireless Data Telemetry for Biomedical Devices

Wireless data telemetry is fundamental in the creation of wireless communication systems
for biomedical applications [31]. A wide array of wireless communication techniques have
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Figure 1.5 Ultrasonic LSK (load shift keying) modulator for uplink communication in deep
implanted medical devices. Source: Mazzilli et al. [32]/from IEEE.

been utilized in these systems, encompassing sound (ultrasound), light (near-infrared),
electric fields (near-field capacitive coupling), magnetic fields (near-field inductive cou-
pling), and radio frequency (RF) waves (far-field electromagnetic wave radiation). Each
carrier waveform presents distinct advantages and is applied according to specific scenarios,
mainly determined by the physical attributes of the carrier.

Ultrasound acts as a conduit for the transmission of mechanical vibrational energy,
facilitating the conveyance of both power and information. By employing piezoelectric
transducers, energy from ultrasound can be harvested, sparking extensive exploration
on its use in wireless power transmission and communication for implantable devices.
Notably, in 2014, Mazzilli et al. [32] achieved simultaneous wireless power transmission
and uplink wireless communication on a Kinetra neurostimulator manufactured by
Medtronic, as shown in Figure 1.5. Implantable wireless communication using ultrasound
is especially beneficial for low data transmission rates and deep implantation scenarios.
However, attaining high data transmission rates and reliable wireless connections over
long distances often proves challenging.

Implantable near-infrared wireless communication technology leverages light waves as
carrier waves. Thanks to the broad-spectrum properties of light waves, they hold potential
for high data transmission rates in implantable wireless communication [33]. Moreover,
as light waves can be physically isolated from low-frequency electromagnetic waves,
mitigating mutual interference, wireless data transmission, and power transmission can
be independently managed in implantable devices using this technology. Recent advances
in near-infrared wireless communication technology for biomedical applications demon-
strate the potential for ultra-low power consumption and high-speed transdermal wireless
communication, as depicted in Figure 1.6. Yet, the transition of implantable near-infrared
wireless communication technology toward clinical applications and widespread adoption
depends on the resolution of issues related to short transmission distances and system
reliability.

Near-field coupled implantable wireless communication primarily employs near-field
magnetic coupled links (inductive links) and capacitive coupled links (capacitive links) for
transdermal data transmission, as illustrated in Figure 1.7. Characterized as a short-range
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wireless communication, its communication distance is termed as the “touch range” by
researchers [35]. Owing to its limited communication distance, it is less suited for scenarios
demanding long-distance wireless connections.

Magnetic coupled links, which are conventional implantable wireless communication
links, are widely adopted for parameter modifications in various devices such as cardiac
pacemakers, neurostimulators, and cochlear implants. These links are often employed for
implantable wireless charging, allowing for energy-bearing communication, which makes
them a popular choice for most implanted medical devices [36]. The key drawbacks of
magnetically coupled links lie in the bandwidth constraints dictated by the low-frequency
carrier, which hampers the enhancement of communication speed, and the limited reliable
communication range stemming from the nature of magnetic coupling.

Capacitive-coupled links have only recently piqued scholars’ interest, with no reported
clinical applications to date. In capacitive-coupled links, the electric field between the inter-
nal and external electrodes is leveraged for wireless transmission of power and data [37].
Their transmission characteristics are dictated by the impedance features of the electrodes
and human tissue [38]. Given that the RF electric field is well confined between the internal
and external electrodes—unlike in traditional magnetic coupled links where the electro-
magnetic flux is dispersed around the implanted coil—capacitive coupled links experience
less energy loss. However, the configuration of the internal and external electrodes has a
substantial impact on system reliability, posing challenges for the clinical application of
capacitive coupling transcutaneous wireless communication technology. As wearable flex-
ible electronic technology advances, the application of this communication technology may
progressively come into play.

RF communication technology surpasses distance limitations, facilitating meter-level
range wireless communication. The majority of external devices employ RF commu-
nication for wireless connections, allowing implantable medical devices and wearable
devices equipped with RF communication technology to establish direct connections
with other external devices. Hence, in the near term, RF communication technology
emerges as the go-to wireless communication solution for implantable medical devices
and wearable devices. However, due to interactions with the human body, the application
of RF communication technology in biomedicine necessitates particular attention to the
key technical area: implantable and wearable antenna technology.

Among the discussed wireless communication methods, RF and near-field coupling
(capacitive and inductive) are most frequently employed in biomedical applications.
However, antenna design for these communication forms presents several challenges.
Miniaturization stands as a primary challenge considering the limited space within
implantable devices. Also, due to factors such as tissue absorption, antenna efficiency often
proves low. Optimizing the antenna design requires addressing issues such as broadband
impedance matching around and post-implantation, polarization matching with external
communication devices, and impedance matching with the human body. Integration with
RF modules and hardware systems, as well as the choice of antenna type (single-ended or
differential), are crucial. Flexibility in design and the use of biocompatible materials for
wearable device integration also warrant consideration.
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1.2.2 Wireless Power Transmission for Biomedical Devices

Wireless power transmission for biomedical applications aims to address the power supply
issue in implantable devices. Traditional implantable medical devices often rely on batter-
ies for power, but the need for frequent battery replacement due to device functionality and
limited lifespan can be inconvenient and time-consuming. Therefore, wireless power trans-
mission technology has been introduced to provide continuous power supply to implantable
devices.

One prevalent method for wireless power transmission in biomedical devices is inductive
coupling [36]. This involves power transfer between two coils, specifically the transmitter
coil and the receiver coil. The transmitter coil, typically located outside the body, generates
an oscillating magnetic field, which induces a voltage in the receiver coil implanted within
the body. This induced voltage is subsequently rectified and used to power the implanted
device. Resonant coupling provides an alternative mechanism for wireless power trans-
mission [39]. This method exploits the resonance phenomenon between the transmitter
and receiver coils to achieve efficient power transfer. By synchronizing the frequencies
of the transmitter and receiver coils, energy transfer can be markedly boosted. This tech-
nique enhances power transmission efficiency and bolsters the overall performance of the
implanted devices (Figure 1.8).

Nonetheless, several challenges are associated with wireless power transmission for
biomedical devices. A significant issue is the limited power transmission distance. As the
gap between the transmitter and receiver coils widens, power transfer efficiency drops.
Hence, optimizing the design and positioning of the coils is paramount to maximize power
transmission efficiency and ensure reliable operation of the implanted devices.

Additionally, factors such as tissue properties and electromagnetic interference can affect
the efficiency of wireless power transmission. Human body tissues present varying degrees
of conductivity and dielectric properties, which can lead to energy losses and diminish
power transmission efficiency. Counteracting these losses and minimizing the effect of elec-
tromagnetic interference are crucial design considerations in wireless power transmission
systems for biomedical devices.

Moreover, the biocompatibility of materials used in the wireless power transmission sys-
tem is vital to guarantee the safety and functionality of the implanted devices. The materials
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Figure 1.8 Resonant inductive link for implants. Source: Xu et al. [39]/IEEE.



