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Lay Summary

The primary focus of this thesis is to tackle diverse misalignment challenges encountered
in wireless charging for biomedical implant devices. To achieve this objective, the scholar
harnesses the potential of magnetic field-forming techniques to analyze and develop
multiple transmitter and receiver coils. These coils not only rectify misalignment issues
but also streamline circuit complexity and cost. As a pioneering contribution to the
research field, the researcher undergoes an evolutionary process and explores various
field-forming approaches targeting different misalignment scenarios. He designed multiple
transmitter antennas to implement the investigated fields and subsequently introduced
an innovative antenna capable of mitigating all potential misalignment challenges using a
single transmitter antenna. Furthermore, the researcher delves into receiver coil design,

surpassing existing literature studies by effectively addressing misalignment problems.
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Abstract

Wireless power transfer (WPT), a concept dating back to Nikola Tesla’s innovations over
a century ago, has recently gained increased attention, especially in biomedical realms
like charging pacemakers, wireless endoscopic capsules, neural and cochlear implants,
retinal prostheses, etc. Despite its flexibility, safety, and aesthetics advantages, practical
WPT systems encounter challenges, notably misalignment between transmitter (Tx)
and receiver (Rx) coils in biomedical implants. This thesis proposes a solution using
field-forming techniques to mitigate misalignment issues in Tx design. Additionally, it
explores optimizing Rx antennas to efficiently capture the magnetic field generated by
conventional Tx setups, addressing misalignment problems in biomedical implants and
other applications.

The thesis is structured into eight chapters. In Chapter 1, the fundamentals of the
near-field WPT system are explored, encompassing a discussion on various potential
research challenges inherent to the WPT system. Moreover, this chapter identifies the
most important issue, which forms the focal point of this thesis. It also undertakes an
intensive investigation of existing solutions available in the literature. Concurrently,
Chapter 2 provides the mathematical background essential for analyzing and modelling
WPT systems employing field-forming techniques. This chapter outlines the closed-form
equations for conventionally used coil structures and defines the various design parameters.
Meanwhile, Chapter 3 focuses on establishing a mathematical framework for examining
3—D rotating H-fields, with particular emphasis on mitigating angular misalignment
problems, notably in the context of charging biomedical implants. In contrast, Chapter 4
presents the inception of a novel methodology, amalgamating traditional field-forming
techniques with switching control to obtain an orientation-insensitive WPT system. This
method necessitates only a single sinusoidal source instead of the multiple modulated
sources requisite in the traditional 3—D rotating H-field method. Subsequently, Chapter 5
introduces a magnetic localization method tailored for tracking both the position and
orientation of a mobile receiver employed in biomedical implants. A thorough investigation
draws a comparison between the existing technique centered on frequency-divisional
approaches and a novel time-divisional approach aimed at mitigating circuit complexity
and system cost. Chapter 6 marks an integration of previously proposed localization
techniques with magnetic beamforming to address diverse misalignment challenges using
a single Tx antenna, an innovative approach unexplored in near-field WPT applications.
Here, a machine-learning model is adopted to localize the Rx, while particle swarm
optimization is employed to effectively shape the desired magnetic beam. Employing
a single excitation source and switching circuitry, the proposed Tx is energized, thus
reducing circuit complexity and system cost. Finally, Chapter 7 introduces a novel Rx
structure optimized to harness both longitudinal and lateral field components effectively
for addressing misalignment issues. The proposed Rx is realized using multi-layer PCB
technology, which encapsulates all circuit elements within the antenna structure, making

it a compact, robust, and cost-effective solution poised as an ideal option for wirelessly



powering biomedical implants and wearable devices. Furthermore, a use case is proposed
for other applications, such as drone charging. Finally, Chapter 8 concludes the thesis

and explores future development avenues to enhance proposed methodologies.

Keywords: 3—D polarization; angular misalignment; coil; lateral misalignment;
localization; longitudinal misalignment; magnetic beam forming; magnetic field forming;

magnetic resonance coupling; multi-coil antenna; wireless power transfer.
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Chapter 1

Introduction

1.1 Wireless Power Transfer and its Classification

The concept of Wireless Power Transfer (WPT) revolves around the transmission of
electrical energy from a designated source to a respective load, all achieved without the
reliance on any physical connection but rather through the utilization of electromagnetic
waves. This process necessitates the utilization of two specifically designated antennas,
known as transmitter (Tx) and receiver (Rx) coils. The Tx antenna is situated on the
source end, while the Rx antenna is positioned at the load end, facilitating the seamless
energy flow between the two points. This technology is further classified into three distinct
categories based on the range of power transmission, namely far-field radiative, near-field

radiative, and near-field reactive systems, as exemplified in Figure 1.1. Far-field radiative

‘Wireless Power Transfer

FAR-FIELD RADIATION WPT NEAR-FIELD RADIATION WPT NEAR-FIELD REACTIVE WPT

MAGNETIC FIELD
WPT

Figure 1.1: Classification of modern WPT Systems.

WPT embodies energy transmission for large distances by harnessing electromagnetic
waves such as microwaves and laser beams. Despite its potential, this technology is in its
initial stage primarily due to the perceived hazards posed by high-power microwaves and
laser beams to living organisms. Conversely, near-field WPT (NF-WPT) can be bifurcated
into radiative and reactive field regions. The radiative near-field, also known as the Fresnel
region, involves the transmission of low-power microwaves through antennas, rendering it
suitable for energizing biomedical devices, microsensor nodes, and low-power domestic
appliances. Meanwhile, the reactive near-field comprises electric field-based and magnetic

field-based WPT mechanisms adopted for medium to high-power applications. Capacitive
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WPT relies on the electric field coupling between Tx and Rx metal plates, which raises
safety concerns as the human body may become polarized under the influence of electric
fields. Furthermore, nearby stray metal objects can significantly diminish the electric-field
coupling between Tx-Rx coil metal plates, decreasing power transfer efficiency (PTE).
Conversely, magnetic field-based WPT operates on the principles of Faraday’s law of
electromagnetic induction, wherein the Tx-Rx coils are categorized into Inductive and
Magnetic Resonant WPT systems. The notable benefits of employing a magnetic
field-based WPT system include its provision of features such as high flexibility,
convenience, aesthetic appeal, safety, and spatial liberation that are unattainable through
traditional plugin charging methods. Additionally, the magnetic fields generated by
Inductive WPT have minimal impact on living organisms, considering the predominant
absence of magnetic properties in terrestrial life forms. Nonetheless, Inductive WPT
encounters reduced coupling as the transfer distance extends from short to medium
ranges, primarily attributed to significant magnetic flux leakage arising from the absence
of resonance between Tx-Rx coils.

MIT researchers conducted a comprehensive study of a magnetic resonance coupling
(MRC) based WPT system, with the goal of overcoming the mentioned challenges by
improving the coupling Tx and Rx coils. The MRC approach involves compensating for
the reactance of Tx-Rx coils through the utilization of an external capacitor network
operating at a specific single-tone frequency. This innovative technique has emerged
as the foremost effective and reliable method for wireless power transmission, garnering
substantial attention in research endeavors, particularly within the scope of this thesis,

due to its remarkable capability to efficiently transfer power across medium distances.

1.2 Potential Applications Building Block of NF-WPT

In light of this technological advancement, the potential applications employing NF-WPT
for charging biomedical devices are meticulously showcased in Figure 1.2. This illustrative
figure vividly portrays the contemporary charging schemes tailored for diverse biomedical
applications, including but not limited to cardiac pacemakers, endoscopic capsules,
implanted neural stimulators, prosthetic hands, cochlear implants, retinal prostheses, and
smart arenas for biomedical experimentation.

Furthermore, the comprehensive blueprint of an NF-WPT system is meticulously
presented in Figure 1.3, delineating the various research domains inherent in a typical
WPT system. These encompass inverter and other power electronic converter design,
impedance matching network for Tx and Rx antenna design, rectifier and load circuitry
design, and coil antenna design. The associated losses in these areas are illustrated in
Figure 1.4, highlighting that the majority of losses stem from coil design due to diminished
coupling between Tx and Rx antennas. This underscores the need for innovative Tx-Rx
antenna designs to mitigate reduced mutual coupling, thus serving as the driving force

behind this research endeavor.



CHAPTER 1. INTRODUCTION 3

Wireless Capsule Endoscopy

‘@'ﬁumu coil

G Tb-nsmmly,coll

Retinal Prosthesis Implant

e ——

Data .
control Wirelass
bower

Smart Arena for Experimentation Cochlear Implant

Figure 1.2: Potential applications of WPT in biomedical. [1, 2, 3, 4, 5, 6]
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1.3 Reason Behind Referring Near-Field Coils as Antennas

One question that may arise in the reader’s mind is why near-field coils are referred to
as antennas in this thesis. This ambiguity is addressed by examining the concept of a
well-known Hertzian dipole antenna, which typically has an electrical length of %. This
length is similar to the dimensions of near-field coils. In a Hertzian dipole antenna, the
current distribution is uniform. Nonetheless, this type of antenna is not widely used
in practical applications because it is not very efficient at radiating energy and tends
to generate more reactive fields. Building Hertzian dipole antennas can also be quite
challenging. Interestingly, the drawbacks of Hertzian dipole antennas can be turned into
advantages by finding applications that need low radiation efficiency and high reactive
fields. Near-field coils with electrical lengths within the range of 5% showcase the desired
characteristics. Since 2007, the development of near-field wireless charging technology has
provided a practical use for these coils. Additionally, making near-field coils is relatively
simple due to their operations at lower frequencies. Considering the shared characteristics
between Hertzian dipole antennas and near-field coils, it is appropriate to use the term

antenna when talking about Tx-Rx coils.

1.4 Problem encountered while charging medical devices

Charging biomedical implant devices poses a significant challenge due to misalignment
between the Tx and implanted Rx components. Ideally, the Rx coil should align
coaxially with the charging platform, i.e., Tx. However, practical implementations often
deviate from this ideal scenario, resulting in misalignments categorized as angular, lateral,

and longitudinal, as illustrated in Figure 1.5. These misalignments lead to reduced

— Perfectly aligned receiver > —— Misaligned receiver
z Z Z

-
D by

Iy I Iy
i i ransmitter
% Transmitter % Transmitter % ansmitte

@ (b) ©

=

Figure 1.5: Possible misalignment existing between Tx and implanted Rx (a) angular, (b)
lateral, (c) longitudinal.

coupling between the Tx and implanted Rx, consequently impacting PTE. Among these
misalignment types, angular misalignment is particularly common in biomedical implant
applications, occurring when the Rx coil rotates from its intended orientation. Conversely,
lateral misalignment results from horizontal displacement of the Rx relative to the Tx,
while longitudinal misalignment occurs when the Rx moves away from the Tx axis. Thus,

the primary focus of this thesis is to mitigate these challenges by designing both Tx and
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Rx antennas to optimize alignment and improve PTE.

1.5 Root Cause Behind the Misalignment Problem

The underlying cause of these misalignment issues stems from the lack of the necessary
H-field component at the Rx location, which a conventional Tx typically generates. For
instance, when the conventional circular coil Tx, as illustrated in Figure 1.5, is activated
with excitation current Ir,, the resulting H-field distribution at the Rx plane is depicted in
Figure 1.6, which illustrates that the H, component is present at the center of the Tx coil
but absent at the edges. In contrast, the maximum values of the H, and H, components
are found at the edges and absent at the center.
To illustrate how the absence of magnetic field components leads to misalignment issues, let
us consider a simple scenario of angular misalignment in a typical WPT system. Initially,
the Rx is positioned perfectly aligned at a distance of (0, 0, h) from the Tx, as depicted
in Figure 1.7(a). In this setup, the area vector (A) of the Rx is oriented along the Z-axis.
Thus, only the H, component of the H-field is sufficient to power up the Rx. However,
in the presence of angular misalignment of the Rx coil, where the orientation of the Rx
changes to # = 45° as shown in Figure 1.7(b), the Rx coil captures both the H, and H,
components. Nonetheless, due to the absence of the H, component at the center of the
Rx coil as depicted in Figure 1.6(b), only a reduced component of H, will be present
at the Rx, resulting in a variation in output power from the Rx. Furthermore, as the
orientation of the Rx changes further to § = 90° as presented in Figure 1.7(c), the Rx
attempts to harness only the H, component. However, the absence of this field component
results in zero output power. This can also be exemplifies from Figure 1.8 under different
misalignment cases. This underscores the fact that the output power obtained at the
Rx depends solely on the misalignment problem and needs to be addressed to maintain
consistent power delivery to the charging device.
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Figure 1.6: Magnetic field distribution from a conventionally adopted Tx. [7]

One potential solution to mitigate the mentioned misalignment issue is to generate three
orthogonal H-field components (H,, Hy, H.) at all the lateral locations in the Rx plane.
To achieve this, a newly engineered Tx is devised for powering the Rx irrespective of its

position or orientation, as illustrated in Figure 1.9.
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1.6 Literature Survey

Extensive research has been undertaken to thoroughly analyze the existing literature,
encompassing a range of designs and methodologies, which have been meticulously
organized into distinct clusters. These clusters outline different categories, beginning
with field-forming transmitters (Txs) specifically engineered for WPT, followed by those
tailored for localization purposes. Subsequently, there is an exploration of the integration
of field-forming Txs with the localization Txs. Finally, the analysis concludes with a
presentation of magnetic field harvesting Rx antennas designed for biomedical implants.
Through this systematic approach, a comprehensive understanding of the various aspects
of Tx design and functionality is attained, laying a robust foundation for further

exploration and innovation in this field.

1.6.1 Field Forming Transmitter for Wireless Power Transfer

The primary challenge encountered in biomedical implant applications often revolves
around mitigation of misalignment problems as discussed in the preceding chapter.
Targeting solely the lateral misalignment problem, a mechanical arrangement integrated
with sensing coils as shown in Figure 1.10(a) is proposed in [8] to re-align the Tx coil,

resulting in a less reliable, less durable, and cost-ineffective solution [9]. Therefore, the
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Figure 1.10: Solution proposed for mitigating lateral misalignment problems.
conventionally used Tx antennas were subsequently redesigned to generate a widespread
uniform H-field distribution in the Rx plane. To accomplish this, various designs of the
Tx antennas are available in the literature. For instance, non-uniformly distributed turn
coil [10], asymmetrical coil [11], and resonator coil array [12] antennas as depicted in
Figure 1.10(b,c,d) are designed to generate a widespread uniform H-field distribution. In
contrast, a non-uniform H-field distribution generated from a Tx coil array [9] can also be
exploited for the purpose illustrated in Figure 1.10(e). To emphasize that the immediately
mentioned antennas are designed to target only the lateral misalignment while the angular
misalignment problem is completely ignored. Therefore, these designs are unsuitable for

applications where the angular movement of the Rx antenna is very likely.
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Several literary works have been proposed to counter the angular misalignment problem for
generating various combinations of H-field components at the Rx location. For instance,
a 3—D complex Tx antenna structure, as shown in Figure 1.11(a) is presented in [13], but

the misalignment problem is not completely eliminated. The Tx designs presented in [14]
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Figure 1.11: Field forming Txs for mitigating various misalignment problems.

consist of orthogonally placed coils having identical currents. However, the arrangement
produces orthogonal H-field components to compensate for the reduction in flux linkage
due to the Rx rotation. It generates a linearly polarized H-field in a resultant direction,
hence, unable to mitigate the angular misalignment. In contrast, the Tx coils presented in
[15, 16] are fed with currents having equal amplitudes but 90° phase difference to produce
circularly polarized H-field. The oscillating H-field in two dimension (2—D) rotates in
a plane and induces a consistent voltage in the Rx coil whose area vector direction
is restricted in the same plane. Essentially, the circularly polarized H-field is able to
resolve the angular misalignment problem but only for the Rx rotating in a specific plane.
Similarly, [17] presents a study of 2—D H-field polarization. Therefore, investigation of
the WPT system for 3—D H-field distributions is necessary.

We note here that the polarization is the main cause of the angular misalignment problem.
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Therefore, to allow the Rx orientation at any angle, generating a rotating H-field covering
all directions in 3—D is necessary. This can be achieved using the current control method
[18] by feeding various coils of the Tx with different current waveforms. Amplitude
Modulated (AM) signals (e.g., Double Side Band Suppressed Carrier (DSB-SC) signals)
are used as excitation currents to realize rotating H-field in 3—D [18, 19] using three
orthogonal shaped Tx structure, as depicted in Figure 1.11(b). However, a variation in
PTE is observed with angular misalignment of the Rx in all the cases. The rotating H-field
vector generated in [20] corresponds to a 3—D polarization depicting a spherical shape.
Nevertheless, these presented structures have a 3—D spherical shape. Thus, the Rx is

intended to hang at the center of the 3—D Tx, which is impractical for a real application.

To provide ease of Rx placement, a bowl-shaped Tx for charging small electronic devices, as
provided in Figure 1.11(c) is proposed in [21, 22]. However, the field distribution generated
by these 3—D Tx antennas is non-uniformly distributed and needs to be optimized to
mitigate the angular misalignment problem. Moreover, being 3—D structured antennas,
they could be more favorable for many applications and constitute an inherent difficulty
for manufacturing. Therefore, a planar Tx antenna having advantages like simplicity,
reliability, cost-effectiveness, and providing angular misalignment tolerance is sought [7].
Considering this, a twisted loop antenna with sub-coils of distributed diameter is proposed
to achieve a uniform PTE for arbitrarily oriented Rx coil antennas in [23]. However, the
design is unable to generate three orthogonal field components optimally. This implies
that the angular misalignment problem persists in the design. In contrast, the authors
in [7] have presented an H-field forming technique using a planar multicoil Tx antenna
designed to address the angular misalignment problem as demonstrated in Figure 1.11(d).
Though the planar two port Tx designed in [7] is able to produce three orthogonal H-field
components, the feeding of two sinusoidal sources having 90° phase difference leads to the
formation of a 2—D elliptically polarized H-field in the Rx region. This implies that a
planar Rx, whose area vector is perpendicular to the plane of the 2—D rotating H-field,
is unable to receive any power. Moreover, the utilization of multiple sources to generate
the 2—D or 3—D polarized H-field inherently increase the circuit complexity. Thus a
better and alternate approach is sought to completely mitigate the angular misalignment
problem and serve as the first objective of this thesis. Moreover, time-domain switching
could reduce circuit complexity compared to sophisticated modulated current-control
methods. In this regard, integrating the field-forming technique with switching control
appears to be a rousing approach that is minimally attended in the literature to achieve

an orientation-insensitive WPT system.

Previously, the switching control has been explored by [24, 25] in conjunction with a Tx
antenna to direct the H-field flux in the desired location while reducing the leakage in other
places. For this purpose, [24] proposes a time-division multiplexing (TDM) approach to
transfer power wirelessly for separately excited DC motor drives. Whereas, in [25], a
TDM-based control is proposed to simultaneously track the power flow and efficiency in

a multi-Rx WPT system. Similarly, in [26], a digital Tx antenna with several parallel
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coils is proposed to address distance and lateral misalignment problems as depicted in
Figure 1.11(e), whereas, switchable antenna structures are adopted as a hexagonal Tx
coil array [27] for the lateral misalignment and illustrated in Figure 1.11(f). These works
demonstrate the use of switching in the WPT system, however, the mitigation of angular
misalignment is not targeted. In contrast, the angular misalignment problem is partially
addressed by time-sharing controlled 3—D Tx proposed in [28] as shown in Figure 1.11(g)
using a quasi-omnidirectional WPT system to detect and power the Rx coil optimally.
Moreover, the mitigation of lateral misalignment is not targeted in the presented works.
In contrast, a planar Tx coil antenna consisting of three hexagonal spiral overlapping
layers as exhibiting in Figure 1.11(h) is designed to generate robust lateral and longitudinal
fields for powering randomly oriented multiple Rx coils in [29]. However, the PTE is found
inconsistent due to varying longitudinal field intensity for specific Rx coil orientations, and
also, the antenna structure is very complex. Moreover, a high permittivity metamaterial
slab inserted between the Tx and Rx antennas [30], however, the misalignment problems
are partially addressed due to forming inadequate H-field distributions in the Rx plane.

This demonstrates that the misalignment problem has yet to be resolved.

The previous studies indicate that the simultaneous mitigation of misalignment problems
requires generating widespread uniform H-field components (for lateral misalignment)
along with an optimal 3—D ellipsoidally polarized H-field (for angular misalignment)
throughout the desired Rx plane. Forming such an intricate field distribution using
conventional design methods is highly cumbersome. A field-forming antenna design
with inherent switching control is an alternative approach to independently control over
the three orthogonal H-field components. Thus, the requirement for mitigating the
misalignment problems together reduces to generating the widespread distributions of
the three H-field components in a switchable manner at the Rx plane. Hence, a new
Tx design approach with simplified switching operation and the capability of generating
an adequate field distribution is required to overcome both the misalignment problems

simultaneously and is served as the second objective of this thesis.

To comprehensively mitigate all potential misalignments, i.e., angular, lateral, and
longitudinal misalignment, a distinct approach to field forming is required. One potential
solution to this challenge is directing the magnetic beam toward the intended Rx
direction. Furthermore, shaping the magnetic beam in this manner also helps for
mitigating the issue of significant flux leakage, commonly occurring in the conventional
field forming techniques such as 3—D rotating H-field for angular misalignment mitigation
and widespread distribution of H-field for lateral misalignment problem, as highlighted
in previous studies. To accomplish the magnetic beam forming, two commonly utilized
methods for directing the magnetic beam are passive and active control schemes [31].
The former relies on a low-reluctance magnetic core to guide the magnetic beam, while
the latter involves regulating excitation currents for individual coils within the coil array.
Focusing on the active control scheme, one technique embraces incorporating additional

circuit components, such as variable capacitors or inductors in series, as demonstrated
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in Figure 1.11(h,i) to manage the excitation phase delivered to the coils arrays and
adjust the magnetic beam direction [32, 33, 34]. However, employing additional circuit
components will disrupt the coil tuning. Alternatively, employing multiple excitation
sources for powering the coil array offers another approach for constructing the magnetic
beam. For instance, magnetic beam shaping in a single dimension by linearly arranging
a group of coils and two-dimensional field shaping using a planar array of coils, shown in
Figure 1.11(i,j) as presented in [35, 36] and [34], respectively. Nonetheless, these designs
overlook the mutual coupling between adjacent coils, which can impact field-forming
operations. Three-orthogonal coil Tx excited by three distinct sources as depicted
in Figure 1.11(k) is proposed in [37], demonstrating effective field orientation control
to address the coupling issue and ensure smooth field forming operation. However,
the three-dimensional nature of Tx coils limits its applicability for charging biomedical
implants. In response, a planar Tx coil array with overlapping coils is suggested in
[38, 39] and demonstrated in Figure 1.11(l,m), utilizing multiple excitations to regulate
current flow to the Tx coils. Furthermore, the methodology under discussion fails to
address the issue of localizing a mobile Rx, a vital aspect to consider prior to deploying
magnetic beams, especially in fields like biomedical implants and charging endoscopic
capsules. Consequently, there is a need to explore a newly designed Tx that integrates
both localization and shaping of magnetic beams to tackle all potential misalignments,

which constitutes another objective of this thesis.

1.6.2 Field Forming Transmitter for Localization

Previous studies have addressed the misalignment problems by proposing various magnetic
field-forming Tx antennas. Nevertheless, the presented structures suffer from enormous
flux leakage once the Rx is settled down. As an alternate approach to mitigate flux leakage
is to shape the desired magnetic beam directly at the Rx location. However, accurately
determining the position and orientation of a moving Rx is essential before constructing a
magnetic beam toward it. Therefore, the relevant literature on this topic is compiled and
presented below.

Sensing the position remotely and tracking the movement is crucial for localizing the
position of a moving object. Various techniques adopted for this purpose include
vision-based [40, 41], mechanical sensor-based [40, 42], and magnetic field (H-field)
based [43] sensing systems. The vision-based systems [44, 45] require a digital camera
and complex data processing algorithms as demonstrated in Figure 1.12(a), which are
susceptible to ambient conditions like background light, presence of objects, and mobility.
Due to this, these systems have limitations of high cost, low latency, and low sensing
accuracy. In contrast, the mechanical sensor-based systems [40, 46, 47, 48] impose wearable
hand gloves comprising a variety of sensors such as bend, stretch, and inertial sensors
that are less affected by ambient conditions as presented in Figure 1.12(b). However, a
bulky data processing and communication unit is attached to the hand, posing significant

discomfort. Besides this, the inherent problems associated with the sensors, such as the
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Figure 1.12: Prominent localization schemes proposed in literary works.

aging effect, inconsistent sensitivity, sluggish response, and incompatibility of rigid sensors

with flexible gloves, make the sensor-based systems ineffective.

To avoid the aforementioned limitations, the H-field based sensing systems are adopted
in which two approaches are considered, first: using permanent magnets and hall-effect
sensors or sensing coils, second: exploiting MRC using coil antennas. In the first
approach, the hall-effect sensor array or EM coils and permanent magnets are used as
hand wearables, e.g., rings and wristbands, to track the hand movements [49, 50, 51] as
shown in Figure 1.12(c). These systems have inconsistent accuracy due to the permanent
magnets losing strength with time. Similarly, the hand tracking system proposed in [52]
comprises magnetic nodes attached to all the fingertips given in Figure 1.12(d). Complex
wired connections affixed on the user’s hand are used to transfer the sensed data, which is
again not user-friendly. To overcome this problem, the fingertip tracking system proposed
in [53] uses no wearable but two probing coils located in the sensing platform to sense the
change in impedance shift due to the presence of the user’s finger as a dielectric presented
in Figure 1.12(e). The highly complex circuitry and frequent calibration requirements are
the system’s limitations which render it as cost-ineffective solution. The need for frequent
calibration can be avoided by adopting the second approach of an MRC-based system

using coil antennas for localization purposes.

For instance, 2—coil MRC-based positioning systems are proposed to detect axial and
rotatory movements of the shaft in [54, 55] and to detect the finger movements in [56].
These systems consist of a few spatially distributed coils embedded in a stationary Tx
platform and a moving Rx coil attached to the hand finger whose output signals are
processed for localization. Therefore, the data processing units are placed with the user’s
hand, resulting in user discomfort. Although the immediately mentioned systems utilize
a 2—coil MRC-based technique for localization, they need to be optimized to exploit the
full potential of the MRC approach. Moreover, the presented schemes are not targeting

to simultaneously determining both the position and orientation is necessary for tracking
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and tracing various applications including navigation of intra-body medical instruments

(wireless endoscopy capsule), motion tracking, ubiquitous computing, virtual reality etc.

The magnetic localization technique is most popular for determining a moving object’s
position and orientation due to its high speed, accuracy, and simple realization for short
ranges [57]. In principle, the magnetic localization techniques involve sensing the magnetic
fields originating from an excitation source realized either by permanent magnets or coil
antennas, which classifies the systems into two types: permanent magnet tracking and
magnetic coil tracking [58, 59, 60]. Based on the former type, the object embedded with a
permanent magnet is localized by capturing the generated fields using external systems like
gradiometer [61], magnetic sensors [58], a cubical array of sensors [62], and planar sensor
array [63] as demonstrated in Figure 1.13(a,b,c). Alternatively, the magnetic sensors
can be embedded in the object [64, 65], and permanent magnets act as external sources.
However, the permanent magnet-based systems are less reliable for tracking mobile objects
due to interference from the earth’s magnetic field and surrounding magnetic materials
[66]. In contrast, the magnetic coil tracking systems are robust where specific frequency
signals are generated by field excitation sources (coil antennas), filtered out by the Rx
coil, and processed further for localization [57].

Various sensor systems exist in the literature to localize a planar Rx coil (single-axis
magnetic dipole) integrated with the object. For instance, sensor units are developed
consisting of multiple loop coils and gradiometers in [67, 68], three-bar antennas in
[69], two orthogonal coils in [70], and three orthogonal coils in [71], as depicted in

Figure 1.13(d,e,f,g), however, only the position in 1—D or 2—D is estimated. In [72], the
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Figure 1.13: Various Txs and Rx designs for localizing both position and orientation of a
Rx.

position and orientation are acquired using a uni-axial transmitting coil and a tri-axial
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magnetometer sensor as shown in Figure 1.13(h). Similarly, a tetrahedron-shaped Tx
consisting of six coils is used in [73] for this purpose. In [74], orthogonally placed Tx
and Rx are presented to determine the range and orientation of the sensing object. The
drawback of such systems is that the structure of Txs or receivers (Rxs) adopts 3—D
shapes, while planar structures are preferred for ease of fabrication and convenience of
space. As a result, the system consisting of a planar multi-coil Tx and a small planar Rx
coil as a sensor embedded in the object is an appealing solution.

The planar multi-coil Tx designs comprising of a set of eight or more distributed coils
are employed previously in [75, 76, 77, 78, 79] to monitor both position and orientation
of the object containing a small Rx coil as demonstrated in Figure 1.13(i,j,k). These
systems are based on the frequency-divisional approach in which all the Tx coils are
driven simultaneously and excited with multiple frequency signals. At the Rx, multiple
channels are demodulated, and various frequency components are extracted; this roots
to shortcomings of this approach, such as high complexity due to the requirement of
multiple frequency sources, inter-channel interference, and frequency mismatching [79].
Moreover, a costly and complex feeding network is required consisting of eight or more
excitation circuits along with input ports [77, 79]. Similarly, a time-divisional approach
that is adopted in [80] uses a large Tx array consisting of 64 coils excited sequentially;
however, it requires 64 input ports and a highly complex feeding network. To address
the limitations, a novel switched planar multi-coil Tx antenna with enhanced localization

accuracy is aimed as the third objective of this thesis.

1.6.3 Integration of Localization and Wireless power transfer

Until now, the literature has primarily concentrated on developing individual Tx designs
to address localization and wireless powering separately. However, to achieve efficient
power transfer, it is imperative to address these challenges simultaneously. Targeting
this, a bowl-shaped Tx antenna fed with time-controlled amplitude-modulated signals is
presented in [81], which identifies the position and orientation of the Rx and delivers
power in the intended direction. However, like the 3—D rotating H-field approach, these
systems require multiple modulated sources, therefore, exhibit complex and cost-inefficient
systems. Furthermore, no existing literary works have been found that concurrently tackle
both of these issues. This indicates a substantial research opportunity in this field, which

is why it has been adopted as a novel research area to be explored further in this thesis.

1.6.4 Magnetic Field Harvesting Receiver Antennas for Biomedical

Implants

Until now, the emphasis has been on harnessing the capabilities of the Tx and designing
its structure to address misalignment challenges. However, the potential of the Rx has
yet to be explored. Therefore, the subsequent objective is to create an innovative Rx
capable of utilizing all the H-field components generated by a conventional Tx. The

currently using planar Rx coil antenna only captures the H-field component perpendicular
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to its cross sectional area while neglecting others, resulting in sub optimal utilization of
available H-field components. Consequently, these Rx structures are underutilized and
require an engineered Rx coil structure to effectively harness all the H-field components.
A few state-of-the-art works emphasize the Rx design to enhance the WPT performance.
For instance, in [82], a Rx antenna with three orthogonal coils is presented, whereas [83]
proposed two series-connected perpendicular bipolar coils along with a unipolar Rx coil for
simultaneous power and data transmission as shown in Figure 1.14(a,b). Nevertheless, the
presented designs mainly target the reduction in cross-talk between the coil antennas to
transmit data effectively, and no focus is placed on the misalignment problem. In contrast,
[84] and [85] presented a DDQ-shaped pickup coil and a Rx coil array, respectively,

as depicted in Figure 1.14(c) for electric vehicle applications, which are unsuitable for

biomedical implants and wearable device applications.
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Figure 1.14: Prominent Rx designs present in literary works.

Targeting specifically biomedical devices, a planar rectifier Rx is adopted in [86, 87]
as presented in Figure 1.14(d,e) to facilitate power transfer to an implanted device.
Similarly, a 3—D printed cylindrical Rx as shown in Figure 1.14(f), is introduced in [88]
to power a freely moving rodent. Nevertheless, these solutions do not specifically address
misalignment issues. Although the impact of misalignment between loosely coupled coils
is analyzed in [89], a mitigation strategy is not provided. Recognizing this gap, several Rx
coil structures have been put forth in the existing literature to address these challenges. For
instance, two equal orthogonally placed Rx coils are reported at the Rx side for capturing
the two orthogonal H-field components in [90, 91], whereas, two non-identical orthogonal
Rx coils are presented in [92, 93] to harness power from the Tx coil as demonstrated

in Figure 1.14(g,h,i,j), respectively. Since the two orthogonal coils partially encapsulate
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the three H-field components, a significant variation results in the misalignment output
response. To counter this problem, a T-shaped Rx structure is presented in [94] that
contains non-identical turns in two orthogonal Rx coils, in contrast, a 3—D cross-type Rx
is proposed in [95] as given in Figure 1.14(k,l). Similarly, in [96], a spherical-shaped Rx is
presented for implantable devices and shown in Figure 1.14(m). However, these 3—D Rx
structures severely limit their applications where planar Rx antennas are sought. Thus,
as far as the authors are concerned, the complete mitigation of the lateral misalignment
problem with a small planar Rx has yet to be achieved in state-of-the-art designs. Although
a few literary works such as [90, 92, 93] tried to address the problem, mitigation is
accomplished along a single direction of misalignment. This motivates the proposed work
to investigate a compact coil rectenna array design to harness the three orthogonal H-field
components generated by the conventional Tx coil to mitigate the lateral misalignment

problem.

1.7 Thesis Objective

Based on the literature survey discussed above, the main challenges that need to be tackled
include eliminating the 3—D structure, handling multiple excitations, reducing significant
flux leakage, localize the Rx and addressing various misalignments such as angular, lateral,
and longitudinal misalignments. To tackle these challenges identified in the literature
survey, the objectives of the thesis have been subdivided into various sub-objectives (SO),
which have undergone an evolutionary process aimed at designing Tx-Rx coil antennas

using the field-forming technique for bio-medical implant application, as outlined below:

1. SO—1: Investigate an optimal rotating magnetic field for angular misalignment

mitigation and generate using a planar Tx.

2. SO—2: Examine a switching integrated planar Tx for targeting angular and lateral

misalignment simultaneously.

3. SO—-3: Inspect a planar Tx that localizes the position and orientation of an

arbitrarily placed Rx.

4. SO—4: Explore a planar Tx that simultaneously localizes and constructs a magnetic

beam toward a Rx.
5. SO—5: Develop a Rx antenna design to overcome the misalignment issue.

The accomplishments of the above mentioned sub-objectives are listed in Table 1.1.

1.8 Thesis Outline

1. Chapter-1: This chapter provides an overview of the fundamental principles behind

NF-WPT systems and explores their potential applications in biomedical implants.
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Table 1.1: Challenges encountered through the evolutionary process.

Problem Encountered
Objectives 3-D Multiple Flux Localization Angular Lateral Longitudinal
Structure | Excitation | Leakage Misalignment | Misalignment | Misalignment
SO-1 v X X X v X X
SO-2 v v X X v v X
SO-3 v v X v X X X
SO—-4 v v v v v v v
SO-5 v v X X X v X
Note: v denotes target achieved, X denotes target not achieved.

Subsequent discussions address the array of research challenges encountered.
Following this, a thorough investigation of existing solutions documented in the
literature is undertaken, with a systematic organization of these works to address
previously outlined challenges. Furthermore, the chapter includes an outline of the

thesis.

2. Chapter-2: This chapter discusses the significance of comprehending the theory
behind resonant NF-WP'T systems to fulfill the objectives outlined in the preceding
chapter. It introduces closed-form magnetic-field equations for different coil
configurations and design parameters, which are subsequently utilized for the
analytical modeling of the proposed WPT system. Additionally, this chapter

provides the discussion on voltage calculation and the evaluation of PTE.

3. Chapter-3: This chapter is centered on establishing a mathematical framework to
examine various 3—D rotating H-fields, with a specific focus on resolving angular
misalignment challenges, especially in charging biomedical implants. It aims to
optimize the distribution of rotating magnetic fields at the Rx region to improve
the tolerance of angular misalignment. Additionally, the chapter introduces two
distinct Tx coil designs aimed for achieving the optimal 3—D rotating H-fields and

also validates the optimal field in the far-field regime.

4. Chapter-4: This chapter presents the development of a novel methodology that
combines a traditional field-forming technique with switching control to create
an orientation-insensitive WPT system. This overrides the previous conception
of perceiving the 3—D rotating H-field forming as the last resort to completely
eliminate the angular misalignment problem. Instead, a switched polarized H-field
approach is proposed, necessitating only a single sinusoidal source as opposed to the
multiple modulated sources required by the traditional 3—D rotating H-field method.
Furthermore, this switched polarization concept is expanded to cover a broader
Rx range, effectively addressing both lateral and angular misalignment challenges
simultaneously. Finally, the chapter introduces two distinct Tx antenna designs

tailored to implement this switched polarized H-field approach.

5. Chapter-5: This chapter introduces a magnetic localization method for tracking
both the position and orientation of a mobile Rx used in biomedical implants.

Through an extensive review of existing literature focusing on frequency-divisional
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approaches, a new technique called the time-divisional approach is proposed for
magnetic localization. This new method aims to reduce the circuit complexity and
system cost. A comparative analysis between the previously employed approach and
the proposed one is conducted to showcase the efficacy of the proposed methodology.
Additionally, three distinct antenna structures are outlined: one is designed solely
for position tracking, while the other two are capable of tracking both position and

orientation simultaneously.

6. Chapter-6: This chapter explores an integration of localization and magnetic
beamforming to tackle various misalignment challenges using a single Tx antenna, a
novel approach not previously explored in near-field WPT applications. To achieve
this, a machine-learning model is developed to localize the Rx by collecting voltage
samples using a time-divisional method. Additionally, particle swarm optimization
is employed to determine the optimal excitations for the Tx array, effectively shaping
the desired magnetic beam. Furthermore, a single excitation source and switching
circuitry are utilized to activate multiple coils within the proposed Tx, reducing
circuit complexity and system cost. Finally, the chapter introduces a novel Tx design
featuring an overlapping coil structure, addressing all potential misalignment issues
and other challenges identified in existing literature, thus representing a significant

advancement in the field.

7. Chapter-7: Previous chapters focused on designing a field-forming Tx to address
misalignment issues with a planar Rx. However, the planar Rx does not efficiently
capture available H-field components. This chapter introduces a novel Rx structure
optimized to harvest both longitudinal and lateral field components, effectively
tackling misalignment. It also examines identical and non-identical orthogonal
Rx coil structures to assess the impact of lateral misalignment. The integrated
coil rectenna array with a single DC output port is realized using multi-layer
PCB technology, with all circuit elements integrated within the antenna structure.
This compact, robust, and cost-effective solution is ideal for wirelessly powering
biomedical implants and wearable devices. A use case is also proposed for other

applications, such as drone charging.

8. Chapter-8: This chapter conducts a comparative analysis of the various approaches
proposed in the study and offers overall conclusions of this thesis. Additionally,
potential avenues for future development are explored to further improve upon the

proposed methodologies.



Chapter 2

Theoretical Framework for MRC
based WPT

To achieve the goals outlined in the previous chapter, it is vital to have a deep
understanding of the theory behind the resonant near-field WPT system. Therefore,
this chapter aims to improve comprehension of the mathematical analysis involved in
a typical MRC-based WPT system. The theoretical analysis mainly focuses on explaining
the closed-form equation of the magnetic field distribution produced by standard coil
structures. Additionally, this chapter covers the determination of various coil design
parameters, calculating induced voltage (Vj,q) using Faraday’s Law of Electromagnetic
Induction, and assessing PTE using circuit law. Ultimately, this chapter lays the

groundwork for analyzing the coil structures discussed in subsequent chapters.

2.1 Magnetic Field from Conventional Coil Structure

The standard coil configurations adopted for analyzing WPT are circular and square coils.
A closed-form equations are required to analyze the magnetic field generated by these coil
configurations analytically. Those closed form solutions are listed here and utilized later

to further analyze the system.

2.1.1 Magnetic field generated from a circular coil at the center

The instantaneous magnetic field (h(t)) produced by a conventional circular Tx coil having
radius 77, available turns Ny, and carrying an instantaneous current i(¢) at the coil’s

center is formulated using Biot Savart’s Law [97] as

2.1
S (2.1)

However, the magnetic field equation presented in (2.1) is applicable only at the center
of Tx coil. To further analyze a Tx generated magnetic field in the near by Rx region,

closed-form solution is required.

2.1.2 Closed-Form Magnetic Field Equation for a Circular Coil

To formulate the field distribution, a single-turn circular coil of radius 7, is considered as
the Tx antenna located at (7., Y7z, 272 ), as depicted in Figure 2.1. The Tx coil is excited

by a sinusoidal source, resulting in a current I7,e/¥ flowing through the Tx coil, where
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Figure 2.1: Analytical modeling of H-field due to a single turn circular coil.

I7, is the peak value, and v is the initial phase of the current excitation. The current
excitation generates H-field distribution around the Rx area, which induces a voltage in
the Rx coil located at (0, 0, k). An analytical model of the H-field generated by the Tx

coil and originating from a current-carrying loop is utilized for this purpose.

Consider an arbitrary observation point (OP) with coordinates (x,,y,, 2,) at which the
H-field is determined. The relative distances and angle quantities (p, d, ¢;), as defined in

Figure 2.1, are obtained as

p = \/(fET - ‘rTx)z + (yT - yTCD)zvd = (Zr - ZT:D)7
b = tan—1 |:(yr - yT;c):l (22)

(xr - xTa:) ’

The peak value of orthogonal projections Hj, Hy, and H; of the H-field vector along X,

Y, and Z axis, respectively, at OP shown in Figure 2.1 are formulated as [7]

Irgel?d ra., +p? + d?
p = 5 2|: Tx_ 2 QE(p)iK(p) )
21p\/(rre + p)2 + d2 [ (T72 — p)? +d
H! = H, cos ¢y, H, = H,sin ¢, (2.3)
T " JP 2 _ 2 _d2
H, = Sk [ Ts P zE(p)JrK(p)}
o1\ (rre + p)2 + @2 L(rre — p)? +d

Where K(p) and E(p) are defined as complete elliptic integrals of the first and second
kind, respectively, and p is calculated as wﬁ. Thus, the total H-field components
generated at the Rx region due to N, turns present in the Tx coil is given as

Nro Nrg Nro
Hy(zr,Yr,2r) = Z H,, Hy(xr,yr,2r) = Z H,, H.(xy,yr,2)= Z H.. (2.4)
j=1 j=1 j=1

2.1.3 Closed Form Magnetic Field Equation for a Square Coil

The H-field produced by a single-turn square coil, with a side length of St,, positioned
at (z7g, Y1z, 272) and carrying current IryelV, is further analytically modeled. This is
illustrated in Figure 2.2. The H-field generated at any arbitrary point Rx (x,, y,, z.) is

formulated using the closed-form solution for the H-field equation as [98].
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Figure 2.2: Analytical modeling of H-field due to a single turn square coil.

I o (1) (e — 22)

M= ;{ ar(ar + Pr) }
1 ITzejw - (_1)k+1(ZTz - Z'r) }

BT ;{qm DR (25)
r ITxejw - (_1)kPk Qk

T ;{ aelar + (D 1Qu]  qilax + Pil }7

q1 = \/P12+Q%+(ZTL_ZT)21 q2 = \/P22+Q§+(ZT“L_Z7)27

g3 = \/P§ + Q3+ (212 —2)%, qa= \/P42 +QF+ (212 — 20)%,

Stz Stz
P =P = ; +Yr — Y1z, P3=P1=— ; + Yr — YTz,
St Stz
Ql :_Q4: g +:rr_:rTm, QQ = _QS = ; — Tr + TTz.

Thus, the total H-field components generated at the Rx region due to Np, turns present

in the Tx coil is given as

Ny Ny Ny

Hy(zr,Yr, 2r) = Z H,, Hy(xr,yr,2) = Z H,, H.(xryr,2)= Z H,. (2.6)
j=1 j=1 j=1

The total H-field is defined as a vector summation of these evaluated H-field components
and given as H = H,% + H,§ + H.2. Here, the total H-field is the phasor quantity,
as the excitation current is represented in phasor. For obtaining a time-varying H-field,

conversion of phasor quantity into time-domain is required as [99]
h(t) = Re{He '} = hy (t)& + hy (t)§ + ha(t)2. (2.7)

Here, w is the working frequency (rad/sec) of the sinusoidal source.

2.2 Induced Voltage Evaluation

Once the H-field at the Rx region is known, further V;,,; obtained at the Rx is defined by
Faraday’s law of electromagnetic induction as the rate of change of flux linkage as

(1)

Here, N, is the turns present in the Rx coil and ® is the magnetic flux defined as a dot
product of the magnetic flux density B and the Rx area vector A i.e. ®(t) = B(t).ff =
uoh(—;f).z‘_f, lo is the permeability of free space. The Rx area vector is given by A =
At + Ay} + AZI% where A, = Asin6, cos ¢,, Ay = Asinf,sin¢,, and A, = Acosb,, are
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the area projections along x, y, and z-axis, respectively. Using these relations in (2.8), the
induced voltage is obtained as

Vinda(t) = —Nruo% {hz(t)Am + hy(t)A, + hz(t)Az} . (2.9)

Here, hy(t), hy(t), h.(t) are the instantaneous magnetic field components as defined in
(2.7). Thus, the Root Mean Square (RMS) value of Vj,q, V, is evaluated using the

expression
1

ve=2s| [Tl (2.10)

Here, f is the operating frequency in Hertz.

2.3 Coil Design Parameters of a Conventional Circular Coil

Once the V, in the Rx coil is known, to further evaluate the PTE, the coil design parameter
is required. In a typical WPT system, various parameters of the coil antennas influence
the power transmission between the Tx and the Rx includes mutual inductance (M),
self-inductance (L), parasitic capacitance (Ct), and coil resistance (Rq:). Therefore, to

formulate the PTE, equivalent circuit parameters of the coils need to be analyzed.

Mutual inductance

The Vj,q in the Rx coil determines the mutual inductance (M) between the Tx and the
Rx coils, when Tx carrying a peak current of I, and calculated using Faraday’s law of

electromagnetic induction as [100]
o ‘/;nd
B (J..JITm

(2.11)

Self-inductance of the multi-turn coil

The total self inductance (L) of a multi-turn coil having a total Ny, turns is determined
by summation of self inductance L, of individual m! turn and mutual inductance M,

between each pair of m and n' turns. In this manner, L is defined as

Nrg Nty Nrg
L= Z Lo + Z Z Myn (2.12)
m=1 m=1n=1

and the L, and M,,, are calculated using [101]

1 m
Ly, = piorm {ln( o > — 2]
w

2

Mo = i/ | (1= 5 ) K) = B)|.

(2.13)

Here, R,, and R, are the radius of m!" and n'" turns, w denotes the strip width of the
printed coil, and v= 2\/f7n/(rm + ).
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Parasitic capacitance between different turns of a coil

The parasitic capacitance (C;) between two adjacent turns of a coil is composed of two
different capacitances that exist between the air (Cy;-) and the substrate (Cgyups) of a
printed circuit board (PCB) [102] , which is defined as

t
Ot == Cm'r + Csubs ~ (aEair + /Besubs)goglg- (214)

Where [, is the air gap length, ¢ is the thickness of track strip, g is the separation between
adjacent tracks, o = 0.9 and § = 0.1 are the constants for air (e, = 1) and FR4 substrate
(€subs = 4.4).

Resistance of a multi-turn coil

Total DC resistance of a multi-turn coil is defined as Rpc= % Where, o is the
conductivity of material, [, is total conductive length and a is cross-sectional area of the
track. Under higher frequencies, the current distribution in the coil tracks is non-uniform
due to skin and proximity effects. Due to the former, the current is mainly confined near
the surface of the wire, whereas, the latter results in the non-uniform current distribution
along the tracks because of the coupling in the adjacent turns. Therefore, the R, of a
coil is given by [103]

Roc = Rspin + Bprox, (2.15)
where, Rgpin and Rp.., represents resistances due to skin and proximity effects,
respectively, and determined by [102, 103]

t

Rs in — 7tR )
k S1—e b DC
! w \° (2.16)
Rprox = ERDC Werit ) .
31s+w
Werit = 772Rsheet-
Mo w

Here, ¢ is the skin depth defined as /2/(powo), werit is the critical angular frequency at
which current crowding becomes significant, pg is the permeability of air, and Rgpeet is

the metal sheet resistance of the track.

2.4 The PTE and S21 calculation

The PTE, which is realized in terms of S21 parameters between the Tx and Rx coils as
|521|? can be formulated as [104]

j2wM\/ RSRZ
(R1+ Rs)(Ra + Ry) + (wM)?’

where, Ry, Ro are the parasitic resistances of the Tx and the Rx coils and Ry, R; are the

521 = (2.17)

source and load resistances, respectively.
By substituting M from (2.11) in (2.17), we obtain

jQVvindITw Vv RsRl

521 = .
12,(Ry 1 R)(Ra 1 R0) + V2,

(2.18)
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2.5 Summary

This chapter is dedicated to deepening our understanding of the theory behind the resonant
near-field WPT system. It focuses on improving comprehension of the mathematical
analysis of a typical MRC-based WPT system, particularly explaining the closed-form
equation of the magnetic field distribution generated by standard coil structures.
Additionally, it addresses determining various coil design parameters, calculating induced
voltage using Faraday’s Law, and assessing Power Transfer Efficiency using circuit law,

which serves as the foundation for analyzing and designing coil structures.



Chapter 3

Rotating Magnetic Field Forming

Transmitters

SO—1: Investigate an optimal rotating magnetic field for angular misalignment mitigation

and generate using a planar Tx.

This chapter introduces a mathematical model of a typical WPT system that generates
a 3—D rotating H-field to mitigate the angular misalignment problem, particularly in
charging biomedical implants. Various 3—D rotating H-fields are demonstrated, and
their effects on the angular misalignment of the Rx are analyzed. To enhance the
system’s tolerance to angular misalignment, the 3—D rotating H-field is optimized to
determine the optimally polarized H-field distribution at the Rx region. Additionally, this
chapter discusses the development and optimization of two distinct Tx coil designs, labeled
Design—1A and Design—1B, which fulfill the objectives outlined in SO—1 as defined in
Section 1.7. Furthermore, the proposed optimal field is validated in the far-field microwave

power transfer (MPT) regime as Design—1C.

3.1 Evolution of 3-D Rotating Magnetic Field Using 3-D
Shaped Transmitter (Design-1A)

To analyze a 3—D rotating H-field, the proposed WPT system contains two inductively
coupled Tx and Rx units as depicted in Figure 3.1. The Tx is made of three coils having
radius rp,, number of turns Np,, and instantaneous current excitations i,(t), i,(t) and
i»(t) with peak amplitude IF_, I{?w and I7_, respectively. The Tx coils are arranged
orthogonally in space to generate three orthogonal H-field components with peak value
H,, H,, and H, and having instantaneous value of h.(t), hy(t), and h.(t) at the Rx
location. As shown in Figure 3.1, a small planar Rx coil having a cross-sectional area A,
number of turns V,, and inclination angles 6, and ¢, from z-axis and x-axis, respectively,
is centered at the origin. The oscillating H-fields originated from the three orthogonal Tx

coils are evaluated at the origin using Biot Savart Law, presented in (2.1) and defined as

| Nrpgia(t)

ha(t) = _ Nraty(t) )y Nrstalt),

vhy(t) = — ===, hs(t) =

1
2TTx (3 )

2TT;C QT'Tx

Hence, the resultant H-field vector k(t) generated at the Rx is given by h(t) = hg(t)2 +
hy(t)y+h.(t)Z which induces a voltage Vj,4 in the Rx coil defined as (2.9). By substitution

25
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Figure 3.1: A WPT system consisting of three orthogonal transmitter and a planar
receiver.

from (3.1), (2.9) yields an expression of Vj,4 as a function of excitation currents in the Tx
coils as

NTJ;N,-/,LOA) d

— |4y (t) sin 0, cos ¢, + iy, (t) sin 6, sin ¢, + i, (t) cos 0, | . (3.2)
27'Tz dt

Vina(t) = — (
The V4 given by (3.2) determines the total power delivered to the Rx. The effectiveness
of a WPT system is ultimately measured by its performance metrics, specifically PTE,
which is defined as the ratio of power delivered to the Rx load to the total input power
of the Tx. However, the power delivered to the load relies on RMS value of the V4, Vi,
before rectification at the Rx. Hence, to achieve an optimal PTE, the V. is the ultimate
parameter to be enhanced. It is observed from (3.2) that the current excitations i,(t),
iy(t), and i.(t) in the Tx coils along with the Rx coil orientation 6, and ¢, determine V,
value. Moreover, it is apparent from (3.1) that due to the time varying excitation currents,
the H(t) varies in time and has a time varying vector direction. Hence, the trajectory of
the tip of the vector A(t) (defined as polarization of the H-field) depends on the current
excitations and may adopt various shapes. The H-field polarization affects the PTE at
the Rx and a specific polarization of ﬁ(t) may result in a maximum PTE for a specific
inclination 6, and ¢, of the Rx coil. However, when the Rx changes its orientation, the
PTE may degrade significantly resulting in angular misalignment problem. To understand
this, the effect of H-field polarization (2—D and 3—D) in WPT systems is studied next.

3.1.1 Effect of H-field polarization in WPT systems

The angular misalignment problem is analyzed by studying the H-field polarization at the
Rx location. Depending on the Tx coil excitations and correspondingly generated rotating
fields at the Rx, 2—D and 3—D H-field polarizations may exist.
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2-D H-field polarization

In case only two Tx coils, i.e., Coil—1 and Coil—2 in Figure 3.1 are excited (with currents
of amplitudes I% and I%_, and phase difference At)), the oscillating H-field generated at
the Rx location will be 2—D polarized. To categorize polarizations, Axial Ratio (AR) is
defined as a ratio of major axis to minor axis length. This results in linear, circular, and
elliptical polarizations. For Ay = nm where n is an integer, a linearly polarized H-field is
generated and the corresponding H-field trace is illustrated in Figure 3.2(a) for I}, = I%x.

The AR is infinite for the linearly polarized H-field which oscillates in a single direction

10 10 0
5 5 s
> >
o E=lY o
i i \ 5
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H H H
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@ ®) ©
Figure 3.2: 2—D polarization (a) Linear (b) Circular (c) Elliptical.

restricting the Rx area vector to always align with that direction to efficiently capture the

field. Figure 3.3(a) reveals the directional nature of the linearly polarized H-field, which
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Figure 3.3: Induced voltage variation due to 2—D polarized H-fields (a) Linear (b) Circular
(c) Elliptical.

shows that the V, varies with both 6, and ¢,. For I}, = I¥_ and the phase difference
(A1) between the sources are Ay = (% + n)7, the H-field is circularly polarized. The
phase shift between excitation currents generates a rotating H-field at the Rx as presented
in Figure 3.2(b). The AR for a circular polarization is unity and the H-field rotates in x-y
plane with equal intensity. This allows the Rx to capture H-field equally in any orientation
¢, but restrict inclination 6, = 90° for a maximum V,.. Figure 3.3(b) shows V. variation for
the circular polarization, and proves that the induced voltage is invariant in ¢, but varies
with 6. Similarly, for IF, # I} and Ay = (% + n)m, the H-field is elliptically polarized
as shown in Figure 3.2(c) for I7, = 1A and I¥, = 0.5 A. The AR for elliptically polarized
H-field is greater than unity indicating that the field captured by the Rx is non-uniform
and depends on orientation in ¢,, this can be verified by the corresponding V,. result shown
in Figure 3.3(c).

Since i,(t) = 0 for 2—D polarization, we derive from (3.2) that V,q reduces to zero

for 6, = 0°. Therefore, we conclude that by generating the 2—D polarized H-field, the
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orientation problem in 6, always persists. Since the 3—D polarization generates a rotating
H-field in three dimension, the Rx can be placed in any orientation. Hence, a 3—D

polarized H-field is necessary to completely mitigate the angular misalignment problem.

3-D H-field polarization

The 3—D polarized H-field can be generated by using the Tx consisting of three orthogonal
coils and controlling the excitation currents in the individual coil shown in Figure 3.1. To
realize rotating H-field in 3—D, we use AM signals to excite the Tx coils. Note that the
DSB-SC excitation is included in the general AM signal as a special case. The AM currents

in the Tx Coil—1, —2, and —3, respectively, can be formulated as

i (t) = IF,[(1 — m) + m cos(wpt)] cos(wet + 1.),
iy(t) = I, [(1 — m) + mcos(wpmt + m)] cos(wet + Pe), (3.3)

i (t) = 1%, cos(wet),

where, m is the modulation index (0<m<1), w,, is the angular modulating frequency
(27 fm, rad/sec), w, is the angular carrier frequency (27 f. rad/sec) here f,, = 500Hz and
fe = 6.78MHz, 1, and 1. are the phase difference in the modulating and the carrier
signals, respectively. To generate AM signal efficiently, the frequencies should satisfy
We >> wp,. By controlling the excitation current parameters given in (3.3), various 3—D
polarizations of H-field governed by (3.1) can be generated. In this study, we present
some general shapes formed by 3—D polarization and their effect on WPT performance is

analyzed subsequently.

Drum shaped 3-D polarization

For the AM signals excited with conditions I, = I%,E =17,m=10< ¢, < 7/6,
and 0 < ¢, < 7/2, in (3.3), a drum shaped 3—D polarized H-field is realized at the Rx
location. The resultant H-field trace for 9. = ¢, = 7/4 and I, = 1 A is shown in
Figure 3.4(a).

2.
120

H H a2 H M o wm 'H
(b) ©

Figure 3.4: 3—D polarized H-fields (a) Drum (b) Spherical (c¢) Ellipsoidal.

x

Spherical 3-D polarization

For excitation conditions I7,, = I%x =1I1%.,m =1, Y. = ¢p, = 7/2, a spherically polarized
H-field is generated at the Rx as depicted in Figure 3.4(b) for 17, = 1 A. This excitation is
same as DSB-SC case presented in [18, 19] to generate spherically rotating H-field vector.
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Ellipsoidal 3-D polarization

To generate an ellipsoidally polarized H-field, the conditions for excited AM signals are
m =1, ¢y, = /2, 1. = /2, and except I}, I},

an example of an ellipsoidal polarization for I = 1.2 A, Ié{x =14 A, and I7, = 0.82

17, are not equal. Figure 3.4(c) presents

A. A complete analysis of the effect of 3—D polarized fields on angular misalignment in

WPT systems is presented next.

3.1.2 Analysis of 3-D Polarized H-field
Induced voltage calculation

Once the Tx is excited with the AM signals i,(t), i,(t), and i,(t) defined in (3.3), the Vipq

in the Rx coil is found using (3.2) which by substitution converts to

dt

NraeNrpuoA\ d
Vina(t) = — (u)

5 — {I%T[(l — m) + mcos(wmt)] cos(wet + c)sin Orcos ¢ + I¥ [(1 — m)+
Tz

m cos(wmt + Pm )] cos(wet + 1e)sin O,8in @, + 17, cos(wct)cos O, | .

(3.4)

After expanding and rearranging the terms in (3.4), the final V;,4 is given by (3.5). The

Vina(t) = (M> [I%z[(l — m)we sin(wet + Pe) + @(wc + wm ) sin((we + wm)t) + m

e 2 3 (We —wm)

sin((we — wm)t)]sin Orcos ¢r + I¥ [(1 — m)we sin(wet + e) + m(cuc + W) sin((we + wm ) t+

2
(Ve + Ym)) + %(WC — wm) sin((we — wm )t + (Ye — Ym))]sin O,sin ¢, + 17, sin(w.t)cos GT] .
(3.5)
RMS value of Vinq, V; is evaluated using (2.10) considering f = f,, where f, = 9= is

the fundamental frequency of the induced voltage. By solving (3.5) and (2.10), the square
of V, in the Rx is formulated as (3.6). The steps to obtain (3.6) are omitted here for

2 \2 2 N2 2
vz = (Rreletef) gy Ul L T 02 4 sin® Breos? 6, + (1, w2 U T
2r7g 2 4 2 4

(17,

2

w2cos® Oy + I3 I (1 — m)w? 008 Ye

(w? + w2))sin’ 0,sin” ¢, + sin 0,.cos 0,cos ¢, + I¥ I7,

1—m)? 2
sin 0.cos 0,sin ¢ + I, I3, (wf ( m) + m (wf + wfn)cos ¢m)sin2 0,-cos ¢prsin ¢, | .

2 2
(3.6)

coS e

1— 2
(1 - my

brevity. It is apparent that the expression of V. is consisting of 6, and ¢, dependent
terms, and excited AM signal parameters. Therefore, the V,. is determined by the kind of
polarization as well as the orientation of the Rx coil. The effect of 3—D polarizations on

angular misalignment is analyzed subsequently.

Effect of 3—D H-field polarization

The WPT performance and variation in the V. for 3—D polarization cases, i.e., drum,

spherical, and ellipsoidal are now analyzed. For the drum-shaped polarization, the



CHAPTER 3. ROTATING MAGNETIC FIELD FORMING TRANSMITTERS 30

corresponding excitation current parameters provided in Chapter 3.1.1 are substituted

in (3.6) and the corresponding RMS induced voltage V,” is obtained as

2 N2
(VP)? = (%) B(wf + w?,)sin’ 0, + %waOSQ 0, + %(wf + w2, )cos Ymsin® 0,.cos ¢,sin ¢, | .
TTx

(3.7)

The expression shows that the VP varies with 6, and ¢,. The VP for the polarization
shown in Figure 3.4(a) is calculated using (3.7) and plotted in Figure 3.5(a) which shows

a high variation with 6, and ¢,. Hence, the WPT performance is not consistent in case
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Figure 3.5: The V. for 3—D polarized H-field (a) Drum (b) Spherical (c) Ellipsoidal.

of angular misalignment of the Rx coil. Similarly, the performance corresponding to
the spherical polarization is analyzed by inserting excitation current parameters from
Section 3.1.1 in (3.6). The RMS induced voltage V,° for this case is obtained as

(V5)2 = (NT“];T’;AITY E(wg w2 )sin? 0, + %wfcosQ 0, (3.8)
which shows that V° becomes independent of ¢,, however, it still varies with 6,. The
calculated V,5 corresponding to the polarization is shown in Figure 3.4(b) is plotted in
Figure 3.5(b) demonstrating that the VTS variation for the spherically polarized H-field is
reduced as compared to the drum-shaped polarization though the angular misalignment
problem is still persistent. To achieve uniform power delivery in any orientation of the Rx
coil, the V. should be independent of 8, as well as ¢,.. This motivates us to investigate an
optimal polarization of H-field to completely mitigate the angular misalignment problem

as presented subsequently.

3.1.3 Proposed 3-D Polarized H-field Forming

To mitigate angular misalignment problem, our investigation reveals an ellipsoidal 3—D
polarization defined in Chapter 3.1.1 as a potential solution. The parameters of excited AM
currents of (3.3) to generate a general ellipsoidal polarization are defined in Chapter 3.1.1
asm =1, ¥p, = 7/2, Y. = 7/2, and except I}, I%x,ljzm are not equal. These parameter
values are substituted in (3.6) and the V; for ellipsoidal polarization is given by

(VE)2: NryNrpioA ? (1%1)2 (1%2)2
T 27y 4 4

(w? + w? )sin? 0,.cos? ¢, + (w? + w?))sin? B,sin? ¢,

c

VE 2
+ %uﬂcos2 Hr} .

(3.9)
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This can be inferred by analyzing the ellipsoidal polarization presented in Figure 3.4(c)
whose corresponding V; calculated using (3.9) is shown in Figure 3.5(c). By comparison,
Figure 3.5 reveals that the variation in the V,. for the ellipsoidal polarization is small as
compared to that of the drum and the spherical polarizations. However, this particular
ellipsoidal case does not result in a V. independent of 6, and ¢,. Therefore, our goal
next is to optimize the ellipsoidal polarization to completely remove angular misalignment

problem of the Rx.

Analytical optimization of the ellipsoidal polarization

For analysis, let the current amplitudes are defined as I7, = kI, I%m = kl,I7, = 1
satisfying the amplitude condition for ellipsoidal case, where amplitude factor k is
a parameter of optimization. This reduces the V, expression of (3.9) for ellipsoidal

polarization to

NTwNTMoAI

2

1 1

—(w? 4 w?)k*sin? 0, + —w?cos? 0, |. (3.10)
217y 2

e = ( : :

Note that the judiciously chosen current amplitude condition results in a V, that is

independent of ¢,. Further, the expression is rearranged to

NTmNTMoAI

2TT$

2
1 1
) [((wf + w?)E?* — 2w?)sin? 0, + wf} . (3.11)

e = ( : :

To obtain the V, independent of 6,., the initial terms in (3.11) should vanish, this evolves

the condition on amplitude factor k as

W+ 22 =0, = kg = (3.12)

The optimal amplitude factor ko is determined by (3.12) which is depending solely on
frequencies of the AM signal. In our case, since w. >> w,, for the AM signal, the optimal
amplitude factor can be approximately obtained as ko = V2. Hence, to completely
eliminate the angular misalignment problem, the analytical optimization proposed here
proves that the excitation current amplitudes should be dictated by optimal relation 17, =
V2I, I%m = \/il,fr}x = I and other parameters must have values m = 1, ¢, = /2,
1. = m/2. This results in an optimized ellipsoidal polarization and completely remove
the angular misalignment problem of the Rx. Next, to verify the analytically obtained

optimization results, a numerical optimization study is conducted.

Numerical optimization and parametric study

To mitigate the angular misalignment completely, the standard deviation oy; of V, with
respect to 6, and ¢, should be minimized. In the numerical optimization study, all
possible 3—D polarization cases are covered. For that, we have considered five optimization

variables, i.e., k, I = 1%, m, 1, and . and the desired objective function with constraints
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is defined,
e Ok
subject to 0<k<2 0<m<1, (3.13)
0< 1<y, Vi="W,
0<¢c<7/2, 0 <, <7/2
where Iy = 2A is the current amplitude limit for 7% (correspondingly limiting the

amplitudes of I7 and I%x), Vo is the desired mean V, of V, averaged over 6, and ¢,. A
parametric study is performed to analyze variation of oy; with the optimization parameters
k, I, m, e and ¥p,.

Parametric study result

The variation of oy, with respect to the optimization variables is presented in Figure 3.6.

For instance, Figure 3.6(a), (b), and (c) shows the variation of oy, versus k for various

x1u > 1u -
3.5

17,705, o _=wi2, »,_ ~ni2

I3, =wl2, 3, =wl2

o, (Voly

o 0.5 1 15 2 o 0.5 1 15 2

Figure 3.6: Parametric results for varying the optimization variables.

values of m and I, for a particular 9. = 1, = 7/2. The plot shows that a minimum
(close to zero) oy, is achieved for m = 1 and k = 1.41 = /2. Similarly, from Figure 3.6(b)
and (d), we observe that the optimal m and k values remain the same for different v,
however, the minimum value of oy, increases with lower .. The same is noted for ¢,
variation from Figure 3.6(d) and (f) that the minima of oy, rises when 1y, is reduced.

Furthermore, by comparing the results of Figure 3.6(e) and (f), we infer that oy, does
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not attain a minima if ¢, and v, are less than 7/2. This suggests that 1. = 1, = 7/2
represents the optimal solution to minimize the oy;..
To analyze the effect of I7 , we note from (3.10) that V. varies linearly with 17, the

dependency is shown in Figure 3.7 in terms of oy, and V,. The optimized parameter
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Figure 3.7: Variation of V, and oy, with respect to I% .

values for this result are set as k = v/2, m = 1, and ¢, = ¥ = 7/2. It is observed that
V; and oy, both increase with I%_, however, the increment in oy, is negligibly small in
1V and still attains a minima to fulfill the objective function. Therefore, the choice of
parameter /7, depends only on the V, requirement.

In this study, for a fair comparison of the polarization schemes, Vj = 9.3 mV is chosen
which corresponds to the V, of the spherically polarized field shown in Figure 3.5(b). To
achieve the same V,.(= Vp = 9.3 mV) for the proposed optimal ellipsoidal polarization, the

corresponding amplitude parameter is calculated from Figure 3.7 as I = 1% = 0.87 A.

Numerical evaluation

As a proof, the formulated optimization problem of (3.13) is solved using commercial
software MATLAB. By utilizing optimization tool, a genetic algorithm is run to find a
global optimal solution. The objective function given in (3.13) is incorporated in the
algorithm and the optimization parameters are assigned with the limits. The algorithm
terminates successfully after 71 iterations attaining the objective function values as oy, =
0.0l mV and V,, = 9.3 mV. The optimized parameter values are revealed as k = 1.463, m =
0.965, 17, = 0.87 A, 1. = 1.481 rad and 1),,, = 1.543 rad which are in close approximation

to the values obtained from the analytical optimization presented in Chapter 3.1.3.

Analytical result of the optimal polarization

The analytically obtained and numerically verified solution of (3.13) results in an optimal
ellipsoidal polarization eliminating the angular misalignment problem and shown in
Figure 3.8(a). The V, performance of the proposed ellipsoidally polarized H-field is
analyzed in Figure 3.8(b) for all the Rx inclinations. The results show a negligible variation
of V, with 6, and ¢, implying mitigation of angular misalignment problem.

To compare the performance of various 3—D polarizations, respective V, and oy, are

calculated with respect to 6, and ¢,. In addition, to compare peak variation in V,., the
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Figure 3.8: Optimized ellipsoidally polarized H-field and corresponding V,. variation.

difference between maximum to minimum V, value is found as V0 — Vinin. Table 3.1

summarizes the results corresponding to the drum-shaped, spherical, and ellipsoidal

Table 3.1: Performance comparison of various 3—D polarizations.

[ 3D polarization [ Vimaz — Vimin (mV) [ V, (mV) [ oy, (mV) ]
Drum-shaped 6.500 9.3 1.600
Spherical 3.100 9.3 1.100
Ellipsoidal(not optimized) 1.800 9.3 0.505
Ellipsoidal (optimized) 0.013 9.3 0.003

(not-optimized) polarizations presented in Figure 3.5, and proposed optimized ellipsoidal
result presented in Figure 3.8(b). The data in Table 3.1 show that the peak variation
Vinaz — Vinin of the drum-shaped, spherical, and ellipsoidal (not-optimized) polarizations
are 6.5 mV, 3.1 mV, and 1.8 mV, respectively, showing a high variation in V, for the
three cases. In addition, the oy, values for these cases are 1.6 mV, 1.1 mV, and 0.5
mV, respectively, where the former shows the highest variation. Essentially, the proposed
ellipsoidal (optimized) polarization outperforms others with a peak variation Va0 — Vinin=
0.013 mV and oy, = 0.003 mV, proving that the V, variation is minimum in the proposed
case. For a fair comparison, V,= 9.3 mV is the same in all the cases implying an equal
average power delivery. Hence, the optimized ellipsoidally polarized H-field is proved to
be a solution to mitigate angular misalignment which delivers constant power at the Rx

in any orientation.

3.1.4 Simulation and Results

The analytical results presented in Chapter 3.1.3 are verified by simulations using
commercial software Ansys EM Suite 19.1. The Tx and Rx coils shown in Figure 3.1 are
designed in Ansys Maxwell and the structure is imported in Ansys Simplorer for circuit
simulation. Figure 3.9 presents the simulation setup consisting of resonating capacitor in
series with each coil and modulators to generate required excitations. Two AM signals and
one carrier signal as defined in (3.3) of desired frequency at the Tx is generated. Sinusoidal
sources of corresponding frequencies 500 Hz and 6.78 MHz are used to generate AM signals
feeding the two Tx coils and a sinusoidal excitation of 6.78 MHz is used to excite the third
Tx coil. The excitation current amplitudes are controlled using resistors placed in series of
the coils to generate spherical and ellipsoidal H-field polarizations. The setup is simulated

for various orientations of the Rx coil and the induced voltage at the Rx is observed.
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Figure 3.9: Simulation model of the WPT system in Ansys Simplorer.

The results are presented in Figure 3.10 showing the variation of V, with 6, for various
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Figure 3.10: Simulation results of the spherical and optimized ellipsoidal polarizations.

values of ¢,. The simulated results corroborate the analytical results of Figure 3.5(b) and
Figure 3.8(b) and demonstrate that, for the same V., the spherical H-field polarization
has a high variation in V, with a peak to peak 2.94 mV, whereas, the ellipsoidal H-field
polarization has a reduced peak variation to 0.14 mV. This implies that the simulated
result shows a small variation of V,. for proposed ellipsoidally polarized H-field as compared

to the spherically polarized H-field. Experimental verification is conducted subsequently.

3.1.5 Experimental Verification

To validate the results, the WPT system of Figure 3.1 is realized consisting of three
orthogonal Tx coils (rp, = 50 mm and Np, = 10) made of litz wire, which contain
25 strands of 47 gauges. Using the same wire, the Rx coil (r, = 3 mm and N, = 60)
is fabricated and placed at the center of the Tx as demonstrated in Figure 3.11. The
unloaded coil impedance is measured using Agilent Vector Network Analyzer (VNA)
(PNA-L N5230C). The measured values of resistance and inductance are 1.93 2 and 26.22
pH for each Tx coil and 1.69 Q and 24.19 pyH for the Rx coil, respectively. A matching
network is connected to each coil to resonate them at the operating frequency. The

complete hardware setup of the WPT system is shown in Figure 3.11. The three Tx coils
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Figure 3.11: Experimental setup of the WPT system.

are excited using two synchronized dual channel Rigol function generators (DG1062Z). To
measure the V. at the Rx port, Keysight DSO (DSOX2022A) is utilized. The function
generator-A excites two AM signals as visualized from DSO-A. Whereas, the function
generator-B generates sinusoidal carrier signal. The output V,. of the Rx coil is measured
using DSO-B. Figure 3.12 plots the normalized V, recorded for various orientations of

the Rx coil. The results show a good agreement between the measured and simulated

12
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Figure 3.12: Measured result for angular misalignment (a) ¢,= 0° (b) ¢= 90°.

data and verify the performance of proposed scheme. For comparison, oy, is evaluated
for ¢,= 0° and ¢,= 90° for spherical and ellipsoidal polarizations. Figure 3.12, the
oy, is evaluated as 0.14 mV measured and 0.08 mV simulated value for the proposed
ellipsoidal H-field polarization whereas 1.24 mV measured and 1.13 mV simulated values
are obtained for spherical H-field polarization. Hence, the proposed optimized polarization
achieves a V. which is nearly invariant to the Rx orientation. As a result, the performance
remains consistent in case of the proposed 3—D polarization irrespective of the angular
misalignment of the Rx. However, the 3—D Tx structure presented has several drawbacks,
such as its inability to be directly used for biomedical implants and mass production. These

limitations can be addressed by employing a 2—D Tx structure presented subsequently.

3.2 System Configuration of Planar Transmitter Antenna
(Design-1B)

To generate a 3—D polarized H-field distribution at the Rx location, amplitude modulated
(AM) excitations are utilized. Since, the excitation current determines the distribution of

instantaneous H-field originated by a coil, the AM modulated field projections to generate
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3—D rotating H-field are formulated as

ha(t) = Hy cos(wimt) sin(w,t),
hy(t) = Hy sin(wp,t) sin(w.t), (3.14)
h.(t) = H, cos(wet).

Here, the peak amplitudes H,, H, and H, at the Rx region is obtained using (2.3).
To generate these components defined in (3.14), a planar multicoil Tx is proposed here.

Figure 3.13 illustrates the schematic view of the proposed design comprising a total

Figure 3.13: Planar multicoil antenna to produce 3—D polarized H-field.

of five multi-turn planar coils distributed in space. Each coil-i Vi € [1, 5] has location
(2%, Yy 24,) and radius 4., as shown in Figure 3.13. For an efficient field forming at
the Rx location, the excitation current and geometrical parameters of the individual coil
are controlled. Since the Rx is located at (0, 0, h) as shown in Figure 3.13, coil—1 alone is
sufficient to form h,(t) field at the Rx location. Whereas to produce h(t) component at
the Rx location, coil—2 and coil—3 carry currents with opposite circulation as depicted in
Figure 3.13, this incorporates 180° phase shift in the excitation current, thus resulting a
generation of h;(t) component at the Rx location (0, 0, h) from Fleming’s right-hand rule.
Similarly, coil—4 and coil—5 produce the h,(t) component at the Rx location. Moreover,
the presence of anti-parallel turn coils minimizes the mutual coupling between the proposed
Tx antenna. Further derivation of an optimal H-field condition for the proposed planar

multicoil antenna Vj,4 is analyzed subsequently.

3.2.1 Condition for Generating Optimal 3-D Polarization

For the scenario shown in Figure 3.13, the V},4 in the Rx coil is evaluated using (2.9).
To simplify the analysis further, it is assumed that the Rx is very small compared to the

Tx depicted in Figure 3.13. This condition implies a uniform H-field throughout the Rx
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dimension. The substitution of (3.14) in (2.9) results in V;,4 formulation as

HyA,y
2

Vina(t, 0r, ¢r) = — Nppo [HZAI ((wC + Wm ) cos((we + wm)t) + (we — wm ) cos((we — wm)t)) +

(e sin( (4 0,)0) = (e = ) sin((wc = )0 ) = H-Ascsinfuet)|
(3.15)
It is noted from (3.15) that the Vj,4 solution is a function of the Rx orientation (6,, ¢,). To
completely mitigate the angular misalignment problem, the V;, 4 should be independent of

0, and ¢,. To analyze this, the V},4 for various orientations of the Rx coil is investigated.

For 0, = 0° & ¢, = 0°

This case corresponds to perfectly aligned Rx (A, = A, = 0and A, = A) which is coplanar
to the Tx. Under this condition only h,(t) contributes to the Vj,q4 in the Rx coil, hence,
using (3.15), it is derived as

Vind(t,0°,0°) = NppoH, Aw, sin(w,t). (3.16)

The RMS value of V, is evaluated using the expression (2.10). Hence, the V,. value for the

perfectly aligned Rx case (V;?) is evaluated as

Ny pio H, A
VE = “# 202, (3.17)

For 0, =90° & ¢, = 0°

For this case, the area projections have values A, = A, A, = A, = 0 and only h,(t)
contributes to the Vj,4(t) which is determined from (3.15) as

_ NypoHz A

Vina(t,90°,0°) = 5

(we + wm) cos((we + wm)t) + (We — wim) cos((we — wm)t) |- (3.18)

The RMS value for this case, V7, is evaluated using (2.10) in (3.18) by assuming w, = 1wy,

where n is an integer and obtained as

 Nyu H,A
Ve = “f\/(wg Fw2). (3.19)

For 0, = 90° & ¢, = 90°

Similar, for this case, the area projections are A, =0, A, = A, and A, = 0 and only hy(?)
contributes to the V;,4(t) and found using (3.15)

NrpoHyA

Vina(t,90°,90°) = — 5

(we + wm) sin((we + wm )t) — (we — wm) sin((we — wm)t) |- (3.20)
The RMS value for this case, V;, is obtained by using (2.10) and (3.20) as

Ny pio Hy A
VY = %\/(wg Fw2). (3.21)
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To eliminate the 6, and ¢, dependency of V;, the expressions (2.10), (3.19), and (3.21)
are equated to each other so that the V. is equal in all the three orientations. By solving
this the optimal H-field condition obtained are

Hy= H, = H., | 2% (3.22)

s T ey '

The derived optimal field conditions of (3.22) show that to mitigate angular misalignment
problem completely, the optimized 3-D polarization is an ellipsoidal polarization since
H.#H, and H,#H,. The proposed antenna is optimized to form the optimal 3-D
ellipsoidally polarized H-field adhering to the conditions derived in (3.22).

3.2.2 Analytical optimization of the proposed transmitter

To obtain maximum S21 between the Tx and Rx coils, the Tx coil parameters such as coil
radius (r%,), number of turns (N4 ), strip width (w?.,) and spacing between the turns
(¢%,) for coil-i Vi € [1, 5] are optimized in accordance to the formulated problem defined

as
.~ Maxmize — S21(rpy, Ny Wiy 914)
TTa 7NTm YW 91

subject to

1 2 .3 .4 5
rpy <70 mm, 77, 77, Ty, and vy, <29 mm,

2 2
H,=H,=H, L,amd wel —
‘ (W2 +wp)

1
. 3.23
%C)>o (3.23)

Here, r%x is restricted to 70 mm such that coil—1 can form maximum H-field at the
Rx location (0, 0, 50) mm from (2.3). To avoid any electrical shorting between tracks
of different coils, their locations are set carefully. For this purpose, coils are spatially
distributed, i.e., coil—1 is placed at the origin (backside of PCB), whereas all other coils
are located in z = 1.6 mm plane (front side of PCB). The coils 2 — 5 are distributed
as shown in Figure 3.13 with their centers having coordinates (41, 0), (—41, 0), (0, 41)
and (0, —41) in mm, respectively. This allows a maximum radius of 29 mm for these
coils to constrain the maximum antenna size to 140 mm. Moreover, the last constraint in
the optimization problem of (3.23) corresponds to the reactance criteria for determining
sign change of net reactance value, which is obtained by calculating the inductance and
capacitance analytically using (2.12) and (2.14) for various coil parameters. This reactance
criterion is imposed to refrain the optimized coil from adopting a very high number of turns
and become capacitive. This is because, under high-frequency operation, the capacitive
effect in a multi-turn coil may dominate. The reason for discarding such Tx coil solutions
working in a capacitive region is due to the requirement of a complex matching network
which further leads to wastage in the form of electric field.

To optimize the Tx coil antenna, a parametric sweep is performed using MATLAB 2019a.
For this, a planar Rx coil presented in having diameter= 20 mm, and the number of turns=
6 is considered where the track width and gap are set as 0.5 mm in accordance to the

fabrication limits of the available PCB prototyping machine. During the parametric study,
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the optimization procedure calculates the coil parameters for different coils as formulated
in Section 2.3 and determined using (2.12), (2.13), and (2.14). The optimization procedure
begins to optimize the coils 2 — 5 to maximize the S21 parameter calculated using (2.18).
The reason behind optimizing the coils 2 — 5 prior to the coil—1 is that the maximum H,
and H, that the optimized coils 2 — 5 will generate, the coil—1 alone is able to generate
sufficient H, such that the field condition given in (3.22) is satisfied, but the converse
may not be true because of the space limitation of the coils 2 — 5. Once the coils 2 — 5
are optimized, the optimal H-field for the coil—1 is found from (3.22), and the optimal
parameters of the coil-1 are then evaluated. The parametric study results obtained by the

design procedure are presented in the following.
Parametric Study Results

To satisfy the field condition H, = H, in (3.22), the coils 2-5 must be identical,
therefore, their design parameters are also same and considered as r%z, w%x, g%x, and N%x.
Figure 3.14 demonstrates the normalized plots of S21 by varying coils 2 — 5 parameters.

Figure 3.14(a) shows the variation of S21 versus g%, for various values of N2 _, where
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Figure 3.14: Parametric study(c)for optimizing parametefcg of proposed Tx coil 2 — 5.
Normalized S21 versus (a) g%, (b) w2, (c) N2, and (d) rZ_.

w%x = 0.5 mm and r%w = 29 mm. The result shows that a maximum S21 is achieved at

the optimized values g%, = 1.5 mm and N#_ = 11. Figure 3.14(b) shows variation of $21
versus w%x for different values of N%x when 9%3; = 1.5 mm and r%x = 29 mm. This result
indicates that the maximum 521 is achieved for a minimum w%m and at N%I = 11. Due
to the fabrication limits of the available PCB prototyping machine, the minimum possible
w2, = 0.5 mm is selected. Similarly, Figure 3.14(c) illustrates the S21 variation with N2_
for different values of 72, at w3, = 0.5 mm and g%, = 1.5 mm. This plot shows that the
521 is optimized for r%m =29 mm and N%I = 11 is chosen because the increment in 521
is almost constant beyond N#_ > 11. Figure 3.14(d) describes the variation of S21 versus
r%x for different values of g%x while w%x = (0.5 mm and N%x = 11. The result indicates
that the maximum S21 is achieved for r2, = 29 mm and g% = 1.5 mm. Corresponding
to these optimized parameters of the coils 2 — 5 as r%x = 29 mm, N%x =11, w%x = 0.5

mm, and g% = 1.5 mm, the values of H, and H, are obtained using (2.3) at the Rx
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location as H, = H, = 11.46 A/m. To satisfy the optimal field condition of (3.22), the
required H, field is calculated to be 8.10 A/m. To generate this H, field, the coil—1 is
optimized by allowing 1% variation in the analytically obtained H, value. Figure 3.15

shows parametric study of the coil—1 optimization. Figure 3.15(a) plots the variation
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Figure 3.15: Parametric study for optimizing the proposed Tx coil-1. Normalized S21

versus (a) gr,, (b) wh,, and (c) r}, for various N7, .

of 521 versus g%px for different values of N%x, where w%x = 1.2 mm, and T%“x = 59

mm. This plot indicates that the optimized ellipsoidal H-field condition is satisfied for
gt = 18.4 mm and N}, = 3. Figure 3.15(b) includes variation of S21 versus wk, for
different values of N}I indicating the optimized ellipsoidal H-field condition achieved for
wh, =1.2 mm and N}, = 3. Similarly, Figure 3.15(c) shows that the maximum 521 and
the optimized ellipsoidal H-field condition both are simultaneously achieved for r%x =59
mm and g%w = 18.4 mm. The parameters resulted from the complete parametric study
of coil-1 results in H, = 8.05 A/m generated at the receiver location. The optimized
parameters of all the coils in the proposed Tx antenna with maximum and minimum

radius of r%. (out) and 7%, (in) respectively, is summarized in Table 3.2.
Table 3.2: Optimized coil parameters of the proposed antenna

[ Coil [ ri (out) (mm) [ r% (in) (mm) [ NI [ wi (mm) [ gt (mm) |
Coil-1 59 20 3 1.2 18.4
Coil-2 to -5 29 9 11 0.5 1.5

Analytical Results

The H-field distributions in the Rx plane generated by the proposed Tx coil having
optimized parameters listed in Table 3.2 is depicted in Figure 3.16. Figure 3.16(a) shows
field formation due to coil—1, which shows only H, component is present at the Rx
location. In contrast, coils 2 — 3 forms H,, as shown in Figure 3.16(b). Similarly, H,
due to coils 4 — 5 is illustrated in Figure 3.16(c). This shows that the proposed multicoil
Tx antenna is able to generate three orthogonal components of H-field at the Rx location as
depicted in Figure 3.16(d) over the fields shown in Figure 3.16(a) of the conventional single
coil Tx antenna. The total H-field vector distributions plotted at different progressive time

instants are shown in Figure 3.16(e) signifying the rotating H-field with time. By using
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Figure 3.16: Field forming from Tx (a) coil—1, (b) coils 2 — 3, (c) coils 4 — 5, (d) proposed
planar multicoil Tx, (e) H-field vector at progressive time instants.

(3.14), the rotating H-field components are calculated and further used in (3.15) to evaluate

Ving in the Rx coil. Figure 3.17 shows the polarization study and variation of V. under
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Figure 3.17: Analyzing proposed Tx (a) 3—D ellipsoidally polarized H-field and (b) V,
variation in the misaligned Rx coil having orientation (0,, ¢y ).

different Rx misalignment conditions. From Figure 3.17(a) it is observed that the 3—D
ellipsoidally polarized H-field is formed at the Rx location, hence can eliminate angular
misalignment problem. Figure 3.17(b) shows the analytically obtained V, variation for
different 0, and ¢, implying a minimal variation in the induced voltage, therefore, the
power received by the Rx coil in any orientation is almost same. Further verification of

these results is provided in the next section.

3.2.3 The Proposed Antenna Realization

The proposed design presented in Figure 3.13 with optimized parameters provided in
Table 3.2 with a planar Rx coil is realized in Printed Circuit Board (PCB) technology.

For this purpose, a double-sided FR4 substrate of thickness, t = 1.6 mm, relative dielectric
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constant €, = 4.4, loss tangent tand = 0.02, and 0.017 mm of copper deposition is utilized.

Figure 3.18 shows the PCB layout of the proposed Tx design. The antenna has three

(@ (b)

Figure 3.18: The proposed Tx antenna PCB layout (a) front view and (b) back view.

ports and fed with signals defined in (3.14). The coil—1 is fed by port—1 as shown in
Figure 3.18. The coils 2 — 3 are connected in series through vias such that the current
circulation is opposite from each other and fed using common port—2. Similarly, the
coils 4 — 5 are excited through port—3 and connected in series to obtain opposite current
circulation. As apparent from the back view of the layout, these series connections are
implemented using two semi-circular printed jumpers to connect the two oppositely placed
coils. The connections of the front and the backside of the printed tracks of the Tx
coils are made through vias as depicted in Figure 3.18 indicated by solid dots. This
layout is implemented, and the analytical results obtained in Section 3.2.2 are verified by
using commercial software Ansys EM Suite 19.1. This simulated design is then used for

verification of H-field forming at the Rx location. Figure 3.19 illustrates the variation of the
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Figure 3.19: Simulation results of H-field distributions.

H-field originated by the proposed Tx antenna in the Rx plane, and the simulated results
are found corroborating well with the analytical results. The peak H-field generated at
the Rx center has values H, = 11.37 A/m, H, = 11.37 A/m, and H, = 8.02 A/m
satisfying the condition (3.22). This validates that the proposed multicoil antenna is able
to generate three orthogonal H-field components of desired amplitude to mitigate the

angular misalignment problem. The design is experimentally validated subsequently.

3.2.4 Fabrication and experimental results

To validate the design, the proposed Tx antenna is fabricated using a PCB prototyping
machine in the laboratory. The fabricated prototype of the proposed Tx antenna along
with the Rx coil is shown in Figure 3.20. The input impedances of the unloaded (without
resonating capacitors) coils are obtained using an Agilent VNA (PNA-L N5230C). The

measured impedance (in §2) values at different ports of the Tx and the Rx is provided
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Figure 3.20: Fabricated prototypes view of (a) the Tx front, (b) the Tx back and (c) the
Rx front and back.

in Table 3.3. Corresponding to these impedance values, the required capacitances

Table 3.3: Measured coil impedance at different ports.

| Port-1 | Port-2 | Port-3 | Port-Rx |
[0.95 +j6.72 | 75 + j55.97 | 7.7 + j55.03 | 1.72 + j5.1 |

to resonate the proposed Tx and the Rx coils at the system operating frequency are
evaluated as CEEY = 1.75 nF, CPLE? = 0.21 nF, CPZP = 0.21 uF, and CPA™ = 2.30
nF. The corresponding SMD capacitors are inserted in series with the coils as shown
in Figure 3.20. To demonstrate the effectiveness of the proposed antenna to mitigate
the angular misalignment problem, the used WPT experimental setup is shown in
Figure 3.21. To excite the Tx ports, two synchronized dual-channel Rigol function
generators (DG1062Z) are employed. Whereas V, is measured at the Rx port using
Keysight Digital Storage Oscilloscope (DSOX2022A). Here, the function generator-A

— Digital Storage
Digital Storage
Oscilloscope- B . ——— Arbitrary
g 1 Function
Arbitrary
Function

Generator- B

Figure 3.21: Experimental setup of the WPT system.

generates two AM signals and excites port—2 and port—3 of the Tx as shown in DSO-A.
At the same time, the function generator-B excites the port-1 of the Tx with a carrier

signal. The V,. at the Rx coil is measured using DSO-B. Figure 3.22 shows the measured
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Figure 3.22: Measured V. in the Rx for angular misalignment (a) ¢, = 0° (b) ¢, = 90°.
result of V,. variation for different Rx orientations. The comparison of the proposed Tx with
the previous design available in the literature [7] is performed. The calculated standard
deviation (oy,) in the V, for the literature design is 0.2247 V in all the orientations,
whereas, for the proposed Tx, oy, is 0.0034 V. The V; of the literature design shows 98.48%
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higher variation over the proposed design. This proves that the proposed antenna has a
minimal variation in the V,. compared to the literature design. The link efficiency of the
proposed system, when the Rx coil is aligned in 6,= ¢,.= 0°, is 17.10% for the resistances
of the Tx coil—1 and Rx coil evaluated as 0.97C2 and 1.64f), respectively. The efficiency is
compared with that obtained by the single Tx coil as presented in [7]. The evaluated link
efficiency is 5.72% for the single coil when the Rx coil is in perfect alignment with the Tx;
this implies an improvement in PTE by the proposed design due to 521 optimization in
Figure 3.15. Hence, the proposed Tx coil antenna designed in planar technology has the
potential to produce optimal 3—D polarized H-field at the Rx location and allows the Rx to
rotate freely. As a result, the power transfer performance remains consistent irrespective
of the angular misalignment of the Rx coil by the use of the optimized 3—D ellipsoidal
polarization generated using the proposed planar antenna design. Further validation of

3—D rotating H-field in far-field regime is presented subsequently.

3.3 Impact of 3-D Rotating Field Forming in Far-Field
Regime (Design-1C)
The proposed MPT system consists of three RF showers placed at the three walls of the

room, whereas, the IoT node is assumed at the center of the room and allowed to rotate

freely in any (0,, ¢,) orientation as demonstrated in Figure 3.23. All the antennas are

Figure 3.23: The proposed MPT system to generated 3—D polarized E-field.

assumed linearly polarized, and each RF shower is deployed to generate one orthogonal
E-field component at the IoT node, i.e., E. generated by shower—1, F, by the shower—2,
and F, by the shower—3. Here, for generating 3—D rotating E-field, the RF shower—2
and —3 are excited with amplitude modulated (DSB-SC) signals having phase difference

of 90°, and the RF shower—1 is fed with a sinusoidal carrier signal defined as

vy (t) = Vi cos(wp,t) sin(wet),

vy (t) =V, sin(wp,t) sin(wet), (3.24)

v,(t) =V, cos(wet).
where V., V,, and V, are the peak amplitudes of the excitation voltages, wy, is the
modulating angular frequency (27 f,,, rad/sec), w, is the carrier angular frequency (27 f.
rad/sec), here f,, = 10MHz and f. = 5.8GHz. The E-field orthogonal vector components
(Ey, Ey and E.) generated by the RF shower antennas at the IoT node location are

demonstrated in the inset of Figure 3.23. Due to these three source excitations, the
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total resulting E-field vector (E) of the three orthogonal components is achieved as a
3—D polarized rotating field. Analysis and result verification of the proposed system is

presented in the subsequent section.

3.3.1 Analytical and Simulation Results

The proposed system is analytically modeled in MATLAB 2019a. For analysis purpose
dipole antenna (length = 23.3 mm) is assumed as a Rx IoT node and patch antennas are
utilized as RF shower placed at a distance of 200 mm from the Rx node as shown in Figure
3.23. The patch antenna is realized on FR4 substrate (e, = 4.4, tand = 0.0024, thickness
(h) = 1.6 mm) having parameters listed in Table. 3.4. The E-field pattern for a patch

Table 3.4: Patch antenna parameters (in mm) used at the RF shower.

[Length(L)[Width(W)|Inset Gap(G y)|Inset length(L y)[Feed Width(1W;)]
[ 11757 | 1573 | 0.6 \ 3.87 \ 3.1 |

antenna is given in [105] as

= KohWE, _; in koh/2
E = weﬂkor (Smko/> f. (3.25)

Tr ko h/2
From our previous study, a 3—D ellipsoidal polarization (V, =V, = V2V,) is found as
the optimal solution to mitigate the angular misalignment in near-field WPT systems. In
this study, we assume that the same is valid for the far-field MPT systems and prove the
same by analyzing the polarization results. The 3—D polarization result thus obtained is

demonstrated in Figure 3.24(a). Further, the power received (P,) by the dipole antenna

2 Ty 2 45 \'{)\\»\,,ﬁx/,,,,,,//"6' )
y(V/m)'2 4 4 2 E, (Vim) 0, (deg) 45 g0 g0 0 4, (deg)
(@) (b)

Figure 3.24: Analytical Results (a) Optimal ellipsoidal E-field 3—D polarization (b) Power
Received (P,) in different orientations of the IoT node.

is evaluated by first calculating the induced voltage as Vj,q = E - [ from the inset of
Figure 3.23 by considering a uniform field intensity along the dipole due to far-fields. The
received P, in the IoT node for various orientations is shown in Figure 3.24(b). The result
demonstrates that the received power is almost invariant to the IoT orientation hence
mitigated angular misalignment problem completely.

The result is verified using Ansys EM Suite 2020R2. First, the proposed scenario of
Figure 3.23 is implemented in Ansys HFSS as demostrated in Figure 3.25(a). Thereafter,
the HF'SS structure is imported in Ansys Simplorer for circuit simulation where excitation
sources are implemented as shown in Figure 3.25(b). The circuit simulation setup has two

AM signals and one carrier signal in accordance with (3.24) at the Tx side. The sinusoidal
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Figure 3.25: Simulation Model (a) System model design in Ansys HFSS (b) Circuit
simulation setup in Ansys simplorer.

carrier signal of 5.8 GHz frequency and modulating sinusoidal source of 10 MHz is used
to generate AM signals feeding the two patch antennas, and a sinusoidal excitation of 5.8
GHz is used to excite the third patch antenna. The transmitted waves are shown in Figure
3.25(b) in their corresponding feed lines. For comparison purposes, circular polarization
(2—D) is considered in an additional setup in which only a circularly polarized antenna is
used at the location of the RF shower—3. The setups are simulated for various orientations
of the Rx antenna, and the results of P, measured in the output load are compared in

Figure 3.26. It is inferred from the results that, though the circularly polarized RF shower

1.2
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Figure 3.26: Results for different orientations of the IoT node rotating in (a) xoz plane
(b) xoy plane.

can mitigate angular misalignment in xoy plane (shown in Figure 3.26(b)) but it still
persists in xoz plane (shown in Figure 3.26(a)). Whereas, the proposed 3—D optimal
ellipsoidal E-field is able to achieve consistent power delivery to the IoT node in all the
orientations. The simulation results are found corroborating with the analytical results,
and a slight mismatch can be attributed to the assumption of perfectly matched antennas
and uniform incident field intensity in the analytical study. Hence, the proposed 3—D
polarized field-forming technique using distributed antenna system is proved to be an

effective technique to implement an orientation-insensitive MPT system.
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3.4 Summary

In this chapter, the angular misalignment problem present in WPT systems is addressed
by investigating various 3—D polarization of the H-field. For this purpose, a 3—D Tx
is operated with the required amplitude modulated signals to generate 3—D polarized
H-field at the Rx location as exemplified in Design—1A. A complete analysis of the
induced voltage in the Rx due to various polarizations (2—D and 3—D) is presented.
The previous work indicated the spherically polarized H-field as an intuitive solution to
improve power transfer in any orientation of the receiver. However, this work proved that
this scheme could not totally mitigate the angular misalignment problem. A parametric
study was conducted with the analytically obtained relations and optimization problem
was formulated which, as a result, revealed an ellipsoidal polarization to eliminate the
problem completely. A proper comparison between the performances of various 2—D
and 3—D polarizations is conducted. The results proved that the proposed ellipsoidal
polarization outperforms the other polarizations in terms of invariance of the induced
voltage in all the orientations of the Rx. Specifically, the standard deviation (peak
variation) of rms induced voltage shown by spherical polarization as 1.1 mV (3.1 mV)
is reduced to 0.003 mV (0.013mV) by the proposed optimal ellipsoidal polarization. The
analytically obtained results are corroborated with the simulation results. In addition,
the results are then verified experimentally showing a good agreement with the simulated
results. This proves the usefulness of the proposed analysis in the design of WPT systems
where uniform power delivery is expected in all the orientations of the receiver. Though,
a spherical transmitter is utilized in Design—1A for demonstration, the proposed 3—D

polarization study is valid for any Tx antenna structure which is validated in Design—1B.

Furthermore, the proposed optimized 3—D ellipsoidally polarized H-field to address the
angular misalignment problem is targeted to generate using a planar multi-coil antenna as
demonstrated in Design—1B. The proposed analytical framework of 3—D rotating H-field
forming reveals a design with five spatially distributed coils in the proposed planar antenna
structure. The antenna having three ports is excited with two amplitude modulated signals
and a carrier signal same as provided in Design—1A and optimized to achieve a maximum
521 between the Tx and the Rx antennas. The tolerance to angular misalignment is
investigated by observing the RMS value of the induced voltage in the Rx coil of any
orientation. The analytical results are verified experimentally, showing that the proposed
design, although planar, is able to form a 3—D polarized H-field which powers the receiver
in any orientation. As compared to a previous 2—port antenna, which was proposed
to generate three orthogonal H-field components, the proposed antenna outperforms to
mitigate angular misalignment problems. This is due to the optimal 3—D ellipsoidally
polarized H-field generated by the proposed antenna compared to the previous design,
which produces only 2—D polarization. The results indicate that the standard deviation
in RMS induced voltage for the previous design is 0.2247V, whereas, for the proposed
design, it is 0.0034V. This concludes that the proposed design showcases a very high
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misalignment tolerance with a percentage deviation in RMS induced voltage as 98.48%
lower than the previous design. This proves the usefulness of the proposed antenna as a
simple and planar design to resolve the angular misalignment problem in WPT systems.
To further validate the performance of proposed 3—D rotating H-field in far-field regime,
the angular misalignment problem present in the microwave power transfer system is
targeted. The received power in various orientations of the IoT node is analyzed in
Design—1C, and the results are verified with a commercially used EM simulator. The
comparison study results showed an inconsistent power transmission for a circularly
polarized (2—D) antenna. Whereas, the proposed 3—D polarized E-field forming technique
has the potential to completely mitigate the angular misalignment problem and results in
an orientation-insensitive system.

However, generating a 3—D rotating H-field requires multiple excitations and suffers from
abundance flux leakage problems, thus necessitating a new field-forming technique, as

presented subsequently.
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Chapter 4

Switched Magnetic Field Forming

Transmitter

SO—-2: Ezamine a switching integrated planar Tx for targeting angular and lateral

misalignment simultaneously.

This chapter focuses on the development of a transmitter capable of forming a switched
magnetic field, aiming to tackle both angular and lateral misalignment issues. The initial
section of this chapter provides a comprehensive overview of the evolution of switched
magnetic fields using a planar transmitter, while the latter part focuses on designing a
novel transmitter intended to generate a widespread distribution of switched polarized
magnetic fields across the receiver region. Additionally, it discusses the evolution and
optimization of two distinct Tx antennas, referred to as Design—2A and Design—2B,

which align with the objectives outlined in SO—2 as discussed in Section 1.7.

4.1 System Description of Switched Polarized Magnetic
Field Forming Transmitter (Design—2A)

The proposed planar Tx antenna for generating a switched polarized H-field is modelled

for analysis and depicted in Figure 4.1. The antenna comprises three sets of coils, each
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i Svyltchmg
1, circuitry
]
¥
® 1
R ]
'==- Micro
t = =~ Controller

Figure 4.1: Proposed Tx antenna schematic to generate switched polarized H-field.

responsible for generating one orthogonal H-field component at the Rx location, the same

o1
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as presented in Figure 3.13. In the first set, an axial Coil—1 is located at the origin and
excited with a current i,(¢) to produce the H,. Whereas, the second set consists of a planar
dumbbell shape coil which is a conjunction of Coil—2 and Coil—3 connected in series and
distributed in space as shown in Figure 4.1. The Coils 2 — 3 are connected in such a
manner that the current i,(¢) flows in opposite circulations through these coils, hence,
their constructive interference generates H, at the Rx located on z-axis. Similarly, the
third set has another planar dumbbell shape coil composed of series connected Coils 4 — 5
which are excited with oppositely circulating current i,(t) to generate H, component.
Hence, a total five spatially distributed coils labeled as Coil—i are present each having
radius rl;px, available turns N:ipx, strip width wi;px, spacing between the turns gépx and
located at (2%, Y%, 2, ), respectively, where i € {1,2,..5}. Moreover, the placement of
the coils is judiciously done to generate three orthogonal components of the H-field at the
Rx location and to avoid any possibility of electrical shorting. For instance, the Coil—1
lies in a different z-plane than the double dumbbell coils to eliminate electrical shorting,
similar to Design—1A as demonstrated in Figure 3.13. The only difference between the
two designs presented in Figure 3.13 and Figure 4.1 is the excitation provided to the
Tx. Where Design—1A requires multiple sources with multi-tone excitation signals for
generating 3—D rotating H-field, the system presented in Design—2A needs only a single
sinusoidal excitation. Along with the three coil sets (one axial and two dumbbell), a
switching circuit is integrated with the antenna design having two SPDT switches, Swy
and Swy to realize three states, as depicted in Figure 4.1, respectively generating H,, H,,
and H, components. A microcontroller can be used to control the switching period of
these switches for generating the proposed switched polarized H-field to mitigate angular

misalignment problem as presented in the next section.

4.1.1 Evolution of Switched Polarized H-field Forming

In the proposed approach to mitigate angular misalignment, the three coil sets are switched
to generated orthogonal H-field components independently in different time slots within
Ts duration which is periodically repeated. The switching periods of Sw; and Swo along

with the switching states are illustrated in Figure 4.2 , where the Coils 2 — 3 are switched

Coil-2-3
hx(®) | sw,= OFF and
Sw,= ON
_ t
Ty Coil-4-5
hy(t) Sw,= OFF and
Sw,= OFF

T,  Coil-1 :

h,(t)
Sw,= ON

3

Figure 4.2: Switching sequence to generate switched polarized H-field.

ON for T7 duration generating h,, the Coils 4 — 5 for T duration generating h,, and the

Coil—1 for T3 duration to generate h,. The switching states for the three time slots are:
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Swi = OFF and Swy = ON during 11, Swi; = OF F and Swo = OF'F for Ty duration, and
for T3 switching duration, Sw; = ON independent of the Swo state. This forms switched
polarization of the resultant H-field at the Rx location which needs to be optimized such
that the power delivery is independent to the Rx orientation. The resultant H-field in one
switching period 0 < t < T, where Ty = T1 + 15 + T3, for the sinusoidal source can be

formulated by using unit step function u(t) as

h(t) =H, cos(wt)[u(t) — u(t — 1T1)]E + Hy cos(wt)[u(t —T1) — u(t — (Th + 12))]y + H, cos(wt)
[u(t — (T1 +Ts)) — u(t — (T1 + Ty + T3))]2.
(4.1)
Here, H,, Hy, and H, are the peak value of the H-field generated by the Coils 2 — 3, Coils
4 — 5, and Coil —1, respectively, at the Rx location evaluated from (2.3). This switched
polarized H-field induces a voltage in the Rx coil and the instantaneous value of V4 is
obtained by substituting (4.1) into (2.9) as

d

Vina(t,0r, ¢r) = = Nepio o | Hy Ay cos(wi)[u(t) — u(t —T1)] + Hy Ay cos(wt)[u(t — T1)

— u(t — (T1 + Tg))} + HzAz cos(wt)[u(t — (Tl + TQ)) — U(t - (Tl + T2 + Tg))] .
(4.2)

Since the average power delivered to the load directly depends upon the RMS value V. of
the V;,q and evaluated using (2.10) as

I
V.= \/Ts/ V;%Ld(ta 97“7 ¢T)dt' (43)

Following some mathematical manipulations (not included here for brevity) to solve for
V2 results in

V2 _ (NTMOA)Q

= 5T {Hng sin? 0, cos? ¢, + Hszg sin 93 sin? ¢, + HZQT3 cos?0,|. (4.4)

To note from (4.4) that the V2 is a function of the Rx orientation (6,, ¢,). To obtain the
V? independent of 6, and ¢,., the following field constraint must to be satisfied

HTy = H,T, = H.T; (4.5)

which simplifies (4.4) into a constant V3 as

VQ — (NTMOA)QHmQTl.

4.6
" 2T, (%9)

The condition in (4.5) represents an important constraint to design an orientation-oblivion
WPT system. The constraint implies the need of an effective control over the switching
periods (Th, T», and T3) for a given H-field distribution generated by any arbitrary
antenna which can form orthogonal H-field components (H,, Hy, and H;). The switching
periods should be controlled such that the product of the squared H-field component with
corresponding switching duration, i.e., Hng, HyQTg, and HZ2T3, must remain constant.

For instance, any Tx antenna which generates unequal H-field components in a switchable
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manner can be used to completely mitigate angular misalignment problem provided that
the switching duration is optimally controlled to satisfy (4.5). Therefore, several antenna
solutions can exist corresponding to different unequal H-field combinations with their
respective optimal switching states. The converse is also true that for a given unequal
switching duration (T} # Ty # T3), the antenna must be designed to generate optimal
unequal H-field satisfy (4.5) to give H, # H, # H,. However, to generate unequal field
components, either unequal excitations are fed to the coils or this is directly incorporated
in the antenna design process to produce unequal H-field components. The limitation of
the former lies in requirement of multiple sources of excitation or additional attenuator
with each coil. This increases the system complexity and cost. Whereas, the latter way is
much simpler in a manner that any unoptimized antenna design produces unequal H-field
components. Therefore, the generation of unequal H-field components is straight forward,
however, not optimized for WPT performance. Another way to satisfy (4.5) is by selecting
an equal switching duration i.e. T7 =To = T3 = %, this supports a symmetrical antenna
structure as well as limits the antenna size by imposing the equal H-field criteria. However,
designing the antenna to produce H, = H, = H is challenging since these components
are generated by three different distributed coils set, therefore, an optimization is required
to incorporate the field condition within the design process itself. In addition, the same
optimization should also include the WPT performance improvement as the objective
function. This is adopted as design objective in the proposed work where the switching
period and the respective H-field constraint are

T
T =T = TS = ?7 H, = Hy = Hza (47)

and the corresponding V. at the Rx coil is obtained from (4.6)-(4.7) as

NT/'LOAHZ
\/6 .

Given this H-field criteria, the proposed antenna is optimized.

Vl":

4.1.2 Optimization of Proposed Antenna

The proposed Tx antenna as modelled in Figure 4.1 is optimized to obtain a maximum
521 between the Tx and Rx antennas. As defined in (2.18), the S21 depends upon various
design parameters such as r?;px, N%x, g%x, and wﬁ;pm. The formulated objective function for
the proposed antenna design is defined as

max 521(7"’%;1;7]\[%179'11_‘:1:7?111)

i ) )
Nier 97 Wy

i
subject to

1 2 .3 .4 5
T, < 70mm, r7,, 7, 1, and re, < 29mm,

H, = Hy =H,, and (XL — Xc) > 0. (4.9)

As design constraints, the maximum coil dimension is limited to restrict the maximum
size of the Tx antenna to 140 mm. For this, the Tflrx is restricted to 70 mm such that it can

generate maximum field at the Rx location (0, 0, 50) mm. Whereas, the maximum radius
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of the double dumbbell coils is limited to 29 mm with center coordinates (41, 0), (—41, 0),
(0, 41), and (0, —41) mm for the Coils 2 — 5, respectively, to avoid any electrical shorting.
Moreover, the Coil—1 is placed on the bottom layer (at z = 0) and other coils on the top
layer of the PCB (at z = 1.6 mm). Apart from this, a reactance criterion (X, —X¢), where
X1, and X¢ corresponds to the inductive and capacitive reactance, is imposed in (4.9) to
limit the maximum turn possible in a coil such that the coil functions in inductive region
only. This avoids unnecessary power loss and complex matching network requirement if

the designed coil exhibits capacitive reactance.

Parametric Optimization of the Proposed Antenna

The optimization problem (4.9) for the Tx antenna design is analytically solved using
computational tool MATLAB 2021a. The Rx coil parameters with radius 7, = 10 mm,
turns N, = 6, g, = 0.5 mm and w, = 0.5 mm is adopted for optimization. The design of
the Tx antenna is initiated by optimizing first the double dumbbell coils (Coils 2—5). This
is because the maximum lateral H-fields (H, & H,) generated by the corresponding coils
are always inferior to the H, field generated by the equivalent Coil—1 alone. However,
converse is not always true because of the lower space available for the Coils 2—5 parametric
variation. Succeeding the optimization of the Coils 2—5, the Coil—1 is optimized to satisfy
the H-field constraint presented in (4.5).

Because of the H-field criteria H, = H,, the double dumbbell coils, Coils 2 — 5, are
symmetrically identical and share the same values of the design parameters T%«x, N:ipx,
gépx and wi;px. Therefore, only the Coil—2 notations suffice to present the parametric

analysis. The normalized 521 variation within time-slot 7T} is plotted in Figure 4.3 with
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Figure 4.3: Parametric study of the double dumbbell Coils 2 — 5 of proposed antenna.

respect to the design parameters of the Coil-2. Figure 4.3(a) shows the S21 versus T%x for

various 972“;); values when w%x = (0.5 mm and N%x = 11. The plots indicate that the S21

increases with r%x, however, near lower r%x values, the 521 is intentionally substituted

to zero due to space limitation confronted for maintaining N%x = 11 in case of higher

g%x values. Hence, the maximum 521 is obtained for r%x = 29 mm and g%x = 1.5 mm.

The parametric study for the S21 versus w%m is presented in Figure 4.3(b) showing a
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decaying S21 with w%m for various values of N:%m and g%x = 1.5 mm and r%m = 29 mm.
For higher values of N%x, since the coil becomes capacitive, the 521 is substituted to zero
to satisfy the reactance constraint of (4.9). The result suggests to prefer a minimum w%x
and N%z = 11 to maximize the S21. A minimum possible w%r = 0.5 mm is selected based
on the minimum fabrication limit of the available facility in the laboratory. Similarly,
Figure 4.3(c) presents the parametric study of the S21 versus g2, for various N2 and
w%m = 0.5 mm and 7’%1 = 29 mm. The plots illustrate the existence of the particular
optimal g%x and N%w for which the S21 is maximized as g%m = 1.5 mm and N%x = 11.
Furthermore, Figure 4.3(d) exhibits the S21 variation with N2 _ for various r% showing
an increasing S21 value with higher N%l, and r%x. The abrupt drops visible in the plots at
higher N%x are due to infeasibility of inserting too many turns within a limited dimension
of the coil. This concludes that optimal S21 is achieved for % = 29 mm, N7 = 11,
g%x = 1.5 mm, and w%x = 0.5 mm. Using these optimized parameters of the Tx Coils
2 — 5 in the field formulation of (2.3) gives the calculated values H, = H, = 11.46 A/m
for I, =1 A.

To generate an equal H, by the Tx Coil-1 within time-slot T3 to satisfy the equal field
constraint of the objective (4.9), the design parameters rt. , NI . gk ., and wh, are
optimized. The Tx Coil—1 parameters which achieve objective (4.9) with H, formed
within 1% of H, = Hy, = 11.46 A/m are selected as optimal solution. For this, Figure 4.4
presents a parametric study of S21 within time-slot T3 for optimizing the parameters of

the Tx Coil—1. Figure 4.4(a) is plotted for 521 versus g+ for various Nt and ri = 46
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Figure 4.4: Parametric study of the axial Coil—1 of the proposed antenna.

mm and w%m = 0.6 mm. The figure is maximized where the equal field constraint is
satisfied at gt., = 4.9 mm and N}, = 4. Figure 4.4(b) shows the variation of S21 with
w%px for various N}x values and by setting r%x = 46 mm and g%,x = 4.9 mm. The plot
indicates that the equal H-field constraint is achieved for w%x = 0.6 mm and N}x = 4.
Similarly, Figure 4.4(c) presents the variation of S21 versus ri.  for various gk , where
N%x = 4 and w%ﬂx = 0.6 mm. It is concluded from the plots that the H-field criteria is
satisfied for the optimized parameter values as Tflrx = 46 mm, N}x =4, gflpx = 4.9 mm,

and w%x = 0.6 mm and correspondingly the achieved H, = 11.37 A/m is calculated using
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(2.3). The final optimized parameters of the proposed Tx antenna are listed in Table 4.1.

Subsequently, the analytically evaluated performance of proposed antenna is presented for

Table 4.1: Optimized coil parameters for the proposed Tx antenna

[ Coil—1 [ k., (mm) [ Nrpo [ g’p, (mm) [ wh, (mm) ]
Coil—1 46 4 4.9 0.6
Coils 2 -5 29 11 1.5 0.5

angular misalignment tolerance.

Analytical Results of the Switched Polarized Field Forming and V, Variation

The proposed optimized Tx antenna is analyzed to verify the production of three
orthogonal H-field components with equal magnitude at the Rx location. The H-field
distributions evaluated using (2.3) for the three coil sets, which are activated in three
different time slots, are demonstrated in Figure 4.5 and respectively generated by Coils

2 — 3, Coils 4 — 5, and Coil—1 in the Rx plane h = 50 mm. For analysis, these orthogonal

H, (Am) H_ (A/m) H, (Afm)
70 Y 70
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35
€ € 8
Eo £ £ 6
> 4
.35 E
2
_70 B
O S A
A o P A
X(mm) X(mm

(a) (c)

Figure 4.5: The H-field distributions produced by the proposed switched Tx antenna in
the Rx plane when (a) Coils 2 — 3 is ON, (b) Coils 4 — 5 is ON, (c) Coil—1 is ON.

H-field distributions are used in (2.9) to illustrate the individual contribution Vj,q of the
three coil sets to power the Rx in different orientations. Figure 4.6 shows the Vj,q(0:, ¢r)
contributed at various Rx coil orientations when the three coil sets, Coil —1, Coils 2 — 3,

and Coils 4—5, are excited exclusively. From Figure 4.6, it is clear that when the three coil
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Figure 4.6: Vjuq(0,, @) for independently working coil sets (a) Coils 2 — 3 is ON for 77,
(b) Coils 4 — 5 is ON for T%, (c) Coil—1 is ON for T3 duration.

sets are excited individually, a high degree of angular misalignment problem persists in all
the cases. In contrast, when the proposed scheme is implemented by switching control of
the coils according to Figure 4.2, the Rx coil experiences the proposed switched polarized
H-field, as depicted in Figure 4.7(a), formed by the combination of the three orthogonal

fields which together mitigate the angular misalignment problem such that the V, remains
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Figure 4.7: (a) The proposed switched polarized H-field forming and (b) resulting
V. (0,, ¢,) variation.

constant. This is proved by plotting the net V,.(6,., ¢,) variation in Figure 4.7(b) calculated
using (4.4) for different orientations of the Rx coil, which shows that the V., almost
independent from 6, and ¢,, is obtained by employing the proposed switched polarized

H-field. To generate this H-field, the proposed Tx antenna is realized and simulated next.

4.1.3 Realization of the Proposed Tx and Simulations

The proposed planar Tx antenna is realized with the design parameters listed in Table 4.1
by adopting low cost PCB technology. A double-sided PCB of FR4 substrate is utilized
having a thickness of 1.575 mm, dielectric constant €, = 4.4, loss tangent tand = 0.02,
and 35 pum of copper deposition. The layout of the proposed optimized Tx is shown in
Figure 4.8 where Coil—1 is printed at the bottom layer, as depicted in Figure 4.8(a), and
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Figure 4.8: PCB layout of the proposed antenna (a) bottom and (b) top layers.

the double dumbbell coils are on the top layer of the PCB, as shown in Figure 4.8(b). The
Coils 2—3 (similarly Coils 4—5) are connected in series through via with opposite windings
to achieve opposite current circulations. For interconnecting the two coils of a dumbbell,
semicircular tracks (printed jumpers) are etched at the bottom layer judiciously to avoid
short-circuiting with the Coil—1 tracks. All the coils are excited through a single Tx port,
as indicated in Figure 4.8, with a controlled sinusoidal source. The switching circuit with
two SPDT switches is implemented and fed to the three coil sets. The design is simulated
using commercial software Ansys EM Suite 20.2 to verify the analytically obtained results
of the proposed H-field forming in the Rx plane. The simulated H-field results (by
exciting individual coil set) are included in Figure 4.9 showing a good agreement with

the analytically obtained results. The result also indicates that the H-field components
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Figure 4.9: Simulated and analytical results of H-field components generated by the
proposed antenna in the Rx plane.

produced by the proposed antenna at the Rx location satisfy the criteria given in (4.7).

4.1.4 Fabrication and Measurements

The proposed Tx antenna along with the Rx coil is fabricated using MITS PCB
prototyping machine as shown in Figure 4.10 and measurements are performed to validate

the design. To resonate the proposed Tx at operating frequency, the unloaded impedance
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Figure 4.10: Realized prototypes, (a) bottom and (b) front view of the Tx antenna, and
(c) the Rx antenna.

of Coil—1, Coils 2—3, and Coils 4 — 5 are measured using Agilent VNA (PNA-L N5230C).
The measured impedences (in 2) are respectively (0.96 + j12.85), (4.92 + j57.10), and
(4.94 + j57.32). The corresponding capacitors to resonate these coils at the operating
frequency are 9.12 nF, 2.05 nF, and 2.04 nF, respectively, and the closest available SMDs
are inserted in series with the coils. To realize the SPDT switches, two PCB mounted
DPDT relays (G6K-2F) are employed since their readily availability in the laboratory.
The placement of these relays with the proposed Tx structure is depicted in Figure 4.10.
The experimental setup used to validate the design is shown in Figure 4.11. To excite
the Tx antenna with a single sinusoidal signal, a Tektronix function generator (AFG1062)
is utilized. Arduino Uno controller is used to operate the integrated switching circuit
with the Tx antenna. The pulse provided by the controller board for switching durations
Ty and T5 of 100 msec and corresponding relay output is provided in the bottom inset
of Figure 4.11. The response at the rotating Rx coil is measured using a Keysight
Digital Storage Oscilloscope (DSOX2022A) and the observed V, variation results for
different orientations of the Rx coil are presented in Figure 4.12. To compare the

proposed switched polarized H-field forming and the proposed antenna performance, the
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Figure 4.11: Hardware setup to validate the proposed antenna and WPT method.
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Figure 4.12: Measured V. obtained for Rx orientation (a) ¢, = 0° (b) ¢, = 90°.

V,. variations of linearly polarized and circularly polarized H-fields are also included in
Figure 4.12. The results indicate that the linearly polarized H-field worsens the angular
misalignment problem and is unable to support constant power transfer when the Rx is
misaligned from its intended orientation. Whereas, the circularly polarized H-field is able
to mitigate the angular misalignment problem, however, only in one orientation plane
¢r = 0° of the Rx. In contrast, the proposed antenna generating switched polarized
H-field completely mitigates the angular misalignment problem and turns the WPT into
an orientation-oblivion process. To quantify the performance in terms of misalignment
tolerance, standard deviation oy, in the measured V,.(6,., ¢,) is evaluated from the observed
data. The values of oy, as 0.3011 V, 0.2247 V, and 0.0028 V are observed respectively for
the linear, circular, and the proposed switched polarized H-field. Hence, the proposed Tx
antenna designed to produce the switched polarized H-field demonstrates its capability to
completely address the angular misalignment problem, which results in a constant power
delivery to the Rx coil independent of its orientation. However, Design—2A only focuses on
mitigating angular misalignment at a fixed Rx location and is not suitable for applications
where lateral misalignment is evident. Therefore, a newly designed Tx is needed to address

both misalignment problems simultaneously, as presented subsequently.

4.2 Quadrant Coil Transmitter Antenna (Design—285)

The WPT system comprises two magnetically coupled coil antennas, a planar Rx coil
antenna and the proposed Tx antenna, as depicted in Figure 4.13(a). Here, the Tx
is located at the origin of the coordinate system, whereas the Rx in perfect alignment
is positioned at (0, 0, h) co-axial to the Tx. Due to misalignment, the position and

orientation of the moving Rx changes to (z,, yr, 2r, 0, ¢). To counter the misalignment
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Figure 4.13: Proposed planar switchable transmitter antenna (a) 3—D view, (b) 2—D
view, (c) Switching states of a DPDT switch.

effects, the proposed Tx antenna consists of four spatially distributed series-connected
quadrant coils designated as Tx Coil-n, where n € {A, B, C, D}, as shown in Figure 4.13(a).
By using the four quadrant coils composing the proposed antenna, the three orthogonal
H-field components (H,, H,, and H;) are effectively generated. This is achieved by
adequately switching the current circulations in the coils to form a particular field
component. This field formations and working principle are detailed later in Chapter 4.2.1.
Though all the coils are series connected to a single Tx input port, to facilitate the control
over current circulations, three double pole double throw (DPDT) switches (Swi, Swa,
and Sws) are employed in the proposed design schematic as depicted in Figure 4.13(b). A
DPDT switch can reverse the connection between the adjacent coils based on its switching
states illustrated in Figure 4.13(c), which reverses the current flow direction from common
to opposite circulation and vice versa. For instance, when the Swo is OFF, the coil-A and
the coil-B both carry currents in the same circulation, however, when the Swy switches
to ON state, the current in Tx coil-B flows in the reverse circulation. Hence, the current
reversal is achieved by employing a DPDT switch across the two adjacent coils. As shown
in Figure 4.13(b), each quadrant Coil-n is composed of a supporting coil circumscribed by
a main coil. The supporting coil assists the main coil in optimization to achieve widespread
uniformity in the H, distribution in the Rx plane. To excite the main and the supporting
coils together using a single source, both the coils are connected in series, i.e., I7" = 177,
where I7)" and I7? are the currents flowing through the two coils respectively. All the
design parameters of the proposed antenna are described and formulated subsequently in
Chapter 4.2.2.

4.2.1 Evolution and Working Principle of the Proposed Design

The proposed design is evolved by using field-forming technique to obtain the desired
orthogonal H-field distributions in the Rx plane. The field-forming is accomplished by
analyzing combinations of the current circulations in the four quadrant coils, which is
defined by the parameter «,,. For instance, «,, = 1 signifies clockwise current circulation
in the coil-n , whereas, «;,, = —1 indicates counterclockwise current circulation. Figure 4.14

illustrates the proposed current control scheme to produce H,, H,, and H distributions
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in the Rx plane z, = h. Here, Figure 4.14(a) exhibits that, when all the four quadrant coils
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Figure 4.14: Current control scheme for the proposed Tx antenna to produce the H-field
components (a) H, (b) Hy, (c) Hy.

have identical current circulations i.e. a,, = 1, the currents flowing through the adjoining
turns of the neighbouring coils cancel each other. Thus, the resultant current circulates on
the outer periphery of the antenna to predominantly generate the H, component in the Rx
plane. In contrast, when the currents in coil-C and -D are switched to opposite circulation
(ea = ap =1, ac = ap = —1) shown in Figure 4.14(b), the currents flowing in adjoining
turns of the coil pairs A-D and B-C add and the those flowing in A-B and C-D cancel. This
produces an effective current flowing along the X-axis which dominantly generates the H,
component from the right-hand thumb rule. Similarly, when the currents in coil-B and -C
are reversed (vy = ap = 1, ap = a¢c = —1), the net current flows along Y-axis resulting
in the dominant H, component generation. The switching circuit employed to realize
the proposed current control scheme is integrated within the antenna structure itself to
obtain a cost-effective and compact antenna design as demonstrated in Figure 4.13(b).
Moreover, this integrated design has a single feeding port and requires only one excitation
source. The number of switches employed and their placements are chosen judiciously to
minimize complexity and switching losses. Only three switches are sufficient to control the
current circulations properly. The switching modes correspondingly generating H,, H,,
and H, components are defined in Table 4.2 which lists the states of the three switches to

implement the proposed current control scheme.

Table 4.2: Switching states to generate orthogonal H-field components.

[ Switching mode [ Generated component [ Swi [ Swo [ Sws ]
SM-1 H, OFF ON OFF
SM-2 H, ON OFF ON
SM-3 H, OFF | OFF | OFF

4.2.2 Antenna Parameters for Optimization and Field Formulation

The geometric parameters of the proposed antenna are the maximum side length S7'7",
available number of turns N7, track width w7, and spacing between the turns g7 for
the main coils, and the same for the supporting coils are denoted as S7., N7, wi., and
g, respectively, for each quadrant coil—-n € {A, B, C, D} as defined in Figure 4.13. The
side length of ™ turn of the main coil is obtained as S7"/ = S - 2(j - 1) (wi™ + ghin) ¥
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J € {1, Nj'}, and that for the supporting coil is S;Zj =SSP -2(5 - D)(win +gii) Vi€
{1, N3»}. In the optimization process, the independent design variables are, ST, N7,
and g7 corresponding to the main coils and S7, N7, and g7 for the supporting coil.
These design variables are optimized and the other dependent parameters are evaluated
using the following relations. For instance, the positions of Tx coil—n centered at (z7,,
Y, 0) is determined by

n T n ST
xTx=i( 2 +x), ym=i(§ +x), (4.10)

where, x is a positive offset to avoid overlapping between the coils as marked in
Figure 4.13(b). A minimum limit Sfq, on the side length of the coils is applied under
fabrication limitations. Thus, for given S7" and g7'"" values, the maximum turns possible

in the main coil is

g = | S5 =S| -
: 2wy + 97

Since the supporting coil dimension is limited by inner turn size of the main coil for a

given NJI" < N72W™**  the maximum side length of the supporting coil is evaluated as
Syt = SE — ANFR' X (Wi + g1 (4.12)

Similarly, the maximum number of turns that the supporting coils can accommodate for
a given S77 is found as

Ngmmes {MJ (4.13)
2(wi + 97%)

These relations between various design parameters are used for antenna optimization. The
total length of conductive tracks [. of all the coils is also constrained during optimization
for electrically small antenna condition. This is to ensure a uniform current distribution
in each turn of the series-connected coils composing the antenna and given by

mn sn
Nty Nty

le = 16 x ( S S 3 s;gf). (4.14)
j=1 j=1

For analytical evaluation of the H-field distribution from the proposed Tx, the field
expression corresponding to a single turn square coil as presented in (2.5) — (2.6) has
been utilized. Thus, the total H-field generated from the proposed Tx is the summation of
the H-field generated by four quadrant coils individually, and the corresponding orthogonal
components are given as H,, H,, and H, respectively. The H-field forming criteria to

address the misalignment problem of the WPT system is presented next.

4.2.3 Field-forming Condition to Address Angular and Lateral

Misalignment Problems

As the proposed antenna is designed to generate a widespread distribution of the switched
orthogonal H-field components to mitigate the misalignment issues. Particularly the
angular misalignment problem is addressed by field-forming of switched polarized H-field,
which can couple with the Rx coil in any orientation. The switched polarized H-field
is realized using time switched excitation of H,, H,, and H, components by optimally

controlling their magnitudes and the switching duration of the three switches as presented
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Figure 4.15: Switching duration and state of switches for generating a switched polarized
H-field.

previously in Chapter 4.1.1. For the proposed Tx, to realize the switched polarization
the switching sequence and period of the DPDT switches for one complete switching
duration Ty is presented in Figure 4.15. The three switching modes SM—1, —2, and —3
are sequentially operated for T4, T3, and T3 duration, respectively to generate H,, H,,
and H, components. Thus, the resultant switched polarized H-field h at the Rx location

for the T duration is formulated in terms of unit step function u(.) as

-

h(@r,yr, t) = Ho (27, yr)[u(t) — u(t — T0)|E + Hy(zr, yr)lu(t —Th) — u(t — (Ty + T2))]§ (4.15)
+ He(@r,yo)u(t = (T 4+ T2)) = ult = (i + T + Ta)]2 '
To eliminate solely the angular misalignment problem, the required switching duration

along with the optimal H-field condition is previously presented in (4.7) and given as

Hx = Hy = Hz and T1 IT2 == T3 = %, (416)

which is defined by considering a perfect lateral alignment of the Rx antenna. However,
when the lateral misalignment of the Rx is obvious, satisfying the equality condition (4.16)
at all the lateral positions (z,, y,) of the Rx is intractable. Therefore, the optimal switched
polarized H-field condition for an angular misalignment tolerant system that allows the

Rx lateral movements is modified to

T
Hz(x'my'r) ~ Hy(m'my'r) ~ Hz(m'myr) and Th1 =T =T = ? (417)

Here, ~ represents a allowed deviation between the H,, H,, and H, values observed
at various Rx locations (z;,y,) and considered as 10% limit as an acceptable maximum
variation. Furthermore, particularly for the lateral misalignment mitigation, a widespread
H, distribution is desired. To analytically quantify this, standard deviation o, of the H,
distribution in the Rx plane, evaluated with respect to the value H,(0,0) at the aligned

Rx location, can be defined
o, = Y |Hz(2r,yr) — H2(0,0)] = 0. (4.18)

The o, in (4.18) should ideally be zero to mitigate lateral misalignment problem, however,
for a feasible field-forming solution, its minimization is aimed to achieve a widespread H,
distribution.

Hence, the constraints in (4.17) and (4.18) indicate the field-forming conditions to address
both the misalignment problems together. Once the optimal fields are generated, the
induced voltage (V;;,4) in the misaligned Rx antenna can be evaluated from the Faraday’s

law of electromagnetic induction using (2.9) as

d - -
‘/’i’ﬂd(l‘rvyh 0?“7 ¢7‘7t) = —Nrﬂoah(ﬂﬁmymt) ) A(eTa ¢)7‘)7 (419)
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Next, the optimization and the design of the proposed Tx antenna for achieving widespread

switched H-field components is presented in Section 4.2.4.

4.2.4 Analytical Optimization of the Proposed Antenna Design

The proposed antenna is analytically optimized to target the conditions (4.17) and (4.18)
for addressing the misalignment problems. Moreover, the generated field intensity is also
maximized to deliver sufficient power to the Rx for which a maximum H,(0, 0) is targeted
at the Rx location (0,0, h). Hence, the multi-objective function for the proposed antenna

optimization is defined as

sz g SRS g g, 1=~ (L mHE0,0)
subject to
Hy(zr,yr) = Hy(xr,yr) = H(zr,yr), ST, <70 mm,
Stap = 10 mm, wry, = 0.5 mm, wr, = 0.5 mm, and [, < % (4.20)

To note that, incorporating negative sign with (1 —7;)H,(0,0) indicates maximizing the
H.(0,0). Here, n; is the weight of the objective function to simultaneously minimize o,
and maximize H,(0,0), where both are optimized with a same rate by assuming 7; = 0.5.
The design constraint S7"' < 70 mm is applied to limit the maximum dimension of the
proposed Tx antenna to 140 mm. The S, = 10 mm and x = 0.5 mm are initialized
and wp' = wyl = 0.5 mm is set according to the minimum fabrication limit of the
PCB prototyping machine available in the laboratory. Also, the last constraint I, < %
is enforced to ensure that the optimized Tx antenna remains electrically small at the

operating frequency of 6.78 MHz where [. is evaluated using (4.14).

Design Procedure to Optimize the Proposed Transmitter Antenna

To solve the optimization problem formulated in (4.20), a flowchart of the proposed design
procedure is provided in Figure 4.16. The steps involved in the optimization process are
detailed.

Step-1: Initialize all the design parameters involved in the optimization process.
Step-2: Sweep the design parameters of the main coil STV and g7'. Corresponding to
each sweeping variable, determine the maximum turns Nj.""*** possible in the main coil
using (4.11), then sweep N7 for the range 1 < NJI < Njo»™,

Step-3: For each sweeping cycle of the main coil parameters, evaluate the maximum side
length S7""" of the supporting coil using (4.12).

Step-4: Sweep the supporting coil design parameters, S7 and g7, and determine the

. sSn,max
maximum turns NTx’

possible in the supporting coil using (4.13). Then sweep N3 for
the range 1 < N5 < Ny»™.

Step-5: Calculate [. from (4.14) and verify the electrically small design condition. If the
condition fails, jump to the next sweeping combination in Step-4, otherwise, proceed to
the next step.

Step-6: Determine the generated H-field components using (2.5) — (2.6) by the antenna

design corresponding to the current status of the sweeping parameters.
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Figure 4.16: Flowchart for optimizing the proposed antenna.

Step-7: Check for the optimal H-field condition defined in (4.17). If satisfied, then
determine the objective function value of (4.20) and store in a vector OF for all sweeping
iterations. Repeat Step-2 to Step-7 for all possible sweeping values of optimization
variables corresponding to the main coil.

Step-8: The iteration corresponding to the minimum value of OF reveals the final

optimized design parameters as a solution to the problem defined in (4.20).

Parametric Study of the Design Variables

While the procedure shown in Figure 4.16 is executed, the design variables of the main coil
and the supporting coils are varied and the generated H-field components are observed
at the Rx region h = 50 mm. Since the proposed design is symmetrical, the current
distributions which are responsible for generating H, and H, are identical. Therefore,
these two lateral field components are identical and only H, and H, variations are shown
under analytical parametric study of the optimization process. Though all the design

variables are rigorously swept within their entire ranges, only a subset of the parametric
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variation results are discussed here for brevity. Figure 4.17(a) presents the variation of
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Figure 4.17: Parametric study of the design variables (a) ST, (b) N72*, (c) g7, (d) S5,
(e) Ny, (£) 97%-

H-field components versus S7" for other parameter values set to S7. = 48 mm, N =

N7 =2, and g7 = g7 = 0.5 mm. The plot indicates that an increase in S

the H, at the center because the length of current-carrying element increases along X

- enhances
and Y-axis. However, a reduction in H, component with increasing S7." is resulted from
the change in the center position of the coils as given in (4.10). An approximately equal
H, and H, are achieved for S7!' = 62.8 mm. Similarly, the H-field variation with S77
is presented in Figure 4.17(d) showing the optimized value S57 = 48 mm for which the
fields H, ~ H. and also maximized. The variation of H-field components with N7" is
plotted in Figure 4.17(b) where the main coil can contain maximum 2 turns due to the
imposed electrical length criteria, hence, N7 = 2 is optimized. For the same reason,
the variation with N37 plotted in Figure 4.17(e) shows optimal N2 = 2. Figure 4.17(c)
exhibits a decaying H-field variation with g7 indicating that a minimum possible value
of the g7 should be chosen to maximize the generated fields. Hence, g7/ = 0.5 mm is
dictated by the minimum fabrication limit of the PCB prototyping machine available in
the laboratory. Similarly, g7 = 0.5 mm is obtained from the parametric variation plot of

Figure 4.17(f).
To demonstrate the necessity of the supporting coil, the H, distributions generated by the

main coil (N = 2), in presence (N = 2) and in absence (N7 = 0) of the supporting
coil, are compared in Figure 4.18. The plots prove that the incorporation of a supporting
coil along with the main coil achieves a wider uniformity in H, distribution obtained in

the Rx plane.
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Figure 4.18: H, distribution for N = 2 (a) without supporting N7 = 0, (b) with
supporting N7 = 2 coils.

Analytical Optimization Results

The optimization process on completion reveals the design parameter values. The four
quadrant coil centers (z7.,,y7..) are obtained as (£31.9, +31.9), the main coil parameters
as Spt = 62.8 mm, N2 = 2, wy’ = 0.5 mm, g7 = 0.5 mm, and the supporting
coil parameters as S7. = 48 mm, N7 = 2, w7l = 0.5 mm, and g7 = 0.5 mm. The
optimized field-forming achieved by the proposed antenna for the optimal transfer distance
h = 50 mm is analytically obtained and presented in Figure 4.19 for the three switching
modes SM—1, —2, and —3. The distribution results exemplify the widespread formation
H, (A/m)

H, (Am) H, (AIm)

(Q)Q(@Q/Q Qq?b@&,%

S PP OP PP )
xr(mm) x’(mm)
(a) (b)

Figure 4.19: Widespread orthogonal H-field components formed by the proposed antenna
(a) Hy, (b) Hy, (c) H, distributions in A = 50 mm plane.

of orthogonal H-field components in the Rx plane by the proposed Tx antenna. A peak
H, and Hy of 11.35 A/m and a peak H, of 11.32 A/m at (0,0) are obtained in the Rx
plane.

Due to the involvement of multiple objectives and constraints in the optimization problem
of (4.20), achieving a complete uniformity for each of the H-field components throughout
the Rx region is not possible. Therefore, the total Rx working region is categorized into
four different zones as depicted in Figure 4.19 on the basis of field variations. The Zone-1
covers the region where the three H-field components are similar and have a maximum
deviation of £10% from the value at the center. The extension of the Zone-1 is —10mm <
Zy,yr < 10mm, with H, and H, vary to 10.43 A/m along X-axis and Y-axis and H,
varies to 11.3 A/m. Hence, a robust switched polarized H-field is generated throughout
the Zone-1 to completely mitigate the lateral and angular misalignment problems. The
Zone-2 with the boundary range 10mm < |z,|, |y,| < 38mm comprises deviations beyond
10% limit in the H-fields as shown in Figure 4.19(a). In this region, the H, drops to 9.96
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A/m for the Rx moving along z, = 0 mm and 1.84 A/m along y, = 0 mm, whereas the
H, component varies to 10.15 A/m maximum in both the directions. Hence, widespread
uniformity in H, is still present in Zone-2 to completely mitigate lateral misalignment for
the co-planar Rx movements. In some Rx locations, one of the lateral fields (H, and H,)
decreases along one of the axis, thus, both the misalignment problems are not completely
mitigated simultaneously, however, they are addressed for a moderately high range of the
misalignment positions and orientations in Zone-2. Similarly, Zone-3 is dominated by
only two H-field components, i.e. either H, and H, or H, and H,, with the maximum
deviation observed in H, or H, field as 6.83 A/m and in H, as 5.97 A/m within the
boundary range of 38mm < |z,|,|y,| < 60mm. Thus, for the Rx located in Zone-3, a
relatively low tolerance for the misalignment is provided. Lastly, the Zone-4 contains only
the H, component with high variation and is unsuitable for misalignment mitigation.

The WPT performance of the proposed antenna is analyzed in terms of the variation
present in V, at the Rx antenna, owing the fact that the average power P, delivered
to the load solely depends on V, variation. Figure 4.20(a) depicts the V, variation when
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Figure 4.20: Analytically obtained V, variation for the Rx antenna in (a) lateral (b)
angular misalignment.

the Rx moves laterally and co-planar to the Tx antenna ie. 6, = 0° and ¢, = 0°.
For this movement, only H, can couple with the Rx coil. The flatness present in Vi
distribution indicates mitigation of lateral misalignment problem for the Rx movement
range —38 mm < z,,y, < 38 mm considering 10% tolerance in V,. variation. Figure 4.20(b)
shows V, variation for the Rx fixed at (0, 0, 50) mm but rotating. For this angular
movement, the Rx experiences highly consistent V. with a standard deviation oy, = 3 mV
and mean V; = 0.46 V. This shows that WPT to the Rx is completely independent of
its orientation. Thus, for the Rx which is perfectly aligned in one posture (either lateral
or angular), its misalignment problem in other posture is completely mitigated. The
performance of the proposed antenna is also evaluated relative to the single coil Tx of same
dimension and demonstrated in Figure 4.21. The plot indicates that the proposed antenna
outperforms relative to the single coil Tx in both lateral and angular misalignments cases
due to the presence of wider H, distribution and lateral H-field components, respectively.
The other Rx movements for which both the lateral and the angular misalignment occur
can be analyzed in terms of V, and oy,. Since the antenna is symmetrical in all the
four quadrants, the misalignment results in one quadrant of the Rx plane is presented in

Table 4.3. Here, at a particular lateral misalignment, all the orientations of the Rx are
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Figure 4.21: Performance comparison of proposed antenna relative to single coil Tx in (a)
lateral (b) angular misalignment.

evaluated for V.. The data indicates that, for Rx movement along X-axis, Y-axis, and

Table 4.3: Misalignment performance of the proposed antenna at various Rx positions

[ Position [ oy, (V) [ Ve(V) |

(0, 0) 0.003 | 0.46
(10, 0) | 0.035 0.46
(20,0) | 0.069 | 0.47
(30,0) | 0.094 | 0.47
(38,0) | 0.105 0.46
(50,0) | 0.102 0.40
(60,0) | 0.093 | 0.33

[ Position [ oy, (V) [ Ve(V) |[ Position [ oy, (V) [ Vi(V) |
(0, 10) 0.035 0.46 (10, 10) 0.035 0.46
(0,20) | 0.070 | 0.47 |[ (20,20) | 0.070 | 0.47
(0,30) | 0.095 | 0.47 |[ (30,30) | 0.166 | 0.47
(0,38) | 0.106 | 0.46 || (38,38) | 0.172 | 0.5
(0,50) | 0.103 | 0.35 || (50,50) | 0.140 | 0.40
(0,60) | 0.094 | 033 |[ (60,60) | 0.102 | 0.23

diagonally in the range —38 mm < z,,%, < 38 mm, the evaluated V, for all orientations

is invariant implying a constant P,,,. However, the oy, increases due to reduction in
H, or H, away from the center as depicted in Figure 4.19(a) and (b). Beyond |z,
ly| > 38 mm, the diminishing field components lead to reduction in both, V, and oy, .
The analytically optimized antenna is realized and further the results are verified by

simulations and measurements.

4.2.5 Antenna Realization and Simulation Results

To realize the proposed Tx antenna, a low cost planar PCB technology is adopted. The
final layout of the proposed optimized Tx antenna is shown in Figure 4.22 depicting the
front and the back views of the PCB. The connections between the two layers are made
through vias exhibited by red dots. The switches, Swy, Swo, and Swj, are inserted and
connections are shown in Figure 4.22(b). Since the switching is integrated within the
antenna structure, the impedance at the Tx port changes for the three switching modes

(SM—1, SM—2, and SM—3) listed in Table 4.2. Two incremental capacitance (C5M~1

CSMfS

o) are inserted in series with the coils

and C3M=2) along with one port capacitance (

corresponding to the three different switching modes as indicated in Figure 4.22. The

incremental capacitance of a mode is selected such that its series combination with the
CSM -3

reSoO

The design layout is simulated using ANSYS EM Suite 20.2 and the simulated field

leads to the actual resonating capacitance of the port required in that mode.
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Figure 4.22: Layout of the proposed Tx antenna (a) front view, (b) back view.

distributions in h = 50 mm plane are compared in Figure 4.23 with the analytical
results. The simulation results verify the orthogonal field forming achieved by the proposed
Tx antenna for generating the switched polarized H-field distribution in the Rx plane.

Experimental validation of the proposed design and results are presented subsequently.
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Figure 4.23: Simulated H-field distributions (a) H,, (b) Hy, (c) H..

4.2.6 Experimental Verification

To validate the proposed design, the antenna is fabricated using a MITS PCB prototyping
machine and the developed prototype is shown in Figure 4.24 depicting the front and
back sides of the antenna. For three switches, PCB mountable DPDT relays (G6K-2F)
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Figure 4.24: Fabricated prototype of the proposed antenna (a) front (b) back view.

are integrated at their designated places on the prototype as shown in Figure 4.24(b).
To validate the misalignment performance by measuring V. variation, a six turn Rx coil
antenna is used having a maximum diameter of 20 mm, track width and adjacent turn

spacing as 0.5 mm. To resonate the fabricated Tx and Rx antennas at the working
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frequency (6.78 MHz), the unloaded impedance of the antenna port is measured in three
switching modes using an Agilent VNA (PNA-L N5230C). The measured values (in ) are
15.52 + 5439.12, 15.95 + j443.17, and 15.30 4 j343.94, respectively for SM—1, SM—2, and
SM—3 modes. For the Rx port, the measured impedance is 1.86 + 733.27 €. The required
capacitance values to resonate the Tx coil in three different switching modes are 52.97 pF,
53.457 pF, and 68.45 pF and for the Rx coil Cr, = 705.54 pF. Therefore, the incremental
capacitance of C5M—1 = CSM=2 — 936 78 pF are chosen along with C5M =3 — 68.45 pF
and the SMD capacitors with closest commercially available values are used.

The misalignment performance of the proposed antenna is measured using the
experimental setup shown in Figure 4.25. The Tx port is excited using an RF signal

Personal Computer

T

Digital Storage
Oscilloscope
e =

Arduino uno
micro-controller

Figure 4.25: Experimental setup for the misalignment performance measurements.

generator (Agilent Technologies E8257D) and the Rx output response (V) is measured
using Keysight Digital Storage Oscilloscope (DSOX2022A). The switching control is
performed through the relay control terminals by using an Arduino uno micro-controller.
Figure 4.26 shows the measured results of the V, variation for the moving Rx misaligned

in either lateral or angular domain. Here, Figure 4.26(a) shows the measured V,. variation
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Figure 4.26: Measured V. in the Rx for angular misalignment (a) ¢,= 0° (b) ¢,= 90°.

when the Rx is co-planar to the Tx and displaced laterally in step of 10 mm along ¥ =0
(i.e. horizontal cut) and X =Y (i.e. diagonal cut). Figure 4.26(b) shows the measured V;
variation with angular misalignment when Rx is located at (0, 0, 50) mm and free to rotate
in both 6, and ¢, dimensions. The analytical results are also included for comparison and
the measured results are found well corroborating.

The measurements are also performed when the Rx is misaligned in both the lateral
and the angular domains simultaneously and the results are presented in Figure 4.27.
In Figure 4.27(a), with increase in lateral misalignment z,, an increasing V, variation

with 6, misalignment is observed whereas a stable V,. is obtained in ¢, domain for a
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Figure 4.27: Measured V. when Rx is misaligned (a) horizontally (b) diagonally.

complete mitigation of misalignment. As stated earlier, this occurs due to the drop of H,
component in Zone-2 shown in Figure 4.19(a). In contrast, when the Rx moves diagonally,
the drop in H, and H, components results in a higher variation of V;. in the 6, domain,
Figure 4.27(b), whereas a good tolerance for misalignment problem is achieved in the ¢,
domain. The measured results are corroborated with the analytical results. Hence, the
proposed Tx antenna is able to completely address the misalignment problem within the
Rx region Zone-1 with range —10 mm < z,,y, < 10 mm. Moreover, the working region
of the proposed Tx is increased to Zone-2 having range —38 mm < z,,y, < 38 mm with
a little compromised tolerance for the angular misalignment. The results demonstrate
that the proposed antenna has the potential to generate a widespread distribution of the
switched orthogonal H-field components at the Rx location to enhance the misalignment
tolerance. It must be noted here that the power delivery to the load is affected by the
mutual coupling between individual Tx-Rx antennas in individual switching mode. In
spite of this, the average power delivered to the load remains constant due to cumulative
effect of V;,,4 obtained from three distinct switching modes. As a result, the power transfer
performance of a near field WPT system under misalignment can be improved to a large
extent using the proposed antenna. Besides, employing switches in the proposed antenna
may slightly degrade the PTE of the WPT system due to the switching and ohmic losses.
Nevertheless, the advantages such as reduced circuit complexity and liberty to produce

the desired flux for a higher misalignment tolerance range make the switches a promising
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solution. This proves the proposed design to be a potential antenna candidate for a

misalignment resilient WPT application.

4.3 Summary

This chapter investigates an alternate method for mitigation of angular misalignment
problem in the near-field WPT applications. As a solution, a new methodology of
integrating field-forming approach with switching control is presented in Design—2A.
The switched polarized H-field is demonstrated to completely mitigate the angular
misalignment problem and requires only a single source of single-tone signal in contrast to
the multi-tone multiple-sources required by the previous methods of 3—D rotating H-field
forming. The optimal constraint on the H-field components related to their respective
excitation duration is analytically derived. To generate the switched polarized H-field,
a planar Tx antenna consisting of an axial and two dumbbell shape coils is proposed
and optimized for a maximum 521 between the Tx and the Rx coils. The switching
is integrated within the design using two SPDT switches to realize three states. The
effectiveness of the proposed method and antenna design to mitigate angular misalignment
problem is proved by demonstrating an invariant induced voltage in the rotating receiver
coil. The design is experimentally validated and a comparison with linear and circular
polarization is performed. The results indicate that the standard deviations in RMS
induced voltages in the rotating Rx for the linearly and the circularly polarized H-fields
are 0.3011 V and 0.2247 V, respectively, which is reduced to 0.0028 V by the proposed
switched antenna. Hence, the proposed antenna is proved to be a potential solution
for orientation-oblivion wireless charging of small devices, however, mitigation of lateral
misalignment still persists.

Aiming both angular and lateral misalignment simultaneously, a planar switching
integrated quadrant coil antenna is proposed in Design—2B. For this purpose, an
optimization of the proposed antenna is optimized by field-forming approach to generate
a widespread switched orthogonal H-field components for producing a switched polarized
H-field distribution. Furthermore, a time switching is employed to control the current
circulations within the four quadrant coils composing the antenna. The three DPDT
switches are judiciously integrated within antenna structure itself resulting in a single
port antenna as a low-cost solution. The different constraints encapsulated within the
optimization objective function reveal the antenna design with four quadrant coils each
consisting of a main and a supporting coil to achieve a widespread distribution of three
orthogonal H-field components. The performance analyzed in terms of RMS value of
induced voltage shows that the proposed antenna eliminates both the misalignment
problems completely in the Rx lateral movement region in Zone-1 of 20 x 20 mm?
for all the angular movements. For the Rx lateral movement in the Zone-2 range
10mm < |X,|,|Y;| < 38mm, the lateral misalignment problem is completely mitigated

whereas the angular misalignment is moderately addressed. Thus, the results proved the



CHAPTER 4. SWITCHED MAGNETIC FIELD FORMING TRANSMITTER (0]

importance of Design—2B to simultaneously address lateral and angular misalignment
problems for a wider range. This concludes that the proposed antenna has a high
misalignment tolerance with a simple efficient design suitable for low-cost manufacturing.
However, once the Rx settled down, generating widespread distribution of H-field resulted
in a flux leakage problem and necessitated a magnetic beam formation towards the Rx.
Nonetheless, the efficient charging of the Rx through magnetic beam formation relies on
knowing its position and orientation. Consequently, addressing the primary challenge of

localizing the Rx is targeted and presented next.
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Chapter 5

Non-uniform Magnetic Field

Forming Transmitter

SO-3: Inspect a planar Tx that localizes the position and orientation of an arbitrarily

placed Rz.

This chapter addresses a critical aspect of localization, particularly in the context of
biomedical implants. In order to power up these devices effectively, it is crucial to
accurately determine both the position and orientation of a small implanted device. To
achieve this, the chapter focuses on creating a highly non-uniform H-field, unlike the
uniform H-field targeted in the preceding chapter. The reason for choosing a non-uniform
H-field is that it provides a distinct voltage sample at the Rx, which is later used to
accurately determine the location of moving receiver. Additionally, this chapter discusses
the design and development of three different Tx coil designs, known as Design—3A,
Design—3B, and Design—3C, all aimed at achieving the objectives outlined in SO—3 as
provided in Section 1.7. Here, Design—3A focuses explicitly on localizing the position of
a moving object, while Design—3B and Design—3C elaborate on the methodology used to

determine both position and orientation.

5.1 System Design of Transceiver Antenna (Design—3A)

The proposed MRC-based interface system to localize the position of a human’s fingertip is

depicted in Figure 5.1 showing potential applications of the proposed transceiver antenna

Touchless [ ‘133
trackpad for
PC control A
——
W N

[“~.Machine
Keyprad Accesy

feb=
1D
Contactless :

p==——r— i
Access Control - —— Tx coil

Transceiver antenna array

Figure 5.1: Application scenarios of the proposed MRC-based transceiver antenna.

platform such as contact-less keypad for ATMs, AHI-based computer trackpad, contactless
access control, etc. The proposed interface system comprises of a transceiver antenna

platform and a wearable resonator coil attached to the fingertip at a height h as shown in

77
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Figure 5.1. The transceiver antenna consists of a Tx coil array and a Rx coil sensor array
co-located within the same platform. This arrangement greatly simplifies the wearable
device design providing a user friendly solution. Moreover, inclusion of the Tx array and
the Rx sensor array together within the transceiver antenna platform makes the proposed
system cost effective and low in latency for localization.

The transceiver antenna is designed in low-cost PCB technology, and the Tx coil array
and the Rx coil sensor array are printed at the front and back layers of the same PCB,
respectively. For PCB realization, a double-sided FR4 substrate of thickness, ¢ = 1.6mm,
relative dielectric constant €, = 4.4, loss tangent tand = 0.02, and 0.017mm of copper
deposition is used. The schematic model of the proposed system compatible with PCB

technology is shown in Figure 5.2. The Tx comprises of a n x n array of K number

Y _ Y
Tx cil-1 Tx cpil-2 Tx cpil-3| Rx cpil-1f Rx cpil-2| Rx coil-3|
¢ —_—
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B : KL X : X
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»le
@ (b) ©

Figure 5.2: Schematic view of the proposed system for n = 3 (a) Tx coil array (b) Rx coil
sensor array (c) Resonator coil.

of spatially distributed planar elements where each element is a multi-turn coil antenna
denoted as Tx coil-i V i € [1, K]. Here, K= n? is the total coils present in the n x n array
(n is an odd integer), e.g., for an array shown in Figure 5.2(a), n = 3 and K= 3% = 9.
Similarly, the Rx is a n x n array of K sensor elements realized as planar multi-turn coil
antennas denoted as Rx coil-i V i € [1, K] as shown in Figure 5.2(b). The resonator is a
multi-turn single coil of a size equivalent to a single coil of the Tx array and modeled in
Figure 5.2(c). When the Tx array is excited with an AC source, voltages are induced in
the Rx sensor coils due to magnetic coupling and voltage readings are used to track the

position of the resonator coil (fingertip).
5.1.1 Working Principle of the Proposed System

The proposed transceiver antenna works on the principle of 2-coil and 3-coil MRC-based
WPT techniques. In a 2-coil MRC system, two spatially separated coils, a Tx coil and a
Rx coil, are tuned by external capacitors to resonate at a common operating frequency and
maximize voltage gain of the Rx with respect to the Tx. Whereas, an additional resonator
coil is inserted between the Tx and the Rx coils in the 3-coil MRC system to achieve a
higher WPT range. The presence of the resonating coil between the Tx-Rx coil pair shifts
the resonance frequency of the system, which is re-tuned to the operating frequency by
tuning the matching capacitors. However, without re-tuning, if a resonator coil is brought

closer to the originally tuned Tx-Rx pair of a 2-coil MRC system, the resulting detuned
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3-coil system encounters a reduction in voltage gain. Thus, the two states, the presence
and the absence of the resonator coil, can be distinguished by comparing the change in
the Rx coil voltages.

Utilizing this principle in the proposed design, the Tx coil array and the Rx coil array are
tuned to resonate at the operating frequency in the absence of the resonator coil, therefore,
forming a 2-coil MRC WPT system locally per array element. The Tx is designed to
generate a robust H-field distribution in the plane of the Rx. This H-field distribution
drives the voltage outputs of the Rx sensor coils at the operating frequency. However, if
a single large Tx coil is used to generate a uniform H-field distribution, the presence of a
tuned resonator in the vicinity of any of the Rx sensor coils can also disturb the readings
in the neighboring sensor coils. To demonstrate the disturbance caused by the resonator
coil, a single large Tx coil is simulated in commercial EM software both in the absence and
presence of a tuned resonator coil above Rx coil—5. The corresponding H-field distribution
for Y = 0 cut is presented in Figure 5.3 and exemplifies the presence of disturbance caused

by the resonator coil to the nearby placed Rx coils. Therefore, the system does not provide

= Without resonator
80 ; ll‘ = = = With resonator 4

H (A/m)
5
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Figure 5.3: Impact of resonator on H-field distribution produced by a single turn Tx coil
presented in.

an optimal localization accuracy. This problem is avoided by the use of the Tx with an
n X n array of coil elements that can power each Rx coil sensor individually as depicted in
Figure 5.1 and Figure 5.2. Moreover, this provides an opportunity to exploit non-uniform
H-field forming to enhance localization accuracy.

For analysis, let Vél,(x,y) denote the voltage gain of the Rx coil-¢ matched output with
respect to the Tx coil matched input when the resonator is placed at coordinate (z,
y). The Vi, (z,y) denotes the S21-parameter measured between the antenna ports of
the Rx coil-i and the Tx. Thus, in the absence of the resonator coil, the voltage gain
of the Rx coil-i is V}izm(oo, o0) corresponding to the 2-coil MRC system. The system is
designed to maximize V}, (00, 00) and obtain similar values for each Rx coil-i V i € [1,
K]. However, in the presence of the resonator coil near to the Rx coil-i, the corresponding
Vféx(x,y) deteriorates and the difference in the Rx sensor voltage gain is registered for
the localization process. Using the comparison of the Rx sensor voltage with predefined
threshold levels, the position of the resonator coil can be estimated. Therefore, the farther
the separation of the voltage gains from the decision threshold in the two cases, the better
the accuracy obtained in positioning. Therefore, in addition to the maximum szx(oo, 00)
obtained in the absence of the resonator coil, the optimization of the proposed system also

targets to minimize the Vj (z,y) in the presence of the resonator coil to maximize the
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accuracy. This forms the objective of the optimization problem defined for the proposed

antenna system.

5.1.2 Design Parameters of the System for Optimization

The geometric parameters of the Tx coil array are maximum side dimension of the pad
(S9.), maximum side length (S%_ ), conductive strip width (w%,), and inter-turn spacing
(¢%,) of the Tx coil-i V i € [1, 9], and minimum side length (S7) as denoted in
Figure 5.2(a). For the design with n = 3, the number of turns in the Tx coil-i, Nr}x,

for a given side length S%.  is calculated as

Np, = {M - 1J. (5.1)
2(wr, + 97s)
The coordinates of the Tx coil-i center is (z%.,,y%,,0), and evaluated as
Xi = 2 _< 2 +ST;v ’ xTz_:t 2 + 2 +X’L ) yTz_:l: 2 + 2 +X’b . (52)

Here, x; is the separation between the adjacent coils. Particularly for coil-5, the center
coincides with the origin. Similarly, the design parameters for the Rx coil sensor array
are the maximum side length (S%,), minimum side length (S%%"), number of turns (Nj,),
conductive track width (w%,), and inter-turn spacing (g%, ) corresponding to each coil in
the Rx array as denoted in Figure 5.2(b). The maximum number of turns in the Rx coil,

N}%w for a given Sg, is found by

Ske = Sha" 1J. (5.3)

Vo = | g
In the design, the center, (2%, 2), of the Rx coil-i is assumed coinciding with the Tx
coil-i but zi = 1.6mm representing the top layer of PCB. For optimization of resonator
coil, the design parameters are maximum side length (S,.s) and the number of turns
(Nyes), the track width, (wyes), and the inter-turn spacing, (gres), which are optimized to
maximize the effect of its presence on the Rx coils.

Once the design parameters of the proposed system are defined, further optimization
adopts non-uniform H-field forming. To analyze the field generated by the Tx coil array,
the H-field formulation for a square coil is utilized as presented in (2.5). The z-component
of the H-field at any observation point (z,y, h) in space generated by the Tx coil-i is defined
as Hi(z,y). Thus, the total H-field distribution originated by the Tx coil array can be
evaluated by the superposition of the individual H-field of each coil element of the array

as y ., H'(z,y). The optimal design of the proposed system is presented subsequently.

5.1.3 Optimization and Design

The optimization of the proposed system is performed jointly for the Tx and Rx coil arrays,
and the resonator coil to attain the global design objective as discussed in Section 5.1.1.
The global objective is now stated as; to form optimal non-uniform H, in the absence of
the resonator coil such that the V} (0o, 00) is maximized and to minimize the V};_(z,y) in
the presence of the resonator coil. Since the design problem is very complex, it is divided

into sub-objectives that are interdependent and jointly achieves the global objective.
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Optimization Problem Formulation

The Tx coil array design is optimized in absence of the resonator coil to generate
non-uniform H, distribution so that V} (c0,00) Vi € [1, K] are maximized and achieve
similar values. For this, initially the coil-[K/2] located at the center of the Tx array (e.g.
coil-5 as presented in Figure 5.2) is optimized to achieve maximum field Y, H:(0,0) at
the origin. Here, [.] denotes the ceiling function. Let A%} is defined as the percentage
deviation of the voltage gain of the other Tx coil-i from the voltage gain Vzgf/ 2] (00, 00) of
the coil-[K/2]. Subsequently, for a given Rx coil array, the A}, is minimized to achieve
similar voltage gains in absence of the resonator coil. To accomplish this sub-objective,

the optimization problem is formulated as

e Sub-objective-1

% K/2
Minimize Ai/ = VRx (OO’ OO) — Vlgx/ ](OO, OO) ‘

Shp Wiy 1T, VK21 (00, 00)
Vie LK i#[K/2]
preceded by Maximiz Z H(0,0) (5.4)

S/ Wl 11 £
Subject to S%, < 62mm, 10mm < Sk, < 21mm,
why > 0.5mm, ¢4, > 0.5mm, and SE" = 8mm.
Following the Tx coil array design, the resonator coil and the Rx coil array are jointly
optimized. This is performed by placing the resonator coil at certain location, P, with
coordinate (zp,,yp,) at a height h above the transceiver antenna. The P, location in
the design process begins with coordinate (0,0) and assumes perfect alignment with the
Rx coil-[K/2]. For this arrangement, the resonator coil is optimized to have a maximum
effect on deteriorating the voltage gain ng:(/ 2l (acr[pli/ 2l , ygfc/ 21) of the Rx coil-[K/2]. Hence,

to design the resonator coil, the optimization problem is formulated as

e Sub-objective-2

Minimize Vfgg/ﬂ (xgw};/ﬂ , yr[r};/ﬂ)

res iVres

when resonator aligned with Rx coil-[K/2]
subject to  18mm < Syes < 22mm, Nypes > 1
Sre =875, Nre=Ngb', wr, =wf', gr. = 975"
where ng;ti, N;’;ti, w%’?;i, and g%fi represent the optimized Tx parameters obtained as
solution of the sub-objective-1. Succeeding (5.5), the Rx coil array is optimized considering
various positions, P,, of the resonator coil. Since the resonator coil attached to the
fingertip can be present anywhere on the platform, there are various alignments possible
with the Rx coil array. For instance, P, locations in the second quadrant of the transceiver
antenna are shown in Figure 5.4, where following three cases of alignments are possible;
perfectly aligned to one single Rx coil (Py, Ps, P7, Py), aligned with two adjacent coils
(Po, Py, Ps, Pg), and aligned with four adjacent coils (Ps) denoted as (i, (2, and (s,
respectively. To distinguish these cases for better positioning of the resonator coil, the

voltage gain values of a particular Rx coil-¢ for these cases should be appreciably separated
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Figure 5.4: Resonator coil position for optimizing Rx coil sensor array.

away from the decision thresholds. For example, let the resonator is placed at Py, FPg, and
Ps5, representing the three cases of alignments, then, particularly for the Rx coil-5, the
corresponding voltage gain levels V3 (xp,,yp,), Vi, (Tps,yp,), and Vi (zp,,yp,) should
be unequal and their difference is maximized. Similarly, the voltage gains for one particular
case of alignment should be equal for all the Rx coils laying under the resonator coil. For
instance, if the resonator is placed at FPg, then the voltage gain levels of the Rx coils laying
under the resonator, V3_(zp,, yp,) and V2, (zp,, yp,), should ideally be equal.

This is achieved by defining the decision threshold limits, 71, 2, and -3 for the three
different cases of the P, alignments, respectively. The Rx coil parameters S}éx, N}éx, w}'%,
and g}éw are optimized to attain farthest possible V]’éx solutions from the decision thresholds
7 for various P,. For this, the difference function defined as dp, = |V}, (zp,,yp,) — 7] is
maximized for each Rx coil-i. Hence, the optimization problem to design Rx coil sensor

array is defined as

e Sub-objective-3

.. i
Maximize e = [Via(2rnrup,) — 7,
(SRz+NRz»WRz,9Rx)

subject to Sk, = 18mm, Spi" = 8mm.

WRz > 0.0mm, gr, > 0.5mm, (5'6)
i __ qopti i opti i __ . opti i __ _opti
STI - STz ’ NTI - NTI ) Wy = Wp, 97z = 974 >

__ qopti _ opti __ . .opti ___opti
Sres = Sres 5 Nres = Nres ,  Wres = Wyes ,  Gres = Jres »

opti opti opti optt . .
where, Sybs', Nybs', wibs, and grbs are the optimal resonator coil parameters. The

optimization problem defined in (5.4)-(5.6) is solved by an algorithm adopting hybrid
approach of analytical modelling of H,(z,y) and simulation based parametric optimization
of Vi (x,y) in Section-5.1.3.

Design Procedure to Optimize the Proposed Transceiver Antenna System

The flow chart of the design algorithm to solve optimization problem (5.4)-(5.6) is
presented in Figure 5.5. A detailed description of the steps involved in the design process
is now provided.

Step-1: All the design parameters are initialized.

Step-2: The Tx coil optimization process begins with the initial iteration to first achieve
the objective function defined in (5.4) to maximize Y, H.(0,0), by sweeping design

variables S;I;‘/ ﬂ, wg[};m, and 9;5/21-
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/Initialize the process with all the design parameters/
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/Obtain optimal Tx coil parameters as Sg"!, N2, weP™, and gg2" / =l I

| Sweep resonator coil parameters S, andNy.qg I
| Evaluate %&K/zl(xlf/zl,ylf/zl) with resonator placed above Rx coil- [K/2] |

1

I Obtain optimal resonator parameters SS2° andN2ESs.t. Minimize{v) /21 [K/21 ,[K/21y I
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¥
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resonator parameters Sy andNy.s S.t.Maximize{ g, }

| Obtain the Vj,(co, o) for optimal Rx parameters ¥ ic [1, K] I
Obtain the optimal design
parameters Yes

Figure 5.5: Flowchart for optimizing the proposed transceiver antenna system.

Is
Ay minimized
Vie [1, K]

No

Step-3: Subsequent to Step-2, other Tx coil-i are optimized to achieve the objective (5.4)
as minimize A%} by sweeping design variables S%x, wiTx, and gl",,x and initializing the Np,=
1 and Sg,= 18mm for initial iteration. The design parameters corresponding to minimum

i, are stored for each Tx coil-i V i € [1, K].

Step-4: The obtained parameters corresponding to minimum A%/ are consider as the

. . ; v onti .
optimal Tx coil parameters as S77*, N7v" wi?", and g7%".

Step-5: The problem defined in (5.5) is now targeted in the presence of the resonator
coil, which is aligned with the Rx coil-[K/2] in the beginning.
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Step-6: Sweep the design variables of the resonator coil and evaluate
Vlgf/ 2] (m%/ 21,y¥;/ 2]). Select the optimal resonator coil parameters S22 and N2

corresponding to minimum V]gf/ 2 (l‘;li/ 2 , y:[pli/ 2]) to achieve the objective (5.5).

Step-T7: Place the resonator coil optimized in previous step at other location P, and assign
the corresponding threshold values as 71, 72, and ~3, respectively for the three cases of
alignment; with one (Py, P53, P7, and Py), two (P, Py, Ps, and Pg), and four (P5) Rx coils
as defined in Figure 5.4.

Step-8: Determine V5 (zp,,yp,) V i € [1K] for various parametric sweep of Rx coil
parameters and evaluate the difference function dp, defined in (5.6) for each Rx coil-i
affected by the resonator coil.

Step-9: The Rx coil design variables S}éx, N]@LI, win, and g%x are selected to achieve the
objective function defined in (5.6) to maximize dg,.

Step-10: Repeat Step—7 to Step—9 for all the defined positions P,, and store the various
maximum Jdr, and corresponding optimal Rx coil parameters.

Step-11: Repeat Step—6 to —10 by increasing Np, of coil-i by one for maximum Ngw and
store the result in dr,(n) vector. Choose the best result corresponding to the minimum
value in the vector dgr,(n) and obtain the optimal Rx and resonator coil parameters as
S?gi, Ngfi, w‘g’;i, g%gi, S,O,gi, and Nﬂgi.

Step-12: Determine the V} (o0, 00) for the optimal Rx coil array parameters and check

for Al, Vi € [1, K]. Repeat all the steps until A!, obtained for all Rx coils is minimized.
Result of the Optimization Process

The parameters of the proposed system are optimized using algorithm presented in
Figure 5.5 for K= 9 design. The PCB layout of the resulting optimized design is shown

in Figure 5.6 depicting the Tx coil array at the bottom layer and the Rx coil sensor

p
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Figure 5.6: Transceiver antenna system (a) bottom view, (b) top view, (c) resonator coil
bottom view, (d) resonator coil top view.

array at the top layer of the PCB, respectively. Figure 5.6(c) and Figure 5.6(d) show the
bottom and the top view of the resonator coil layout. The connections across the two PCB
layers are made through vias. The coil elements of the Tx array are connected in series to
minimize number of ports required in the Tx and avoid additional jumper inter-connects.
The system has in total ten ports out of which the Tx coil array has one port denoted
by Port-Tx, the rest nine ports are attached to the nine sensor coils of the Rx array and
denoted as Port Rx-i V i € [1, 9] in Figure 5.6. The optimal Tx coil parameters are listed
in Table 5.1 and N}x =5, w%x = 0.5 mm, and giTx = 0.5 mm are obtained and h = 10

mm is considered in this study.
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Table 5.1: Optimized coil parameters of the proposed antenna

[ Tx Coil-i | Position (mm) [ ST~ (mm) [ V} (o0,00) (dB) ]
1 (21,21,0) 20 26.46
2 (21,0,0) 20 236.90
3 (-21,21,0) 20 26.35
1 (0,-21,0) 20 726.89
5 (0,0,0) o1 27.10
6 (0,21,0) 20 226.90
7 (21,21,0) 20 26.26
8 (21,0,0) 20 726.85
9 (21,21,0) 20 26.31

The analytically optimized H-field distribution generated by the Tx coil array in absence

of the resonator coil is demonstrated in Figure 5.7(a). The analytical results are verified
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Figure 5.7: Optimized H-field generated by the Tx coil array (a) analytical distribution,
(b) simulated for cut Y = 0 mm, (c) simulated for cut ¥ = 21 mm.

using an EM simulator. The 2D plots of the H-field generated from the optimized Tx coil
array are compared in Figure 5.7(b) and Figure 5.7(c) for Y = 0 mm and Y = 21 mm cuts,
respectively, and the results are found corroborating. The szw(oo, o0) values observed in
Rx coil-i V i € [1, 9] is included in Table 5.1.

The parametric variation of S,s and N,es for optimization of the resonator coil as
formulated in (5.5) is shown in Figure 5.8(a). The optimal parameters for the resonator

coil are S%'= 22 mm and N%'= 8 to minimize V3, (%5, y5,) from Figure 5.8(a).
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Figure 5.8: Optimization of (a) resonator coil, (b) Rx coil sensor array N&, =1, (c) Rx

coil sensor array Nj, = 3, (d) Rx coil sensor array N, = 5.

The parametric study for optimizing the Rx coil sensor array in presence of the optimized
Tx and the resonator coil located at various positions (P; - Py defined in Figure 5.4)
is presented in Figure 5.8(b)-(d).
g}éx = 0.5mm and for the proposed design K= 9, the threshold values accounted in the
algorithm are v; = —40dB, v = —30dB, and 3 = —27dB. To observe the effect of NEI
on voltage gain, consider that the resonator is first placed at P;. In this case, only the
Vi (zp,yp,) for the Rx coil-1 is below the threshold defined as 3 = —40dB for various

The plots are shown for various N}ém and win =
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N%_ in Figure 5.8(b)-(d), whereas, the Vi (xp,,yp,) for the other Rx coils are above the
threshold 71 = —40dB and most uniform (~ —26dB) for N, = 1. Similarly, when the
resonator is shifted to position P», the voltage gains for the Rx coil—1 and Rx coil—2 are
below the set threshold 5 = —30dB and above 7, = —40dB. Whereas, for other Rx coils,
the voltage gains are above 72 and observed as more consistent for N = 1. Likewise,
the other positions can also be verified. This concludes that the Nli%x =1 has least effect
on the Véx of other Rx coils which are not in close proximity of the resonator suggesting
Np; = 1 as the optimal Rx coil array parameter. The algorithm reveals the optimal Rx
coil array parameters are Sg, = 18mm, Ng, = 1, and wg, = 0.5mm. The performance

of the proposed transceiver antenna system is evaluated subsequently.

5.1.4 Simulation and Results

The performance of the optimized system is evaluated in the two states, with and without
the resonator coil. In absence of the resonator coil, the input reflection coefficient (port
matching) of various ports of the Rx coil sensor array and corresponding Véx(oo,oo)

versus frequency are shown in Figure 5.9(a) and Figure 5.9(b). The results indicate that
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Figure 5.9: Frequency response of the proposed system (a) reflection coefficient of the Rx
port-i in absence of the resonator coil, (b) Vi, (o0, o) variation, (c) reflection coefficient
of the Rx port-i in presence of the resonator coil above Rx coil-5, (d) Vi, (,y) of the Rx
port-i.

the Vi (00, 00) of different Rx sensor coils are ~ —26dB at operating frequency 13.56MHz.
However, once the resonator coil is placed in the vicinity of any Rx coil, the voltage gain
of that coil is drastically reduced due to detuning of the input matching. To demonstrate
this, the detuning of the Rx coil—5 is demonstrated by plotting all S;; in Figure 5.9(c) when
the resonator is placed above the Rx coil-5 at position Py. The corresponding change in
the Vi is plotted in Figure 5.9(d). The comparison of Figure 5.9(b) and 5.9(d) indicates
that the presence of the resonator coil above Rx coil—5 reduces V}%x while the other Rx
coils are not much affected because of the proposed non-uniform field forming and the use
of coil array at the Tx which allows individual coupling with each Rx sensor coil.

To exemplify further the tracking of fingertip, various movements of the resonator coil
are analyzed as shown in Figure 5.10. For instance, consider the tracking process for
horizontal movement of the resonator as defined in Figure 5.10(a) with marked positions
and their corresponding Vi, (z,y) values are plotted in Figure 5.10(b). The resonator
begins from position H; where it is aligned with Rx4. In this case, the voltage gain of Rx
coil-4 is VA, (Hy) = —43.33dB, which is well below the set threshold value (y; = —40dB),
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Figure 5.10: Simulated V},, (x,y) variation for various movements of resonator coil in (a,
b) horizontal, (c, d) vertical, (e, f) main diagonal, (g, h) off-diagonal directions.

whereas, all the other Rx sensor coils show voltage gain of ~ —26dB. As the resonator coil
shifts to Hy where it is aligned between Rx4 and Rx5, the VA (H2) and V3 (Hz) values
for the Rx coil-4 and coil-5 are —32.53dB and —35.8dB, respectively; both are below the
predefined threshold 79 = —30dB. Further movement of the resonator coil to Hs aligns it
perfectly with Rx5 and the V3 (H3) = —45.26dB is observed below the decision threshold
v1 = —40dB. Similarly, the remaining positions Hy and Hj can be verified from values
shown in Figure 5.10(b) for horizontal movement. The other movements can also be
verified similarly by comparing the V}, (z,y) values of Rx coils with decision thresholds.

To note that setting the decision threshold values is critical for the localization performance
of the system, therefore, for practical purposes, any variations due to imperfections in
hardware realization can be incorporated by calibration and using normalized decision
thresholds (y¢). Moreover, to distinguish the voltage gain values for tracking the fingertip
movement, the normalized decision thresholds fytlh = 0.25, ’yfh = 0.5, and fyf’h = 0.65 are
set for the resonator coil positioned respectively over a single Rx coil, two adjacent Rx
coils, and four adjacent Rx coils. The influence of distance is presented by plotting the
normalized voltage gains of the system simulated for varying distances (h = 5 mm, 10

mm, and 15 mm) in Figure 5.11 with corresponding 7, marked. Here, Figure 5.11(a),
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Figure 5.11: Simulated VI:'?x (z,y) variation under varying distance of resonator coil in (a,
b, ¢) horizontal movement, (d, e, f) main diagonal movement.

(b), and (c) correspond to the horizontal movement, whereas, Figure 5.11(d), (e), and (f)
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Figure 5.12: Experimental setup and fabricated prototype.

Table 5.2: Measured Z; and corresponding C?__ values for various coils.

Teso

[ Coili | Z;(Q) [ Clooo®) ]
Tx 22.07+j440.12 26.67p
Rx1 0.724j9.42 1.24n
Rx2 0.69+j9.47 1.24n
Rx3 0.71+4j9.43 1.24n
Rx4 0.69+j9.61 1.22n
Rx5 0.714j9.53 1.23n
Rx6 0.694j9.59 1.22n
Rx7 0.714j9.48 1.24n
Rx8 0.674j9.47 1.24n
Rx9 0.70+j9.53 1.23n

Resonator 1.94+4j81.56 143.91p

are plotted for the main diagonal movement. The plots indicate that a slight variation
in the resonator coil separation from the transceiver antenna does not much affect the
pattern of the normalized szzx (z,y) in the range of 5mm to 15mm.

Thus, the results of Figure 5.10 and Figure 5.11 together prove that the voltage gains of
the Rx coils change insignificantly with the vertical moving resonator coil in the vicinity
and are easily detectable with appreciable differences from the decision thresholds to
implement the position tracking of the resonator coil. Further experimental verification

of the proposed system is presented in the next section.

5.1.5 Experimental Verification

To validate the proposed design, the coils are fabricated using a PCB prototyping machine
in the laboratory. The fabricated prototypes are shown in the inset demonstrating the
experimental setup to measure S-parameters in Figure 5.12. An Agilent VNA (PNA-L
N5230C) is used to measure the impedances of the unloaded coil input ports. The
impedances (Z;) of various coils measured at the operating frequency of 13.56MHz are

shown in Table 5.2 including the corresponding capacitance (C?,,) value required to

reso
resonate each coil at 13.56MHz. The SMD capacitors of the closest available values are
inserted in series with the coils as shown in the inset of Figure 5.12. The final prototype
is tested and the Vféaj(x,y) values are recorded from the Rx coil sensor array using the
network analyzer. Further, the effect of random errors on the verge of external noise is
addressed by converging 1000 samples of data using an inbuilt averaging factor function
available in network analyzer. The data is then collected in the absence of resonator coil
and the measured normalized V}, (0o, 00) for each Rx sensor coil is shown in Figure 5.13

including simulation results for a proper comparison. In the absence of the resonating
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Figure 5.13: Normalized V}, (00, 00) values measured without resonator coil.

coil, the measured voltage gain values of the Rx sensor coils show slight variation and the
measured data corroborates with the simulation result.

Now the resonating coil is moved in the vicinity of the transceiver antenna by following the
paths defined previously in Figure 5.10 (left column), and measured V}_ (x,y) values are
recorded. The variation in the normalized voltage gains of the Rx sensor coils for these

movements is plotted in Figure 5.14 also indicating the 7, set by measurements. The

o

Zo08 o

5

os

=

%04

&

T S -
0 0 e 0
P PP E S P Pl P P f b

Reading for Rx sensor coil- Reading for Rx sensor coil-i Reading for Rx sensor coili

o o © o

~09 o =08

5 ° % 5 g oo

2 2 5

Zo7 So7 2 08

= Position H, < Position V, = Position MD,

0 seospy 207 —Simuated

e w 2-05 Z y =05 > ogf 3 +3=065
03 0 Experimental 03 |0 Experimental 05 0 Experimental

PP L PP PP P® PP PP E PP

Reading for Rx sensor coil-i Reading for Rx sensor coili Reading for Rx sensor coili
1

5
<
= Position V,,
A [—Simulated
£
3
A L 8 660 p e o o iy
>
& P P P PP o P o o oF o o oF o P o P P PR
Reading for Rx sensor coil- Reading for Rx sensor coili Reading for Rx sensor coil-i

1 1
O o
—o0 =09 o o
5% o o 3 = oS
2 2 5
So7 Sor E
Z Position H % Position V, = Position MD,
% L M X 07
805 &0 V )
> ) o Y ST \9/ &
12=05 sall 08 o > 06 =
03[0 Experimental |0 Experimental o[ CEspermenta o
P P P P P PP & P P ol ® P
Reading for Rx sensor coil-i Reading for Rx sensor coil-i Reading for Rx sensor coil-
1 1
o} (]
T o8 T o8 9 o © T o8
2 2 2
Zos Z 08 posit <o
= = 8] position , =
% 0.4{~Simulated % 0.4[~Simuiated % 0.4[—Smulated
ool e 0 e o
ool W02 oo A oo W02 L SToeff W02 oo
O Experimental (O Experimental [0Experimental
0
S o P P PP «*\g@g@h@b@%@_@& o P
Reading 'mﬁ sensor coili Reading lov(%x) sensor coili Reading for Rx sensor coil-i
a) ()

Figure 5.14: Normalized Vj, measured for (a) horizontal movement, (b) vertical
movement, (c) main diagonal movement.

experimental results obtained are found in good agreement with the simulation results
for various resonator coil positions, as shown in Figure 5.14. For all the movements of
the resonator coil, the voltage gain patterns of the Rx sensor array are shown to follow
the desired trend with respect to the set threshold value, therefore, can be distinguished.
Further experiments conducted in presence of metallic objects, e.g., keychain, ring, and
metal sheet in the vicinity of the proposed antenna, when the resonator is placed above
Rx coil—5 as depicted in Figure 5.15. The corresponding voltage gain obtained at the Rx
coil—5 is illustrated in Table 5.3 and Table 5.4, which exhibited an insignificant effect and

can be tolerated.
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Figure 5.15: Experimental setup with different metallic objects (a) Conducting sheet, (b)
Ring, (c¢) Keychain.

Table 5.3: Effect of the metallic sheet behind the transceiver antenna.

[ S.No. | Experiment | VE_(c0,00) |
1 Placing only finger near the transceiver -19.64dB
2 Placing conducting sheet at 1cm behind the antenna -19.91dB
3 Placing conducting sheet at 2cm behind the antenna -19.87dB
4 Placing conducting sheet at 3cm behind the antenna -19.80dB
5 Placing conducting sheet at 4cm behind the antenna -19.78dB

Table 5.4: Effect of ring and keychain in hand placed above the transceiver antenna.

[ S.No. | Experiment | v2.(0,0) |
1 Placing only finger without resonator at Rx coil-5 -19.64dB
2 Placing finger attached with resonator at Rx coil-5 | -28.10dB
3 Finger attached with resonator and ring -28.22dB
4 Finger attached with resonator, ring, and keychain | -28.46dB

Transceiver
- Antenna B
Signal o Arduino Display

— Controller

Figure 5.16: Real-life demonstration to trace the position of the moving fingertip.

Y

Rx1 Rx2

Figure 5.17: Real-life tracing (a) path followed, (b) acquire LED response for traced points.

Figure 5.16 demonstrates a real-life application of the proposed antenna utilized for
tracing the moving fingertip. The proposed transceiver antenna is excited by Agilent
Signal Generator (E8257D) and the responses obtained from the Rx sensor coils are
processed using Arduino Uno controller board. A 3x3 LED array is employed to visually
display the position tracing. The fingertip with resonator coil follows the path defined in
Figure 5.17(a) and the acquired responses from the LED array at various time instants
are shown in Figure 5.17(b). The demonstration depicts the glowing LED corresponding

to the resonator position aligned with the particular Rx coil. When the resonator comes



CHAPTER 5. NON-UNIFORM MAGNETIC FIELD FORMING TRANSMITTER 91

between the two Rx coils, both the corresponding LEDs glow. The complete path tracing
is verified in Figure 5.17. This demonstrates the effectiveness of the proposed localization
system. Nevertheless, the suggested transceiver antenna solely identifies the position of a
moving object and does not anticipate its orientation. This necessitates the development of
a new Tx capable of predicting both the position and orientation simultaneously presented

next.

5.2 Switchable Multicoil Transmitter (Design—3B)

The system configuration of a localization system containing a multicoil Tx and a planar
Rx whose position and orientation OP (z, yr, 2z, 0, ¢) need to be determined is shown

in Figure 5.18. The planar multicoil Tx antenna of size S%x X S%z is located in x-y plane

Y4 oA 7

Receiver v

X

Y OP (2, Y1, 24)
D
S e

o
Multi-coil Transmitter Stx X

S

Figure 5.18: The planar receiver coil and the multicoil transmitter coordinates.

with dimension S%x = 30cm and comprises of n = 8 identical electrically small coils (coil-i,
Vi € [1,n]) of outer turn radius r7, = 50mm arranged as shown in Figure 5.18 same as
presented in [76, 77, 78, 79]. Each Tx coil-i centered at (.CC%—vx, y%x, zZTz) has uniform
total current I7,el¥e??mfit whose excitation source frequency f; is set based on the feeding
method adopted at the Tx as discussed later in this section. The current excitation in
the Tx coils forms oscillating H-field distribution in the Rx region. The total H-field H
generated at OP is contributed by individual coil-¢ with the three orthogonal components
defined as H,, H,, and H, at the observation point OP and calculated using (2.3). Thus,
the RMS value induced voltage Vj,4 in the Rx coil having orientation (6,, ¢,) are evaluated

using (2.10) and re-written as

d
Vz‘nd($myr7zmer7¢1") = —Nruoa [HZAJC + HyAy + HZAZ] (5 7)

= f(xTV yT‘, Zry 97‘7 ¢T‘)
where function f denotes the analytical expression of ideal induced voltage for a given Rx

location (z, yr, 2, 0r, ¢r) as

d
f(w’ﬁy"‘a ZTa 07“7 d)T) == _NTMOE [HIAI + HyAy + HzAz] (58)

and analytically evaluated by substituting (2.2-2.4) in (5.8). The actual location vector
OP ={xy, Yr, 2z, Oy, ¢} of the Rx is noted and actual distance D of the Rx from origin
is calculated as D = /22 4+ y2 + z2. The induced voltage can be sensed and processed to



CHAPTER 5. NON-UNIFORM MAGNETIC FIELD FORMING TRANSMITTER 92

completely localize the Rx coil. Let the sensed output samples from the Rx having actual

location (zy, yr, 2, Or, ¢r) is V' which can be expressed as
V' = f(zr,yr, 2r, 0r, 6r) + No, (5.9)

where the effect of noise is accounted in the analysis to imitate realistic scenario and the
V'’ samples are assumed corrupted by random white Gaussian noise Ny with variance 012\,.
For the given V’ samples the predicted position and orientation vector OP' ={z.., y., 2,

0!, ¢} of the Rx can be found by solving the following reverse expression
(@7, yr 20, 00, 00) = fH(V) (5.10)

where, f~! is the inverse function of f in (5.8) and having a non-linear relation with
(Tr, Yr, 2r, Or, ). Here, (5.9) and (5.10) are valid for electrically small Tx and Rx coil
antennas which are assumed separated by the free space and laid within the near-field
range. The non-linear equation (5.10) can be solved using the Levenberg-Marquardt (LM)
method, which is a non-linear least-square algorithm and implemented using MATLAB
[76, 77, 78, 79]. In this method, several distinct V' samples are sensed for a given Rx
location to predict five unknown variables consisted in location vector OP’. The accuracy
of the localization method is analyzed by evaluating errors (E4 and E,) between actual and

predicted location (position and orientation respectively) using the following expressions

Eq=/(zr — )2+ (yr — y})2 + (20 — 20)2,

/ ) (5.11)
Eq = |0r — 0| + |6r — ¢5|.

The localization accuracy depends on the H-field distribution and correspondingly induced
V'’ samples in the Rx coil which are governed by the excitation of individual coil-i and
its feeding method deployed at the Tx antenna. In general, the conventional feeding
approach adopted previously [75, 76, 77, 78, 79] corresponds to the frequency-divisional
tracking method described in Section 5.2.1 which is followed by the proposed approach of

time-divisional tracking method in Section 5.2.2.

5.2.1 Conventional Frequency-divisional Tracking Method with
Multi-frequency Tx Antenna

In this approach, all the eight coils of the Tx shown in Figure 5.18 are driven simultaneously
and each coil-i is excited with a signal of different frequency f; Vi € [1,8] ranging from
20 KHz to 30 KHz but of identical amplitude and phase. At the Rx, these frequency
channels are sensed, demodulated, and eight frequency components of V' are extracted
each corresponding to the H-field at OP due to coil-i of the Tx. These V' samples
satisfy (5.10) which results in a set of eight non-linear equations and the solution of
which determines the position and orientation vector OP’. The set of non-linear equations
are solved using the LM method as mentioned earlier. To overcome the aforementioned
drawbacks of the frequency-divisional tracking method as discussed in Section 1.6.2, a new

Tx antenna design with proposed time-divisional tracking is presented next.
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5.2.2 Proposed Time-divisional Approach with Optimized Multicoil
Grouping and Minimized Feeding Complexity

In this section, the evolution of the proposed switched multicoill Tx antenna for
time-divisional tracking method is presented. Initiating with the same Tx as depicted in
Figure 5.18 with integrated time-divisional approach, all the coils are excited with a signal
source of one frequency signal, but at various time-slots in a sequence by using a switching
circuit. By using a number of switches (Sw) equal to number of feeding ports (n,),
the excitation can be switched ON-OFF for certain groups of the coils, simultaneously.
However, to minimize the n, for reducing the complexity, an optimal grouping of the
coils (represented by grouping function G,,) is required. Since the localization accuracy
depends on the H-field distributions that are generated by various coil groups in different
time slots, the G, is optimized to form a non-uniform field distribution such that the
average errors in position (Ej) and orientation (E,) of the localized Rx is minimized.
The design parameter G, with minimum possible n, is selected to minimize E,; and Ej,

therefore, the formulated objective function of the design is defined as

Forming a non-uniform H-field distribution to achieve

min (Ed and Ea> (5.12)

ananp

s.t. min(np)7 ny € [1,N]

To understand the effect of the parameters on the solution of (5.12), initially consider that
eight Sw (n, = 8) are used to switch each coil ON-OFF individually in a sequence; this
will result in formation of eight groups comprised in Gg where each group is containing one
coil member. In this case, 2% combinations of Sw states (ON or OFF) will excite 2% — 1
different combinations of the coils (excluding the state in which all Sw are OFF) and
hence generate 28 — 1 distinct H-field distributions around the Rx. However, it requires
2% — 1 number of time-slots, hence, not applicable for real-time localization of mobile Rx
due to latency issue. Since, in frequency-divisional tracking, only eight distinct H-field
distributions (because each coil is excited at different frequency) are suggested sufficient
to localize the Rx, the same is assumed as sufficient condition for the time-divisional
method to upper bound the complexity. For time-divisional tracking using n, = 8 Sw,
any eight states out of 28 — 1 can be chosen to generate eight distinct H-field distributions,
thereby reducing the required number of time-slots to eight hence improving the latency
significantly. However, the system still remains complex due to the use of several Sw and

complex feeding network.

In contrast to the eight Sw case, if just one Sw (n, = 1) is used then only a single group
is formed in G1, hence, all the coils can be switched ON or OFF simultaneously providing
only one distinct H-field distribution which is not sufficient to find five variables (z, y;, 2,
0., ¢r) of the location vector OP. Essentially, atleast five distinct H-field distributions to

solve five relations are required to evaluate the OP. Therefore, a minimum of three SWs
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(n, > 3) are required that can generate seven (23 — 1) distinct H-field distributions. Thus,
the minimum possible n, = 3 is proposed which divides the Tx coils into three groups
contained in GG3 and only seven time-slots are required to estimate the OP. This highly
reduces the system complexity and localization time. To form three groups in G3, several
possible combinations of the coils are studied and realizable arrangements (the ways of

grouping in G3) are listed in Table 5.5. Out of these possible arrangements where each

Table 5.5: Various coil arrangements to form three groups.

| Coil arrangement H Group-1 [ Group-2 [ Group-3 ‘

1 Coil-1 Coil-2 Coil-3-4-5-6-7-8
2 Coil-1 Coil-4 Coil-2-3-5-6-7-8
3 Coil-1 Coil-5 Coil-2-3-4-6-7-8
4 Coil-1 Coil-6 Coil-2-3-4-5-7-8
5 Coil-1 Coil-2-3 Coil-4-5-6-7-8
6 Coil-1 Coil-2-7 Coil-3-4-5-6-8
7 Coil-1 Coil-4-6 Coil-2-3-5-7-8
8 Coil-1 Coil-5-6 Coil-2-3-4-7-8
9 Coil-2 Coil-1-3 Coil-4-5-6-7-8
10 Coil-1-2 Coil-3-4 Coil-5-6-7-8

11 Coil-1-2 | Coil-3-4-6 Coil-5-7-8

can generate a different H-field distribution, an optimal grouping is found to generate the
optimal non-uniform field distribution such that the design objective of (5.12) is achieved.
To accomplish that, the effect of coil grouping on localization performance is analyzed and
accuracy results for comparison of the possible grouping Gj listed in Table 5.5 are shown

in Figure 5.19. It is revealed that the arrangement—11 has best localization accuracy in

30
)
HlE. (deg.)

25

1 2 3 4 5 6 7 8 9 10 11
Coil arrangement listed in Table-I

Figure 5.19: Localization performance of various coil arrangements in G3 (0%, = —90dB).

terms of minimum average localization errors among the various coil arrangements listed in
Table 5.5, hence, correspondingly chosen as the proposed design. The non-uniform H-field
distribution result formed by the arrangement—11 is demonstrated later in Section 5.2.4.
The proposed design (arrangement—11) which also has better localization accuracy as

compared to the multi-frequency Tx is detailed subsequently.

5.2.3 Proposed Antenna for Time-divisional Tracking Approach

In this section, the multicoil Tx antenna conceptualized for time-divisional tracking
method in Section 5.2.2 is realized into a practical design. For a cost effective planar
solution, the antenna is realized on a single-sided PCB (Printed Circuit Board) made
of FR4 substrate of thickness, h = 1.575 mm, relative dielectric constant ¢, = 4.4, loss

tangent tand = 0.02, and 0.02 mm of copper deposition. The proposed switched multicoil
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antenna is presented in Figure 5.20 consisting of coil-i Vi € [1,8] each with a coil radius
ryr = 5 cm, available turns Np, = 25, width of conductive track wp, = 0.5 mm and
spacing between the adjacent tracks gr, = 0.5 mm, respectively, moreover, a small Rx
having dimensions coil radius 7, = 1 c¢m, turns N, = 3, track width w, = 0.5 mm and
spacing between the tracks g, = 0.5 mm, respectively, is employed to not perturb the
H-field distribution generated by the Tx antenna. The identical dimensions of each coil
present in Tx antenna is used also for the multi-frequency antenna to fairly compare the
performance with the proposed design. Moreover, the maximum Np, present in the Tx
coil-7 is chosen to enhance the localization accuracy, and wr,, g7%, w,, and g, values
are selected in accordance to the minimum fabrication limit of the PCB prototyping

machine available in the laboratory. As discussed in Section 5.2.2, three switches Swy,
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Figure 5.20: The proposed switched multicoil antenna realization.

Swa, and Swj are used to divide the coils into three groups Coil—1 — 2, Coil—3 — 4 — 6,
and Coil—5 — 7 — 8, respectively fed by Port—1, —2, and —3, where all the coils of a group
are excited simultaneously to implement the proposed time-divisional tracking method.
The complex feeding network is avoided by judiciously connecting all the member coils
of every group in series such that they are excited through a common input port with
a same signal of frequency 10 KHz excited from a single source as depicted in the inset
of Figure 5.20. Here, the states of the switches are controlled by a controller board and
L-section matching networks are inserted for impedance matching at the individual ports.
The current circulation is same for all the coils of a group to achieve constructive addition
of the fields. The proposed antenna is fed by three input ports compared to eight ports

required for multi-frequency Tx presented in Section 5.2.1.

As discussed in Section 5.2.2, the proposed localization method requires seven time-slots
t; Vi € [1,7] to sense and localize the Rx. This is performed by switching ON or OFF
the three coil groups using Swy, Sws, and Sws in each t;. The state of Sw during ¢; times
are shown in Table 5.6 and the correspondingly excited coils are listed. This arrangement
generates seven distinct H-field distributions (one per time-slot) at the Rx location. The
channel at the Rx is sensed, demodulated, and extracted voltage samples provide seven
V' values at Rx each corresponding to one t;. The sensed V' values and the corresponding

H-field satisfy (5.10) for a combination of excited coils as per Table 5.6. This gives seven



CHAPTER 5. NON-UNIFORM MAGNETIC FIELD FORMING TRANSMITTER 96

Table 5.6: Switching states and excited coils for the proposed design

] Time-slot H Swq ‘ Swao ‘ Sws ‘ Excited coils

th ON | OFF | OFF Coil-1-2

to OFF | ON | OFF Coil-3-4-6

t3 OFF | OFF | ON Coil-5-7-8

ty ON | ON | OFF Coil-1-2-3-4-6
t5 ON | OFF | ON Coil-1-2-5-7-8
tg OFF | ON | ON Coil-3-4-5-6-7-8
tr ON | ON | ON | Coil-1-2-3-4-5-6-7-8

non-linear equations involving variables of the location vector OP of the Rx and solved by
using the same algorithm (based on LM method) as adopted for multi-frequency design

presented in Section 5.2.1.

5.2.4 Performance evaluation and results

In this section, the performance of the proposed switched multicoil Tx antenna presented
in Section 5.2.3 is evaluated and compared with the equivalent multi-frequency Tx antenna

discussed in Section 5.2.1.

Analyzed H-field distributions of the two designs

The resulting H-field distributions for both the designs are computed using (2.2)—(2.4)
for z, = 10 cm plane. The calculated normalized 2—D field-distributions of H,, H, and
H, originating from the multi-frequency Tx antenna is shown in Figure 5.21 for all the
frequencies f; Vi € [1, 8] transmitted by the antenna. The plots indicate that the H-field

f=f: ff

)Qi]GhUH
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Figure 5.21: H-field distributions of multi-frequency Tx antenna for all f;.
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Figure 5.22: H-field distributions of proposed switched multicoil antenna at all ¢;.
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patterns at various f; are the same but spatially shifted versions according to the spacial
location of the corresponding coil—i excited by f;. At a particular Rx location, diverse
H-field components are produced at various f; implying diverse values of induced voltages
in the Rx coil, hence eight distinct H-field distributions are obtained. However, there exist
a large area where the H-field strength is very low resulting in low noise immunity of several
V' samples in the previous approach of frequency divisional tracking with multi-frequency
antenna. In contrast, the normalized 2—D field distributions for the proposed switched
multicoil Tx antenna are shown in Figure 5.22 for various time slots ¢;. According to the
excited coil groups for each time-slot ¢; given in Table 5.6, the H,, H, and H, distributions
are plotted. The patterns demonstrate that, at a particular Rx location, seven distinct
H-field distributions are obtained at various ¢; by using the proposed antenna. Moreover,
the field strength is improved over a wider Rx area compared to the multi-frequency
antenna so as to achieve enhanced noise immunity by the proposed switched antenna.
Hence, the field pattern results validate the discussion presented in Section 5.2.2 regarding

generation of non-uniform H-field distributions.

Localization performance evaluation and comparison

In this section, performance of the proposed localization method is evaluated through
analysis and the results are validated using simulations. The proposed switched Tx
antenna of Figure 5.20 and its equivalent multi-frequency Tx antenna were analyzed using
Mathworks MATLAB and simulated using commercially available electromagnetic solver
HFSS. The Rx coil having sensitivity ~0.1 V/Hz/T and an effective coil area (summation
of individual turn area) of 0.1m? was used [78]. The procedure to evaluate localization
performance is now described.

The planar Rx coil is randomly placed at several test positions and orientations in a volume
of 300x300x300 mm? above the planar Tx. The actual location vector O P={z;, yr, 2,
0., ¢r} of the Rx is noted and actual distance D of the Rx from origin is calculated as
D = \/W For each case, the Rx is localized using the methods presented in
Section 5.2, and the predicted position and orientation vector OP’' ={x/, y.., z., 0., ¢/} is
found. To imitate realistic scenario, the effect of noise is accounted and the induced EMF
samples at the Rx are corrupted by random white Gaussian noise with variance 012\]. Then
the accuracy of the localization method is given by evaluating errors (E; and E,) between
actual and determined location (position and orientation) using (5.11).

Next, to evaluate terminal characteristics, the unloaded antenna is simulated to evaluate
input impedances of the three ports and corresponding L-section matching network
parameters are calculated as C' = 53 nF and L = 9 mH for Port—1, and C = 40 nF and
L = 12 mH for Port—2 and Port—3 for a 50 €2 impedance matching. The matched antenna
was simulated and the results indicate a high isolation of 40 dB existing between the ports.
This shows that a low coupling between the various ports exists due to the formation of
a highly non-uniform concentrated H-field by the coil groups of the proposed antenna

which are distributed in a same plane for lower mutual coupling, hence, not affecting the
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localization accuracy. Moreover, the performance of the proposed Tx antenna is evaluated
in terms of signal-to-noise ratio (SNR) obtained at the Rx coil [106]. The achieved SNR
values (in dB) by placing the Rx at (0, 0, 50) mm and exciting Tx Port—1, —2, and —3
are obtained as 33.58, 38.40, and 16.30, respectively.

The localization performances of the proposed switched multicoil and the multi-frequency
Tx antennas are now compared. The effect of noise and Rx-Tx distance (Rx z-coordinate

zr) on position and orientation errors (Ey and E,) is shown in Figure 5.23. The

[ Mult-frequency antenna: z=5cm

¢ -Proposed switched Antenna: z=5cm
|—=—Muli-frequency antenna: z=10cm

- -Proposed switched Antenna: z=10cm)
10 F~=—Multi-frequency antenna: z=15cm

-5 Proposed switched Antenna: z=15cm)
|—6—Multi-frequency antenna: z=20cm

8 |-¢ -Proposed switched Antenna: z=20cm|
I—e—Multi-frequency antenna: z=25cm

- -Proposed switched Antenna: z=25cm|
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Figure 5.23: Effect of noise on localization error for various Rx-Tx distances z, = z.

results demonstrate that the proposed design with localization approach is more noise
resilient compared to the multi-frequency design. Moreover, though both the designs show
degraded localization performance for higher Rx-Tx distances, the errors are comparatively
much lower for the proposed antenna. The enhanced performance can be attributed to the
better non-uniform field-forming and a strong H-field distribution obtained in Figure 5.22
by the proposed switched antenna.

Evaluated for several random test points, Figure 5.24 presents the location errors with
respect to the Rx distance D from the origin and the proposed design shows better
localization accuracy in both, the position as well as the orientation. A general workstation
having a 3.6 GHz Intel Xeon processor with 64 GB RAM is employed for this purpose.
The convergence performance of the LM method is found similar for both the designs
and required 4 — 15 iterations and 17 — 40 msec tracking time on average to converge.
Considering all the test point results, the average, Ed, E‘a, and standard deviation oy, o, of

Ar

100 200
D (mm)

400

Figure 5.24: Position and orientation errors Ey and E, for several test locations (o using
multi-frequency antenna, x using proposed switched antenna).

the position and orientation errors, respectively, are listed in Table 5.7. Both the analytical
and simulated results are included for comparison. The analytical results reveal that

localization performed using multi-frequency Tx antenna shows mean position error (mean
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Table 5.7: Localization accuracy comparison between proposed and previous design

Multi-frequency antenna | Proposed switched antenna
Analysis | Simulation | Analysis Simulation
E; (mm) | 1.5190 1.8404 1.2211 1.4292
oq (mm) | 0.9817 0.8374 0.8312 0.8093
E, (deg) | 2.7136 2.5081 1.1835 1.7140
oq (deg) | 0.8158 0.9977 0.8919 0.6896
I Coil-3-4-6 3
Port-2 1) % K
Coil-1-2 # df“-SJ *
Port-1 [ Port-3 (£ ?

(a) (c)

Figure 5.25: Fabricated prototypes of the proposed switched antenna (a) bottom view (b)
front view (c) the Rx coil.

orientation error) as 1.52 mm (2.71°) with standard deviation 0.98 mm (0.82°), whereas,
the proposed switched Tx antenna has reduced mean position error (mean orientation
error) to 1.22 mm (1.18 °) with standard deviation 0.83 mm (0.89°). The superiority of the
proposed antenna is corroborated by simulation results in Table 5.7 showing mean position
and orientation errors to be 1.43 mm and 1.71° with standard deviation of 0.81 mm and
0.69° for the proposed design as compare to 1.84 mm and 2.51° with standard deviation of
1.84 mm and 2.51° for the previous design, respectively. Hence, the proposed antenna is
shown to have a better localization accuracy, in addition, having a lower complexity and
simplified feeding network as compared to the previous multi-frequency design. Further,

the proposed antenna performance is validated experimentally in the subsequent section.

5.2.5 Experimental verification and Results

To experimentally validate the proposed design and the performance of the proposed
localization approach, the antenna is fabricated using a PCB prototyping machine available
in the laboratory and prototype of the proposed switched antenna is shown in Figure 5.25
which also shows the fabricated planar Rx coil to be localized. The dimensions of
the fabricated Tx and Rx designs are the same as those mentioned in Section 5.2.3.

Figure 5.26 demonstrates the measurement setup employed to verify performance of the
proposed system. For that, a robotic arm (DRS60L) is deployed to precisely move the
Rx coil in various orientations at different positions over the transmitter antenna. To
excite the proposed Tx antenna with sinusoidal signal of frequency 10 KHz, a Tektronix
function generator (AFG1062) is utilized. To implement the switching control, a relay
based switching circuitry is designed which is triggered with a micro-controller as depicted
in the Figure 5.26. A Keysight DSO (DSOX2022A) is employed at the Rx coil for reading
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signal generator .-

Proposed switched
multi-coil transmitter

er

Figure 5.26: Hardware setup for experimentation.

the signal received from the Rx coil. First, to verify the claim of the robust non-uniform
H-field forming by the proposed antenna, the Rx coil is moved by 10 mm steps to scan the
entire parallel plane at 50 mm above the Tx antenna. The scan is performed thrice each for
an orthogonal orientation of the Rx to read H,,H,, and H, distributions. The normalized
H, distributions measured corresponding to the different switching states (time slots ¢;)
of Table 5.6 are shown in Figure 5.27 where only H, field distributions are shown for
brevity. The left column of Figure 5.27 includes analytically obtained H, distributions for
comparison which shows a good agreement with the measured field distributions shown
in the right column of the figure. For instance, in the switching state ¢; in which Coil-1-2
are ON and others are OFF, the H, distributions are given in Figure 5.27(a) and (b),
respectively obtained from analysis and measurement. Similarly, the H, distributions for
other switching states can be verified. To further validate the H, and H, along with
H,, the measured results in 2—D cuts of the Rx movements are shown in Figure 5.28.
Here, Figure 5.28(a, b) are plotted for X = 0 and Y = 0 cuts, respectively, for the
switching state ¢;. Similarly, Figure 5.28(c, d) framed the to switching state results and
Figure 5.28(e, f) plots the results of the switching state ¢3. The plots conclude that the
measured H-field distributions validate the non-uniform field forming by the proposed
switched antenna. Some deviation present in the measured results can be attributed to

fabrication and measurement tolerances and the presence of noise.

The localization precision in terms of position and orientation measurement is evaluated
by tracing the moving Rx along a line for various orientations of the Rx coil. The measured
localization results are presented in Figure 5.29. Here, Figure 5.29(a) and (b) demonstrate
the tracking by the algorithm and the disparity between the actual (z, and y,) and
the predicted (2] and y..) position values for three different orientations of the Rx coil.
Similarly, the actual and predicted orientations 6, and ¢, for various positions of the Rx
coil is demonstrated in Figure 5.29(c) and Figure 5.29(d), respectively. For all the testing
samples, the localization errors E; and E, are measured and shown in Figure 5.29(e)
and Figure 5.29(f), respectively. The experimental results reveal that the localization
error distributions and limits are similar to what have been observed through analysis in
Figure 5.24. The measured E, and E, along with analytically obtained E; and E, are
presented in Table 5.8 and the values are well corroborating. A small deviation present

between the measured and analytical values is attributed to fabrication and measurement
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Figure 5.27: Normalized H, distributions at 2z, = 50 mm. Results for various switching
states (a, ¢, e, g, 1, k) analytical t; — t7, (b, d, f, h, j, 1) measured t; — 7.

Table 5.8: Comparison between analytical and measured error values

Average position and orientation error | Analysis | Measured
Ey (mm) 1.22 1.67
E, (deg) 1.18 1.60

errors. This exemplifies that the proposed Tx antenna designed using planar technology
has the potential to track the position and orientation of a planar Rx coil accurately
compared to the similar conventional tracking scheme. Therefore, the exploitation of
non-uniform H-field forming for the proposed time divisional tracking approach is proved
beneficial to enhance localization accuracy along with reduced complexity. Nevertheless,
the design parameters of the selected transmitter are unoptimized, leading to a larger
size. This necessitates the introduction of an optimized transmitter to further minimize

its overall size, which is presented subsequently.
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Figure 5.28: 2-D H-field plots in switching states (a, b) t1, (c, d) to, (e, f) t3, for 2z, = 2.
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Figure 5.29: Measured tracking and localization in (a) position z,, (b) position y,, (c)
orientation 6,, (d) orientation ¢,., (e) position error E,; , (f) orientation error E,.

5.3 Switching Integrated Overlapping Transmitter
(Design—3C)

The proposed localization system contains a Tx pad and a Rx coil to effectively localize
the position and orientation (z,, yr, 2, 05, ¢») of an implanted device. For this purpose,
the Rx is equipped within the implanted device and captures the H-field generated by the
proposed Tx. Whereas, for generating the sufficient amount of H-field from the proposed
Tx, an array of eight overlapping square coils (Coil—i, Vi € [1, 8] as shown in Figure 5.30(a)
is employed. Here, the coils present in the proposed Tx are judiciously located in different
layers to avoid any shorting between the adjacent coils. For instance, Coil—1 to Coil—4

are located at Layer—1 with a small spacing between them defined as x = 1 mm to avoid
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Figure 5.30: Configuration of proposed localization system (a) 3—D view, (b) Layer-1, (c)
Layer-2, (d) Layer-3 of the proposed Tx.

superimposing between the coils as depicted in Figure 5.30(b). Whereas, Coil—5 and
Coil—7 are positioned at Layer—2. Similarly, Coil—6 and Coil—8 are placed on Layer—3
as demonstrated in Figure 5.30(c) and (d), respectively. The side length and positioning
of the individual coil are symbolized as Sfpx and (xZT:C, yl;pgc, z%z), respectively, V i € [1, 8].
To make the system cost-effective, a single sinusoidal excitation with a switching circuitry
has been utilized to feed these coils. The switching circuitry consists of three Single Pole
Double Throw (SPDT) switches to connect the desired set of parallel connected coils to
the source, along with eight Single Pole Single Throw (SPST) switches symbolized as
(Swy — Sws) to operate a particular set of coils and depicted in Figure 5.31. Moreover,

four capacitors (Cl,, — C*

reso so) are inserted in series with each terminal to resonate the

system at working frequency. Once the source is connected to the parallel Tx coils for
1

switches

Figure 5.31: Switching circuitry to excite the coils present in the proposed Tx.

a particular switching duration, it fetches current from the source symbolized as Iy and
distributes this current to the parallel connected coils denoted as I:. This flow of current
through the coils is responsible for generating H-field at the Rx location, which can be
exploited to localize the position and orientation of any implanted Rx.

To analytically evaluate the H-field generated from Coil—i of the proposed Tx at the
Rx location (z,, yr, 2), the H-field formulation corresponds to a single turn square coil
is utilized as presented in (2.5)-(2.6). Thus, the total H-field at the Rx location is the
summation of the H-field generated from individual Tx coils and the resultant H-field
is the vector summation of all the three H-field components calculated using (2.6) and
defined as H = H,% + H,y + H.z. This generated H-field induces a voltage Vj,q at the
Rx location and is evaluated as (2.9).

A previous study found that at least five different voltage samples are required for
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effectively estimating the position and orientation of a moving Rx. Moreover, in the
presented design, the required voltage sample can be obtained by exciting a particular
dominant coil group and their combination to predict the location of Rx placed in any
quadrant. This is because only the dominant coil will provide ample strength of the
H-field at the Rx location. For instance, Coil—1, Coil—5, and Coil—6 are the dominant
coil groups in the first quadrant with «, > 0, y, > 0. Similarly, the dominant coil

group for the remaining quadrants is provided in Table 5.9. As the proposed structure is

Table 5.9: Dominant coil groups in a specific quadrant of Rx region.

[ Quadrant [ Ty range [ Yr range [ Dominant coil group ]
First [0, 150] mm 0, 150] mm Coil—1, Coil—5, and Coil—6
Second —150, 0] mm 0, 150] mm Coil—4, Coil—5, and Coil—8
Third —150, 0] mm —150, 0] mm | Coil—3, Coil—7, and Coil—8
Fourth [0, 150] mm —150, 0] mm | Coil-2, Coil—6, and Coil—7

symmetric along the X and Y axes, the performance is analyzed only in the first quadrant
of the proposed Tx. The circuit schematic for acquiring the voltage samples in the first
quadrant by only exciting the dominant coil group of the first quadrant is presented in

Figure 5.32. Besides, the possible switching state, along with the switching sequence of the

switches

Figure 5.32: Circuit schematic for exciting dominant coil group of the first quadrant of
proposed Tx.

dominant coils of the first quadrant to acquire the required voltage samples, are provided
in Table 5.10. Further optimization of the proposed Tx for achieving a highly non-uniform

Table 5.10: Switching sates and switching sequence when exciting dominant coils in the
first quadrant.

| Switching states | ST-1 [ ST—2 | ST-3 [ ST—4 | ST-5 [ ST—6 | ST-7 |

SPDT-1 OFF | OFF | OFF ON ON ON ON
SPDT-2 OFF | OFF | OFF | OFF | OFF ON ON
SPDT-3 OFF | OFF | OFF | OFF | OFF | OFF ON
Swi ON OFF | OFF ON ON OFF ON
Sws OFF ON OFF ON OFF ON ON
Swe OFF | OFF ON OFF ON ON ON
Coil-1 ON OFF | OFF ON ON OFF ON
Coil-5 OFF ON OFF ON OFF ON ON
Coil—6 OFF | OFF ON OFF ON ON ON

H-field distribution at the Rx region to improve the localization accuracy is demonstrated

in the subsequent section.
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5.3.1 Analytical Optimization and Performance Evaluation
Proposed transmitter optimization

The proposed Tx needs to be optimized analytically to increase the accuracy for a larger
localization range. This demands a highly nonuniform distribution of H-field components
throughout the Rx region for various switching intervals because a nonuniform H-field
improves spatial resolution and precision compared to the uniform H-field distribution
in localizing implanted devices during dynamic movements. Therefore, the coil design
parameters of the proposed Tx, such as side length and the number of turns, must be
appropriately selected. As the coils in the proposed Tx are identical, optimizing a single
coil and replicating the same optimized coil with other coils resulted in an optimized Tx
structure. To attain this objective, initially, the design variables of Coil—1 present in
the proposed Tx and positioned at (z}.,, y& )= (75, 75) mm are made variable, and the
generated H-field components are observed at the Rx plane 2z, = 50 mm. Since the Coil—1
is square, the generated lateral fields (H, and H,) must be identical. Therefore, only
H, and H, variations are shown in the analytical parametric study of the optimization

process as illustrated in Figure 5.33. Here, Figure 5.33(a) shows the variations of H
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Figure 5.33: Parametric study of design variable (a) Si., (b) Nt .

and H, components versus z, for different S%x values, with NF}I = 1. The plot reveals
that the maximum H, component occurs at the edges of the coil, while the maximum
H, value is attained at the coil’s center. Additionally, the plot illustrates that both
H, and H, components increase with the increment of S}z for a single-turn Tx coil, as
depicted in Figure 5.33(a). However, beyond a certain value of S:lpx, the H, component
continues to increase at the edges, whereas the H, component starts decreasing at the
coil’s center. Therefore, a trade-off between these values is chosen as the optimal value
and given as S:lr;c = 127 mm. On the other hand, the optimization of N%’:c adheres to the
ICNIRP guidelines, wherein the maximum field should not exceed 21 A/m. Figure 5.33(b)
demonstrates the variation of the H-field against x, for various Nr}m values, plotted with
the optimal S}z = 127 mm. The plot illustrates that both H, and H, components are
within the ICNIRP limit for N%x = 5, thereby confirming the optimized parameters for
Coil-i, Vi € [1,8], as S&, = 127 mm and N, = 5, respectively.
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Transmitter structure miniaturization and magnetic field variation from the

optimized coil

To further miniaturize the size of the proposed Tx, the central position (z%.,, ¥4, 25,)
of the various coils present in the proposed Tx are made closer to the central region of
the Tx as shown in Figure 5.30(a) without altering the optimized S%x. Moreover, the
coils’ centers are adjusted judiciously such that the adjacent coils present in a specific
layer do not intersect with each other and result in reduced deformation in the H-field
non-uniformity. For this purpose, the lower limit of the center is taken as 64 mm because,
beyond this range, adjacent turns will coincide with each other. The impact on H-field
variation by shifting the center of Tx Coil—1 from (75, 75) mm to (64, 64) mm are
plotted in Figure 5.34. The plot signifies that the H-field variation is not significantly
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Figure 5.34: Impact on H-field by varying the center of Tx Coil—1.

disturbed, even by shifting the Tx coil position to the minimum possible value. Thus,
the final optimal parameters and corresponding positions of the various coils present in

the proposed Tx are listed in Table 5.11. This results in the proposed Tx’s overall size

Table 5.11: Final optimized parameters (in mm) of the various coils present in the Tx.

Coil—1 to Coil—4 127 5 (£64, +64)
Coil—5 and Coil—7 | 127 | 5 (0, £64)
Coil—6 and Coil—8 127 5 (£64, 0)

to be 255 x 255 mm?. Hence, the reduction in overall Tx size compared to the previous
design presented in Section 5.2.3 will be 27.75%. Once the optimal coil parameters of the
various coils are known, placing them to their respective optimal positions and exciting
for a specified switching duration resulted in H-field distribution as shown in Figure 5.35.
This demonstrates the non-uniformity present in the H-field component’s distribution at

the Rx position z, = 50 mm.

5.3.2 Performance evaluation of the optimized Tx structure

Once the optimization of the proposed Tx is completed, its localization performance in the
first quadrant of the Tx structure is examined using Mathworks software. For this purpose,
the dominant coil group of the first quadrant, present in the proposed Tx structure,
as listed in Table 5.9, is modelled analytically and excited sequentially as presented in
Table 5.10. The voltage samples collected from the Rx for various switching states are
employed to predict the position and orientation of a moving Rx. Here, a Rx coil with

a radius of 10 mm, six turns, track width, and spacing between the tracks of 0.5 mm
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Figure 5.35: Optimized H-field distribution in the Rx plane z,. = 50 mm generated by the
proposed Tx when excited for a specified switching duration

is adopted as a voltage probe for obtaining the voltage samples for various switching
instants. To resemble the practical scenario, a measured random white Gaussian noise
(N,) of —53.98 dB has been included together with the voltage samples collected from
various switching instants. The final voltage sample (V') available to decide the position
and orientation of the Rx coil is defined as (5.9).

To evaluate localization performance, the Rx is randomly positioned at several test
positions and orientations (z,, vy, 2r, 6r, ¢,) within a test volume ranging from
0 < zpyyr < 150 mm, 50 < 2z, < 300 mm, 0 < 60, < 180° and 0 < ¢, < 360°
above the proposed Tx structure. Consequently, the predicted position and orientation
(x),yl, 2., 0., ¢) corresponding to voltage sample V' obtained at the Rx coil using as
(5.10) and a non-linear least-square algorithm, Levenberg—Marquardt (LM) is adopted
and implemented using MATLAB. A workstation with a 3.6 GHz Intel Xeon processor
and 64 GB RAM is employed. Additionally, to quantify the localization accuracy, an error
is estimated between actual and predicted positions and orientations (E; and E,) as given
n (5.11).

The analytically estimated localization errors for various random test positions and
orientations are plotted in Fig. 5.36(a-d). Moreover, the E; and E, variation with the Rx
transfer distance h are illustrated in Fig. 5.36(e,f) to visualize the proposed Tx localization

accuracy. The plot 81gn1ﬁes that higher h results in a drastic increase in E; and E,; because

90

%0
O Actual orientatior
o Prodicied arentaon

(x 5, Y= 0) cm

= . ;:g%ﬁgg@ N

150Wm
<\(x 0,y,= 5)cm
g — 210
00010 , mbﬁﬂ =0,y |O)cm
150 100 50 00 % 150 100 50 /
! (mm) X, (mm) yr,(mm y{mm 300 =0,y 15) o 240 .

0 0.5
50 100 150 200 250 300 50 100 150 200 250 300
h (mm) h (mm)

() U]

Figure 5.36: Analytically estimated localization error with (a,b) positions (z,, y,), (c,d)
orientations (0,, ¢.), (e,f) Eq and E, versus transfer distance h.
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Table 5.12: Properties of human tissues inserted between the Tx and Rx coils.

[ [ Skin [ Fat [ Muscle [ Soft Tissue ]
Density (Kg/m?) 1109 911 1090 1008
Relative permittivity 1.09 x 103 6.25 x 10~ 1 4.94 x 103 2.24 x 103
Electric conductivity (S/m) | 2.25 x 1073 | 4.63 x 10~2 | 413 x 10~ ! | 5.46 x 1071

of a reduced signal-to-noise ratio (SNR).

To further verify the analytical results, the same Tx design and Rx coil are modelled
in the ANSYS EM suite 20.2 as demonstrated in Fig. 5.37(a). A current excitation is
employed at the port to excite the coils, and an air region is created around the design,
as shown in Fig. 5.37(a). An appropriate meshing is selected for both the coils and
the surrounding region to enhance result accuracy. Furthermore, a magnetostatic solver
is employed to analyze the design. The simulated design is later imported in ANSYS
Simplorer as depicted in Fig. 5.37(b) to perform circuit simulation. Each Tx and Rx coil
is paired with a series-connected capacitor to achieve coil resonance at the operational
frequency. Additionally, excitation is governed by source amplitudes and relay states.
The voltage samples for all seven switching instants (ST—1 to ST—2), as mentioned in

Table 5.10, are collected and later utilized to predict the position and orientation for the

same test positions. The presence of human tissue between the proposed Tx and Rx coil

-

Region

Figure 5.37: Simulated model designed in ANSYS EM suite 20.2.

is also analyzed to inspect the impact of the human body on localization performance.
For this purpose, various human tissues present in the human body are inserted between
the Tx and Rx coil, as illustrated in Fig. 5.38, and the corresponding tissue properties are
listed in Table 5.12 [107]. The response at the Rx coil is then examined both with and
without the presence of human tissues, and it remains consistent. This indicates that the
performance of the proposed localization scheme remains unaffected by the presence of

the human body.

Rx Proposed Tx

X 2mm}

Figure 5.38: Simulated model of Tx and Rx coils with human tissue.

The simulated errors for the tested positions and orientations are plotted in conjunction
with the analytically obtained errors in Figure 5.36 to compare the results and demonstrate
that both the simulation and analytical results are in good agreement. For a deeper

examination of the potential risks to the human body, A simulation is conducted by
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positioning the same Tx behind a human body phantom within ANSYS HFSS, as
illustrated in Fig. 5.39, indicating that the maximum specific absorption rate (SAR) value

experienced by the back part of the human body does not surpass 0.004W /kg and remain
within the safety guidelines set by ICNIRP [108].

Moreover, an average position and orientation error (E’d and E’a), defined as the mean
value of Ey and E,, shown in Figure 5.36, along with the standard deviations (o4 and
04) is evaluated as a performance metric and listed in Table 5.13. Here, the calculated
E; and E, are 1.9971 mm and 0.9429° for analytically obtained results, whereas, for

the simulated results, the same is defined as 1.8271 mm and 0.8805°, respectively. The
Table 5.13: Calculated E4 and E, for analytical and simulation case

Eq (mm) 0d (mm) E, (deg) Oa (deg)
Analysis 1.9971 1.4408 0.9429 0.7870
Simulation 1.8271 1.4751 0.8805 0.9376

results show good corroboration between the analytical and simulated results. To further
compare the performance of the proposed Tx over the design presented in Section 5.2.3,
the same noise level Ny = —80 dB is considered in the analysis. The analytically
calculated E; and E, for the proposed design are 1.22 mm and 0.87°, whereas the same
parameters listed by the literature design are 1.22 mm and 1.18°, respectively. Therefore,
the percentage improvement in the average position and orientation errors are 3.63% and
26.25%, respectively. Moreover, the localization success rate is also evaluated as a figure
of merit by randomly placing the Rx coil to 324 arbitrarily positions. Here, out of 324
samples, the design presented in Section 5.2.3 converges for 188 positions, whereas the
proposed design converges to 322 positions. Thus, the percentage improvement in the
success rate defined as a ratio of converge samples to the total samples is 71.29%. This
proves that the proposed Tx outperforms the previously designed Tx for the same noise
level because of highly distributed H-field components throughout the Rx region. Further
verification of the proposed Tx with the experimental setup is presented in the subsequent

section.
5.3.3 Experimental Validation and Result Discussion
Fabricated prototype and experimental setup

Initially, the dominant coil group of the first quadrant (Coil—1, Coil—5, and Coil—6) is

engraved on a cardboard sheet, whereas, for measuring the voltage samples at the Rx end, a



CHAPTER 5. NON-UNIFORM MAGNETIC FIELD FORMING TRANSMITTER 110

low-cost PCB technology is adopted for fabricating the Rx coil. The fabricated prototypes
of the proposed Tx and Rx are shown in Figure 5.40. He

| X ST

re, a high-frequency Litz wire

@
Figure 5.40: (a) Fabricated Tx (b) Switching circuitry (c) Rx coil.

containing 47 strands is utilized to realize the proposed Tx, as depicted in Figure 5.40(a).
For exciting the fabricated coils using a single sinusoidal excitation and acquiring voltage
samples for various switching instants as presented in Table 5.10, a switching circuitry
containing six DPDT switches (G6K-2F) is employed as shown in Figure 5.40(b). The
Rx coil is realized using a PCB prototyping machine available in the laboratory, and the
fabricated design is presented in Figure 5.40(c). Here, the dimensions of the fabricated Tx
and Rx coils are same, as discussed in Section 5.3.1. The measured unloaded impedance of
the Tx coil combinations, when coils are excited sequentially for various switching instants

as given in Table 5.10, along with a Rx coil, are tabulated in Table 5.14. Here, Table 5.14
Table 5.14: Measured impedance and corresponding resonating capacitance.

| Switching states | Z (Q) | Creso (DF) |

ST—-1 (79.64 + j1464.42) 16.03
ST—2 (79.82 + j1464.53) 16.03
ST—3 (79.76 + j1464.35) 16.03
ST—4 (35.70 1 j796.32) 29.48
ST—5 (35.64 1 j796.55) 20.47
ST—6 (35.55 + j548.69) 1278
ST—-7 (19.59 + j500.02) 46.94

Rx (1.86 + j33.27) 705.57

signifies that for switching states ST—1, ST—2, and ST—3, the measured impedances are

nearly equal. Therefore, a single tuning capacitor (C'., ) is sufficient to resonate these coils

reso
at the working frequency of 6.78 MHz. Similarly, the measured impedance corresponding
to switching states ST—4 and ST—5 are identical, thus requiring one tuning capacitor
C2..,- In contrast, switching states ST—6 demands an additional C2.,, because of the
changing mutual coupling between Coil—5 and Coil—6. Similarly, ST—7 requires a single
C4.., to resonate the coils combinations at the working frequency. The calculated value
of Creso corresponding to various switching instants of the proposed Tx along with Rx
coil are listed in Table 5.14 and inserted in series with the switching circuitry as shown
in Figure 5.40(b). Moreover, additional SMD resistors (R} — R!) are inserted within the
switching circuitry to limit the current circulating through the coil combination (ST—4 -
ST—7) within the ICINRP limit. The experimental setup employed to verify the real-time
localization performance of the realized Tx is presented in Figure 5.41. For this purpose,
a human phantom is employed and positioned on the proposed Tx pad. Here, a DC
power supply (HMP2030) in conjunction with a high-frequency inverter (EPC9507) is
utilized to excite the proposed Tx at the working frequency of 6.78 MHz. An Arduino

UNO microcontroller is adapted to trigger a particular switching sequence of the Tx coil



CHAPTER 5. NON-UNIFORM MAGNETIC FIELD FORMING TRANSMITTER 111

Digital Storage g
Oscilloscope

High Frequency
Inverter

Figure 5.41: Experimental setup for localization performance measurement.

combination. Whereas, for collecting the voltage samples from the Rx coil, a Keysight
Digital Storage Oscilloscope (DSOX2022A) is employed.

Experimental results

Firstly, the voltage samples in the Rx plane above 50 mm from the proposed Tx are
measured to verify the claim of robust non-uniform H-field distribution obtained from the
proposed Tx. For this, the Rx is moved manually by 10 mm steps to scan the entire Rx
plane for all seven switching states mentioned in Table 5.10 and presented in Figure 5.42.

Here, Figure 5.42(a) and Figure 5.42(b) demonstrate the normalized analytical voltage
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Figure 5.42: Normalized voltage distribution for various Rx orientations (a) analytical,
(b) measured.

and measured voltage variation, respectively, when Rx is placed in three orthogonal
orientations, i.e. (6, = 0°, ¢, = 0°), (6, = 90°, ¢, = 0°), and (0, = 90°, ¢, = 90V).
To examine the degree of similarity between these results, the standard deviation between
the normalized analytical and measured voltage is calculated and given as 0.045, 0.056,
and 0.061, respectively, in the three orthogonal orientations. This signifies that the
measured results are well corroborated with analytical results. However, some deviations
in the results are due to fabrication and measurement errors. To further demonstrate
the localization precision of the proposed Tx, the position and orientation measurement
is performed by tracing the Rx coil along a specified path and presented in Figure 5.43.
Here, Figure 5.43(a) and (b) show the discrepancy obtained between the actual position
values (z, and y,) and the predicted position values (2] and y.) when Rx is oriented in
different orientations. Similarly, the disparity achieved in the actual orientations values
(0 and ¢) and predicted orientations values (6" and ¢’), when Rx is located at h = 50 mm
and placed randomly to different testing positions are demonstrated in Figure 5.43(c) and

Figure 5.43(d), respectively. At the same time, the measured localization errors E; and
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Figure 5.43: Measured localization performance with (a) position (z,), (b) position (y),
(¢) orientation (6, ), (d) orientation (¢, ), (e) position error (Ey), (f) orientation error (Ej).

E, for these random testing positions are plotted in Figure 5.43(e) and Figure 5.43(f),
respectively. The results signify that the measured results agree well with the analytical
results. Moreover, the measured average position and orientation errors for the testing
positions and orientations are 1.9863 mm and 1.0178° respectively. Thus, the acceptable
tolerance to localize the Rx accurately is defined as 0 < x,, 7 < 150 mm, 50 < z,. < 275
mm, 0 < 0, < 180° and 0 < ¢, < 360°. Beyond this range, a large deviation between
analytical and measured results or the presence of outliers will be observed because of
reduced SNR. This proves the usefulness of the proposed Tx structure, designed using
planar technology, and its potential to localize the position and orientation of a planar Rx
coil. Moreover, exploiting a highly non-uniform H-field distribution for the proposed Tx

improves localization accuracy.

5.4 Summary

This chapter presents an optimized multi-coil array transceiver antenna system based on
combined 2—coil and 3—coil MRC to localize the position of a human hand. For optimizing
the proposed antenna system, a hybrid approach is adopted and demonstrated in
Design—3A. The Tx coil array is optimized to generate a non-uniform H-field distribution
to enhance the sensitivity of the localization system and obtain equal voltage gain from
the Rx coils sensor array in the absence of a resonator coil. Whereas, the resonator and
the Rx coil sensor array are optimized such that voltage gain obtained is below the set
threshold for various alignments of the resonator coil. The optimized transceiver antenna
is analyzed for various movements (horizontal, vertical, and diagonal movements) of the
resonator coil in the vicinity of the transceiver antenna and the results show that the
response obtained from Rx coil sensor arrays is below the set threshold limit and well
enough to decide the position of the resonator coil. To verify the claim a prototype of
transceiver antenna along with the resonator coil is fabricated. The experimental results
obtained show good agreement with the simulation results. The proposed transceiver
antenna platform finds its potential use in various touchless applications like keypad for

ATMs, human intelligence-based computer mouse and tracking pads, gaming remotes,
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etc, providing a hygienic interface for machine interaction. However, for powering up the

implanted devices both the position and orientation need to be determined.

Targeting this, a novel approach is proposed and investigated for magnetic localization of
the objects embedded with planar receivers and presented in Design—3B. To monitor
both the position and orientation of a small Rx sensor coil, a planar multi-coil Tx
antenna was previously presented in literature based on frequency-divisional tracking
method implying the use of several frequency signals. The design suffered from a high
complexity at the Tx and Rx and challenges of demodulation of multiple frequency
signals. To address the drawbacks, a novel switched planar multi-coil Tx antenna is
proposed based on time-divisional tracking method that uses only one frequency signal.
The coils are optimally grouped using three switches and excited using only three input
ports wisely in seven time-slots producing seven distinct H-field distributions. The design
exploits non-uniform H-field forming to maximize the localization accuracy. The analytical
and simulation study of tracking a Rx placed at several test positions and orientations
revealed that the proposed design has better localization accuracy as compared to the
previous design. The proposed switched planar multi-coil Tx antenna is fabricated to
validate the claims and the experimental results are well corroborated with the analysis.
Hence, the investigation demonstrates advantages of the proposed design over the previous
multi-frequency design in terms of accuracy and complexity and suitability for localization
of small objects with planar Rxs. Nevertheless, the presented design is not optimized to

generate highly non-uniform H-field distribution.

For this purpose, a switching integrated overlapping coil Tx is proposed in Design—3C. To
effectively localize the position and orientation of a small Rx, the proposed Tx is designed
to generate highly non-uniform H-field components and distribute them throughout the
receiver region. The design parameters of the proposed Tx are optimized to enhance the
non-uniformity present in the H-field distribution. This results in a miniaturized Tx size
(255 x 255 mm?) compared to the literature design (300 x 300 mm?) and reduces the
overall Tx size by 27.75% for the same localization region as presented in Design—3C.
A switching circuitry is implemented to excite various coils present in the proposed Tx
to realize a particular switching instant. The voltage samples collected from Rx are
later utilized to localize the random test positions and orientations. The result shows
an improved average position and orientation errors of 3.63% and 26.25%, respectively,
compared to the literature design. Moreover, the localization success rate for the same
literary work is enhanced by 71.29%. This reveals that the localization performance of
Design—3C outperforms the Design—3B and other state-of-the-art designs. A prototype of
the proposed Tx is realized to determine its localization performance experimentally. The
measured average position and orientation error are 1.9863 mm and 1.0178°, respectively,
for a noise level of —53.98 dB. This demonstrates the potential of the proposed Tx and
makes it suitable for localizing the position and orientation of biomedical implant devices.

Furthermore, following the completion of Rx localization, a combination of localization
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and powering the Rx is provided subsequently.
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Chapter 6

Magnetic Beam Forming

Transmitter Antenna

SO—4: Explore a planar Tz that simultaneously localizes and constructs a magnetic beam

toward a Rz.

This chapter presents the integration of existing localization techniques with wireless power
transfer to address various misalignments and challenges encountered in existing literature.
A machine-learning model is employed for localizing the Rx, whereas a particle swarm
optimization is adopted to determine optimal excitations for effectively shaping the desired
magnetic beam. Here, a single Tx antenna is exploited to accomplish the mentioned
objectives. Thus, this chapter explores the design and development of distinct Tx coil
designs, denoted as Design—4A, which meet the objectives outlined in SO—4 as given
in Section 1.7 and represent the best possible solution over the existing state-of-the-art

designs for efficiently charging implanted biomedical devices.

6.1 System description of  proposed transmitter
(Design—4A)

To examine the magnetic beam forming proficiency of the proposed Tx, the employed WPT
system contains two magnetically coupled coils designated as Tx and Rx as depicted in

Figure 6.1. The design parameters of the Rx coils are defined as r,. and N, representing
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Figure 6.1: System description of the proposed WPT system.
the radius and number of turns present in the Rx coil and positioned at (z, = 0 mm,

yr = 0 mm, z, = h mm, 6, = 0° ¢, = 0°) away from the Tx, under the perfectly aligned

case. Under the presence of misalignment, the position and orientation of Rx coils are

115
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changed to (z,, yr, z) and (0,, ¢, ), respectively, which leads to altering the coupling
between the Tx and Rx coil. To address the misalignment problem, a multi-coil Tx is
employed that contains four spatially distributed overlapped square coils designated as
Coil—i, where i € [1, 4] as demonstrated in Figure 6.1. However, based on the demand
of the application, the number of Tx coils can be extended by inserting more coils within
the Tx pad, as exhibited by transparent coils shown in Figure 6.1. Here, the individual
coils present in the Tx are positioned at (mZTx, y}z, z%w), where z%x = 0 mm and having
a side length of S%x. The turns present in the individual coils and the current circulating
through these coils are symbolized as N}x and I%zem, respectively. A single excitation
source is employed to excite the various coils present in the proposed Tx, resulting in a
cost-effective solution for powering the proposed WPT system. To control the states of
individual coils, four single pole single throw switches (Sw; to Swy) are employed and
inserted in series with each coil to switch ON and OFF a particular coil. This enables
the collection of required voltage samples at different time slots for localizing the Rx
coils. Once the Rx is localized, a magnetic beam is constructed toward the localized Rx
using current amplitude control. For this purpose, four variable resistors (R} to R?) are
inserted along with the individual coil, as presented in Figure 6.1. Moreover, four double
pole double throw (DPDT—1 to DPDT—4) switches are employed to control the current
circulation within the coils, providing more liberty to form the magnetic beam in the
desired direction.

To analytically analyze the localization and magnetic field formation potential of the
proposed Tx, the H-field generated from the various Tx coils needs to be evaluated. This
objective can be attained by adopting the analytical formulation of the H-field generated
from a single-turn square coil as presented in (2.5). Thus, the three orthogonal H-field
components produce by simultaneously exciting Nr}x turns present in the Coil—i are
determined using (2.6). Moreover, the RMS voltage at the Rx coil is thus evaluated using
(2.10). Later on, this V, sample is utilized to determine the localization and magnetic
beam-forming capability of the Rx coil. Further optimization of the coil design parameters

and its positioning in the proposed Tx antenna is discussed in Chapter 6.1.1.

6.1.1 Optimization of Proposed Antenna Structure

The optimization of the proposed Tx is required to simultaneously increase the localization

sensitivity and acquire a sharp magnetic beam toward the intended Rx.

Optimizing coil design parameter of the proposed Tx

For magnetic-based localization, the accuracy primarily depends on the non-uniformity
in the H-field produced by the Tx coil. This demands an optimization of individual coils
present in the proposed Tx. For this purpose, highly non-uniform H-field components are
targeted from the coil elements and achieved by properly selecting the design parameters.
The standard deviation (o) is adopted as a figure of merit to measure the non-uniformity

present in the H-field components, and a parametric study on coil design parameters is
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performed. The o variation present in the distribution of H-field components (H, and

H,) versus varying S%I is plotted in Figure 6.2(a). The reason behind considering only
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Figure 6.2: Optimization of coil design parameters (a) Non-uniformity present in the field
components, (b) H, versus N&. . (¢) H, versus Nk .

the H, field component and ignoring the H, component is because the distribution of
both H, and H, components are identical. Thus, only the plot of H, and H, components
are shown. From Figure 6.2(a), it infers that the maximum deviation for H, and H,
are obtained corresponding to two distinct side lengths. Therefore, an average value is
considered an optimal side length value and is found as 96 mm. Once the side length
is optimized, further optimization of the number of turns follows ICNIRP guidelines.
According to ICNIRP guidelines, the maximum value of H-field components should not
exceed 21 A/m. The plot of H, and H, versus various N:ipx for the optimized value of

1. is plotted in Figure 6.2(b) and Figure 6.2(c), respectively. The graph indicates that
as the value of N%x increases, both H, and H, increase at the coil’s edges and center,
respectively. Moreover, the maximum value of H, exceeds the acceptable field limit for
N}gg = b5 considering I%x = 1 Amp, whereas the H, value will remain in the targeted
field range. This provides the optimized turn present in the individual coil should be five.
Once the coil design parameters are optimized, further optimization of coil positioning is

performed to minimize the cross-coupling between the coil array.

6.1.2 Coil position optimization to minimize the coupling between the

adjacent coils

To determine the optimal positions of various coils present in the proposed Tx, the coupling
(k) between the coils is estimated. For this purpose, the position of one coil is varied
relative to the other coil, and the value of k is evaluated analytically. Here, the position of
Coil-2 and Coil-3 is made to vary with reference to Coil—1, considering Coil—1 is located
at the origin as demonstrated in Figure 6.1. In this scenario, the position of Coil—2 is
moved horizontally along X —axis (y%, = 0), in contrast, the location of Coil—3 is shifted
diagonally (x:}z = y%x) The correspondingly evaluated coupling between the Coil—1 and
Coil—2, and Coil—1 and Coil—3 are defined as k12 and ki3, respectively, and plotted in
Figure 6.3. As the positioning of Coil—2 and Coil—3 is symmetric relative to Coil—1 within
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Figure 6.3: Minimization of cross-coupling between the Tx coils.

the proposed Tx, the coupling variation versus the location of Coil-4 is not presented and
remains the same as Coil—2. Further, Figure 6.3 signifies that the minimum value of both
k12 and k13 are obtained at different Rx positions. Therefore, an average value of coupling
coefficient (kqyq) is determined that is defined as [38]

2 1
kavg = =k —kis. 6.1
g = gki2 + 3h1s (6.1)

The plot indicates that the k4,4 is minimized for the Rx position 82 mm. An EM simulator
is utilized to further validate the obtained results. For this purpose, the same optimized
coil parameters acquired from Figure 6.2 are designed in ANSYS MAXWELL, and the
corresponding mutual inductance is plotted in Figure 6.3 for comparison purposes. This
plot indicates that the analytical values are well corroborated with simulation results.
Therefore, the optimized coil positions of Coil—1 to Coil—4 present in the proposed Tx

are listed in Table 6.1. Once the optimized parameters and positions of the various coils

Table 6.1: Optimal coil positions for various coils present in the proposed Tx.

Coil—-1 | Coil-2 | Coil-3 | Coil—4
xfp, (mm) 0 82 82 0
Y, (mm) 0 0 82 82

present in the proposed Tx are known, further distribution of the H-field can be analyzed

for different switching intervals.

6.1.3 Magnetic-field distribution from the proposed transmitter for

various switching instants

The localization accuracy of a time divisional approach solely depends on the
non-uniformity present in the H-field distribution. Considering this, the three orthogonal
H-field components generated by the proposed Tx need to be investigated for various
switching intervals. The possible coil combinations for the proposed Tx containing four
coils are 2* — 1. Therefore, the H-field generated by these 2% — 1 coil combinations
needs to be examined individually. The switching states of four single pole single throw
switches as depicted in Figure 6.1 for collecting these coil combinations and corresponding
switching sequences are presented in Table 6.2. The H-field distribution by exciting the
coils in the specified sequence as presented in Table 6.2 at z, = 50 mm is shown in
Figure 6.4. The non-uniformity present in the distinct H-field distribution for different
switching intervals as shown in Figure 6.4 infers that distinct V,. samples can be acquired

at the Rx location, hence improving the localization accuracy to a greater extent. Further
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Table 6.2: Switching sequence and corresponding switching states.

Switching states Swi Swo Sws Swa
ST—1 ON OFF | OFF | OFF
ST—2 OFF ON OFF | OFF
ST-3 OFF | OFF ON OFF
ST—4 OFF | OFF | OFF ON
ST—-5 ON ON OFF | OFF
ST—6 OFF ON ON OFF
ST-7 OFF | OFF ON ON
ST-8 ON OFF | OFF ON
ST—9 ON OFF ON OFF
ST-10 OFF ON OFF ON
ST—11 ON ON ON OFF
ST—12 OFF ON ON ON
ST—-13 ON OFF ON ON
ST—14 ON ON OFF ON
ST—-15 ON ON ON ON
140 -_H, (Nor.)
i nuur[llq] 7 "I PI
VUl S0 Tanr (AU BN
.- - v. n by
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Figure 6.4: Distribution of three orthogonal H-field components from proposed Tx for
possible switching instants.

performance evaluation of the proposed Tx for localization and magnetic beam forming is

presented in Chapter 6.1.4.

6.1.4 Analytical Performance Evaluation of the Proposed Transmitter

The efficacy of the proposed Tx is evaluated based on its ability to localize and generate
a desired magnetic beam. The working procedure of the proposed Tx is illustrated in
Fig. 6.5. Initially, to assess the localization performance, the Rx is placed randomly at

Collect the voltage samples from an arbitrarily placed Rx for various
switching intervals specified in Table |1
T

>
Predict the position and orientation of Rx based on the collected voltage
samples using a machine-learning based model
v

Run the PSO algorithm to determine the optimal current excitations for the
various Tx coils

v
Excite the various coils present in the proposed Tx with the optimal current
excitation to form a magnetic beam toward the localized Rx

Figure 6.5: Flowchart for working of the proposed Tx mechanism.

several test positions and orientations (z,, Y, 2z, 0, ¢,) within a test volume spanning
from —50 < .,y < 140 mm, 50 < 2z, < 250 mm, 0 < 6, < 180°, and 0 < ¢, < 360° above
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the proposed Tx antenna. The V, samples were gathered from arbitrarily placed Rx units
and evaluated using (2.9) for different switching intervals, as detailed in Table 6.2. A Rx
coil featuring six turns and a maximum radius of 10 mm accumulates the analytical V.
samples. Additionally, to resemble the realistic scenario, a random white Gaussian noise
(N,) is introduced alongside the gathered V. samples from various switching instances.
Subsequently, the final prediction voltage sample (V?) is utilized to determine the position

and orientation of the Rx coil and given as
Vp(x;’ y;7 Z7/~7 elra (b;«) = ‘/r(xra Yrs 2y Or, ¢7‘) + No. (62)

Here, N, represents the measured noise voltage at the Rx when the Tx is inactive
with a variance in a measured value of 2mV. Subsequently, a machine learning
algorithm is utilized to determine the predicted position and orientation (z.,y., z.., 6., &)
corresponding to the voltage sample VP. After determining the position and orientation
of the implanted Rx, the PSO algorithm computes the best excitation amplitudes for the
multiple coils within the proposed Tx. Applying these optimized amplitudes to the coils
creates a magnetic beam directed toward the predicted position and orientation of the Rx.
This localization and magnetic beam-forming cycle repeats at intervals until the Rx moves
out of range. Subsequently, a detailed explanation of both the machine learning-based and

PSO algorithms is provided.
6.1.5 Proposed ML-based Algorithm for localization

A convolutional neural network (CNN) is employed for localizing the Rx, featuring the
input, CNN model, loss function, optimization algorithm, and dataset. The architecture
of the proposed CNN model is depicted in Fig. 6.6. The CNN input considers 5x 3 array

FC - Forward connected

) = A M) A M O
- 2l sl 3] |
Switching State (ST) e = & = 5 = ~ = = = -5
1]2]3]4]s SR EIEE R I RE I R I I
AR R RE REREREIREIREE
6171819110 g—bg—b\g—bg—»g—»gf—»‘g—»gn—»gn—»\o"—»ﬁg
11]12]113)14]15 % = Q = £ S g 8 8 E;_) 8 8
Single time Input 2 h = = - =
) as} 8 M
o/ \/ ) U ) U U

Figure 6.6: Architecture of proposed CNN model.

of switching state voltages as shown in Table 6.2. The CNN model consists of seven
layers: the first two layers are 2—D CNN layers with batch normalization (with 128 and
64 kernel), and the rest four are fully connected hidden layers (with 128, 64, 32, and 16
neurons) and one output layer with five neurons. All hidden layers use the ReL U activation
function. The output layer utilizes the linear activation function. This architecture is
tailored as a regression model where the response of each neuron of the output layer is for
xl yl, 20,00, @l respectively. The CNN model minimizes the mean squared error (MSE)
loss during training, employing the adaptive moment estimation (ADAM) optimization

algorithm. The model’s accuracy and MSE while training the data are demonstrated in
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Fig. 6.7, indicating that the model accuracy reaches up to 84.68, with the MSE reduced
to 0.005 respectively for 5000 epoch. Finally, training on a workstation equipped with a
3.6 GHz Intel Xeon processor and 64 GB RAM, the total training time is 18504.01184

sec. This indicates the necessity for the machine learning model to predict the desired

-3
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B -F-—-— —emm 485
w oy
8] ——MSE 80 g
= = = Accuracy 5
6\ (—(} 75 ét"’_,

4 70

0 1000 2000 3000 4000 5000
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Figure 6.7: Machine learning-based CNN model accuracy and MSE.

value accurately. Furthermore, an error is calculated between the actual and predicted
positions and orientations determined by the trained model to assess localization accuracy

and defined in terms of position and orientation errors (E; and E,) given as

Ed = \/(xr - ‘T/r)z + (yr - y;)2 + ('zT - Z;*)2= (6 3)
Eq = 10r — 0, + [6r — 0|- '

Results of Proposed ML-based Algorithm

For a comprehensive analytical evaluation of localization accuracy, the actual and
predicted positions and orientations for different Rx configurations are examined and
depicted in Figure 6.8. Here, the ML takes 731.86 psec during the testing procedure.
The plots demonstrate that the model accurately predicts both the position and
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Figure 6.8: Estimated localization performance versus varying (a) positions (z, and y;),
(b) orientations (6, and ¢,), (c¢) transfer distance h.

orientation values for a randomly positioned Rx, as shown in Fig.6.8(a) and Fig.6.8(b),
respectively. Additionally, in Fig. 6.8(c), localization errors are plotted against h to
ascertain localization accuracy across various transfer distances. It is observed that as
h increases, there is a corresponding increase in E; and E,, attributed to a decrease
in the signal-to-noise ratio (SNR), defined as the ratio of the square of V? to N, [106].
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Consequently, the average position and orientation errors (E; and E,) for the predicted

model are calculated as 0.22 mm and 1.44°, respectively.

6.1.6 Optimal excitation evaluation for magnetic beam shaping

Once the position and orientation of an arbitrarily placed Rx are known, further magnetic
beam-forming towards the localized Rx is demanded. To achieve this objective, careful
control over the current amplitudes and their circulation in the individual coils (Coil—1,
where i € [1, 4] as demonstrated in Fig. 6.1) is essential. Employing particle swarm
optimization (PSO), as detailed in [109], within a MATLAB environment facilitates the
determination of the optimal current distribution within the coils. PSO is chosen for beam
shaping due to its high precision and the fact that it does not necessitate a precise initial
guess to ensure convergence [80]. In this process, a reference voltage matrix is utilized,
wherein peaks are aligned according to the predetermined position, and orientation serves
as input for the PSO algorithm. The algorithm iterates and adjusts the current amplitudes
and circulation of all four coils to minimize the deviation between the actual and reference
voltage matrices. To demonstrate this, the algorithm is executed for randomly placed
Rx units, showcasing the corresponding evaluated current amplitudes and circulation
necessary to generate the desired magnetic beam at various test positions, as depicted in

Fig. 6.9. This illustrates the capability of the designed algorithm to forecast the optimal
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Figure 6.9: Analytically obtained V, distribution at arbitrarily positioned Rx for Tx
current vectors [I}., 12, I3 . I7. ] (a) [0.789, 0, 0, 0], (b) [0.745, —0.806, —0.755, 0.802],
(c) [1.779, 0.648, 0.632, 0], (d) [1.780, 0.937, 0.937, 1.049], (e) [2.325, 0, 1.206, 2.119], (f)
[4.374, 1.988, —1.148, —1.421], (g) [1.361, 2.999, 0, 2.656], (h) [2.312, 2.759, 1.737, 0.900],
(i) [3.708, 5.491, 0, 3.565], (j) [3.573, 5.291, 0, 3.436], (k) [3.139, 4.785, 0, 3.786].

excitation currents for the different coils within the proposed Tx, ensuring a focused

magnetic beam towards the localized Rx regardless of its position and orientation. Here,



CHAPTER 6. MAGNETIC BEAM FORMING TRANSMITTER ANTENNA 123

the designed PSO algorithm takes 10 — 15 seconds to iterate and predict the location of
the Rx. Consequently, the discussion above asserts that the proposed Tx can effectively
localize and concurrently establish a magnetic beam in the desired direction. Additionally,
the magnetic flux captured by the Rx serves as a figure of merit and is compared with
other field-forming techniques, such as the widespread switched polarized H-field method
presented previously in Design—2B, and shown in Figure 4.19. This comparison is
facilitated because both designs consider the same Rx size. The corresponding currents in
both designs are controlled by setting the input power of both Tx to 5 W. Consequently,
the magnetic flux captured, i.e., the voltage received in the Rx coil, is calculated by placing
the Rx at the center in both cases. Thus, the voltage obtained for widespread distribution
of H-field is 0.22 V, whereas, for the proposed Design—4A, it is 1.13 V. This results in an
increased received voltage of 413.64% and demonstrates the capability of the proposed Tx
to shape the magnetic beam. Subsequent validation of the analytically obtained results is

provided thereafter.

6.1.7 Results Validation

The performance of the proposed Tx is further verified using a commercially available

electromagnetic simulation tool, ANSYS EM Suite 20.2, alongside an experimental setup.

Simulation Verification

To guarantee the precision of the H-field distribution acquired from the optimized Tx
design, the identical Tx configuration is designed in ANSYS Maxwell as shown in

Figure 6.10. To achieve this objective, a single-turn coil is modelled as an individual

Coil-4 Coil-3

Coil-1 Coil-2

Figure 6.10: Simulated model designed in ANSYS EM suite 20.2.

Tx coil (Coil—1 to Coil—4) as provided in Chapter 6.1.1. A current excitation is employed
to feed each coil with 5 Amp current to resemble individual coils with five turns. Suitable
meshing is applied to both the coil conductors and the surrounding region of the Tx. The
fields produced by the coils are subsequently examined at different switching intervals,
as outlined in Table 6.2 and depicted in Figure 6.11. The field distributions presented
in Figure 6.4 and Figure 6.11 signify that the simulated results well matched with the
analytically derived field distributions. Further verification of the localization performance

is carried out subsequently using an experimental setup.
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Figure 6.11: Simulated H-field components variation for various switching instants.

Experimental verification

The proposed Tx is constructed on a cardboard sheet to experimentally validate the
results, with all four coils (Coil—1 to Coil—4) engraved onto it. A high-frequency Litz
wire containing 47 strands is employed to realize the proposed Tx. In contrast, a low-cost
PCB technology is utilized to fabricate the Rx coil, which collects the voltage samples from
the Rx. The fabricated prototypes of the proposed Tx and Rx are depicted in the inset of
Figure 6.12(a). A switching circuitry is employed to excite the fabricated coil with a single

SR

Tuning (i

= capacitors [ERELS

== Potentiometer =S OppT

Switching 8" Arduino

Figure 6.12: Measurement setup (a) Front view, (b) Top view.

sinusoidal excitation for various switching instants, as presented in Table 6.2. The top and
bottom view of the switching circuitry is provided in the inset of Figure 6.12(a). Here, four
DPDT switches (G6K-2F) control the switching states of four coils and are represented as
Sw—1 to Sw—4 in Figure 6.1. Whereas the remaining four DPDT switches are engaged
to control the current circulation within the coils. Moreover, four potentiometers are
employed to control the amount of current flowing in the individual coils. To measure the
unloaded impedance of Tx coil combinations, Agilent VNA (PNA-L N5230C) is utilized.
The measured unloaded impedance of four coils by exciting the coils sequentially is listed
in Table 6.3. The nearest possible value of SMD capacitors (Cyeso) is inserted in series with

the coils to resonate these coils at the working frequency of 6.78 MHz. The experimental
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Table 6.3: Measured impedance and corresponding resonating capacitance.

[ Switching states [ Z () [ Chreso (PF) ]
Coil—1 (6.27 + j826.99) 28.38
Coil—2 (6.43 + j815.95) 28.76
Coil—3 (6.32 + 834.69) 28.12
Coil—4 (6.15 + j827.47) 28.36
Rx (1.86 + j33.27) 705.57
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Figure 6.13: Measured localization performance with (a) position (., ), (b) orientation
(0r, &), (c) transfer distance h.

setup utilized to validate the real-time performance of the implemented Tx is depicted in
Figure 6.12(a) illustrates the front view, while Figure 6.12(b) displays the top view of the
experimental arrangement. A high-frequency inverter (EPC9507) is employed to energize
the Tx coil assembly and is powered by a DC power supply (HMP2030). An Arduino
UNO microcontroller is utilized to activate the electronically controlled switches within
the switching circuitry. Conversely, a Keysight Digital Storage Oscilloscope (DSOX2022A)
is utilized to gather voltage samples from the Rx coil for localization purposes and later
on visualize the magnetic beam shaping proficiency of the proposed Tx.

To assess localization performance, the Rx maintains the same position and orientation
used during analytical performance evaluation. The errors F; and E, are determined
by measuring voltage samples at the Rx and are presented in Figure 6.13(a) illustrates
the discrepancy between actual position values (z, and y,) and predicted position values
(] and y..) for different Rx orientations. Similarly, Figure 6.13(b) shows the disparity
between actual orientation values (6, and ¢,) and predicted orientation values (6, and ¢/).
Additionally, Figure 6.13(c) displays the measured localization errors E4 and E, across
various transfer distances. The results indicate a strong agreement between the measured
and analytical results. Furthermore, the measured average position and orientation errors
for the testing positions and orientations are 0.31 mm and 1.62°, respectively.

To further verify the beam-shaping proficiency of the proposed antenna, the currents
provided to the coils are controlled optimally and the V;. is then collected from the Rx. For
instance, the voltage and current waveform collected from DSO are shown in Figure 6.14.

Here, Figure 6.14(a) and Figure 6.14(b) show the voltage and current at the Tx terminal,
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Figure 6.14:
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Figure 6.15: Measured normalized V,. at arbitrarily positioned Rx for Tx current vectors
(1%, 12, I3, I1.] (a) [0.75, 0, 0, 0], (b) [0.71, —0.72, —0.71, 0.72], (c) [0.95, 0.35, 0.33,
0], (d) [0.95, 0.50, 0.50, 0.56], (e) [0.95, 0, 0.49, 0.86], (f) [0.95, 0.43, —0.25, —0.31], (g)

0.43, 0.95, 0, 0.84], (h) [0.77, 0.95, 0.6, 0.31], (i) [0.64, 0.95, 0, 0.62], (j) [0.64, 0.95, 0,
0.62], (k) [0.62, 0.95, 0, 0.75].

current circulating in individual coils, and V, value when the Rx is placed at (0 mm, 0
mm, 50 mm, 0°, 0°) and (40 mm, 40 mm, 50 mm, 90°, 0°), respectively. The Tx voltage
and current infer that the Tx is working at the unity power factor. Thus by properly
controlling the current circulation within the coils a uniform voltage can be obtained at
the Rx. Moreover, to make a proper comparison with the analytically obtained results,

the normalized voltage distributions are plotted in Figure 6.15 for the same test positions
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and orientations as presented in Figure 6.9. The plot shows the measured results are well
corroborated with the analytical results. This proves the usefulness of the proposed Tx
structure, designed using planar technology, and its potential to localize and construct
magnetic beams to overcome the misalignment problems. Moreover, exploiting a highly
non-uniform H-field distribution for the proposed Tx improves the localization accuracy

and constructs a sharp magnetic beam toward the Rx.

6.2 Summary

This chapter introduces an array of overlapped coil Tx to localize and direct a magnetic
beam toward a specific Rx. The Tx design is optimized to achieve a non-uniform
distribution of H-field components produced by the spatially distributed coils to achieve
precise localization and a sharp magnetic beam. Furthermore, optimal coil placement
is determined to mitigate the impact of mutual coupling between adjacent coils. The
optimized Tx is then used to assess localization accuracy and the performance of magnetic
beam shaping. A time-divisional technique is employed to collect voltage samples from the
Rx across various switching combinations of the Tx coils to localize the Rx. Subsequently,
a machine-learning algorithm predicts the Rx’s position and orientation, yielding average
errors of 0.22 mm and 1.44°, respectively. Conversely, to power the localized Rx, a
magnetic beam is formed towards it by controlling the current within the spatially
distributed coils, determined using particle swarm optimization. Analytical results are
validated using commercial EM software and an experimental setup. A prototype of the
optimized Tx, along with switching circuitry, is fabricated on a cardboard sheet along
with a switching circuitry. Voltage samples collected from the Rx are then utilized to
localize random test positions and orientations, resulting in measured average errors of
0.31 mm and 1.62° for position and orientation, respectively. Additionally, a normalized
voltage distribution is observed for various Rx positions and orientations to demonstrate
the beam-shaping capability of the proposed Tx. These findings highlight the potential of

the proposed antenna for efficient charging of bio-medical applications.
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Chapter 7

Receiver Designs for Misalignment
Insensitive WPT

SO—-5: Develop a Rx antenna design to overcome the misalignment issue.

In the preceding sections of this thesis, we have explored the challenges associated with
the design of Tx coil antennas, particularly their complexity and high maintenance costs.
These challenges have motivated our investigation into Rx coil antennas. Consequently,
this chapter introduces two distinct Rx antenna designs aimed at capturing both the
longitudinal (H.) and lateral (H, and H,) magnetic field components, primarily for
pacemakers application and later suggest a use case of the H-field harvesting antenna
for a wireless drone charging. These designs, referred to as Design—5A and Design—5B,

respectively and aligned with the objectives outlined in SO—5 as defined in Section 1.7.

7.1 System Configuration of Rectenna Design for
Pacemaker (Design—5A)
The application scenario of the proposed WPT system is illustrated in Fig. 7.1, which

depicts the wireless charging of an implanted pacemaker device via the proposed rectenna

array. To achieve this, a conventional circular Tx coil is situated outside the human

Implanted Rx

\
\ ircular Tx

@) (b)
Figure 7.1: Application scenario of the proposed WPT system (a) front view, (b) isometric

view.

body, establishing a magnetic linkage between the Tx and the rectenna array. Here, the
Tx and the proposed rectenna array are separated by a distance of hy, where k € [1,n]
for different Rx planes, and n denotes the n* Rx plane, as shown in Fig. 7.2(a). The
Tx is located at (xry, Yre, 272) With a maximum radius rr,, available turns Nr,, track
width wrp,, and spacing between the adjacent tracks gr,. The current circulation through
the Tx coil is denoted by Irye/¥. The total H-field components generated by the Tx

129
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Figure 7.2: The proposed (a) WPT system with rectenna, (b) compensation topology along
with smart DC series combining, (¢) planar multi-layer PCB realization of the proposed
Rx, (d) compact multi-coil Rx antenna.

having coil parameter values set to rp, = 70.7 mm, Np, = 5, wry = gr, = 0.5 mm
and I, = 1 A (considering the ICNIRP guidelines, i.e., the maximum field should not
exceed 21 A/m at target Rx region hy = 50 mm are evaluated using (2.4) and plotted
in Fig. 7.3. The purpose of adopting rr, = 70.7 mm is to maximize the field at the

70
__.35 15
1S
E o 10
>_35 ’ - i
—70 -10 70

© D R %”«“
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Figure 7.3: Field distribution generated from a conventional Tx antenna at the targeted
Rx region (hy = 50 mm) (a) H, (b) Hy, (c) H..

targeted Rx location, i.e., (0, 0, 50) mm. Similarly, wr, and g7, are chosen as 0.5 mm,
which is the minimum fabrication limit of the PCB prototyping machine available in the
laboratory. Here, Fig. 7.3 illustrates that the analytical distributions of the orthogonal
H-field components are unevenly dispersed throughout the Rx area (hy = 50 mm). It
should be noted that the maximum value of 11.28 A/m for H, and H, components is
found near the edges (z, = 65 mm and y, = 65 mm, respectively). In contrast, the peak
value of H, = 19.22 A/m occurs at the center (z, = y, = 0 mm) of the Rx area, where
the Rx is accurately aligned. Additionally, the lateral components H, and H, are not
accessible near the perfectly aligned Rx position (z, = y, = 0 mm).

To effectively harness these non-uniformly distributed H-field components, particularly
by the misaligned Rx antenna, the proposed rectenna contains three orthogonal Rx coils
of different dimensions, as shown in Fig. 7.2(a), along with a series-series compensation
topology, rectifying and combining circuitry as demonstrated in Fig. 7.2(b). In the Rx

system, two series-connected spiral coils with square geometry are utilized to capture the
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H, component of the H-field and are denoted as Coil—z. Whereas, to exploit the H,
and H, components, two compact orthogonal coils designated as Coil—z and Coil—y are
employed as shown in Fig. 7.2(a). As the coils are placed orthogonal to each other, the
mutual coupling between the coils will not affect the performance of the proposed rectenna
array. Moreover, the purpose of adopting a series-series topology over other compensation
topologies is because series-series topology is independent of mutual coupling between the
Tx and Rx antennas. The realization of the proposed Rx requires a multi-layer PCB
technology with five PCB layers and six metallic layers, as depicted in the cross-section
view of Fig. 7.2(c). The Coil—z turns are placed at metal layer—1 and layer—5 and
connected through inner layer vias. Similarly, the Coil—y is printed on metal layer—2
and metal layer—6. Both the coils are placed on selected layers so that cross-section
areas of Coil—z and Coil—y can be maximized. The Coilz encompassing two planar-
spiral coils are positioned at metal layer—3 and layer—4 to enhance its effective area. The
connections between various layers are realized using vias, as shown in Fig. 7.2(c). The
design parameters for optimization of the proposed Rx are defined in Fig. 7.2(d), where
the maximum side length of the Coil—z is Lz with available turns N;?. Therefore, the total
cross-section area of the Coil—z is given as Az = 2(Lz x Lz). The Coil—z contains N7
turns with a cross-sectional area Ax = Lx x Wx, where Ly and Wx are the maximum
side lengths along with horizontal and vertical directions. Similarly, the Coil—y carries N,/
turns with a cross-sectional area Ay = Ly x Wy. The track width and spacing between the
turns in each coil of the Rx are w, and g, respectively. Moreover, Fig. 7.2(a) exhibits that
the Coil—z and —y have a different size than the Coil—z to obtain the Rx profile as low
as possible and compatible for biomedical implant applications. The voltage induced in
the three orthogonal Rx coils is obtained from Faraday’s law of electromagnetic induction.
Thus, in a small differential area dA of the j** turn of the Rx Coil—i, where i € {z,y, 2},

)
ind

the differential induced voltage ( ) is formulated as

AVina = jwettoHi(Tr,yr, 2r)dA;. (7.1)

Here, dA,, dA,, and dA, are the differential area along x, y, and z directions, respectively,
for the three orthogonal coils, w, is the operating angular frequency in rad/sec, and p, is
the permeability of the free space. Consequently, the net induced voltages acquired from

the individual Rx coil are obtained as

Ny N

Viia(orur) = dVia =dwoto | [[ Heolor)da,|.
i=1 j=1 L7 A -
NY NY .
V;gld(mTvyT) = Zd‘/ﬁzd = ijNoZ // Hy(xryyr)dAy y (72)
j=1 j=1 L7/ /4y :
N7 NE ,
Vina(orur) = S dVia = dwoto | [[ Hewrpda. .
j=1 g=1 b7/ Az -

The total average load voltage (V,) required to feed the charging device is obtained by
combining these individual Rx voltages. Here, AC and DC combining are the two possible
techniques to combine the voltages from individual Rx. The former method performs

rectification followed by directly combining all the Rx coil outputs. Consequently, the V,
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post AC combining is formulated for the Rx misaligned to (x,, y,) as
2 2 2
VOAC (‘T’” yT‘) = ;Vac(:’v’f’ y") :;[|‘/;7Ld(xTa yT‘) + ‘/;"!:Ld(m’fa yT‘) + ‘/ind(x’ﬁ yT)” (73)

However, the AC combining results in a large variation in the V, as demonstrated in

Fig. 7.4, where the V,(x,,y,) distribution is plotted against the Rx misalignment. For this
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Figure 7.4: The V, variation for the misaligned Rx by performing AC combining.
reason, the DC combining of the Rx output voltages is adopted in the proposed design as
illustrated in Fig. 7.2(b). In the DC combining method, the output of each Rx coil is first
rectified using a rectifier and filtering circuit. Later, a series combining of the rectified DC
voltages is performed to operate the load. Thus, the V, for this case is ideally obtained as

VE () = 2 Vaelmn ve) = 2 [Viaae, y)l + Vihaee, yo)| + Vina(r, ) (7.4)
Additionally, anti-parallel diodes are deployed in the shunt with each rectifying circuit, as
depicted in Fig 7.2(b), to bypass the corresponding inactive Rx coil that is not harvesting
sufficient power for the load. Because under the absence of anti-parallel diodes, the inactive
Rx coil acts as a load with a substantial internal resistance due to the presence of a
reverse-biased rectifying diode. Further optimization of the proposed Rx design to obtain a
uniform V,, at the Rx region is presented subsequently to mitigate the lateral misalignment

problem.
7.1.1 Analytical Optimization of the Proposed Rectenna Array

The enhancement of the degree of movement for a Rx coil under lateral misalignment
is achieved by inducing uniform V, throughout the Rx working region. Therefore, the
objective function targets a constant voltage in the Rx region. For this, the effective area
(Aiff = A; x N;) of the Rx coil-i Vi € {z,y,z} needs to be controlled optimally by
parametric variation of N; and A; of individual Rx coils. Fig. 7.3 demonstrates that the
lateral field (H, and H,) components have similar field distributions in the Rx region. For
this reason, the Rx coils (Coil—z and —y) to capture the lateral fields are identical i.e.,
A?}f = Asz. Therefore, Aé 7 and Aerf are adopted as optimization parameters whose
ratio represents a factor a = A‘BX} f /Aerf that is used while optimization to enhance the
misalignment tolerance. The case when o = 0 indicates the absence of the vertical Rx
coils, and only the conventional coil—z is present at the Rx, whereas @ = 1 represents
identical Rx coils by means of effective total area.

The analytical results of the V, variations in two different misalignments of the Rx, i.e.,
yr = 0 and z, = y, movements, for various « values are presented in Fig. 7.5. The
plots indicate that with an increase in «, a significant overshoot in V, is observed with

Rx misalignment. This is because AeLff increases with «, and the Rx harnesses more
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Figure 7.5: Optimization and V,, variation versus « for the Rx movements along (a) y, = 0,
(b) zr = yp.

lateral fields (H, and Hy) in the Rx region than the longitudinal field component (H).
Moreover, a = 0 signifies the undershooting in V, with the Rx misalignment due to the
absence of harvesting capability from the H, and H, components. The high variation
in V,, ultimately degrades the device’s lifetime under charge. Due to this reason, a 5%
variation tolerance in the V, value is the fluctuation limit adopted in this study as a
universally accepted limit for battery charging applications. Considering this, the optimal
« that retains V,, under £5% limit is obtained as 0.3071 with a uniformity Rx area of 5993
mm?. Thus, the percentage uniformity (PU), defined as the ratio of the Rx movement
area with uniformity in V, to the Tx maximum dimension area, is plotted in Fig. 7.6 for

varying a. The result indicates that PU increases with increasing « for @ > 0 and reaches
40
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Figure 7.6: Variation of PU with a.

a maximum value of 38.18% at a = 0.3071. Further increase in « beyond 0.3071 causes a
reduction in the uniformity area because overshooting of the 5% limit. The 3—D variation
plots of V, in the misaligned Rx for various values of « (i.e. 0, 0.3071, and 1) is presented

in Fig. 7.7. Fig. 7.7(a) indicates a highly varying V, under the misaligned Rx condition
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Figure 7.7: Analytical variation of the V,, under lateral misalignment (a) planar Rx (o = 0),
(b) proposed Rx (o = 0.3071), (c) identical orthogonal Rx (o = 1).

since it harnesses only the H, component of the H-field, therefore causing undershoot in

the V, response. In contrast, a significant overshoot is present in the identical Rx (o = 1)
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as shown in Fig. 7.7(c), again resulting in lateral misalignment. On the contrary, the
proposed Rx provides enhanced uniformity in V, for the Rx movements. This indicates
that the proposed design can mitigate lateral misalignment to a greater extent for the
adopted Tx with r, = 70.7 mm and a transfer distance of 50 mm. However, any change
in Tx dimension or charging distance requires redesigning the rectenna array, although
the optimization procedure remains the same. An EM simulator is utilized to determine
the specific absorption rate (SAR) to confirm the electromagnetic absorption of the field
generated by the Tx on a human body. The Tx is located at a distance of 5 mm above the
chest region of a human body, as shown in Fig. 7.8. The computed SAR value is within
the safety standards set by the Federal Communications Commission (FCC) [110], making

it secure for charging pacemaker devices. Considering this, the final design parameters of

SAR Field

Transmitter
coil

! i
At ;
;
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Figure 7.8: Evaluation of electromagnetic absorption by the human body.

the proposed Rx antenna corresponding to o = 0.3071 are presented in Table 7.1. Here,
Table 7.1: Design parameters of the proposed Rx antenna

[Parameters[LX[WX[Ly[Wy[LZ[N,‘F[Nf[Nf]
[ Values (mm) | 19 [ 64 [ 19 [ 64 [ 16 [ 5 [ 5 [ 5 |

N? = 5 represents each spiral of the Rx coil-z containing 5 turns. The w! and ¢’ are set
as 0.5 mm, corresponding to the minimum fabrication limit in the laboratory. Further
realization of the proposed rectenna array and experimental verification are presented

subsequently.

7.1.2 Proposed Rectenna Realization using a Multi-layer PCB and

Measurement Results

To realize the proposed design, a multi-layer Printed Circuit Board (PCB) technology
is adopted. For this purpose, different PCB layers are fabricated individually using a
PCB prototyping machine available in the laboratory, and later, stacking of these layers
is performed to build the prototype. The layout of the various printed metallic layers of
the proposed design, along with an isometric view of the final Rx prototype, is shown in
Fig. 7.9. These metallic layers are sandwiched, as shown in Fig. 7.2(c), and the connections
between various layers are realized judiciously to avoid any overlapping between the layers.
The connections to the various layers are made using vias, and various SMD components
are assembled with the PCB, as depicted in Fig. 7.9.

The fabricated prototype of the proposed design used for the experimental verification
of analytical results is shown in Fig. 7.10. To resonate the WPT coils at the operating
frequency of 6.78 MHz, the unloaded impedance of each Rx coil, i.e., Coil—z, —y, and
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Figure 7.9: Realized layout of the proposed Rx (a) isometric view (b) metallic layer-1, (c)
layer-2, (d) layer-3, (e) layer-4, (f) layer-5, (g) layer-6.

©

Figure 7.10: Fabricated prototype of the proposed rectenna array (a) top view, (b) bottom
view, (c) side view.

—z along with the Tx coil, is measured using an Agilent VNA (PNA-L N5230C). The
measured impedance (in §2) values of the Tx and individual Rx coils are listed in Table 7.2.

The required matching capacitance values to resonate the coils at the system operating

Table 7.2: Measured coil impedance (in 2) at different ports.

‘ Tx ‘ Coil—z ‘ Coil—y ‘ Coil—z ‘
‘ 9.86 + j683.83 ‘ 0.53 + j25.69 ‘ 0.68 + j27.33 ‘ 1.83 4 j73.49 ‘

Ccoﬂ Y

reso —

frequency are correspondingly evaluated as C'L%_ = 34.33 pF, C<%-*= 913.75 pF,

TeSo Teso

858.92 pF, and C~2= 319.42 pF. The nearest available SMD capacitors are mounted
in series with the Tx and Rx coils following the layout shown in Fig. 7.9. To obtain a
rectified output from orthogonal Rx coils, three full bridge rectifier modules (NMLU1210)
are inserted in series with each Rx coil, whereas, to nullify the effect of ripples present in
the rectified output voltages, a filter capacitance of 4.54 nF is inserted with each Rx coil.
An anti-parallel Schottky diode (DB2S20500L) is inserted with each Rx coil to bypass it
when not activated.

The experimental setup used to demonstrate the effectiveness of the lateral misalignment
tolerance is depicted in Fig. 7.11. For this purpose, a programmable DC power supply
(HMP2030) is employed to feed the power to a high-frequency inverter (EPC9507) that
generates the feeding signal at 6.78 MHz. The output of this high-frequency inverter is
supplied to the Tx antenna of the WPT system. Whereas, on the Rx side, a Keysight
Digital Storage Oscilloscope (DSOX2022A) is used to measure the AC quantities. The

rectified voltage at the output is measured using a Keysight multimeter (U1232A). The
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Figure 7.11: Experimental setup to measure the response of proposed Rx design.

measured current and voltage across the Tx terminals are shown in Fig. 7.12(a), which

signifies that the system is operating nearly at the unity power factor. Moreover, the
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Figure 7.12: (a) Measured current and voltage across the Tx terminal, (b) Voltage induced
at Rx Coil—z and V, at rectenna port.

voltage obtained at the Rx coil—z and the V, at the rectenna port under the perfectly
aligned condition of the rectenna array is presented in Fig. 7.12(b). Further validation of
measured V, with the analytical V, variation when Rx is misaligned horizontally (y, = 0)

and diagonally (z, = y,) is presented in Fig. 7.13. Here, both analytical and measured
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Figure 7.13: Measured V,, for a laterally misaligned rectenna along y, = 0 and y, = x,.

results are self-normalized with their own V,, obtained under the perfectly aligned case.
The measured results exhibit a good agreement with the analytical results. The peak
voltage variation present in the proposed rectenna system is 4.8% compared to the voltage
variation of 40.3% obtained in the identical Rx design case (v = 0). This shows that
the proposed rectenna provides V, variation within the acceptable limit when the Rx is

misaligned laterally and achieves a percentage uniformity of 38.18%. The load resistance
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(Rp) is also optimized to deliver maximum power to the load. For this purpose, the power
harnessed by the proposed rectenna is measured by inserting a variable resistor at the
output terminal of the load when the rectenna unit is located at (0,0, 50) mm. Keeping the
input power (Pi") from a programmable DC power supply fixed at 4.90 W, the measured
V, and corresponding rectified power (Pj.) delivered to the load is plotted for varying Ry,
values as depicted in Fig. 7.14(a). The plot shows that P} is maximized for Ry = 109
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Figure 7.14: (a) Measured V, and Pj with a varying load Rp, (b) Performance
measurement of utilized rectifier.

and the optimal value of Pj obtained as 144.24 mW, respectively. This optimized Ry,
practically applies to various biomedical implant devices and portable electronic devices.
Moreover, the performance of the rectifier employed in the proposed rectenna array is
also evaluated by measuring the Pj. and rectification efficiency (") versus input power
to the rectifier (P),) for the Rx coil-z, and the results are depicted in Fig. 7.14(b). These
measurements are carried out under the assumption of perfect alignment case of rectenna
array. Here, Fig. 7.14(b) illustrates that both P}, and 7" rising with increasing values
of P!, and the measured 7" is 53.30 %, when P is set as 4.90 W. Furthermore, to
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Figure 7.15: (a) Combining efficiency, (b) System efficiency versus lateral misalignment.

determine the combining losses within the rectenna array, a combining efficiency (n°™)
is also measured, which is defined as a ratio of P}, to the summation of rectified power
obtained from individual coils and plotted in Fig. 7.15(a). This plot indicates that some
combining loss will always be associated with the rectenna array. The system efficiency
(nsys) of the proposed WPT system is also evaluated, which is defined as a ratio of Pj,
and Pé?. Under the perfectly aligned case, the evaluated 7y, is 2.94 %, whereas its
variation with lateral misalignment of Rx is presented in Fig. 7.15(b). To evaluate the
system’s performance in a real-world scenario, a human body phantom replicating the
characteristics of the human body is employed, as depicted in Fig. 7.16 and the measured
Nsys versus lateral misalignment is shown in Fig. 7.15(b). The plot indicates a reduction in

Nsys due to angular and longitudinal misalignment, highlighting a potential area for future
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Figure 7.16: Experimental setup with human body phantom.

exploration in this study. Moreover, Fig. 7.15(b) indicates that 7,,s is almost constant
for the range [—30, 30], thus providing a consistent power for the misalignment tolerance
range of 60 x 60 mm?. Thus, the results indicate that the proposed rectenna has a good
potential to overcome the lateral misalignment problem. As a result, the power transfer
performance remains consistent irrespective of the lateral movement of the Rx coil system

in a wide area.

7.2 Use Case of a Planar Receiver Antenna for Drone
Charging Application (Design—5B)
7.2.1 System Description and WPT Scenario

The scenario of the proposed WPT system contains a Tx coil and a set of Rx coils, which

is separated by a distance h is demonstrated in Fig. 7.17(a). The Tx adopted in the this
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Figure 7.17: (a) Scenario of the proposed drone charging WPT system, (b) DC combining
of response obtained from various Rx antennas.

work is a conventional circular coil located at (x4, yrs, 2r2) and carried a current of Ip,.
The radius and number of turns present in the Tx coil are designated as rp, and Npg.
To exemplify the H-field components generated from the Tx coil at each point (z,, ¥y, 2r)
on the Rx plane, the H-field equations for a single-turn Tx coil as presented in (2.3) is
adopted. Therefore, the total H-field components (H,, H,, and H.) generated at the Rx
plane due to a total Np, turns of the Tx coil is given as (2.4). The H-field distribution
generated by the Tx coil located at the origin, having rr, = 70 mm and Np, = 5 at
the Rx plane h = 50 mm is calculated analytically by adopting MATLAB R2019a and
plotted in Fig. 7.18 The H-field distribution signifies that the H, component is present
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Figure 7.18: H-field distribution generated from a conventional Tx antenna at the targeted
Rx region (h =50 mm) (a) H,, (b) Hy, (c) H..

at the center of the Tx coil, whereas the lateral fields (H, and H,) are present at the
two extreme edges of the Tx coil. Therefore, these lateral H-field components need to be
harvested optimally to improve the PTE of the conventionally WPT system (using only
a single Rx coil for harvesting H, component of H-field). To capture these lateral H-field
components, the proposed Rx coil splits into five distributed Rx-coil system denoted as
Rx-i Vi € {1, 5}. Here, Rx-1 is placed between the drone’s four legs and captures only
the H, component of the H-field generated by the Tx coil. In contrast, the lateral H-field
components are harvested by adopting four Rx coils (Rx-2 to Rx-5) and attached to the
four arms of the drone as depicted in Fig. 7.17(a).

7.2.2 Evolution of the Proposed Design Lateral Field Harvesting Coils

To harvest the lateral H-field components, two sets of anti-parallel connected coils are
attached to oppositely placed coils. For instance, Rx-2 and Rx-3 are placed to the
two opposite arm as shown in Fig. 7.17(a) to capture the H, component of H-field.
Similarly, Rx-4 and Rx-5 (Where, Rx-5 is hidden behind the drone, thus, not presented
in Fig. 7.17)(a) are placed orthogonal to Rx-2 and Rx-3 for capturing the H, component
of H-field. The purpose of using an anti-parallel turn coil in the proposed Rx antenna is
that the resultant current flows along one direction once the field is captured (from the
right-hand thumb rule). However, a DC combining technique, as shown in Fig. 7.17(b),
can be adapted for combining the response obtained from various Rx coils because of
its advantage over AC combining. In the AC combining, the rectification is performed
after combining the response obtained from distributed Rx coils, resulting in a destructive
addition of H-field components and reducing the output response. Whereas, in the DC
combining, the response obtained from the individual receiver is first rectified and later
combining these rectified responses takes place. Further, a simulation-based study to
demonstrate the field harvesting capability of the proposed anti-parallel turn coils is

presented subsequently.

7.2.3 Simulation Study of Field Harvesting Coils

To verify the claim that anti-parallel turn coils have the potential to harvest the available
lateral field components from a conventionally used Tx, a simulation-based study has been
performed in ANSYS EM Suite 20.2. For this purpose, a layout of the proposed WPT
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system was first designed in ANSYS MAXWELL, and later the same design was imported
into ANSYS Simplorer to perform circuit analysis. For the sake of demonstration, the
parameters of the Rx coils (Rx-2 to Rx-5) present in the proposed WPT system are selected
the same as Design—1B and Design—2A. Whereas the parameters of Rx-1 are adjusted
such that an equal induced voltage (V;,4) is obtained from all the Rx coils. Moreover, the
parameters of Tx coil are taken as rp, = 70.7 mm and Np, = 5, to obtain maximum field
at the Rx region (h = 50 mm). Also, for the sake of simplicity, a concentrated circular coil
is considered on both Tx and Rx sides. Therefore, the final design parameters of the Tx

and Rx coils are listed in Table 7.3. The layout of the proposed WPT scenario designed

Table 7.3: Coil parameters of the proposed WPT system.

‘ Coil | Radius (mm) | Turn |
Tx 70 5
Rx-1 70 2
Rx-2 to -5 29 11

in ANSYS MAXWELL is shown in Fig. 7.19. Later, the field harvesting capability of the

Figure 7.19: (a) Layout of the proposed WPT system in isometric view, (b) top view of
the proposed Rx antenna.

proposed Rx coil is analyzed in terms of V;,4 obtained in the Rx coil. The Vj,4 distribution
when anti-parallel turn coils and planar central Rx coil are analyzed individually at the

Rx reglon (h = 50 mm) are plotted in Fig. 7.20. The Vj,q distribution of anti-parallel

Vlnd (V)
Vv Vina (V)
v, (V)

é?

© S
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y(mm l X,

Figure 7.20: Simulated Vj,q from (a) Rx-2 or Rx-3, (b) Rx-4 or Rx-5, (¢) Rx-1.

coils is maximized at the edges of the Tx coil, which signifies the capability of the Rx
coil to harvest lateral H-field components (H, and H,). In contrast, the central Rx coil
encapsulates the vertical component of the H-field (H,) as shown in Fig. 7.20. For better
visual representation, a 2—D variation of V;,,4 with z, is provided in Fig. 7.21. Based on the

maximum V4 obtained, the position of anti-parallel coils is selected as 64 mm. However,
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(6] 20 40 60 80 100
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Figure 7.21: Position optimization of the proposed anti-parallel turn coil.

Port Rx-3 and Rx-5

Port Rx-4

Port Rx-1 and Rx-2

Figure 7.22: Fabricated prototype of the proposed Rx antenna.

the optimal position of the anti-parallel coil overlaps with the adjacent anti-parallel coils.
Therefore, the position of anti-parallel coils is slightly adjusted by shifting at 70 mm to
avoid overlapping the coils. Thus, the final position of Rx-i V i € [2, 5] are listed in

Table 7.4. Further, experimental validation of the proposed Rx antenna is presented next.

Table 7.4: Positions of anti-parallel turn coils

[t [ (2 v) fnmm |

Rx-2 (70, 0)
Rx-3 (=70, 0)
Rx-4 (0, 70)
Rx-5 (0, —70)

7.2.4 Experimental verification

The proposed Rx coil antenna having the layout shown in Fig. 7.19 is fabricated using
high-frequency Litz wire as shown in Fig. 7.22. The coil parameters used for fabricating
the proposed Rx remain the same as provided in Table 7.3. To resonate the Tx and Rx
coils at the working frequency, the unloaded impedance of these coils is measured using an
Agilent VNA (PNA-L N5230C). The measured unloaded impedance and the calculated
resonating capacitance are listed in Table 7.5. The corresponding SMD capacitors are
inserted in series with each coil, as shown in Fig. 7.22. Further, the performance of the
fabricated prototype is verified using an experimental setup as demonstrated in Fig. 7.23.
For this purpose, a programmable DC power supply (HMP2030) is used to feed the
power to a high-frequency inverter (EPC9507), which generates the feeding signal. The
output of this high-frequency inverter is then supplied to the Tx antenna of the WPT
system. Whereas, on the Rx side, a Keysight Digital Storage Oscilloscope (DSOX2022A)
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Table 7.5: Measured unloaded impedance of Tx and Rx antennas and corresponding
resonating capacitance

[ Coil | TImpedance (2) [ resonating capacitance (pF) |
Tx | (1L.07 + j756.90) 31.01
Rx1 | (5.12 + 7100.97) 213.46
Rx-2 | (13.156 + ;1605.20) 14.62
Rx-3 | (13.13 4+ j1605.47) 14.62
Rx-4 | (13.18 + j1604.60) 14.63
Rx-5 | (13.13 4 j1604.98) 14.63

3 - ‘F > P T
High frequency L,| Rx fabricated ﬁ: i

inverter y S8l prototype |

Rx port and
matching network

Figure 7.23: Experimental setup to verify the performance of fabricated prototype.

is utilized to measure the V;,4 in the Rx coils. The measured V;, 4 from the central coil and

anti-parallel turn coils are listed in Table 7.6. The results signifies that measured V;,4 from

Table 7.6: Measured Vj,,4 from central and anti-parallel connected turn coils.

[ Vina(V) [ Rx1 ] Rx2 [ Rx3 [ Rx-4 | RX-5 |
Simulated [ 22.5 | 22.3 | 22.3 [ 22.3 [ 223
Measured | 224 | 21.9 | 22.9 [ 231 [ 22.7

various Rx ports are well corroborated with the simulated V;,4. Hence, it is evident that
adopting anti-parallel coils along with a central Rx coil harvests all the available H-field
components generated by a conventional Tx over the traditional single coil Rx. Thus
resulting an improved power rating or for the same power rating increases the range of a
WPT system. This proves the potential of the proposed Rx antenna. Further, combining

technique and misalignment problems will be addressed in the future works.

7.3 Summary

This chapter introduced a near-field rectenna array system to address the lateral
misalignment problem in a WPT system for small device powering as presented in
Design—5A. The analytical framework of the magnetic field distribution originating from
a conventional Tx reveals that the proposed rectenna consisting of two orthogonal Rx
coils along with a traditionally used planar spiral Rx coil can effectively utilize the three
orthogonal H-field components to enhance the misalignment tolerance. The rectified
voltages from these orthogonal coils are efficiently combined using a DC combining
technique to deliver power to the load efficiently. Optimization of the Rx coil parameters

improves misalignment tolerance, demonstrating superior performance over identical Rx
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antennas used in existing literature. To realize the proposed rectenna, a multi-layer PCB
technology is adopted with integrated rectification and filtering circuitry, resulting in a
single port rectenna structure. Experimental results indicate that the proposed rectenna
achieves an impressive 38.18 % uniformity in the Rx region, with a peak voltage variation
of only 4.8 %, compared to the 40.3 % variation seen in identical Rx antennas. This
high degree of uniformity makes the proposed rectenna a well-suited solution for lateral
misalignment-tolerant systems. Moreover, rectification and combining efficiency are also
determined experimentally and obtained as 53.30 % and 93.65 %, respectively. The system
efficiency is also measured in a realistic scenario as 2.30 % and remains nearly constant
across the misalignment tolerance range of 60 x 60 mm?. This proves the usefulness of the
proposed rectenna as a compact, robust, and cost-effective solution in WPT applications
for small devices.

Moreover, a use case of a planar rectenna array is presented in Design—5B, where a novel
Rx antenna comprising of four sets of anti-parallel coils along with a conventionally used
central receiver coil is proposed. The anti-parallel coils are designed to capture the lateral
H-field components (H, and H,), whereas, central coil is utilized to harvest only the
H, component of H-field. Further, the position of anti-parallel turns coils are optimized
to harvest the maximum available lateral fields generated from the Tx coil. To verify
the claim, a fabricated prototype is then designed using a high frequency litz wire and
measurement is performed using a WPT setup. The measurement result shows that the
proposed anti-parallel turn coil has the capability to capture the lateral field components.

Hence, proves the usefulness of the proposed antenna for drone application.
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Chapter 8

Conclusion

8.1 Summary of the Thesis

In conclusion, this thesis provides a potential solution for mitigating all possible
misalignment problems in wireless charging of bio-medical implant applications as
discussed in Chapter 1. To better understand the necessity of the proposed designs, this
thesis has gone through an evolutionary process followed by theoretical framework of
WPT system as provided in Chapter 2. Initially, the most common misalignment problem
in medical implants i.e. angular misalignment is targeted and several field forming
technique is adopted to overcome this issue. For instance, in Chapter 3, 3—D rotating
H-field is proposed, whereas Chapter 4 evolve a novel methodology named it as switched
polarization and various potential Tx designs are suggested to generate the these fields.
However, the best possible possible methodology found the one that can simultaneously
localize the moving Rx implanted with the device and power up by forming magnetic
beam toward it. A detailed discussion on the localization technique and its amalgamation
with magnetic beam is provided in Chapter 5 and Chapter 6. Moreover, a field harvesting
Rx is also provided in Chapter 7 that can overcome the misalignment problem using
a conventional Tx. Furthermore, the most significant achievements of this thesis are

outlined as follows:

8.1.1 Conclusions on Rotating Magnetic Field Forming Transmitters

This chapter examines the influence of 3—D polarized H-fields on the angular misalignment
issue within a typical WPT application and presented in Design—1A. For this purpose,
an analysis of induced voltage in the receiver due to various polarizations (2—D and
3—D) is presented. While previous work suggested spherically polarized H-field as a
solution, this study demonstrates the limitations of spherical polarization and introduces
an ellipsoidal polarization to completely eliminate angular misalignment. Performance
comparison shows that the proposed ellipsoidal polarization significantly outperforms other
polarizations in terms of induced voltage in receiver orientations, with a notable reduction
in standard deviation and peak variation. Subsequently, an optimized planar multicoil
antenna capable of generating an optimized 3-D ellipsoidally polarized H-field is proposed
to provide an ease of placement in Design—1B. The antenna design consisting of five

spatially distributed coils and three ports, is optimized to achieve maximum 521 between

145
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transmitter and receiver antennas. Experimental verification confirms the antenna’s ability
to form a 3—D polarized H-field, effectively powering the receiver in any orientation.
Compared to literature designs, the proposed antenna demonstrates superior performance
in mitigating angular misalignment, showcasing a significantly lower standard deviation in
RMS induced voltage. Lastly, the paper presents a 3—D polarized field-forming technique
to mitigate angular misalignment in microwave power transfer systems as illustrated in
Design—1C. Analyzing power transmission in various IoT node orientations, the study
verifies the effectiveness of 3—D polarized E-field forming in completely eliminating angular

misalignment and providing an orientation-insensitive system.

8.1.2 Conclusions on Switched Magnetic Field Forming Transmitter

This chapter investigates an innovative approach to address angular misalignment in
biomedical implant applications by integrating field-forming with switching control to
produce a switched polarized H-field as demonstrated in Design—2A. Unlike previous
methods, this approach requires only a single-tone signal and excitation duration H-field
components are controlled optimally to mitigate misalignment effectively. A planar
transmitter antenna, optimized for a maximum of 521 with two dumbbell-shaped coils and
an axial coil, achieves this field formation. Switching, facilitated by two SPDT switches,
demonstrates invariant induced voltage in a rotating receiver coil, which is experimentally
validated and compared with linear and circular polarization. The results show a
significant reduction in the standard deviations in induced voltages, affirming the proposed
antenna’s high misalignment tolerance and suitability for low-cost manufacturing. This
presents that the proposed Design—2A is a promising solution for orientation-oblivion
wireless charging. Additionally, a planar switching integrated quadrant coil antenna is
proposed to address lateral and angular misalignment issues simultaneously in near-field
WPT and presented as Design—2B. Employing time switching with three DPDT switches
within the antenna structure enable control over current circulations in four quadrant coils
and forming a widespread switched polarized H-field. Considering various constraints, the
optimization process yields an antenna design that mitigates misalignment in the Rx
lateral movement region within specified zones. While lateral misalignment is completely
eliminated in Zone-1, moderate mitigation is achieved in Zone-2, though challenges persist
in ensuring uniformity in H-field distributions beyond these zones. The proposed antenna
is also compared with the most pertinent works reported in the literature and the
comparison is summarized in Table 8.1. It is inferred from Table 8.1 that the proposed
antenna design provides superior functionality over the conventional designs in terms of
misalignment performance, feeding complexity, antenna fabrication, and system cost. This
prove the potential of proposed methodology and antenna design for overcome the angular
and lateral misalignment problem simultaneously. Nonetheless, the proposed method and
antenna design offer a promising solution to simultaneously tackle lateral and angular
misalignment problems in WPT systems, paving the way for future improvements in

uniformity across all H-field components.
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8.1.3 Conclusions on Non-uniform Magnetic Field Forming Transmitter

This chapter investigates magnetic localization to predict the position and orientation
of a moving Rx. For this purpose, a transceiver antenna array is initially proposed
and designated as Design—3A that can localize human fingertip positions by integrating

2-coil and 3-coil magnetic resonance coupling. A hybrid optimization approach enhances

Table 8.2: Comparison study of the Tx antenna presented in SO—3 with the
state-of-the-art designs.

Properties Design—3A  [59] [68] [75] Design—3B  Design—3C
Localization MRC based Sensor based Electromagnetic ~ FDM based TDM based TDM based
approach
based

Employed Coil Permanent Coil Coil Coil Coil
magnetic
Source based magnet based  based based based based
Localization Position Both Both Both Both Both
targeted
(position  or
orientation)
Structure Planar Planar 3-D 3-D Planar Planar
adopted
Tx size 6.2 X 6.2 15 x 15 10 x 10 x 10 24 x24x34 30x30 25.5 x 25.5

cm? cm? cm? cm? cm? cm?
Design Yes No Yes No No Yes
optimization
Average - 3.89 (5.5°) - 2.3 (0.2°) 1.22 (1.18°) 1.17 (0.87°)
position
error in mm
(orientation
error in
degree)
fabrication Low Low High High Low Low
complexity
Cost Low Low High High Low Low

sensitivity through non-uniform H-field distributions from the transmitter coil array.
The receiver coils and a resonator is optimized to maintain voltage gain below a
threshold, ensuring reliable localization of resonator coil movements. Experimental
validation confirms agreement with simulations, showcasing the potential for hygienic
touchless interfaces in various applications. In contrast, another novel approach explores
magnetic localization, including the position and orientation of objects with planar
receivers implanted within the human body. A switched planar multi-coil transmitter
antenna is proposed and symbolized as Design—3B to address the complexity and other
challenges of the prior localization scheme defined as a frequency divisional scheme, thus
proving the proposed time-divisional approach with a single frequency signal a prominent
solution. Analytical and experimental studies demonstrate superior localization accuracy
compared to multi-frequency designs, validating advantages in accuracy and complexity.
Furthermore, an optimized switching integrated overlapping coil transmitter structure is
introduced and exemplified as Design—3C. The proposed Tx is optimized by adequately
selecting the design parameters to enhance non-uniform H-field distributions, resulting in a
miniaturized transmitter size of 27.75%. Switching circuitry enables precise coil excitation,
leading to improved localization performance, reduced average position and orientation

errors, and enhanced success rates compared to literature designs. Experimental results
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validate the proposed transmitter’s potential for near-field localization applications. The
performance of the proposed Tx is also compared with the state-of-the-art designs and
tabulated in Table 8.2. The parameters, such as the miniaturized Tx design and its
performance presented in Table 8.2, signify that the proposed Tx outperforms the designs
mentioned in the literature. This proves the usefulness of the proposed Tx structure,
designed using planar technology, and its potential to localize the position and orientation

of a planar Rx coil.

8.1.4 Conclusion on Magnetic Beam Forming Transmitter Antenna

This chapter introduces an array of overlapped coil Tx designed for the localization
and precise directing of a magnetic beam toward a specific Rx. The design of the
Tx is optimized to generate a non-uniform distribution of H-field components, utilizing
spatially distributed coils to achieve accurate localization and a focused magnetic beam.
Additionally, the optimal placement of coils is determined to minimize the impact of
mutual coupling between adjacent coils. The optimized Tx system is then utilized to
evaluate localization accuracy and magnetic beam shaping performance. A time-divisional
technique is employed to gather voltage samples from the Rx across different switching
combinations of the Tx coils to precisely localize the Rx. Subsequently, a machine-learning
algorithm predicts the position and orientation of the Rx, resulting in average errors of 0.22
mm and 1.44°, respectively. In contrast, for powering the localized Rx, a magnetic beam is
directed towards it by controlling the current within the spatially distributed coils, which
is determined using particle swarm optimization. The analytical results are validated
using commercial electromagnetic software and an experimental setup. A prototype of
the optimized Tx, along with switching circuitry, is constructed on a cardboard sheet.
Voltage samples collected from the Rx are then utilized to localize random test positions
and orientations, resulting in measured average errors of 0.31 mm and 1.62° for position
and orientation, respectively. Furthermore, a normalized voltage distribution is observed
for various Rx positions and orientations to showcase the beam-shaping capability of
the proposed Tx. The performance of the proposed Tx is also compared with the
state-of-the-art designs and tabulated in Table 8.3. The comparison signifies that the
proposed Tx outperforms the other literary works. These findings underscore the potential

of the proposed antenna system for efficiently charging biomedical applications.
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8.1.5 Conclusion on Receiver Designs for Misalignment Insensitive

WPT

This chapter investigates a near-field rectenna array system to tackle lateral misalignment
challenges in WPT for small device powering. Firstly, a novel rectenna design comprising
two orthogonal Rx coils and a planar spiral Rx coil is proposed. Analysis reveals its
effectiveness in utilizing three orthogonal H-field components to enhance misalignment
tolerance. The rectified voltages from these coils are efficiently combined using DC
combining, with optimized Rx coil parameters demonstrating superior performance over
existing literature. Realization employs multi-layer PCB technology with integrated
circuitry, yielding impressive uniformity of 38.18 % in the Rx region, significantly
outperforming identical Rx antennas. Experimental results verify rectification and
combining efficiency, reaching 53.30 % and 93.65 %, respectively, with consistent system
efficiency of 2.30 % across a misalignment tolerance range of 60 x 60 mm?. Further,
a use case of a planar receiver antenna for a drone charging application is proposed,
comprising four anti-parallel coils and a central receiver coil. The anti-parallel coils
capture lateral H-field components (H, and H,), while the central coil captures the
H, component. Optimized coil positions maximize lateral field harvesting from the
Tx coil. Experimental validation confirms the antenna’s capability to capture lateral
field components, demonstrating its suitability for drone applications. The proposed coil
rectenna array is also compared with the most pertinent works reported in the literature
and tabulated in Table 8.4. It is apparent from Table 8.4 that the proposed rectenna
array provides superior functionality in terms of miniaturized size, design optimization,
the potential to mitigate lateral misalignment problems, robustness, etc., over the Rx
antennas presented in the literature. Thus, the results indicate that the proposed rectenna
has a good potential to overcome the lateral misalignment problem. As a result, the power
transfer performance remains consistent irrespective of the lateral movement of the Rx coil

system in a wide area.
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8.2 Future Directions

There exists significant potential for further advancements in the field of wireless charging

of biomedical implants, including:

8.2.1 Development of complete system including Tx-Rx Coil Antennas

e Future research could explore integrating a high-frequency inverter module and a
rectifier module into the design of Tx-Rx coil antennas to create a more compact
and efficient WPT system.

e Investigation into various cost-effective composite materials could be undertaken to

enhance PTE in Tx-Rx coil antennas.

e Examining a planar Rx coil antennas for biomedical implant application capable of
harvesting both the vertical and horizontal magnetic field distributions, with the

goal of mitigating all possible misalignment issues in biomedical implants.

e Further extension of this thesis work could involve examining the designed WPT

setup to a human trial for further verification of its performance.

8.2.2 Electromagnetic Compatibility (EMC) and Electromagnetic
Interference (EMI)

e An essential aspect of near-field WPT involves assessing how electromagnetic
interference from nearby equipment affects the operation of the Tx-Rx coil. Ensuring
that WPT performance remains unaffected by such interference makes this a crucial

area for future research.

8.2.3 Developing Artificial Designed Structure

e A promising avenue in advancing efficient and affordable near-field WPT systems is
the exploration of artificial materials, such as metamaterials. These materials have

the potential to streamline the operation of switching circuits and detection systems.
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