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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.



viii

Acronyms

2−D Two Dimensional

3−D Three Dimensional

AC Alternating Current

AM Amplitude Modulation

AR Axial Ratio

DSB-SC Double-Sideband Suppressed-Carrier

DSO Digital Storage Oscilloscope

EM Electromagnetic

EP Evolutionary Process

FDA Frequency-Divisional Approach

H-field Magnetic-field

HFSS High Frequency Structure Simulator

MPT Microwave Power Transfer

MRC Magnetic Resonance Coupling

NF Near-Field

PTE Power Transfer Efficiency

PU Percentage Uniformity

RMS Root Mean Square

Rx Receiver

Rxs Receivers

SNR Signal-to-Noise Ratio

TDA Time-Divisional Approach

TDM Time-Division Multiplexing

Tx Transmitter

Txs Transmitters

VNA Vector Network Analyzer

WPT Wireless Power Transfer



ix

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



x

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

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

1
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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.
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Implantable Neural Stimulation Applications

Charging Cardiac Pacemakers

Smart Arena for Experimentation

Wireless Capsule Endoscopy

Prosthetic Hands

Cochlear Implant

Retinal Prosthesis Implant

Figure 1.2: Potential applications of WPT in biomedical. [1, 2, 3, 4, 5, 6]
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Figure 1.3: Building block of near-field WPT system.

Figure 1.4: Losses associated with various research areas. [3]
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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 λ
50 . 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 λ
50 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

Y

XXX

YY

ZZZ

Transmitter Transmitter Transmitter

Perfectly aligned receiver Misaligned receiver

(a) (b) (c)

ITx ITx ITx

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 ITx, the resulting H-field distribution at the Rx plane is depicted in

Figure 1.6, which illustrates that the Hz component is present at the center of the Tx coil

but absent at the edges. In contrast, the maximum values of the Hx and Hy 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 Hz 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 θ = 45◦ as shown in Figure 1.7(b), the Rx coil captures both the Hy and Hz

components. Nonetheless, due to the absence of the Hy component at the center of the

Rx coil as depicted in Figure 1.6(b), only a reduced component of Hz 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 θ = 90◦ as presented in Figure 1.7(c), the Rx

attempts to harness only the Hy 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.

(a) (b) (c)

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 (Hx, Hy, Hz) 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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Figure 1.7: A simple case of angular misalignment between Tx and Rx (a) perfectly aligned
(θ = 45◦), (b) misaligned (θ = 0◦), (c) misaligned (θ = 90◦).
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Figure 1.8: Performance degradation under the misalignment cases (a) angular, (b) lateral.
[13]

ITx

(a) (b) (c)
X

Y
Transmitter

Z

H-field

ITx

Aligned 

receiver

X

Y
Transmitter

Z

𝜃

𝜃= 𝟒𝟓𝒐

Angular misaligned 

receiver

𝜃= 𝟎𝒐

X

Y
Transmitter

Z

𝜃

𝜃= 𝟗𝟎𝒐

(0, 0, h)

ITx

H-field

H-field

(d)
X

Y
Transmitter

H-field

ITx

𝜃= 𝟎𝒐

(0, 0, h)

(e)
X

Y
Transmitter

H-field

ITx

𝜃= 𝟎𝒐

(0, 0, h)

(f)
X

Y
Transmitter

H-field

ITx

𝜃= 𝟎𝒐

(0, 0, h)

(0, 0, h1)

Lateral misaligned 

receiver

Z Z ZLongitudinal 

misaligned receiver

(0, 0, h) (0, 0, h)

Figure 1.9: Possible solution for misalignment mitigation.
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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

(a) (e)

(c)(b) (d)

Uniform H-field

Non-uniform H-field

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]

(a) (b) (c) (d)

(e) (g) (h)

(h) (i) (j)

(k) (l) (m)

(f)

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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(a) (b) (c)

(d) (e)

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

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

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.

(a) (b) (c)

(d) (e) (f) (g) (h)

(i) (j) (k) (l) (m)

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 ✓ ✗ ✗ ✗ ✓ ✗ ✗

SO−2 ✓ ✓ ✗ ✗ ✓ ✓ ✗

SO−3 ✓ ✓ ✗ ✓ ✗ ✗ ✗

SO−4 ✓ ✓ ✓ ✓ ✓ ✓ ✓
SO−5 ✓ ✓ ✗ ✗ ✗ ✓ ✗

Note: ✓ denotes target achieved, ✗ 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-WPT 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 (Vind) 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 rTx, available turns NTx and carrying an instantaneous current i(t) at the coil’s

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

h(t) =
NTxi(t)

2rTx
. (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 rTx is considered as

the Tx antenna located at (xTx, yTx, zTx), as depicted in Figure 2.1. The Tx coil is excited

by a sinusoidal source, resulting in a current ITxe
jψ 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.

ITx is the peak value, and ψ 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, h). 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 (xr, yr, zr) at which the

H-field is determined. The relative distances and angle quantities (ρ, d, ϕt), as defined in

Figure 2.1, are obtained as

ρ =
√

(xr − xTx)2 + (yr − yTx)2, d = (zr − zTx),

ϕt = tan−1

[
(yr − yTx)

(xr − xTx)

]
.

 (2.2)

The peak value of orthogonal projections H ′
x, H

′
y, and H

′
z of the H-field vector along X,

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

Hρ =
ITxe

jψd

2πρ
√

(rTx + ρ)2 + d2

[
r2Tx + ρ2 + d2

(rTx − ρ)2 + d2
E(p)−K(p)

]
,

H ′
x = Hρ cosϕt, H ′

y = Hρ sinϕt,

H ′
z =

ITxe
jψ

2π
√

(rTx + ρ)2 + d2

[
r2Tx − ρ2 − d2

(rTx − ρ)2 + d2
E(p) +K(p)

]
.

(2.3)

Where K(p) and E(p) are defined as complete elliptic integrals of the first and second

kind, respectively, and p is calculated as
√

4rTxρ
(rTx+ρ)2+d2

. Thus, the total H-field components

generated at the Rx region due to NTx turns present in the Tx coil is given as

Hx(xr, yr, zr) =

NTx∑
j=1

H ′
x, Hy(xr, yr, zr) =

NTx∑
j=1

H ′
y, Hz(xr, yr, zr) =

NTx∑
j=1

H ′
z. (2.4)

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 STx, positioned

at (xTx, yTx, zTx) and carrying current ITxe
jψ, is further analytically modeled. This is

illustrated in Figure 2.2. The H-field generated at any arbitrary point Rx (xr, yr, zr) 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.

H ′
x =

ITxe
jψ

4π

4∑
k=1

{
(−1)k+1(zTx − zr)

qk(qk + Pk)

}

H ′
y =

ITxe
jψ

4π

4∑
k=1

{
(−1)k+1(zTx − zr)

qk(qk + (−1)k+1Qk)

}

H ′
z =

ITxe
jψ

4π

4∑
k=1

{
(−1)kPk

qk[qk + (−1)k+1Qk]
− Qk
qk[qk + Pk]

}
,

(2.5)

q1 =
√
P 2
1 +Q2

1 + (zTx − zr)2, q2 =
√
P 2
2 +Q2

2 + (zTx − zr)2,

q3 =
√
P 2
3 +Q2

3 + (zTx − zr)2, q4 =
√
P 2
4 +Q2

4 + (zTx − zr)2,

P1 = P2 =
STx
2

+ yr − yTx, P3 = P4 = −STx
2

+ yr − yTx,

Q1 = −Q4 =
STx
2

+ xr − xTx, Q2 = −Q3 =
STx
2

− xr + xTx.

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

in the Tx coil is given as

Hx(xr, yr, zr) =

NTx∑
j=1

H ′
x, Hy(xr, yr, zr) =

NTx∑
j=1

H ′
y, Hz(xr, yr, zr) =

NTx∑
j=1

H ′
z. (2.6)

The total H-field is defined as a vector summation of these evaluated H-field components

and given as H⃗ = Hxx̂ + Hyŷ + Hz ẑ. 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]

h⃗(t) = Re{H⃗ejωt} = hx(t)x̂+ hy(t)ŷ + hz(t)ẑ. (2.7)

Here, ω 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 Vind obtained at the Rx is defined by

Faraday’s law of electromagnetic induction as the rate of change of flux linkage as

Vind(t) = −Nr
dΦ(t)

dt
. (2.8)

Here, Nr is the turns present in the Rx coil and Φ is the magnetic flux defined as a dot

product of the magnetic flux density B⃗ and the Rx area vector A⃗ i.e. Φ(t) = ⃗B(t).A⃗ =

µo ⃗h(t).A⃗, µo is the permeability of free space. The Rx area vector is given by A⃗ =

Axî + Ay ĵ + Azk̂ where Ax = A sin θr cosϕr, Ay = A sin θr sinϕr, and Az = A cos θr, 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

Vind(t) = −Nrµo
d

dt

[
hx(t)Ax + hy(t)Ay + hz(t)Az

]
. (2.9)

Here, hx(t), hy(t), hz(t) are the instantaneous magnetic field components as defined in

(2.7). Thus, the Root Mean Square (RMS) value of Vind, Vr is evaluated using the

expression

V 2
r = 2f

[ ∫ 1
2f

o
V 2
ind(t)dt

]
(2.10)

Here, f is the operating frequency in Hertz.

2.3 Coil Design Parameters of a Conventional Circular Coil

Once the Vr 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 (Rac). Therefore, to

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

Mutual inductance

The Vind in the Rx coil determines the mutual inductance (M) between the Tx and the

Rx coils, when Tx carrying a peak current of ITx and calculated using Faraday’s law of

electromagnetic induction as [100]

M =
Vind
ωITx

(2.11)

Self-inductance of the multi-turn coil

The total self inductance (L) of a multi-turn coil having a total NTx turns is determined

by summation of self inductance Lm of individual mth turn and mutual inductance Mmn

between each pair of mth and nth turns. In this manner, L is defined as

L =

NTx∑
m=1

Lm +

NTx∑
m=1

NTx∑
n=1

Mmn (2.12)

and the Lm and Mmn are calculated using [101]

Lm = µorm

[
ln

(
16rm
w

)
− 2

]
Mmn = µo

√
rmrn

2

γ

[(
1− γ2

2

)
K(γ)− E(γ)

]
.

(2.13)

Here, Rm and Rn are the radius of mth and nth turns, w denotes the strip width of the

printed coil, and γ= 2
√
rmrn/(rm + rn).
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Parasitic capacitance between different turns of a coil

The parasitic capacitance (Ct) between two adjacent turns of a coil is composed of two

different capacitances that exist between the air (Cair) and the substrate (Csubs) of a

printed circuit board (PCB) [102] , which is defined as

Ct = Cair + Csubs ≈ (αεair + βεsubs)ε0
t

g
lg. (2.14)

Where lg is the air gap length, t is the thickness of track strip, g is the separation between

adjacent tracks, α = 0.9 and β = 0.1 are the constants for air (ϵair = 1) and FR4 substrate

(ϵsubs = 4.4).

Resistance of a multi-turn coil

Total DC resistance of a multi-turn coil is defined as RDC=
lc
σa . Where, σ is the

conductivity of material, lc 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 Rac of a

coil is given by [103]

Rac = Rskin +Rprox, (2.15)

where, Rskin and Rprox represents resistances due to skin and proximity effects,

respectively, and determined by [102, 103]

Rskin =
t

δ(1− e−
t
δ )
RDC ,

Rprox =
1

10
RDC

(
ω

ωcrit

)2

,

ωcrit =
3.1

µ0

s+ w

w2
Rsheet.

(2.16)

Here, δ is the skin depth defined as
√
2/(µoωσ), ωcrit is the critical angular frequency at

which current crowding becomes significant, µ0 is the permeability of air, and Rsheet 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

|S21|2 can be formulated as [104]

S21 =
j2ωM

√
RsRl

(R1 +Rs)(R2 +Rl) + (ωM)2
, (2.17)

where, R1, R2 are the parasitic resistances of the Tx and the Rx coils and Rs, Rl are the

source and load resistances, respectively.

By substituting M from (2.11) in (2.17), we obtain

S21 =
j2VindITx

√
RsRl

I2Tx(R1 +Rs)(R2 +Rl) + V 2
ind

. (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 rTx, number of turns NTx, and instantaneous current excitations ix(t), iy(t) and

iz(t) with peak amplitude IxTx, I
y
Tx and IzTx, respectively. The Tx coils are arranged

orthogonally in space to generate three orthogonal H-field components with peak value

Hx, Hy, and Hz and having instantaneous value of hx(t), hy(t), and hz(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 Nr, and inclination angles θr and ϕr 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

hx(t) =
NTxix(t)

2rTx
, hy(t) =

NTxiy(t)

2rTx
, hz(t) =

NTxiz(t)

2rTx
. (3.1)

Hence, the resultant H-field vector h⃗(t) generated at the Rx is given by h⃗(t) = hx(t)x̂ +

hy(t)ŷ+hz(t)ẑ which induces a voltage Vind in the Rx coil defined as (2.9). By substitution

25
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rTx

𝜃r

𝜙r

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

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

coils as

Vind(t) =−
(
NTxNrµoA

2rTx

)
d

dt

[
ix(t) sin θr cosϕr + iy(t) sin θr sinϕr + iz(t) cos θr

]
. (3.2)

The Vind 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 Vind, Vr,

before rectification at the Rx. Hence, to achieve an optimal PTE, the Vr is the ultimate

parameter to be enhanced. It is observed from (3.2) that the current excitations ix(t),

iy(t), and iz(t) in the Tx coils along with the Rx coil orientation θr and ϕr determine Vr

value. Moreover, it is apparent from (3.1) that due to the time varying excitation currents,

the h⃗(t) varies in time and has a time varying vector direction. Hence, the trajectory of

the tip of the vector h⃗(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 h⃗(t) may result in a maximum PTE for a specific

inclination θr and ϕr 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 IxTx and IyTx, and phase difference ∆ψ), 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 ∆ψ = nπ 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 IxTx = IyTx.

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

𝜙r (deg)𝜃r (deg) 𝜙r (deg)𝜃r (deg) 𝜙r (deg)𝜃r (deg)

Figure 3.3: Induced voltage variation due to 2−D polarized H-fields (a) Linear (b) Circular
(c) Elliptical.

shows that the Vr varies with both θr and ϕr. For IxTx = IyTx and the phase difference

(∆ψ) between the sources are ∆ψ = (12 + n)π, 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

ϕr but restrict inclination θr = 90◦ for a maximum Vr. Figure 3.3(b) shows Vr variation for

the circular polarization, and proves that the induced voltage is invariant in ϕr but varies

with θr. Similarly, for IxTx ̸= IyTx and ∆ψ = (12 + n)π, the H-field is elliptically polarized

as shown in Figure 3.2(c) for IxTx= 1A and IyTx = 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 ϕr, this can be verified by the corresponding Vr result shown

in Figure 3.3(c).

Since iz(t) = 0 for 2−D polarization, we derive from (3.2) that Vind reduces to zero

for θr = 0◦. Therefore, we conclude that by generating the 2−D polarized H-field, the



CHAPTER 3. ROTATING MAGNETIC FIELD FORMING TRANSMITTERS 28

orientation problem in θr 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

ix(t) = IxTx[(1−m) +m cos(ωmt)] cos(ωct+ ψc),

iy(t) = IyTx[(1−m) +m cos(ωmt+ ψm)] cos(ωct+ ψc),

iz(t) = IyTx cos(ωct),

 (3.3)

where, m is the modulation index (0≤m≤1), ωm is the angular modulating frequency

(2πfm rad/sec), ωc is the angular carrier frequency (2πfc rad/sec) here fm = 500Hz and

fc = 6.78MHz, ψm and ψc are the phase difference in the modulating and the carrier

signals, respectively. To generate AM signal efficiently, the frequencies should satisfy

ωc >> ωm. 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 IxTx = IyTx = IzTx, m = 1, 0 < ψc ≤ π/6,

and 0 < ψm ≤ π/2, in (3.3), a drum shaped 3−D polarized H-field is realized at the Rx

location. The resultant H-field trace for ψc = ψm = π/4 and IzTx = 1 A is shown in

Figure 3.4(a).

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

Spherical 3-D polarization

For excitation conditions IxTx = IyTx = IzTx, m = 1, ψc = ψm = π/2, a spherically polarized

H-field is generated at the Rx as depicted in Figure 3.4(b) for IzTx = 1 A. This excitation is

same as DSB-SC case presented in [18, 19] to generate spherically rotating H-field vector.



CHAPTER 3. ROTATING MAGNETIC FIELD FORMING TRANSMITTERS 29

Ellipsoidal 3-D polarization

To generate an ellipsoidally polarized H-field, the conditions for excited AM signals are

m = 1, ψm = π/2, ψc = π/2, and except IxTx, I
y
Tx, I

z
Tx are not equal. Figure 3.4(c) presents

an example of an ellipsoidal polarization for IxTx = 1.2 A, IyTx = 1.4 A, and IzTx = 0.82

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 ix(t), iy(t), and iz(t) defined in (3.3), the Vind

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

Vind(t) =−
(
NTxNrµoA

2rTx

)
d

dt

[
IxTx[(1−m) +m cos(ωmt)] cos(ωct+ ψc)sin θrcosϕr + IyTx[(1−m)+

m cos(ωmt+ ψm)] cos(ωct+ ψc)sin θrsinϕr + IzTx cos(ωct)cos θr

]
.

(3.4)

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

Vind(t) =

(
NTxNrµoA

2rTx

)[
IxTx[(1−m)ωc sin(ωct+ ψc) +

m

2
(ωc + ωm) sin((ωc + ωm)t) +

m

2
(ωc − ωm)

sin((ωc − ωm)t)]sin θrcosϕr + IyTx[(1−m)ωc sin(ωct+ ψc) +
m

2
(ωc + ωm) sin((ωc + ωm)t+

(ψc + ψm)) +
m

2
(ωc − ωm) sin((ωc − ωm)t+ (ψc − ψm))]sin θrsinϕr + IzTx sin(ωct)cos θr

]
.

(3.5)

RMS value of Vind, Vr is evaluated using (2.10) considering f = fm, where fm = ωm
2π is

the fundamental frequency of the induced voltage. By solving (3.5) and (2.10), the square

of Vr in the Rx is formulated as (3.6). The steps to obtain (3.6) are omitted here for

V 2
r =

(
NTxNrµoA

2rTx

)2 [
(IxTx)

2(ω2
c
(1−m)2

2
+
m2

4
(ω2
c + ω2

m))sin2 θrcos
2 ϕr + (IyTx)

2(ω2
c
(1−m)2

2
+
m2

4

(ω2
c + ω2

m))sin2 θrsin
2 ϕr +

(IzTx)
2

2
ω2
ccos

2 θr + IxTxI
z
Tx(1−m)ω2

c
cosψc

2
sin θrcos θrcosϕr + IyTxI

z
Tx

(1−m)ω2
c
cosψc

2
sin θrcos θrsinϕr + IxTxI

y
Tx(ω

2
c
(1−m)2

2
+
m2

2
(ω2
c + ω2

m)cosψm)sin2 θrcosϕrsinϕr

]
.

(3.6)

brevity. It is apparent that the expression of Vr is consisting of θr and ϕr dependent

terms, and excited AM signal parameters. Therefore, the Vr 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 Vr for 3−D polarization cases, i.e., drum,

spherical, and ellipsoidal are now analyzed. For the drum-shaped polarization, the
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corresponding excitation current parameters provided in Chapter 3.1.1 are substituted

in (3.6) and the corresponding RMS induced voltage V D
r is obtained as

(V D
r )2 =

(
NTxNrµoAI

z
Tx

2rTx

)2 [
1

4
(ω2
c + ω2

m)sin2 θr +
1

2
ω2
ccos

2 θr +
1

2
(ω2
c + ω2

m)cosψmsin2 θrcosϕrsinϕr

]
.

(3.7)

The expression shows that the V D
r varies with θr and ϕr. The V D

r 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 θr and ϕr. Hence, the WPT performance is not consistent in case

𝜙r (deg)𝜃r (deg) 𝜙r (deg)𝜃r (deg) 𝜙r (deg)𝜃r (deg)

Figure 3.5: The Vr 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 S
r for this case is obtained as

(V S
r )

2 =

(
NTxNrµoAI

z
Tx

2rTx

)2 [
1

4
(ω2
c + ω2

m)sin2 θr +
1

2
ω2
ccos

2 θr

]
(3.8)

which shows that V S
r becomes independent of ϕr, however, it still varies with θr. The

calculated V S
r corresponding to the polarization is shown in Figure 3.4(b) is plotted in

Figure 3.5(b) demonstrating that the V S
r 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 Vr should be independent of θr as well as ϕr. 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

as m = 1, ψm = π/2, ψc = π/2, and except IxTx, I
y
Tx, I

z
Tx are not equal. These parameter

values are substituted in (3.6) and the Vr for ellipsoidal polarization is given by

(V Er )2 =

(
NTxNrµoA

2rTx

)2 [
(IxTx)

2

4
(ω2
c + ω2

m)sin2 θrcos
2 ϕr +

(IzTx)
2

4
(ω2
c + ω2

m))sin2 θrsin
2 ϕr

+
(IzTx)

2

2
ω2
ccos

2 θr

]
.

(3.9)
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This can be inferred by analyzing the ellipsoidal polarization presented in Figure 3.4(c)

whose corresponding Vr calculated using (3.9) is shown in Figure 3.5(c). By comparison,

Figure 3.5 reveals that the variation in the Vr 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 Vr independent of θr and ϕr. 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 IxTx = kI, IyTx = kI, IzTx = I

satisfying the amplitude condition for ellipsoidal case, where amplitude factor k is

a parameter of optimization. This reduces the Vr expression of (3.9) for ellipsoidal

polarization to

(V Er )2 =

(
NTxNrµoAI

2rTx

)2 [
1

4
(ω2
c + ω2

m)k2sin2 θr +
1

2
ω2
ccos

2 θr

]
. (3.10)

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

independent of ϕr. Further, the expression is rearranged to

(V Er )2 =

(
NTxNrµoAI

2rTx

)2 [
1

4
((ω2

c + ω2
m)k2 − 2ω2

c )sin
2 θr +

1

2
ω2
c

]
. (3.11)

To obtain the Vr independent of θr, the initial terms in (3.11) should vanish, this evolves

the condition on amplitude factor k as

(ω2
c + ω2

m)k2 − 2ω2
c = 0, ⇒ kopt =

√√√√ 2

1 +
(
ωm

ωc

)2 . (3.12)

The optimal amplitude factor kopt is determined by (3.12) which is depending solely on

frequencies of the AM signal. In our case, since ωc >> ωm for the AM signal, the optimal

amplitude factor can be approximately obtained as kopt =
√
2. 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 IxTx =
√
2I, IyTx =

√
2I, IzTx = I and other parameters must have values m = 1, ψm = π/2,

ψc = π/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 σVr of Vr with

respect to θr and ϕr 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 = IzTx,m, ψm and ψc and the desired objective function with constraints
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is defined,
minimize
k,I,m,ψc,ψm

σVr(k,I,m,ψc,ψm)

subject to 0 ≤ k ≤ 2, 0 ≤ m ≤ 1,

0 ≤ I ≤ I0, Vr = V0,

0 ≤ ψc ≤ π/2, 0 ≤ ψm ≤ π/2

(3.13)

where I0 = 2A is the current amplitude limit for IzTx (correspondingly limiting the

amplitudes of IxTx and IyTx), V0 is the desired mean Vr of Vr averaged over θr and ϕr. A

parametric study is performed to analyze variation of σVr with the optimization parameters

k, I, m, ψc and ψm.

Parametric study result

The variation of σVr 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 σVr versus k for various
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Figure 3.6: Parametric results for varying the optimization variables.

values of m and IzTx for a particular ψc = ψm = π/2. The plot shows that a minimum

(close to zero) σVr 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 ψc,

however, the minimum value of σVr increases with lower ψc. The same is noted for ψm

variation from Figure 3.6(d) and (f) that the minima of σVr rises when ψm is reduced.

Furthermore, by comparing the results of Figure 3.6(e) and (f), we infer that σVr does
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not attain a minima if ψc and ψm are less than π/2. This suggests that ψc = ψm = π/2

represents the optimal solution to minimize the σVr .

To analyze the effect of IzTx, we note from (3.10) that Vr varies linearly with IzTx, the

dependency is shown in Figure 3.7 in terms of σVr and Vr. The optimized parameter

𝑰𝑻𝒙
𝒛

Figure 3.7: Variation of V r and σVr with respect to IzTx.

values for this result are set as k =
√
2, m = 1, and ψm = ψc = π/2. It is observed that

Vr and σVr both increase with IzTx, however, the increment in σVr is negligibly small in

µV and still attains a minima to fulfill the objective function. Therefore, the choice of

parameter IzTx depends only on the Vr requirement.

In this study, for a fair comparison of the polarization schemes, V0 = 9.3 mV is chosen

which corresponds to the Vr of the spherically polarized field shown in Figure 3.5(b). To

achieve the same Vr(= V0 = 9.3 mV) for the proposed optimal ellipsoidal polarization, the

corresponding amplitude parameter is calculated from Figure 3.7 as I = IzTx = 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 σVr =

0.01 mV and V r = 9.3 mV. The optimized parameter values are revealed as k = 1.463,m =

0.965, IzTx = 0.87 A, ψc = 1.481 rad and ψm = 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 Vr 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 Vr with θr and ϕr implying mitigation of angular misalignment problem.

To compare the performance of various 3−D polarizations, respective V r and σVr are

calculated with respect to θr and ϕr. In addition, to compare peak variation in Vr, the
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r r

Figure 3.8: Optimized ellipsoidally polarized H-field and corresponding Vr variation.

difference between maximum to minimum Vr value is found as Vmax − Vmin. 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 Vmax − Vmin (mV) V r (mV) σVr (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

Vmax − Vmin 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 Vr for the

three cases. In addition, the σVr 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 Vmax−Vmin=
0.013 mV and σVr= 0.003 mV, proving that the Vr variation is minimum in the proposed

case. For a fair comparison, V r= 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 Vr with θr for various

r r

rr

rr

rr

Figure 3.10: Simulation results of the spherical and optimized ellipsoidal polarizations.

values of ϕr. The simulated results corroborate the analytical results of Figure 3.5(b) and

Figure 3.8(b) and demonstrate that, for the same Vr, the spherical H-field polarization

has a high variation in Vr 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 Vr 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 (rTx = 50 mm and NTx = 10) made of litz wire, which contain

25 strands of 47 gauges. Using the same wire, the Rx coil (rr = 3 mm and Nr = 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 Ω and 26.22

µH for each Tx coil and 1.69 Ω and 24.19 µH 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 Vr 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 Vr of the Rx coil is measured

using DSO-B. Figure 3.12 plots the normalized Vr recorded for various orientations of

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

r

r

rr

Figure 3.12: Measured result for angular misalignment (a) ϕr= 0◦ (b) ϕr= 90◦.

data and verify the performance of proposed scheme. For comparison, σVr is evaluated

for ϕr= 0◦ and ϕr= 90◦ for spherical and ellipsoidal polarizations. Figure 3.12, the

σVr 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 Vr 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

hx(t) = Hx cos(ωmt) sin(ωct),

hy(t) = Hy sin(ωmt) sin(ωct),

hz(t) = Hz cos(ωct).

 (3.14)

Here, the peak amplitudes Hx, Hy and Hz 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
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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 ∀i ∈ [1, 5] has location

(xiTx, y
i
Tx, z

i
Tx) and radius riTx 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 hz(t) field at the Rx location. Whereas to produce hx(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 hx(t) component at the Rx location (0, 0, h) from Fleming’s right-hand rule.

Similarly, coil−4 and coil−5 produce the hy(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 Vind is analyzed subsequently.

3.2.1 Condition for Generating Optimal 3-D Polarization

For the scenario shown in Figure 3.13, the Vind 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 Vind formulation as

Vind(t, θr, ϕr) =−Nrµo

[
HxAx

2

(
(ωc + ωm) cos((ωc + ωm)t) + (ωc − ωm) cos((ωc − ωm)t)

)
+
HyAy

2(
(ωc + ωm) sin((ωc + ωm)t)− (ωc − ωm) sin((ωc − ωm)t)

)
−HzAzωc sin(ωct)

]
.

(3.15)

It is noted from (3.15) that the Vind solution is a function of the Rx orientation (θr, ϕr). To

completely mitigate the angular misalignment problem, the Vind should be independent of

θr and ϕr. To analyze this, the Vind for various orientations of the Rx coil is investigated.

For θr = 0◦ & ϕr = 0◦

This case corresponds to perfectly aligned Rx (Ax = Ay = 0 and Az = A) which is coplanar

to the Tx. Under this condition only hz(t) contributes to the Vind in the Rx coil, hence,

using (3.15), it is derived as

Vind(t, 0°, 0°) = NrµoHzAωc sin(ωct). (3.16)

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

perfectly aligned Rx case (V z
r ) is evaluated as

V zr =
NrµoHzA

2

√
2ω2

c . (3.17)

For θr = 90◦ & ϕr = 0◦

For this case, the area projections have values Ax = A, Ay = Az = 0 and only hx(t)

contributes to the Vind(t) which is determined from (3.15) as

Vind(t, 90°, 0°) =− NrµoHxA

2

[
(ωc + ωm) cos((ωc + ωm)t) + (ωc − ωm) cos((ωc − ωm)t)

]
. (3.18)

The RMS value for this case, V x
r , is evaluated using (2.10) in (3.18) by assuming ωc = nωm,

where n is an integer and obtained as

V xr =
NrµoHxA

2

√
(ω2
c + ω2

m). (3.19)

For θr = 90◦ & ϕr = 90◦

Similar, for this case, the area projections are Ax = 0, Ay = A, and Az = 0 and only hy(t)

contributes to the Vind(t) and found using (3.15)

Vind(t, 90°, 90°) =− NrµoHyA

2

[
(ωc + ωm) sin((ωc + ωm)t)− (ωc − ωm) sin((ωc − ωm)t)

]
. (3.20)

The RMS value for this case, V y
r , is obtained by using (2.10) and (3.20) as

V yr =
NrµoHyA

2

√
(ω2
c + ω2

m). (3.21)
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To eliminate the θr and ϕr dependency of Vr, the expressions (2.10), (3.19), and (3.21)

are equated to each other so that the Vr is equal in all the three orientations. By solving

this the optimal H-field condition obtained are

Hx = Hy = Hz

√
2ω2

c

(ω2
c + ω2

m)
. (3.22)

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

Hz ̸=Hx and Hz ̸=Hy. 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 (riTx), number of turns (N i
Tx), strip width (wiTx) and spacing between the turns

(giTx) for coil-i ∀i ∈ [1, 5] are optimized in accordance to the formulated problem defined

as
Maxmize

riTx,N
i
Tx,w

i
Tx,g

i
Tx

S21(riTx, N
i
Tx, w

i
Tx, g

i
Tx)

subject to

r1Tx ≤ 70 mm, r2Tx, r
3
Tx, r

4
Tx, and r

5
Tx ≤ 29 mm,

Hx = Hy = Hz

√
2ω2

c

(ω2
c + ω2

m)
, and

(
ωcL− 1

ωcC

)
> 0. (3.23)

Here, r1Tx 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 Hx

and Hy that the optimized coils 2 − 5 will generate, the coil−1 alone is able to generate

sufficient Hz 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 Hx = Hy in (3.22), the coils 2-5 must be identical,

therefore, their design parameters are also same and considered as r2Tx, w
2
Tx, g

2
Tx, and N

2
Tx.

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 g2Tx for various values of N2
Tx, where
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Figure 3.14: Parametric study for optimizing parameters of proposed Tx coil 2 − 5.
Normalized S21 versus (a) g2Tx, (b) w

2
Tx, (c) N

2
Tx, and (d) r2Tx.

w2
Tx = 0.5 mm and r2Tx = 29 mm. The result shows that a maximum S21 is achieved at

the optimized values g2Tx = 1.5 mm and N2
Tx = 11. Figure 3.14(b) shows variation of S21

versus w2
Tx for different values of N2

Tx when g2Tx = 1.5 mm and r2Tx = 29 mm. This result

indicates that the maximum S21 is achieved for a minimum w2
Tx and at N2

Tx = 11. Due

to the fabrication limits of the available PCB prototyping machine, the minimum possible

w2
Tx = 0.5 mm is selected. Similarly, Figure 3.14(c) illustrates the S21 variation with N2

Tx

for different values of r2Tx at w2
Tx = 0.5 mm and g2Tx = 1.5 mm. This plot shows that the

S21 is optimized for r2Tx = 29 mm and N2
Tx = 11 is chosen because the increment in S21

is almost constant beyond N2
Tx > 11. Figure 3.14(d) describes the variation of S21 versus

r2Tx for different values of g2Tx while w2
Tx = 0.5 mm and N2

Tx = 11. The result indicates

that the maximum S21 is achieved for r2Tx = 29 mm and g2Tx = 1.5 mm. Corresponding

to these optimized parameters of the coils 2 − 5 as r2Tx = 29 mm, N2
Tx = 11, w2

Tx = 0.5

mm, and g2Tx = 1.5 mm, the values of Hx and Hy are obtained using (2.3) at the Rx
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location as Hx = Hy = 11.46 A/m. To satisfy the optimal field condition of (3.22), the

required Hz field is calculated to be 8.10 A/m. To generate this Hz field, the coil−1 is

optimized by allowing 1% variation in the analytically obtained Hz 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) g1Tx, (b) w

1
Tx, and (c) r1Tx for various N1

Tx.

of S21 versus g1Tx for different values of N1
Tx, where w1

Tx = 1.2 mm, and r1Tx = 59

mm. This plot indicates that the optimized ellipsoidal H-field condition is satisfied for

g1Tx = 18.4 mm and N1
Tx = 3. Figure 3.15(b) includes variation of S21 versus w1

Tx for

different values of N1
Tx indicating the optimized ellipsoidal H-field condition achieved for

w1
Tx = 1.2 mm and N1

Tx = 3. Similarly, Figure 3.15(c) shows that the maximum S21 and

the optimized ellipsoidal H-field condition both are simultaneously achieved for r1Tx = 59

mm and g1Tx = 18.4 mm. The parameters resulted from the complete parametric study

of coil-1 results in Hz = 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 riTx(out) and r
i
Tx(in) respectively, is summarized in Table 3.2.

Table 3.2: Optimized coil parameters of the proposed antenna

Coil riTx(out) (mm) riTx(in) (mm) N i
Tx wiTx (mm) giTx (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 Hz component is present at the Rx

location. In contrast, coils 2 − 3 forms Hx, as shown in Figure 3.16(b). Similarly, Hy

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

Vind in the Rx coil. Figure 3.17 shows the polarization study and variation of Vr under

Figure 3.17: Analyzing proposed Tx (a) 3−D ellipsoidally polarized H-field and (b) Vr
variation in the misaligned Rx coil having orientation (θr, ϕr).

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 Vr variation for

different θr and ϕr 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 ϵr = 4.4, loss tangent tanδ = 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
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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 Hx = 11.37 A/m, Hy = 11.37 A/m, and Hz = 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 Ω) 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 7.5 + j55.97 7.7 + j55.93 1.72 + j5.1

to resonate the proposed Tx and the Rx coils at the system operating frequency are

evaluated as Cport1reso = 1.75 nF, Cport2reso = 0.21 nF, Cport3reso = 0.21 nF, and CportRxreso = 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 Vr is measured at the Rx port using

Keysight Digital Storage Oscilloscope (DSOX2022A). Here, the function generator-A

Digital Storage 

Oscilloscope- B 

Digital Storage 

Oscilloscope- A 

Arbitrary 

Function 

Generator- A Arbitrary 

Function 

Generator- B 

Tx coil 

Rx coil 

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 Vr at the Rx coil is measured using DSO-B. Figure 3.22 shows the measured
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Figure 3.22: Measured Vr in the Rx for angular misalignment (a) ϕr = 0◦ (b) ϕr = 90◦.

result of Vr 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 (σVr) in the Vr for the literature design is 0.2247 V in all the orientations,

whereas, for the proposed Tx, σVr is 0.0034 V. The Vr 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 Vr compared to the literature design. The link efficiency of the

proposed system, when the Rx coil is aligned in θr= ϕr= 0◦, is 17.10% for the resistances

of the Tx coil−1 and Rx coil evaluated as 0.97Ω and 1.64Ω, 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 S21 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 (θr, ϕr) orientation as demonstrated in Figure 3.23. All the antennas are

𝜃r

𝜙r

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., Ez generated by shower−1, Ey by the shower−2,

and Ex 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

vx(t) = Vx cos(ωmt) sin(ωct),

vy(t) = Vy sin(ωmt) sin(ωct),

vz(t) = Vz cos(ωct).

(3.24)

where Vx, Vy, and Vz are the peak amplitudes of the excitation voltages, ωm is the

modulating angular frequency (2πfm rad/sec), ωc is the carrier angular frequency (2πfc

rad/sec), here fm = 10MHz and fc = 5.8GHz. The E-field orthogonal vector components

(Ex, Ey and Ez) 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 (E⃗) 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 (ϵr = 4.4, tan δ = 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(Gf ) Inset length(Lf ) Feed Width(Wf )

11.757 15.73 0.6 3.87 3.1

antenna is given in [105] as

E⃗ =
K0hWE0

πr
e−jk0r

(
sin k0h/2

k0h/2

)
n̂. (3.25)

From our previous study, a 3−D ellipsoidal polarization (Vx = Vy =
√
2Vz) 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 (Pr) by the dipole antenna

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

is evaluated by first calculating the induced voltage as Vind = E⃗ · l⃗ from the inset of

Figure 3.23 by considering a uniform field intensity along the dipole due to far-fields. The

received Pr 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 HFSS 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 Pr measured in the output load are compared in

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

S21 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: Examine 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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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

51
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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 iz(t) to produce theHz. 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 ix(t) flows in opposite circulations through these coils, hence,

their constructive interference generates Hx 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 iy(t) to generate Hy component.

Hence, a total five spatially distributed coils labeled as Coil−i are present each having

radius riTx, available turns N i
Tx, strip width wiTx, spacing between the turns giTx and

located at (xiTx, y
i
Tx, z

i
Tx), 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, Sw1

and Sw2 to realize three states, as depicted in Figure 4.1, respectively generating Hz, Hx,

and Hy 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 Sw1 and Sw2 along

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

hX(t)

hy(t)

hz(t)

Sw1= OFF and 

Sw2= OFF

Sw1= ON

Sw1= OFF and 

Sw2= ON

t

t

t

T1

T2

T3
Ts

Coil-2-3

Coil-4-5

Coil- 1

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

ON for T1 duration generating hx, the Coils 4− 5 for T2 duration generating hy, and the

Coil−1 for T3 duration to generate hz. The switching states for the three time slots are:
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Sw1 = OFF and Sw2 = ON during T1, Sw1 = OFF and Sw2 = OFF for T2 duration, and

for T3 switching duration, Sw1 = ON independent of the Sw2 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 ≤ Ts, where Ts = T1 + T2 + T3, for the sinusoidal source can be

formulated by using unit step function u(t) as

h⃗(t) =Hx cos(ωt)[u(t)− u(t− T1)]x̂+Hy cos(ωt)[u(t− T1)− u(t− (T1 + T2))]ŷ +Hz cos(ωt)

[u(t− (T1 + T2))− u(t− (T1 + T2 + T3))]ẑ.

(4.1)

Here, Hx, Hy, and Hz 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 Vind is

obtained by substituting (4.1) into (2.9) as

Vind(t, θr, ϕr) =−Nrµo
d

dt

[
HxAx cos(ωt)[u(t)− u(t− T1)] +HyAy cos(ωt)[u(t− T1)

− u(t− (T1 + T2))] +HzAz cos(ωt)[u(t− (T1 + T2))− u(t− (T1 + T2 + T3))]

]
.

(4.2)

Since the average power delivered to the load directly depends upon the RMS value Vr of

the Vind and evaluated using (2.10) as

Vr =

√
1

Ts

∫ Ts

o

V 2
ind(t, θr, ϕr)dt. (4.3)

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

V 2
r results in

V 2
r =

(NrµoA)
2

2Ts

[
H2
xT1 sin

2 θr cos
2 ϕr +H2

yT2 sin θ
2
r sin

2 ϕr +H2
zT3 cos

2 θr

]
. (4.4)

To note from (4.4) that the V 2
r is a function of the Rx orientation (θr, ϕr). To obtain the

V 2
r independent of θr and ϕr, the following field constraint must to be satisfied

H2
xT1 = H2

yT2 = H2
zT3 (4.5)

which simplifies (4.4) into a constant V 2
R as

V 2
r =

(NrµoA)
2H2

xT1
2Ts

. (4.6)

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 (T1, T2, and T3) for a given H-field distribution generated by any arbitrary

antenna which can form orthogonal H-field components (Hx, Hy, and Hz). The switching

periods should be controlled such that the product of the squared H-field component with

corresponding switching duration, i.e., H2
xT1, H

2
yT2, and H2

zT3, 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 (T1 ̸= T2 ̸= T3), the antenna must be designed to generate optimal

unequal H-field satisfy (4.5) to give Hx ̸= Hy ̸= Hz. 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. T1 = T2 = T3 =
Ts
3 , 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 Hx = Hy = Hz 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

T1 =T2 = T3 =
Ts
3
, Hx = Hy = Hz, (4.7)

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

Vr =
NrµoAHz√

6
. (4.8)

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

4.1.2 Optimization of Proposed Antenna

The proposed Tx antenna as modelled in Figure 4.1 is optimized to obtain a maximum

S21 between the Tx and Rx antennas. As defined in (2.18), the S21 depends upon various

design parameters such as riTx, N
i
Tx, g

i
Tx, and w

i
Tx. The formulated objective function for

the proposed antenna design is defined as

max
riTx,N

i
Tx,g

i
Tx,w

i
Tx

S21(riTx, N
i
Tx, g

i
Tx,

i
Tx )

subject to

r1Tx ≤ 70mm, r2Tx, r
3
Tx, r

4
Tx, and r

5
Tx ≤ 29mm,

Hx = Hy = Hz, 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 r1Tx 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 (XL−XC), where

XL and XC 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 rr = 10 mm,

turns Nr = 6, gr = 0.5 mm and wr = 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 (Hx & Hy) generated by the corresponding coils

are always inferior to the Hz 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 Hx = Hy, the double dumbbell coils, Coils 2 − 5, are

symmetrically identical and share the same values of the design parameters riTx, N
i
Tx,

giTx and wiTx. Therefore, only the Coil−2 notations suffice to present the parametric

analysis. The normalized S21 variation within time-slot T1 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 r2Tx for

various g2Tx values when w2
Tx = 0.5 mm and N2

Tx = 11. The plots indicate that the S21

increases with r2Tx, however, near lower r2Tx values, the S21 is intentionally substituted

to zero due to space limitation confronted for maintaining N2
Tx = 11 in case of higher

g2Tx values. Hence, the maximum S21 is obtained for r2Tx = 29 mm and g2Tx = 1.5 mm.

The parametric study for the S21 versus w2
Tx is presented in Figure 4.3(b) showing a
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decaying S21 with w2
Tx for various values of N2

Tx and g2Tx = 1.5 mm and r2Tx = 29 mm.

For higher values of N2
Tx, since the coil becomes capacitive, the S21 is substituted to zero

to satisfy the reactance constraint of (4.9). The result suggests to prefer a minimum w2
Tx

and N2
Tx = 11 to maximize the S21. A minimum possible w2

Tx = 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 g2Tx for various N2
Tx and

w2
Tx = 0.5 mm and r2Tx = 29 mm. The plots illustrate the existence of the particular

optimal g2Tx and N2
Tx for which the S21 is maximized as g2Tx = 1.5 mm and N2

Tx = 11.

Furthermore, Figure 4.3(d) exhibits the S21 variation with N2
Tx for various r2Tx showing

an increasing S21 value with higher N2
Tx and r2Tx. The abrupt drops visible in the plots at

higher N2
Tx are due to infeasibility of inserting too many turns within a limited dimension

of the coil. This concludes that optimal S21 is achieved for r2Tx = 29 mm, N2
Tx = 11,

g2Tx = 1.5 mm, and w2
Tx = 0.5 mm. Using these optimized parameters of the Tx Coils

2 − 5 in the field formulation of (2.3) gives the calculated values Hx = Hy = 11.46 A/m

for ITx = 1 A.

To generate an equal Hz by the Tx Coil-1 within time-slot T3 to satisfy the equal field

constraint of the objective (4.9), the design parameters r1Tx, N
1
Tx, g

1
Tx, and w1

Tx are

optimized. The Tx Coil−1 parameters which achieve objective (4.9) with Hz formed

within 1% of Hx = 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 S21 versus g1Tx for various N1
Tx and r1Tx = 46
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Figure 4.4: Parametric study of the axial Coil−1 of the proposed antenna.

mm and w1
Tx = 0.6 mm. The figure is maximized where the equal field constraint is

satisfied at g1Tx = 4.9 mm and N1
Tx = 4. Figure 4.4(b) shows the variation of S21 with

w1
Tx for various N1

Tx values and by setting r1Tx = 46 mm and g1Tx = 4.9 mm. The plot

indicates that the equal H-field constraint is achieved for w1
Tx = 0.6 mm and N1

Tx = 4.

Similarly, Figure 4.4(c) presents the variation of S21 versus r1Tx for various g1Tx, where

N1
Tx = 4 and w1

Tx = 0.6 mm. It is concluded from the plots that the H-field criteria is

satisfied for the optimized parameter values as r1Tx = 46 mm, N1
Tx = 4, g1Tx = 4.9 mm,

and w1
Tx = 0.6 mm and correspondingly the achieved Hz = 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−i riTx (mm) N i
Tx giTx (mm) wiTx (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 Vr 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

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 Vind of the

three coil sets to power the Rx in different orientations. Figure 4.6 shows the Vind(θr, ϕr)

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

Figure 4.6: Vind(θr, ϕr) for independently working coil sets (a) Coils 2 − 3 is ON for T1,
(b) Coils 4− 5 is ON for T2, (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 Vr remains
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Figure 4.7: (a) The proposed switched polarized H-field forming and (b) resulting
Vr(θr, ϕr) variation.

constant. This is proved by plotting the net Vr(θr, ϕr) variation in Figure 4.7(b) calculated

using (4.4) for different orientations of the Rx coil, which shows that the Vr, almost

independent from θr and ϕr, 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 ϵr = 4.4, loss tangent tanδ = 0.02,

and 35 µm 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

(a) (b) (c)

SMD Capacitors

Tx Port

Rx Port

Relay 

switch
Tx Port

SMD Capacitors

Switching control

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 Ω) 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

T1 and T2 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 Vr 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 Vr obtained for Rx orientation (a) ϕr = 0◦ (b) ϕr = 90◦.

Vr 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

ϕr = 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 σVr in the measured Vr(θr, ϕr) is evaluated from the observed

data. The values of σVr 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−2B)

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 (xr, yr, zr, θr, ϕr). 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 (Hx, Hy, and Hz) 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 (Sw1, Sw2,

and Sw3) 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 Sw2 is OFF, the coil-A and

the coil-B both carry currents in the same circulation, however, when the Sw2 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 Hz 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., ImnTx = IsnTx,

where ImnTx and IsnTx 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 αn. For instance, αn = 1 signifies clockwise current circulation

in the coil-n , whereas, αn = −1 indicates counterclockwise current circulation. Figure 4.14

illustrates the proposed current control scheme to produce Hx, Hy, and Hz distributions
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in the Rx plane zr = 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) Hz, (b) Hy, (c) Hx.

have identical current circulations i.e. αn = 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 Hz component in the Rx

plane. In contrast, when the currents in coil-C and -D are switched to opposite circulation

(αA = αB = 1, αC = αD = −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 Hy

component from the right-hand thumb rule. Similarly, when the currents in coil-B and -C

are reversed (αA = αD = 1, αB = αC = −1), the net current flows along Y-axis resulting

in the dominant Hx 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 Hx, Hy,

and Hz 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 Sw1 Sw2 Sw3

SM-1 Hx OFF ON OFF
SM-2 Hy ON OFF ON
SM-3 Hz 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 SmnTx ,

available number of turns Nmn
Tx , track width wmnTx , and spacing between the turns gmnTx for

the main coils, and the same for the supporting coils are denoted as SsnTx, N
sn
Tx, w

sn
Tx, and

gsnTx, respectively, for each quadrant coil−n ∈ {A, B, C, D} as defined in Figure 4.13. The

side length of jth turn of the main coil is obtained as SmnjTx = SmnTx - 2(j - 1)(wmnTx + gmnTx ) ∀
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j ∈ {1, Nmn
Tx }, and that for the supporting coil is SsnjTx = SsnTx - 2(j - 1)(wsnTx + gsnTx) ∀ j ∈

{1, N sn
Tx}. In the optimization process, the independent design variables are, SmnTx , N

mn
Tx ,

and gmnTx corresponding to the main coils and SsnTx, N
sn
Tx, and g

sn
Tx 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 (xnTx,

ynTx, 0) is determined by

xnTx = ±
(
SmnTx
2

+ χ

)
, ynTx = ±

(
SmnTx
2

+ χ

)
, (4.10)

where, χ is a positive offset to avoid overlapping between the coils as marked in

Figure 4.13(b). A minimum limit Sfab on the side length of the coils is applied under

fabrication limitations. Thus, for given SmnTx and gmnTx values, the maximum turns possible

in the main coil is

Nmn,max
Tx =

⌊
SmnTx − Sfab

2(wmnTx + gmnTx )

⌋
. (4.11)

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

given Nmn
Tx ≤ Nmn,max

Tx , the maximum side length of the supporting coil is evaluated as

Ssn,maxTx = SmnTx − 2Nmn
Tx × (wmnTx + gmnTx ). (4.12)

Similarly, the maximum number of turns that the supporting coils can accommodate for

a given SsnTx is found as

Nsn,max
Tx =

⌊
SsnTx − Sfab

2(wsnTx + gsnTx)

⌋
. (4.13)

These relations between various design parameters are used for antenna optimization. The

total length of conductive tracks lc 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

lc = 16×
(Nmn

Tx∑
j=1

SmnjTx +

Nsn
Tx∑
j=1

SsnjTx

)
. (4.14)

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 Hx, Hy, and Hz, 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 Hx, Hy, and Hz 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 Ts is presented in Figure 4.15. The three switching modes SM−1, −2, and −3

are sequentially operated for T1, T2, and T3 duration, respectively to generate Hx, Hy,

and Hz components. Thus, the resultant switched polarized H-field h⃗ at the Rx location

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

h⃗(xr, yr, t) = Hx(xr, yr)[u(t)− u(t− T1)]x̂+Hy(xr, yr)[u(t− T1)− u(t− (T1 + T2))]ŷ

+Hz(xr, yr)[u(t− (T1 + T2))− u(t− (T1 + T2 + T3))]ẑ.
(4.15)

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 =T2 = T3 =
Ts
3
, (4.16)

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 (xr, yr) 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

Hx(xr, yr) ≈ Hy(xr, yr) ≈ Hz(xr, yr) and T1 = T2 = T3 =
Ts
3
. (4.17)

Here, ≈ represents a allowed deviation between the Hx, Hy, and Hz values observed

at various Rx locations (xr, yr) and considered as 10% limit as an acceptable maximum

variation. Furthermore, particularly for the lateral misalignment mitigation, a widespread

Hz distribution is desired. To analytically quantify this, standard deviation σHz of the Hz

distribution in the Rx plane, evaluated with respect to the value Hz(0, 0) at the aligned

Rx location, can be defined

σHz =
∑

|Hz(xr, yr)−Hz(0, 0)| =⇒ 0. (4.18)

The σHz 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 Hz

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 (Vind) in the misaligned Rx antenna can be evaluated from the Faraday’s

law of electromagnetic induction using (2.9) as

Vind(xr, yr, θr, ϕr, t) = −Nrµo
d

dt
h⃗(xr, yr, t) · A⃗(θr, ϕr), (4.19)
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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 Hz(0, 0) is targeted

at the Rx location (0, 0, h). Hence, the multi-objective function for the proposed antenna

optimization is defined as

Minimize
Smn
Tx

,Nmn
Tx

,gmn
Tx

,Ssn
Tx
,Nsn

Tx
,gsn

Tx

[η1σHz − (1− η1)Hz(0, 0)]

subject to

Hx(xr, yr) ≈ Hy(xr, yr) ≈ Hz(xr, yr), S
mn
Tx ≤ 70 mm,

Sfab = 10 mm, wmnTx = 0.5 mm, wsnTx = 0.5 mm, and lc <
λo
10
. (4.20)

To note that, incorporating negative sign with (1− η1)Hz(0, 0) indicates maximizing the

Hz(0, 0). Here, η1 is the weight of the objective function to simultaneously minimize σHz

and maximize Hz(0, 0), where both are optimized with a same rate by assuming η1 = 0.5.

The design constraint SmnTx ≤ 70 mm is applied to limit the maximum dimension of the

proposed Tx antenna to 140 mm. The Sfab = 10 mm and χ = 0.5 mm are initialized

and wmnTx = wsnTx = 0.5 mm is set according to the minimum fabrication limit of the

PCB prototyping machine available in the laboratory. Also, the last constraint lc <
λo
10

is enforced to ensure that the optimized Tx antenna remains electrically small at the

operating frequency of 6.78 MHz where lc 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 SmnTx and gmnTx . Corresponding to

each sweeping variable, determine the maximum turns Nmn,max
Tx possible in the main coil

using (4.11), then sweep Nmn
Tx for the range 1 ≤ Nmn

Tx ≤ Nmn,max
Tx .

Step-3: For each sweeping cycle of the main coil parameters, evaluate the maximum side

length Ssn,maxTx of the supporting coil using (4.12).

Step-4: Sweep the supporting coil design parameters, SsnTx and gsnTx, and determine the

maximum turns N sn,max
Tx possible in the supporting coil using (4.13). Then sweep N sn

Tx for

the range 1 ≤ N sn
Tx ≤ N sn,max

Tx .

Step-5: Calculate lc 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 Hx and Hy are identical. Therefore,

these two lateral field components are identical and only Hx and Hz 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) SmnTx , (b) N
mn
Tx , (c) gmnTx , (d) S

sn
Tx,

(e) N sn
Tx, (f) g

sn
Tx.

H-field components versus SmnTx for other parameter values set to SsnTx = 48 mm, Nmn
Tx =

N sn
Tx = 2, and gmnTx = gsnTx = 0.5 mm. The plot indicates that an increase in SmnTx enhances

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

and Y-axis. However, a reduction in Hz component with increasing SmnTx is resulted from

the change in the center position of the coils as given in (4.10). An approximately equal

Hx and Hz are achieved for SmnTx = 62.8 mm. Similarly, the H-field variation with SsnTx

is presented in Figure 4.17(d) showing the optimized value SsnTx = 48 mm for which the

fields Hx ≈ Hz and also maximized. The variation of H-field components with Nmn
Tx is

plotted in Figure 4.17(b) where the main coil can contain maximum 2 turns due to the

imposed electrical length criteria, hence, Nmn
Tx = 2 is optimized. For the same reason,

the variation with N sn
Tx plotted in Figure 4.17(e) shows optimal N sn

Tx = 2. Figure 4.17(c)

exhibits a decaying H-field variation with gmnTx indicating that a minimum possible value

of the gmnTx should be chosen to maximize the generated fields. Hence, gmnTx = 0.5 mm is

dictated by the minimum fabrication limit of the PCB prototyping machine available in

the laboratory. Similarly, gsnTx = 0.5 mm is obtained from the parametric variation plot of

Figure 4.17(f).

To demonstrate the necessity of the supporting coil, the Hz distributions generated by the

main coil (Nmn
Tx = 2), in presence (N sn

Tx = 2) and in absence (N sn
Tx = 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 Hz distribution obtained in

the Rx plane.
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Figure 4.18: Hz distribution for Nmn
Tx = 2 (a) without supporting N sn

Tx = 0, (b) with
supporting N sn

Tx = 2 coils.

Analytical Optimization Results

The optimization process on completion reveals the design parameter values. The four

quadrant coil centers (xnTx, y
n
Tx) are obtained as (±31.9, ±31.9), the main coil parameters

as SmnTx = 62.8 mm, Nmn
Tx = 2, wmnTx = 0.5 mm, gmnTx = 0.5 mm, and the supporting

coil parameters as SsnTx = 48 mm, N sn
Tx = 2, wsnTx = 0.5 mm, and gsnTx = 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

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

of orthogonal H-field components in the Rx plane by the proposed Tx antenna. A peak

Hx and Hy of 11.35 A/m and a peak Hz 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 ≤
xr, yr < 10mm, with Hx and Hy vary to 10.43 A/m along X-axis and Y-axis and Hz

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 ≤ |xr|, |yr| < 38mm comprises deviations beyond

10% limit in the H-fields as shown in Figure 4.19(a). In this region, the Hx drops to 9.96
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A/m for the Rx moving along xr = 0 mm and 1.84 A/m along yr = 0 mm, whereas the

Hz component varies to 10.15 A/m maximum in both the directions. Hence, widespread

uniformity in Hz 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 (Hx and Hy)

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 Hx and Hz or Hy and Hz, with the maximum

deviation observed in Hx or Hy field as 6.83 A/m and in Hz as 5.97 A/m within the

boundary range of 38mm ≤ |xr|, |yr| < 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 Hz 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 Vr at the Rx antenna, owing the fact that the average power Pavg delivered

to the load solely depends on Vr variation. Figure 4.20(a) depicts the Vr variation when

Figure 4.20: Analytically obtained Vr variation for the Rx antenna in (a) lateral (b)
angular misalignment.

the Rx moves laterally and co-planar to the Tx antenna i.e. θr = 0° and ϕr = 0°.

For this movement, only Hz can couple with the Rx coil. The flatness present in Vr

distribution indicates mitigation of lateral misalignment problem for the Rx movement

range −38 mm ≤ xr, yr ≤ 38 mm considering 10% tolerance in Vr variation. Figure 4.20(b)

shows Vr variation for the Rx fixed at (0, 0, 50) mm but rotating. For this angular

movement, the Rx experiences highly consistent Vr with a standard deviation σVr = 3 mV

and mean V̄r = 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 Hz 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 V̄r and σVr . 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 Vr. 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 σVr (V ) V̄r(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 σVr (V ) V̄r(V )

(0, 10) 0.035 0.46
(0, 20) 0.070 0.47
(0, 30) 0.095 0.47
(0, 38) 0.106 0.46
(0, 50) 0.103 0.35
(0, 60) 0.094 0.33

Position σVr (V ) V̄r(V )

(10, 10) 0.035 0.46
(20, 20) 0.070 0.47
(30, 30) 0.166 0.47
(38, 38) 0.172 0.45
(50, 50) 0.140 0.40
(60, 60) 0.102 0.23

diagonally in the range −38 mm ≤ xr, yr ≤ 38 mm, the evaluated V̄r for all orientations

is invariant implying a constant Pavg. However, the σVr increases due to reduction in

Hx or Hy away from the center as depicted in Figure 4.19(a) and (b). Beyond |xr|,
|yr| > 38 mm, the diminishing field components lead to reduction in both, V̄r and σVr .

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, Sw1, Sw2, and Sw3, 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 (CSM−1
reso

and CSM−2
reso ) along with one port capacitance (CSM−3

reso ) are inserted in series with the coils

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
reso leads to the actual resonating capacitance of the port required in that mode.

The design layout is simulated using ANSYS EM Suite 20.2 and the simulated field
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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) Hx, (b) Hy, (c) Hz.

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)

(a) (b)

SMD Capacitors

Tx Port

Relay 

switch

Tx Port

SMD 

Capacitors

Switching 

control

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 Vr 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 Ω) are

15.52+ j439.12, 15.95+ j443.17, and 15.30+ j343.94, respectively for SM−1, SM−2, and

SM−3 modes. For the Rx port, the measured impedance is 1.86+ j33.27 Ω. 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 CRx = 705.54 pF. Therefore, the incremental

capacitance of CSM−1
reso = CSM−2

reso = 236.78 pF are chosen along with CSM−3
reso = 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

Digital Storage  

Oscilloscope 

Signal Generator 

Rx coil 

Arduino uno 

micro-controller 

Personal Computer 

Proposed  

Tx coil 

Figure 4.25: Experimental setup for the misalignment performance measurements.

generator (Agilent Technologies E8257D) and the Rx output response (Vr) 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 Vr variation for the moving Rx misaligned

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

when the Rx is co-planar to the Tx and displaced laterally in step of 10 mm along Y = 0

(i.e. horizontal cut) and X = Y (i.e. diagonal cut). Figure 4.26(b) shows the measured Vr

variation with angular misalignment when Rx is located at (0, 0, 50) mm and free to rotate

in both θr and ϕr 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 xr, an increasing Vr variation

with θr misalignment is observed whereas a stable Vr is obtained in ϕr domain for a
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Figure 4.27: Measured Vr when Rx is misaligned (a) horizontally (b) diagonally.

complete mitigation of misalignment. As stated earlier, this occurs due to the drop of Hx

component in Zone-2 shown in Figure 4.19(a). In contrast, when the Rx moves diagonally,

the drop in Hx and Hy components results in a higher variation of Vr in the θr domain,

Figure 4.27(b), whereas a good tolerance for misalignment problem is achieved in the ϕr

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 ≤ xr, yr ≤ 10 mm. Moreover, the working region

of the proposed Tx is increased to Zone-2 having range −38 mm ≤ xr, yr ≤ 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 Vind 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 S21 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 × 20 mm2

for all the angular movements. For the Rx lateral movement in the Zone-2 range

10mm ≤ |Xr|, |Yr| < 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 75

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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[1]. V. K. Srivastava and A. Sharma, ”Switched Polarized H-Field Forming Using a Planar Switchable
Double-Dumbbell Coil Antenna for Orientation-Oblivion Wireless Power Transfer,” in IEEE Transactions
on Antennas and Propagation, vol. 70, no. 6, pp. 4234-4242, June 2022, doi: 10.1109/TAP.2022.3140499.
[2]. V. K. Srivastava and A. Sharma, ”A Planar Switching Integrated Quadrant Coil Antenna
to Form Widespread Switched Polarized H-Field for Misalignment Resilient WPT System,” in IEEE
Transactions on Antennas and Propagation, vol. 70, no. 11, pp. 10294-10303, Nov. 2022, doi:
10.1109/TAP.2022.3195554.
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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 Rx.

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
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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, t = 1.6mm,

relative dielectric constant ϵr = 4.4, loss tangent tanδ = 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 × n array of K number
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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 ∀ i ∈ [1, K]. Here, K= n2 is the total coils present in the n× n array

(n is an odd integer), e.g., for an array shown in Figure 5.2(a), n = 3 and K= 32 = 9.

Similarly, the Rx is a n× n array of K sensor elements realized as planar multi-turn coil

antennas denoted as Rx coil-i ∀ 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
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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×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 V i
Rx(x, y) denote the voltage gain of the Rx coil-i matched output with

respect to the Tx coil matched input when the resonator is placed at coordinate (x,

y). The V i
Rx(x, 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 i
Rx(∞,∞) corresponding to the 2-coil MRC system. The system is

designed to maximize V i
Rx(∞,∞) and obtain similar values for each Rx coil-i ∀ i ∈ [1,

K]. However, in the presence of the resonator coil near to the Rx coil-i, the corresponding

V i
Rx(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 V i
Rx(∞,∞)

obtained in the absence of the resonator coil, the optimization of the proposed system also

targets to minimize the V i
Rx(x, 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

(S0
Tx), maximum side length (SiTx), conductive strip width (wiTx), and inter-turn spacing

(giTx) of the Tx coil-i ∀ i ∈ [1, 9], and minimum side length (SminTx ) as denoted in

Figure 5.2(a). For the design with n = 3, the number of turns in the Tx coil-i, N i
Tx,

for a given side length SiTx is calculated as

N i
Tx =

⌊
SiTx − SminTx

2(wiTx + giTx)
+ 1

⌋
. (5.1)

The coordinates of the Tx coil-i center is (xiTx, y
i
Tx, 0), and evaluated as

χi =
S0
Tx

2
−

(
S5
Tx

2
+ SiTx

)
, xiTx = ±

(
S5
Tx

2
+
SiTx
2

+ χi

)
, yiTx = ±

(
S5
Tx

2
+
SiTx
2

+ χi

)
. (5.2)

Here, χi 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 (SiRx), minimum side length (SminRx ), number of turns (N i
Rx),

conductive track width (wiRx), and inter-turn spacing (giRx) corresponding to each coil in

the Rx array as denoted in Figure 5.2(b). The maximum number of turns in the Rx coil,

N0
Rx, for a given SRx is found by

N0
Rx =

⌊
SRx − SminRx

2(wRx + gRx)
+ 1

⌋
. (5.3)

In the design, the center, (xir, y
i
r, z

i
r), of the Rx coil-i is assumed coinciding with the Tx

coil-i but zir = 1.6mm representing the top layer of PCB. For optimization of resonator

coil, the design parameters are maximum side length (Sres) and the number of turns

(Nres), the track width, (wres), 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 (x, y, h) in space generated by the Tx coil-i is defined

as H i
z(x, 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
∑

iH
i
z(x, 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 Hz in the absence of

the resonator coil such that the V i
Rx(∞,∞) is maximized and to minimize the V i

Rx(x, 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 Hz distribution so that V i
Rx(∞,∞) ∀ i ∈ [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
∑

iH
i
z(0, 0) at

the origin. Here, ⌈.⌉ denotes the ceiling function. Let △i
V is defined as the percentage

deviation of the voltage gain of the other Tx coil-i from the voltage gain V
⌈K/2⌉
Rx (∞,∞) of

the coil-⌈K/2⌉. Subsequently, for a given Rx coil array, the △i
V is minimized to achieve

similar voltage gains in absence of the resonator coil. To accomplish this sub-objective,

the optimization problem is formulated as

� Sub-objective-1

Minimize
Si
Tx
,wi

Tx
,gi

Tx

△i
V =

∣∣∣∣V iRx(∞,∞)− V
⌈K/2⌉
Rx (∞,∞)

V
⌈K/2⌉
Rx (∞,∞)

∣∣∣∣
∀ i ∈ [1,K] i ̸= ⌈K/2⌉

preceded by Maximize
S
⌈K/2⌉
Tx

,w
⌈K/2⌉
Tx

,g
⌈K/2⌉
Tx

∑
i

Hi
z(0, 0)

Subject to S0
Tx ≤ 62mm, 10mm ≤ SiTx ≤ 21mm,

wiTx ≥ 0.5mm, giTx ≥ 0.5mm, and SminTx = 8mm.

(5.4)

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, Pn, with

coordinate (xPn , yPn) at a height h above the transceiver antenna. The Pn 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 V
⌈K/2⌉
Rx (x

⌈K/2⌉
Tx , y

⌈K/2⌉
Tx ) of the Rx coil-⌈K/2⌉. Hence,

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

� Sub-objective-2

Minimize
Sres,Nres

V
⌈K/2⌉
Rx (x

⌈K/2⌉
Tx , y

⌈K/2⌉
Tx )

when resonator aligned with Rx coil-⌈K/2⌉

subject to 18mm ≤ Sres ≤ 22mm, Nres ≥ 1

SiTx = SoptiTx , N i
Tx = Nopti

Tx , wiTx = woptiTx , giTx = goptiTx .

(5.5)

where SoptiTx , Nopti
Tx , woptiTx , and goptiTx 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, Pn, 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, Pn 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 (P1, P3, P7, P9), aligned with two adjacent coils

(P2, P4, P6, P8), and aligned with four adjacent coils (P5) denoted as ζ1, ζ2, and ζ3,

respectively. To distinguish these cases for better positioning of the resonator coil, the

voltage gain values of a particular Rx coil-i 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 P9, P6, and

P5, representing the three cases of alignments, then, particularly for the Rx coil-5, the

corresponding voltage gain levels V 5
Rx(xP9 , yP9), V

5
Rx(xP6 , yP6), and V 5

Rx(xP5 , yP5) 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 P6, then the voltage gain levels of the Rx coils laying

under the resonator, V 5
Rx(xP6 , yP6) and V

2
Rx(xP6 , yP6), should ideally be equal.

This is achieved by defining the decision threshold limits, γ1, γ2, and γ3 for the three

different cases of the Pn alignments, respectively. The Rx coil parameters SiRx, N
i
Rx, w

i
Rx,

and giRx are optimized to attain farthest possible V i
Rx solutions from the decision thresholds

γ for various Pn. For this, the difference function defined as δRx = |V i
Rx(xPn , yPn)− γ| is

maximized for each Rx coil-i. Hence, the optimization problem to design Rx coil sensor

array is defined as

� Sub-objective-3

Maximize
(SRx,NRx,wRx,gRx)

δRx = |V iRx(xPn , yPn)− γ|,

subject to SRx = 18mm, SminRx = 8mm.

wRx ≥ 0.5mm, gRx ≥ 0.5mm,

SiTx = SoptiTx , N i
Tx = Nopti

Tx , wiTx = woptiTx , giTx = goptiTx ,

Sres = Soptires , Nres = Nopti
res , wres = woptires , gres = goptires ,

(5.6)

where, Soptires , N
opti
res , w

opti
res , and goptires 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 ofHz(x, y) and simulation based parametric optimization

of V i
Rx(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
∑

iH
i
z(0, 0), by sweeping design

variables S
⌈K/2⌉
Tx , w

⌈K/2⌉
Tx , and g

⌈K/2⌉
Tx .



CHAPTER 5. NON-UNIFORM MAGNETIC FIELD FORMING TRANSMITTER 83

Optimize 𝑆𝑇𝑥

⌈K/2⌉
, 𝑤𝑇𝑥

⌈K/2⌉
, and 𝑔𝑇𝑥

⌈K/2⌉s.t.𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒{σ𝑖 𝐻𝑍
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Figure 5.5: Flowchart for optimizing the proposed transceiver antenna system.

Step-3: Subsequent to Step-2, other Tx coil-i are optimized to achieve the objective (5.4)

as minimize △i
V by sweeping design variables SiTx, w

i
Tx, and g

i
Tx and initializing the NRx=

1 and SRx= 18mm for initial iteration. The design parameters corresponding to minimum

△i
V are stored for each Tx coil-i ∀ i ∈ [1, K].

Step-4: The obtained parameters corresponding to minimum △i
V are consider as the

optimal Tx coil parameters as SoptiTx , N
opti
Tx , w

opti
Tx , and goptiTx .

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

V
⌈K/2⌉
Rx (x

⌈K/2⌉
Tx , y

⌈K/2⌉
Tx ). Select the optimal resonator coil parameters Soptres and Nopt

res

corresponding to minimum V
⌈K/2⌉
Rx (x

⌈K/2⌉
Tx , y

⌈K/2⌉
Tx ) to achieve the objective (5.5).

Step-7: Place the resonator coil optimized in previous step at other location Pn and assign

the corresponding threshold values as γ1, γ2, and γ3, respectively for the three cases of

alignment; with one (P1, P3, P7, and P9), two (P2, P4, P6, and P8), and four (P5) Rx coils

as defined in Figure 5.4.

Step-8: Determine V i
Rx(xPn , yPn) ∀ i ∈ [1,K] for various parametric sweep of Rx coil

parameters and evaluate the difference function δRx defined in (5.6) for each Rx coil-i

affected by the resonator coil.

Step-9: The Rx coil design variables SiRx, N
i
Rx, w

i
Rx, and g

i
Rx are selected to achieve the

objective function defined in (5.6) to maximize δRx.

Step-10: Repeat Step−7 to Step−9 for all the defined positions Pn and store the various

maximum δRx and corresponding optimal Rx coil parameters.

Step-11: Repeat Step−6 to −10 by increasing NRx of coil-i by one for maximum N0
Rx and

store the result in δRx(n) vector. Choose the best result corresponding to the minimum

value in the vector δRx(n) and obtain the optimal Rx and resonator coil parameters as

SoptiRx , Nopti
Rx , woptiRx , goptiRx , Soptires , and N

opti
res .

Step-12: Determine the V i
Rx(∞,∞) for the optimal Rx coil array parameters and check

for △i
V ∀ i ∈ [1, K]. Repeat all the steps until △i

V 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
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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 ∀ i ∈ [1, 9] in Figure 5.6. The optimal Tx coil parameters are listed

in Table 5.1 and N i
Tx = 5, wiTx = 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) SiTx (mm) V iRx(∞,∞) (dB)

1 (-21,-21,0) 20 -26.46
2 (-21,0,0) 20 -26.90
3 (-21,21,0) 20 -26.35
4 (0,-21,0) 20 -26.89
5 (0,0,0) 21 -27.10
6 (0,21,0) 20 -26.90
7 (21,-21,0) 20 -26.26
8 (21,0,0) 20 -26.85
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

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 Y = 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 V i
Rx(∞,∞) values observed in

Rx coil-i ∀ i ∈ [1, 9] is included in Table 5.1.

The parametric variation of Sres and Nres 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 Soptres= 22 mm and Nopt
res= 8 to minimize V 5

Rx(x
5
Tx, y

5
Tx) from Figure 5.8(a).
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Figure 5.8: Optimization of (a) resonator coil, (b) Rx coil sensor array N i
Rx = 1, (c) Rx

coil sensor array N i
Rx = 3, (d) Rx coil sensor array N i

Rx = 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 (P1 - P9 defined in Figure 5.4)

is presented in Figure 5.8(b)-(d). The plots are shown for various N i
Rx and wiRx =

giRx = 0.5mm and for the proposed design K= 9, the threshold values accounted in the

algorithm are γ1 = −40dB, γ2 = −30dB, and γ3 = −27dB. To observe the effect of N i
Rx

on voltage gain, consider that the resonator is first placed at P1. In this case, only the

V 1
Rx(xP1 , yP1) for the Rx coil-1 is below the threshold defined as γ1 = −40dB for various
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N i
Rx in Figure 5.8(b)-(d), whereas, the V i

Rx(xP1 , yP1) for the other Rx coils are above the

threshold γ1 = −40dB and most uniform (∼ −26dB) for N i
Rx = 1. Similarly, when the

resonator is shifted to position P2, the voltage gains for the Rx coil−1 and Rx coil−2 are

below the set threshold γ2 = −30dB and above γ1 = −40dB. Whereas, for other Rx coils,

the voltage gains are above γ2 and observed as more consistent for N i
Rx= 1. Likewise,

the other positions can also be verified. This concludes that the N i
Rx = 1 has least effect

on the V i
Rx of other Rx coils which are not in close proximity of the resonator suggesting

NRx = 1 as the optimal Rx coil array parameter. The algorithm reveals the optimal Rx

coil array parameters are SRx = 18mm, NRx = 1, and wRx = 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 V i
Rx(∞,∞)

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) V i

Rx(∞,∞) variation, (c) reflection coefficient
of the Rx port-i in presence of the resonator coil above Rx coil-5, (d) V i

Rx(x, y) of the Rx
port-i.

the V i
Rx(∞,∞) 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 Sii in Figure 5.9(c) when

the resonator is placed above the Rx coil-5 at position P9. The corresponding change in

the V i
Rx 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 5
Rx 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 V i
Rx(x, y) values are plotted in Figure 5.10(b). The resonator

begins from position H1 where it is aligned with Rx4. In this case, the voltage gain of Rx

coil-4 is V 4
Rx(H1) = −43.33dB, which is well below the set threshold value (γ1 = −40dB),
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Figure 5.10: Simulated V i
Rx(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 H2 where it is aligned between Rx4 and Rx5, the V 4
Rx(H2) and V 5

Rx(H2) values

for the Rx coil-4 and coil-5 are −32.53dB and −35.8dB, respectively; both are below the

predefined threshold γ2 = −30dB. Further movement of the resonator coil to H3 aligns it

perfectly with Rx5 and the V 5
Rx(H3) = −45.26dB is observed below the decision threshold

γ1 = −40dB. Similarly, the remaining positions H4 and H5 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 i
Rx(x, 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 (γth). Moreover, to distinguish the voltage gain values for tracking the fingertip

movement, the normalized decision thresholds γ1th = 0.25, γ2th = 0.5, and γ3th = 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 γth marked. Here, Figure 5.11(a),
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Figure 5.11: Simulated V i
Rx(x, y) variation under varying distance of resonator coil in (a,

b, c) 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 Zi and corresponding Cireso values for various coils.

Coil-i Zi(Ω) Cireso(F)

Tx 22.07+j440.12 26.67p
Rx1 0.72+j9.42 1.24n
Rx2 0.69+j9.47 1.24n
Rx3 0.71+j9.43 1.24n
Rx4 0.69+j9.61 1.22n
Rx5 0.71+j9.53 1.23n
Rx6 0.69+j9.59 1.22n
Rx7 0.71+j9.48 1.24n
Rx8 0.67+j9.47 1.24n
Rx9 0.70+j9.53 1.23n

Resonator 1.94+j81.56 143.91p

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 V i
Rx(x, 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 (Zi) of various coils measured at the operating frequency of 13.56MHz are

shown in Table 5.2 including the corresponding capacitance (Cireso) value required to

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 V i
Rx(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 i
Rx(∞,∞) 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 i
Rx(∞,∞) 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 i
Rx(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 γth set by measurements. The

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
X7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
1

th
= 0.2

Experimental

Position H
1

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
1

th
= 0.2

Experimental

Position V
1

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
1

th
= 0.2

Experimental

Position MD
1

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0.3

0.5

0.7

0.9

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
2

th
= 0.5

Experimental

Position H
2

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0.3

0.5

0.7

0.9

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
2

th
= 0.5

Experimental

Position V
2

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0.5

0.6

0.7

0.8

0.9

1
V

i R
x
(x

, 
y
) 

(N
o
r.

)

Simulated
3

th
= 0.65

Experimental

Position MD
2

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
1

th
= 0.2

Experimental

Position H
3

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
1

th
= 0.2

Experimental

Position V
3

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
1

th
= 0.2

Experimental

Position MD
3

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0.3

0.5

0.7

0.9

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
2

th
= 0.5

Experimental

Position H
4

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0.3

0.5

0.7

0.9

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
2

th
= 0.5

Experimental

Position V
4

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0.5

0.6

0.7

0.8

0.9

1

V
i R

x
(x

, 
y
) 

(N
o
r.

)

Simulated
3

th
= 0.65

Experimental

Position MD
4

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o

r.
)

Simulated
1

th
= 0.2

Experimental

(a)

Position H
5

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o

r.
)

Simulated
1

th
= 0.2

Experimental

(b)

Position V
5

R
x1

R
x2

R
x3

R
x4

R
x5

R
x6

R
x7

R
x8

R
x9

Reading for Rx sensor coil-i

0

0.2

0.4

0.6

0.8

1

V
i R

x
(x

, 
y
) 

(N
o

r.
)

Simulated
1

th
= 0.2

Experimental

Position MD
5

(c)

Figure 5.14: Normalized V i
Rx 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 V 5
Rx(∞,∞)

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 V 5
Rx(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
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Figure 5.16: Real-life demonstration to trace the position of the moving fingertip.
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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 3×3 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
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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 (xr, yr, zr, θr, ϕr) need to be determined is shown

in Figure 5.18. The planar multicoil Tx antenna of size S0
Tx × S0

Tx is located in x-y plane
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Figure 5.18: The planar receiver coil and the multicoil transmitter coordinates.

with dimension S0
Tx = 30cm and comprises of n = 8 identical electrically small coils (coil-i,

∀i ∈ [1, n]) of outer turn radius rTx = 50mm arranged as shown in Figure 5.18 same as

presented in [76, 77, 78, 79]. Each Tx coil-i centered at (xiTx, y
i
Tx, z

i
Tx) has uniform

total current ITxe
jψej2πfit whose excitation source frequency fi 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 H⃗

generated at OP is contributed by individual coil-i with the three orthogonal components

defined as Hx, Hy, and Hz at the observation point OP and calculated using (2.3). Thus,

the RMS value induced voltage Vind in the Rx coil having orientation (θr, ϕr) are evaluated

using (2.10) and re-written as

Vind(xr, yr, zr, θr, ϕr) = −Nrµo
d

dt
[HxAx +HyAy +HzAz]

=⇒ f(xr, yr, zr, θr, ϕr)

(5.7)

where function f denotes the analytical expression of ideal induced voltage for a given Rx

location (xr, yr, zr, θr, ϕr) as

f(xr, yr, zr, θr, ϕr) = −Nrµo
d

dt
[HxAx +HyAy +HzAz] (5.8)

and analytically evaluated by substituting (2.2-2.4) in (5.8). The actual location vector

OP ={xr, yr, zr, θr, ϕr} of the Rx is noted and actual distance D of the Rx from origin

is calculated as D =
√
x2r + y2r + z2r . The induced voltage can be sensed and processed to
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completely localize the Rx coil. Let the sensed output samples from the Rx having actual

location (xr, yr, zr, θr, ϕr) is V
′ which can be expressed as

V ′ = f(xr, yr, zr, θr, ϕr) +N0, (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 N0 with variance σ2N .

For the given V ′ samples the predicted position and orientation vector OP ′ ={x′r, y′r, z′r,
θ′r, ϕ

′
r} of the Rx can be found by solving the following reverse expression

(x′r, y
′
r, z

′
r, θ

′
r, ϕ

′
r) = f−1(V ′) (5.10)

where, f−1 is the inverse function of f in (5.8) and having a non-linear relation with

(xr, yr, zr, θr, ϕr). 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 (Ed and Ea) between actual and

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

Ed =
√

(xr − x′r)2 + (yr − y′r)2 + (zr − z′r)2,

Ea = |θr − θ′r|+ |ϕr − ϕ′
r|.

(5.11)

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 fi ∀i ∈ [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 multicoil 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 (np),

the excitation can be switched ON-OFF for certain groups of the coils, simultaneously.

However, to minimize the np for reducing the complexity, an optimal grouping of the

coils (represented by grouping function Gnp) is required. Since the localization accuracy

depends on the H-field distributions that are generated by various coil groups in different

time slots, the Gnp is optimized to form a non-uniform field distribution such that the

average errors in position (Êd) and orientation (Êa) of the localized Rx is minimized.

The design parameter Gnp with minimum possible np is selected to minimize Êd and Êa,

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

Forming a non-uniform H-field distribution to achieve

min
Gnp ,np

(
Êd and Êa

)
s.t. min(np), np ∈ [1, N ]

(5.12)

To understand the effect of the parameters on the solution of (5.12), initially consider that

eight Sw (np = 8) are used to switch each coil ON-OFF individually in a sequence; this

will result in formation of eight groups comprised in G8 where each group is containing one

coil member. In this case, 28 combinations of Sw states (ON or OFF) will excite 28 − 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

28 − 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 np = 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 (np = 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 (xr, yr, zr,

θr, ϕr) 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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(np ≥ 3) are required that can generate seven (23−1) distinct H-field distributions. Thus,

the minimum possible np = 3 is proposed which divides the Tx coils into three groups

contained in G3 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 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 G3 listed in Table 5.5 are shown

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

1 2 3 4 5 6 7 8 9 10 11

Coil arrangement listed in Table-I

0

5

10

15

20

25

30

Figure 5.19: Localization performance of various coil arrangements in G3 (σ2N = −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 ϵr = 4.4, loss

tangent tanδ = 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 ∀i ∈ [1, 8] each with a coil radius

rTx = 5 cm, available turns NTx = 25, width of conductive track wTx = 0.5 mm and

spacing between the adjacent tracks gTx = 0.5 mm, respectively, moreover, a small Rx

having dimensions coil radius rr = 1 cm, turns Nr = 3, track width wr = 0.5 mm and

spacing between the tracks gr = 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 NTx present in the Tx

coil-i is chosen to enhance the localization accuracy, and wTx, gTx, wr, and gr 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 Sw1,

Tx

Tx

Tx

Tx

Sw1

Sw2

Sw3

Figure 5.20: The proposed switched multicoil antenna realization.

Sw2, and Sw3 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

ti ∀i ∈ [1, 7] to sense and localize the Rx. This is performed by switching ON or OFF

the three coil groups using Sw1, Sw2, and Sw3 in each ti. The state of Sw during ti 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 ti. 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
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Table 5.6: Switching states and excited coils for the proposed design

Time-slot Sw1 Sw2 Sw3 Excited coils

t1 ON OFF OFF Coil-1-2

t2 OFF ON OFF Coil-3-4-6

t3 OFF OFF ON Coil-5-7-8

t4 ON ON OFF Coil-1-2-3-4-6

t5 ON OFF ON Coil-1-2-5-7-8

t6 OFF ON ON Coil-3-4-5-6-7-8

t7 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 zr = 10 cm plane. The calculated normalized 2−D field-distributions of Hx, Hy and

Hz originating from the multi-frequency Tx antenna is shown in Figure 5.21 for all the

frequencies fi ∀i ∈ [1, 8] transmitted by the antenna. The plots indicate that the H-field

 dB 
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Hx 

Hy 

Hz 

dB 

Z=0 Z=2 Z=3 Z=4 Z=5 Z=6 

f=f2 f=f3 f=f4 f=f5 f=f6 f=f7 f=f8 f=f6 f=f7 f=f8 

Figure 5.21: H-field distributions of multi-frequency Tx antenna for all fi.
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Figure 5.22: H-field distributions of proposed switched multicoil antenna at all ti.
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patterns at various fi are the same but spatially shifted versions according to the spacial

location of the corresponding coil−i excited by fi. At a particular Rx location, diverse

H-field components are produced at various fi 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 ti. According to the

excited coil groups for each time-slot ti given in Table 5.6, the Hx, Hy and Hz distributions

are plotted. The patterns demonstrate that, at a particular Rx location, seven distinct

H-field distributions are obtained at various ti 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 0.1m2 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 300×300×300 mm3 above the planar Tx. The actual location vector OP={xr, yr, zr,
θr, ϕr} of the Rx is noted and actual distance D of the Rx from origin is calculated as

D =
√
x2r + y2r + z2r . For each case, the Rx is localized using the methods presented in

Section 5.2, and the predicted position and orientation vector OP ′ ={x′r, y′r, z′r, θ′r, ϕ′r} 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 σ2N . Then

the accuracy of the localization method is given by evaluating errors (Ed and Ea) 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 Ω 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 (Ed and Ea) is shown in Figure 5.23. The
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Figure 5.23: Effect of noise on localization error for various Rx-Tx distances zr = 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, Êd, Êa, and standard deviation σd, σa, of
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Figure 5.24: Position and orientation errors Ed and Ea for several test locations (◦ using
multi-frequency antenna, × 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

Êd (mm) 1.5190 1.8404 1.2211 1.4292

σd (mm) 0.9817 0.8374 0.8312 0.8093

Êa (deg) 2.7136 2.5081 1.1835 1.7140

σa (deg) 0.8158 0.9977 0.8919 0.6896
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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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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 Hx,Hy, and Hz distributions. The normalized

Hz distributions measured corresponding to the different switching states (time slots ti)

of Table 5.6 are shown in Figure 5.27 where only Hz field distributions are shown for

brevity. The left column of Figure 5.27 includes analytically obtained Hz 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 t1 in which Coil-1-2

are ON and others are OFF, the Hz distributions are given in Figure 5.27(a) and (b),

respectively obtained from analysis and measurement. Similarly, the Hz distributions for

other switching states can be verified. To further validate the Hx and Hy along with

Hz, 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 t1. Similarly, Figure 5.28(c, d) framed the t2 switching state results and

Figure 5.28(e, f) plots the results of the switching state t3. 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 (xr and yr) and

the predicted (x′r and y′r) position values for three different orientations of the Rx coil.

Similarly, the actual and predicted orientations θr and ϕr 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 Ed and Ea 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 Êd and Êa along with analytically obtained Êd and Êa 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 Hz distributions at zr = 50 mm. Results for various switching
states (a, c, e, g, i, k) analytical t1 − t7, (b, d, f, h, j, l) measured t1 − t7.

Table 5.8: Comparison between analytical and measured error values

Average position and orientation error Analysis Measured

Êd (mm) 1.22 1.67

Êa (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) t2, (e, f) t3, for zr = z.
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Figure 5.29: Measured tracking and localization in (a) position xr, (b) position yr, (c)
orientation θr, (d) orientation ϕr, (e) position error Ed , (f) orientation error Ea.

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 (xr, yr, zr, θr, ϕr) 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, ∀ i ∈ [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 χ = 1 mm to avoid



CHAPTER 5. NON-UNIFORM MAGNETIC FIELD FORMING TRANSMITTER 103

X

Y

Z

𝜒

𝜒

Coil-1

Coil-4Coil-3

Coil-2

Coil-7

Coil-5

Coil-6

Coil-8

Layer-1

Layer-2

Layer-3

X

Z (𝒙𝒓 , 𝒚𝒓 , 𝒛𝒓 )

ϕr

θr 𝑨

Receiver

Transmitter

(a)

𝑁𝑇𝑥
3

𝑁𝑇𝑥
7

𝑁𝑇𝑥
2

𝑁𝑇𝑥
1

𝑁𝑇𝑥
4

𝑁𝑇𝑥
6

𝑁𝑇𝑥
8

𝑁𝑇𝑥
5

Switching 

Circuitry

Source

h
Coil-1 

Coil-2 Coil-3 

Coil-4 

(𝒙𝑻𝒙
𝟏 , 𝒚𝑻𝒙

𝟏 , 𝒛𝑻𝒙
𝟏 ) 

(𝒙𝑻𝒙
𝟐 , 𝒚𝑻𝒙

𝟐 , 𝒛𝑻𝒙
𝟐 ) 

(𝒙𝑻𝒙
𝟒 , 𝒚𝑻𝒙

𝟒 , 𝒛𝑻𝒙
𝟒 ) 

(𝒙𝑻𝒙
𝟑 , 𝒚𝑻𝒙

𝟑 , 𝒛𝑻𝒙
𝟑 ) 

𝑆𝑇𝑥
1  

𝑆𝑇𝑥
1  

𝑆𝑇𝑥
2  

𝑆𝑇𝑥
4  

𝑆𝑇𝑥
2  𝑆𝑇𝑥

3  

𝑆𝑇𝑥
4  

𝑆𝑇𝑥
3  

Coil-5 

Coil-7 

(𝒙𝑻𝒙
𝟓 , 𝒚𝑻𝒙

𝟓 , 𝒛𝑻𝒙
𝟓 ) 

(𝒙𝑻𝒙
𝟕 , 𝒚𝑻𝒙

𝟕 , 𝒛𝑻𝒙
𝟕 ) 

𝑆𝑇𝑥
7  

𝑆𝑇𝑥
5  

𝑆𝑇𝑥
5  

𝑆𝑇𝑥
7  

(𝒙𝑻𝒙
𝟔 , 𝒚𝑻𝒙

𝟔 , 𝒛𝑻𝒙
𝟔 ) (𝒙𝑻𝒙

𝟖 , 𝒚𝑻𝒙
𝟖 , 𝒛𝑻𝒙

𝟖 ) 

𝑆𝑇𝑥
6  𝑆𝑇𝑥

8  

𝑆𝑇𝑥
6  

𝑆𝑇𝑥
8  

Coil-6 Coil-8 

X 

Y 

X 

Y 

X 

Y 

Layer-1 Layer-2 
Layer-3 

(b) (c) (d) 

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 SiTx and (xiTx, y
i
Tx, z

i
Tx), respectively, ∀ 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

(Sw1 − Sw8) to operate a particular set of coils and depicted in Figure 5.31. Moreover,

four capacitors (C1
reso − C4

reso) 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
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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 Is and

distributes this current to the parallel connected coils denoted as Iis. 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 (xr, yr, zr), 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 H⃗ = Hxx̂ + Hyŷ + Hz ẑ. This generated H-field induces a voltage Vind 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 xr > 0, yr > 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 xr 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
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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

Sw1 ON OFF OFF ON ON OFF ON

Sw5 OFF ON OFF ON OFF ON ON

Sw6 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 (x1Tx, y
1
Tx)= (75, 75) mm are made variable, and the

generated H-field components are observed at the Rx plane zr = 50 mm. Since the Coil−1

is square, the generated lateral fields (Hx and Hy) must be identical. Therefore, only

Hx and Hz 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 Hx
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Figure 5.33: Parametric study of design variable (a) S1
Tx, (b) N

1
Tx.

and Hz components versus xr for different S1
Tx values, with N1

Tx = 1. The plot reveals

that the maximum Hx component occurs at the edges of the coil, while the maximum

Hz value is attained at the coil’s center. Additionally, the plot illustrates that both

Hx and Hz components increase with the increment of S1
Tx for a single-turn Tx coil, as

depicted in Figure 5.33(a). However, beyond a certain value of S1
Tx, the Hx component

continues to increase at the edges, whereas the Hz component starts decreasing at the

coil’s center. Therefore, a trade-off between these values is chosen as the optimal value

and given as S1
Tx = 127 mm. On the other hand, the optimization of N1

Tx 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 xr for various N1
Tx values, plotted with

the optimal S1
Tx = 127 mm. The plot illustrates that both Hx and Hz components are

within the ICNIRP limit for N1
Tx = 5, thereby confirming the optimized parameters for

Coil-i, ∀i ∈ [1, 8], as SiTx = 127 mm and N i
Tx = 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 (xiTx, y
i
Tx, z

i
Tx)

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 SiTx. 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.

Tx Coil−i SiTx N i
Tx (xiTx, y

i
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 × 255 mm2. 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 zr = 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 zr = 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

(No) 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 (xr, yr, zr, θr, ϕr) within a test volume ranging from

0 ≤ xr, yr ≤ 150 mm, 50 ≤ zr ≤ 300 mm, 0 ≤ θr ≤ 180◦, and 0 ≤ ϕr ≤ 360◦

above the proposed Tx structure. Consequently, the predicted position and orientation

(x′r, y
′
r, z

′
r, θ

′
r, ϕ

′
r) 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 (Ed and Ea) as given

in (5.11).

The analytically estimated localization errors for various random test positions and

orientations are plotted in Fig. 5.36(a-d). Moreover, the Ed and Ea variation with the Rx

transfer distance h are illustrated in Fig. 5.36(e,f) to visualize the proposed Tx localization

accuracy. The plot signifies that higher h results in a drastic increase in Ed and Ea because
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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/m3) 1109 911 1090 1008
Relative permittivity 1.09× 103 6.25× 10−1 4.94× 103 2.24× 103

Electric conductivity (S/m) 2.25× 10−3 4.63× 10−2 4.13× 10−1 5.46× 10−1

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

Coil-1

Coil-5
Coil-6

Rx

Region

(a) (b)

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.

SkinFat

Muscle

Soft tissue

2 mm5 mm

20 mm

20 mm

Proposed TxRx

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].

Human 

phantom

Proposed 

Tx

Figure 5.39: Assessment of electromagnetic absorption within the human body.

Moreover, an average position and orientation error (Êd and Êa), defined as the mean

value of Ed and Ea, shown in Figure 5.36, along with the standard deviations (σd and

σa) is evaluated as a performance metric and listed in Table 5.13. Here, the calculated

Êd and Êa 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 Êd and Êa for analytical and simulation case

Êd (mm) σd (mm) Êa (deg) σa (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 N0 = −80 dB is considered in the analysis. The analytically

calculated Êd and Êa 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
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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. Here, a high-frequency Litz wire
Tx Port 
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Tx Coil-6 

(a) 

(b) 

(c) 
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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 (Ω) Creso (pF)

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 + j796.32) 29.48
ST−5 (35.64 + j796.55) 29.47
ST−6 (35.55 + j548.69) 42.78
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 (C1
reso) is sufficient to resonate these coils

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
reso. In contrast, switching states ST−6 demands an additional C3

reso because of the

changing mutual coupling between Coil−5 and Coil−6. Similarly, ST−7 requires a single

C4
reso 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 (R1
s − R1

s) 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
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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

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. (θr = 00, ϕr = 00), (θr = 900, ϕr = 00), and (θr = 900, ϕr = 900).

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 (xr and yr) and the predicted position values (x′r and y′r) when Rx is oriented in

different orientations. Similarly, the disparity achieved in the actual orientations values

(θ and ϕ) and predicted orientations values (θ′ and ϕ′), 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 Ed and
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Figure 5.43: Measured localization performance with (a) position (xr), (b) position (yr),
(c) orientation (θr), (d) orientation (ϕr), (e) position error (Ed), (f) orientation error (Ea).

Ea 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 ≤ xr, yr ≤ 150 mm, 50 ≤ zr ≤ 275

mm, 0 ≤ θr ≤ 180◦, and 0 ≤ ϕr ≤ 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 × 255 mm2) compared to the literature design (300 × 300 mm2) 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 Tx that simultaneously localizes and constructs a magnetic beam

toward a Rx.

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 employedWPT

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 rr and Nr, 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 (xr = 0 mm,

yr = 0 mm, zr = h mm, θr = 0◦, ϕr = 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 (xr, yr, zr) and (θr, ϕr), 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 (xiTx, y
i
Tx, z

i
Tx), where z

i
Tx = 0 mm and having

a side length of SiTx. The turns present in the individual coils and the current circulating

through these coils are symbolized as N i
Tx and IiTxe

jϕ, 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 (Sw1 to Sw4) 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 (R1
s to R4

s) 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 N i
Tx 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 Vr 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 (σ) 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 σ variation present in the distribution of H-field components (Hx and

Hz) versus varying SiTx 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) Hx versus N i

Tx, (c) Hz versus N i
Tx.

the Hx field component and ignoring the Hy component is because the distribution of

both Hx and Hy components are identical. Thus, only the plot of Hx and Hz components

are shown. From Figure 6.2(a), it infers that the maximum deviation for Hx and Hz

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 Hx and Hz versus various N i
Tx for the optimized value of

SiTx is plotted in Figure 6.2(b) and Figure 6.2(c), respectively. The graph indicates that

as the value of N i
Tx increases, both Hx and Hz increase at the coil’s edges and center,

respectively. Moreover, the maximum value of Hz exceeds the acceptable field limit for

N i
Tx = 5 considering IiTx = 1 Amp, whereas the Hx 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 (y2Tx = 0), in contrast, the location of Coil−3 is shifted

diagonally (x3Tx = y3Tx). The correspondingly evaluated coupling between the Coil−1 and

Coil−2, and Coil−1 and Coil−3 are defined as k12 and k13, 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 (kavg) is determined that is defined as [38]

kavg =
2

3
k12 +

1

3
k13. (6.1)

The plot indicates that the kavg 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

xiTx (mm) 0 82 82 0

yiTx (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 24 − 1. Therefore, the H-field generated by these 24 − 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 zr = 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 Vr 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 Sw1 Sw2 Sw3 Sw4

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

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

Start

Collect the voltage samples from an arbitrarily placed Rx for various 

switching intervals specified in Table II

Predict the position and orientation of Rx based on the collected voltage 

samples using a machine-learning based model

Run the PSO algorithm to determine the optimal current excitations for the 

various Tx coils

Excite the various coils present in the proposed Tx with the optimal current 

excitation to form a magnetic beam toward the localized Rx

After a 

certain time check the 

voltage samples for all switching 

intervals is zero?

Stop
YesNo

Figure 6.5: Flowchart for working of the proposed Tx mechanism.

several test positions and orientations (xr, yr, zr, θr, ϕr) within a test volume spanning

from −50 ≤ xr, yr ≤ 140 mm, 50 ≤ zr ≤ 250 mm, 0 ≤ θr ≤ 180◦, and 0 ≤ ϕr ≤ 360◦ above
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the proposed Tx antenna. The Vr 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 Vr

samples. Additionally, to resemble the realistic scenario, a random white Gaussian noise

(No) is introduced alongside the gathered Vr samples from various switching instances.

Subsequently, the final prediction voltage sample (V p) is utilized to determine the position

and orientation of the Rx coil and given as

V p(x′r, y
′
r, z

′
r, θ

′
r, ϕ

′
r) = Vr(xr, yr, zr, θr, ϕr) +No. (6.2)

Here, No 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 (x′r, y
′
r, z

′
r, θ

′
r, ϕ

′
r)

corresponding to the voltage sample V p. 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 5×3 array
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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 ReLU 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

x′r, y
′
r, z

′
r, θ

′
r, ϕ

′
r 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
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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 (Ed and Ea) given as

Ed =
√
(xr − x′r)

2 + (yr − y′r)
2 + (zr − z′r)

2,

Ea = |θr − θ′r|+ |ϕr − ϕ′r|.
(6.3)

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 µsec 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 (xr and yr),
(b) orientations (θr and ϕr), (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 Ed and Ea, attributed to a decrease

in the signal-to-noise ratio (SNR), defined as the ratio of the square of V p to No [106].
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Consequently, the average position and orientation errors (Ēd and Ēa) 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−i,
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

Figure 6.9: Analytically obtained Vr distribution at arbitrarily positioned Rx for Tx
current vectors [I1Tx, I

2
Tx, I

3
Tx, I

4
Tx] (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,
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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-1 Coil-2

Coil-3

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

Proposed Tx 

DSO 

DC Power supply 

Control pins 

Rx coil 

DPDT 

switch 

Switching circuitry 

Tuning 

capacitors 

Potentiometer 

(a) 

Measurement 

grid 

Proposed Tx 

High-frequency 

inverter 

Current 

probe 

Switching 

circuitry 
Arduino 

micro-

controller 

(b) 

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 (Creso) 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 (Ω) Creso (pF)

Coil−1 (6.27 + j826.99) 28.38
Coil−2 (6.43 + j815.95) 28.76
Coil−3 (6.32 + j834.69) 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 (xr, yr), (b) orientation
(θr, ϕr), (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 Ed and Ea are determined

by measuring voltage samples at the Rx and are presented in Figure 6.13(a) illustrates

the discrepancy between actual position values (xr and yr) and predicted position values

(x′r and y′r) for different Rx orientations. Similarly, Figure 6.13(b) shows the disparity

between actual orientation values (θr and ϕr) and predicted orientation values (θ′r and ϕ
′
r).

Additionally, Figure 6.13(c) displays the measured localization errors Ed and Ea 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 Vr 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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(a) 

4.95 V 730 mA 

750 mA 

16.4 mA 15.4 mA 

17.6 mA 
980 mV 

(b) 

4.66 V 2.75 A 

708 mA 

716 mA 712 mA 

720 mA 

960 mV 

Figure 6.14: Measured current and voltage waveform in real-time beam shaping
performance evaluation.

Figure 6.15: Measured normalized Vr at arbitrarily positioned Rx for Tx current vectors
[I1Tx, I

2
Tx, I

3
Tx, I

4
Tx] (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 Vr 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 (Hz) and lateral (Hx and Hy) 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

Circular Tx

Implanted Rx

h

Circular Tx

(a) (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 hk, where k ∈ [1, n]

for different Rx planes, and n denotes the nth Rx plane, as shown in Fig. 7.2(a). The

Tx is located at (xTx, yTx, zTx) with a maximum radius rTx, available turns NTx, track

width wTx, and spacing between the adjacent tracks gTx. The current circulation through

the Tx coil is denoted by ITxe
jψ. 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, (c) planar multi-layer PCB realization of the proposed
Rx, (d) compact multi-coil Rx antenna.

having coil parameter values set to rTx = 70.7 mm, NTx = 5, wTx = gTx = 0.5 mm

and ITx = 1 A (considering the ICNIRP guidelines, i.e., the maximum field should not

exceed 21 A/m at target Rx region hk = 50 mm are evaluated using (2.4) and plotted

in Fig. 7.3. The purpose of adopting rTx = 70.7 mm is to maximize the field at the

Figure 7.3: Field distribution generated from a conventional Tx antenna at the targeted
Rx region (hk = 50 mm) (a) Hx, (b) Hy, (c) Hz.

targeted Rx location, i.e., (0, 0, 50) mm. Similarly, wTx and gTx 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 (hk = 50 mm). It

should be noted that the maximum value of 11.28 A/m for Hx and Hy components is

found near the edges (xr = 65 mm and yr = 65 mm, respectively). In contrast, the peak

value of Hz = 19.22 A/m occurs at the center (xr = yr = 0 mm) of the Rx area, where

the Rx is accurately aligned. Additionally, the lateral components Hx and Hy are not

accessible near the perfectly aligned Rx position (xr = yr = 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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Hz component of the H-field and are denoted as Coil−z. Whereas, to exploit the Hx

and Hy components, two compact orthogonal coils designated as Coil−x 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−x 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−x 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 z
r . Therefore, the total

cross-section area of the Coil−z is given as AZ = 2(LZ × LZ). The Coil−x contains Nx
r

turns with a cross-sectional area AX = LX ×WX , where LX and WX are the maximum

side lengths along with horizontal and vertical directions. Similarly, the Coil−y carries Ny
r

turns with a cross-sectional area AY = LY ×WY . The track width and spacing between the

turns in each coil of the Rx are wr and gr, respectively. Moreover, Fig. 7.2(a) exhibits that

the Coil−x 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 jth turn of the Rx Coil−i, where i ∈ {x, y, z},
the differential induced voltage (dV i

ind) is formulated as

dV iind = jωcµoHi(xr, yr, zr)dAi. (7.1)

Here, dAx, dAy, and dAz are the differential area along x, y, and z directions, respectively,

for the three orthogonal coils, ωc is the operating angular frequency in rad/sec, and µo is

the permeability of the free space. Consequently, the net induced voltages acquired from

the individual Rx coil are obtained as

V xind(xr, yr) =

Nx
r∑

j=1

dV xind = jωoµo

Nx
r∑

j=1

[ ∫∫
Ax

Hx(xr, yr)dAx

]
,

V yind(xr, yr) =

Ny
r∑

j=1

dV xind = jωoµo

Ny
r∑

j=1

[ ∫∫
Ay

Hy(xr, yr)dAy

]
,

V zind(xr, yr) =

Nz
r∑

j=1

dV xind = jωoµo

Nz
r∑

j=1

[ ∫∫
Az

Hz(xr, yr)dAz

]
.

(7.2)

The total average load voltage (Vo) 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 Vo
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post AC combining is formulated for the Rx misaligned to (xr, yr) as

V ACo (xr, yr) =
2

π
Vac(xr, yr) =

2

π
[|V xind(xr, yr) + V yind(xr, yr) + V zind(xr, yr)|]. (7.3)

However, the AC combining results in a large variation in the Vo as demonstrated in

Fig. 7.4, where the Vo(xr, yr) distribution is plotted against the Rx misalignment. For this

Figure 7.4: The Vo 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 Vo for this case is ideally obtained as

V DCo (xr, yr) =
2

π
Vdc(xr, yr) =

2

π
[|V xind(xr, yr)|+ |V yind(xr, yr)|+ |V zind(xr, yr)|]. (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 Vo 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 Vo throughout the Rx working region. Therefore, the

objective function targets a constant voltage in the Rx region. For this, the effective area

(Aieff = Ai × Ni) of the Rx coil-i ∀ i ∈ {x, y, z} needs to be controlled optimally by

parametric variation of Ni and Ai of individual Rx coils. Fig. 7.3 demonstrates that the

lateral field (Hx and Hy) components have similar field distributions in the Rx region. For

this reason, the Rx coils (Coil−x and −y) to capture the lateral fields are identical i.e.,

AXeff = AYeff . Therefore, AXeff and AZeff are adopted as optimization parameters whose

ratio represents a factor α = AXeff/A
Z
eff that is used while optimization to enhance the

misalignment tolerance. The case when α = 0 indicates the absence of the vertical Rx

coils, and only the conventional coil−z is present at the Rx, whereas α = 1 represents

identical Rx coils by means of effective total area.

The analytical results of the Vo variations in two different misalignments of the Rx, i.e.,

yr = 0 and xr = yr movements, for various α values are presented in Fig. 7.5. The

plots indicate that with an increase in α, a significant overshoot in Vo is observed with

Rx misalignment. This is because ALeff increases with α, and the Rx harnesses more
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Figure 7.5: Optimization and Vo variation versus α for the Rx movements along (a) yr = 0,
(b) xr = yr.

lateral fields (Hx and Hy) in the Rx region than the longitudinal field component (Hz).

Moreover, α = 0 signifies the undershooting in Vo with the Rx misalignment due to the

absence of harvesting capability from the Hx and Hy components. The high variation

in Vo ultimately degrades the device’s lifetime under charge. Due to this reason, a ±5%

variation tolerance in the Vo value is the fluctuation limit adopted in this study as a

universally accepted limit for battery charging applications. Considering this, the optimal

α that retains Vo under ±5% limit is obtained as 0.3071 with a uniformity Rx area of 5993

mm2. Thus, the percentage uniformity (PU), defined as the ratio of the Rx movement

area with uniformity in Vo to the Tx maximum dimension area, is plotted in Fig. 7.6 for

varying α. The result indicates that PU increases with increasing α for α > 0 and reaches

0 0.2

0.3071 0.4 0.6 0.8 1
10

20
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40

P
U

 (
%

)

38.18%

Figure 7.6: Variation of PU with α.

a maximum value of 38.18% at α = 0.3071. Further increase in α beyond 0.3071 causes a

reduction in the uniformity area because overshooting of the 5% limit. The 3−D variation

plots of Vo in the misaligned Rx for various values of α (i.e. 0, 0.3071, and 1) is presented

in Fig. 7.7. Fig. 7.7(a) indicates a highly varying Vo under the misaligned Rx condition

Figure 7.7: Analytical variation of the Vo under lateral misalignment (a) planar Rx (α = 0),
(b) proposed Rx (α = 0.3071), (c) identical orthogonal Rx (α = 1).

since it harnesses only the Hz component of the H-field, therefore causing undershoot in

the Vo response. In contrast, a significant overshoot is present in the identical Rx (α = 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 Vo for the Rx movements. This indicates

that the proposed design can mitigate lateral misalignment to a greater extent for the

adopted Tx with rTx = 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

Transmitter 

coil 

Figure 7.8: Evaluation of electromagnetic absorption by the human body.

the proposed Rx antenna corresponding to α = 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 Nx
r Ny

r Nz
r

Values (mm) 19 6.4 19 6.4 16 5 5 5

N z
r = 5 represents each spiral of the Rx coil-z containing 5 turns. The wir and gir 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−x, −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.

(a) (b) (c) 

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 Ω) 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 Ω) at different ports.

Tx Coil−x Coil−y Coil−z
9.86 + j683.83 0.53 + j25.69 0.68 + j27.33 1.83 + j73.49

frequency are correspondingly evaluated as CTxreso= 34.33 pF, Ccoil−x
reso = 913.75 pF, Ccoil−y

reso =

858.92 pF, and Ccoil−z
reso = 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

(a) (b) 

Figure 7.12: (a) Measured current and voltage across the Tx terminal, (b) Voltage induced
at Rx Coil−z and Vo at rectenna port.

voltage obtained at the Rx coil−z and the Vo at the rectenna port under the perfectly

aligned condition of the rectenna array is presented in Fig. 7.12(b). Further validation of

measured Vo with the analytical Vo variation when Rx is misaligned horizontally (yr = 0)

and diagonally (xr = yr) is presented in Fig. 7.13. Here, both analytical and measured
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Figure 7.13: Measured Vo for a laterally misaligned rectenna along yr = 0 and yr = xr.

results are self-normalized with their own Vo 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 (α = 0). This shows that

the proposed rectenna provides Vo 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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(RL) 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 (P indc ) from a programmable DC power supply fixed at 4.90 W, the measured

Vo and corresponding rectified power (P rdc) delivered to the load is plotted for varying RL

values as depicted in Fig. 7.14(a). The plot shows that P rdc is maximized for RL = 10Ω
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Figure 7.14: (a) Measured Vo and P rdc with a varying load RL, (b) Performance
measurement of utilized rectifier.

and the optimal value of P rdc obtained as 144.24 mW, respectively. This optimized RL

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 P rdc and rectification efficiency (ηr) versus input power

to the rectifier (P rac) 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 rdc and ηr rising with increasing values

of P rac and the measured ηr is 53.30 %, when P indc 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 (ηcom)

is also measured, which is defined as a ratio of P rdc 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

(ηsys) of the proposed WPT system is also evaluated, which is defined as a ratio of P rdc
and P indc . Under the perfectly aligned case, the evaluated ηsys 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

ηsys versus lateral misalignment is shown in Fig. 7.15(b). The plot indicates a reduction in

ηsys 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 ηsys is almost constant

for the range [−30, 30], thus providing a consistent power for the misalignment tolerance

range of 60 × 60 mm2. 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 (xTx, yTx, zTx) and carried a current of ITx.

The radius and number of turns present in the Tx coil are designated as rTx and NTx.

To exemplify the H-field components generated from the Tx coil at each point (xr, yr, zr)

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 (Hx, Hy, and Hz) generated at the Rx

plane due to a total NTx turns of the Tx coil is given as (2.4). The H-field distribution

generated by the Tx coil located at the origin, having rTx = 70 mm and NTx = 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 Hz 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) Hx, (b) Hy, (c) Hz.

at the center of the Tx coil, whereas the lateral fields (Hx and Hy) 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 Hz 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 ∀ i ∈ {1, 5}. Here, Rx-1 is placed between the drone’s four legs and captures only

the Hz 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 Hx 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 Hy 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 (Vind) is obtained from all the Rx coils. Moreover, the

parameters of Tx coil are taken as rTx = 70.7 mm and NTx = 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
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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 Vind obtained in the Rx coil. The Vind distribution

when anti-parallel turn coils and planar central Rx coil are analyzed individually at the

Rx region (h = 50 mm) are plotted in Fig. 7.20. The Vind distribution of anti-parallel

Figure 7.20: Simulated Vind from (a) Rx-2 or Rx-3, (b) Rx-4 or Rx-5, (c) 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 (Hx and Hy). In contrast, the central Rx coil

encapsulates the vertical component of the H-field (Hz) as shown in Fig. 7.20. For better

visual representation, a 2−D variation of Vind with xr is provided in Fig. 7.21. Based on the

maximum Vind obtained, the position of anti-parallel coils is selected as 64 mm. However,
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Figure 7.21: Position optimization of the proposed anti-parallel turn coil.
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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 ∀ 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

Rx-i (xir, y
i
r) in mm

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 Impedance (Ω) resonating capacitance (pF)

Tx (11.07 + j756.90) 31.01
Rx-1 (5.12 + j109.97) 213.46
Rx-2 (13.15 + j1605.20) 14.62
Rx-3 (13.13 + j1605.47) 14.62
Rx-4 (13.18 + j1604.60) 14.63
Rx-5 (13.13 + j1604.98) 14.63
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Figure 7.23: Experimental setup to verify the performance of fabricated prototype.

is utilized to measure the Vind in the Rx coils. The measured Vind from the central coil and

anti-parallel turn coils are listed in Table 7.6. The results signifies that measured Vind from

Table 7.6: Measured Vind from central and anti-parallel connected turn coils.

Vind(V ) Rx-1 Rx-2 Rx-3 Rx-4 RX-5

Simulated 22.5 22.3 22.3 22.3 22.3
Measured 22.4 21.9 22.9 23.1 22.7

various Rx ports are well corroborated with the simulated Vind. 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 60×60 mm2. 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 (Hx and Hy), whereas, central coil is utilized to harvest only the

Hz 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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for Lateral Misalignment Tolerant Wireless Powering of Bio-Medical Implant Devices,” in IEEE Journal
of Electromagnetics, RF and Microwaves in Medicine and Biology, doi: 10.1109/JERM.2024.3351751.
[2]. V. K. Srivastava, A. Bharadwaj, and A. Sharma, ”A Planar Distributed Receiver Coil
Antenna Array to Encapsulate Vertical and Lateral H-Fields for Drone Wireless Charging,” in 17th
European Conference on Antennas and Propagation (EuCAP), Florence, Italy, 2023, pp. 1-5, doi:
10.23919/EuCAP57121.2023.10133370.
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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 S21 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 S21 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
approach

MRC based Sensor based Electromagnetic FDM based TDM based TDM based

based
Employed
magnetic

Coil Permanent Coil Coil Coil Coil

Source based magnet based based based based based
Localization
targeted
(position or
orientation)

Position Both Both Both Both Both

Structure
adopted

Planar Planar 3-D 3-D Planar Planar

Tx size 6.2× 6.2 15× 15 10× 10× 10 24× 24× 3.4 30× 30 25.5× 25.5
cm2 cm2 cm3 cm3 cm2 cm2

Design
optimization

Yes No Yes No No Yes

Average
position
error in mm
(orientation
error in
degree)

- 3.89 (5.5◦) - 2.3 (0.2◦) 1.22 (1.18◦) 1.17 (0.87◦)

fabrication
complexity

Low Low High High Low Low

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 × 60 mm2. 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 (Hx and Hy), while the central coil captures the

Hz 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

� 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.

� Investigation into various cost-effective composite materials could be undertaken to

enhance PTE in Tx-Rx coil antennas.

� 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.

� 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)

� 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

� 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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