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Lay Summary

This thesis aims to address the issue of lateral misalignment in near-field resonant wireless

power transfer (WPT) systems. The scholar used a novel field forming technique using

minimum mean square error (MMSE) algorithm to design several transmitter and receiver

coils. As a valuable contribution to the research community, the scholar proposed six

novel designs to overcome lateral misalignment in WPT systems. These new designs

outperformed those proposed in literature studies.
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Abstract

Wireless power transfer (WPT) has been around for over a century originating with

Nikola Tesla’s pioneering ideas; however, it has recently drawn more attention due to its

broad applicability in various current scenarios. Having the features like high flexibility,

convenience, safety, and aesthetics, the WPT is widely used in many applications such as

biomedical implants, mobile phones, and electric vehicles. The performance of the WPT

system is greatly a↵ected by misalignment between the transmitter (Tx) and the receiver

(Rx) coils. In practice, perfect alignment is usually not ensured. Therefore, mitigation of

the misalignment problem is currently a primary research direction. Among various such

limitations, the lateral misalignment problem is most common in the WPT applications

such as smartphones, drones, and electric vehicle charging stations, where the Tx and the

Rx coils are co-planar but displaced. Hence, the primary objective of this thesis is to

propose a solution to mitigate the lateral misalignment problem by employing the field

forming technique. Additionally, a novel performance parameter called the Uniformity

Factor (UF) is introduced to assess the potential misalignment tolerance of the proposed

designs.

The thesis is split up into seven chapters. Chapter 1 discusses the basics of the near-field

WPT system, describing various potential research problems involved in the WPT system,

and later identifies the most challenging issue, which is targeted in this thesis. Further,

the already available solutions in the literary works are investigated intensively in Chapter

1. Simultaneously, Chapter 2 deals with a mathematical background of field-forming

technique and circuit analysis of distinct compensation topologies, and design procedure

of Tx coil antenna to maximize e�ciency under a perfectly aligned Rx coil antenna.

Whereas the Chapter 3 deals with novel S-parameter-based e�ciency equations for

series-series, series-parallel, parallel-series, and parallel-parallel compensation topologies.

Also, Chapter 4 focuses on addressing lateral misalignment problems by targeting to

induce uniform voltage at the Rx coil using single port Tx coil antennas. The best Tx

coil antenna design using single port is found to be Design-1C (n=3) with UF in regards

to induced voltage is 45.41%. On the contrary, Chapter 5 aims to mitigate the lateral

misalignment problem by minimizing flux leakage using switchable circuits and detection

coils using multi-port Tx coil antennas. The Design-2B multi-port Tx coil antenna

achieves UF of 75.5% in induced voltage with power transfer e�ciency of 80% which

stands out among all the designs mentioned in this thesis. Furthermore, the investigation

of Rx coil antenna is intensively done by performing parametric optimization of various

parameters of Rx coil to encapsulate all the magnetic-field components to induce a

uniform voltage in Chapter 6. Finally, the thesis work is summarized and concluded in

Chapter 7.

Keywords:Wireless Power Transfer (WPT); Magnetic Resonance Coupling (MRC);

Magnetic Field Forming; Detection Coils; Vector Network Analyzer (VNA); Compensation

Topologies.
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Chapter 1

Introduction of WPT system

1.1 Introduction

The concept of Wireless Power Transfer (WPT) involves transmitting electrical energy

from a transmitter (Tx) to a receiver (Rx) through the air utilizing electromagnetic waves.

This technology can be divided into three primary categories, far-field radiative, near-field

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

WIRELESS POWER TRANSFER (WPT) SYSTEM

FAR-FIELD RADIATIVE WPT NEAR-FIELD REACTIVE WPTNEAR-FIELD RADIATIVE WPT

MICROWAVE WPT OPTICAL WPT
ELECTRIC-FIELD 

BASED WPT
MAGNETIC-FIELD 

BASED WPT

INDUCTIVE WPT
CAPACITIVE WPT

MAGNETIC RESONANT WPT

FRESNEL WPT

Figure 1.1: Classification of various types in WPT systems.

radiative WPT involves the transfer of energy over extensive distances through the use

of electromagnetic waves such as microwaves and laser beams. However, this technology

remains in its nascent stages due to the potential dangers posed by high-power microwaves

and laser beams to living beings. On the other hand, near-field WPT can be subdivided

into two categories: radiative and reactive. The radiative region in the near-field, also

Known as the Fresnel region, entails transmission of low-power microwaves through

antennas and is suitable for powering micro sensor nodes, low-power home appliances, and

biomedical devices. Meanwhile, the reactive region, comprising electric field based WPT

and magnetic field baased WPT, manages to power medium to high-power applications.

Capacitive WPT relies on the electric field coupling between Tx and Rx metal plates,

yet raises safety concerns as the human body can be polarized under the influence of

electric fields. Furthermore, the presence of nearby stray metal objects can significantly

1



2 Chapter 1. Introduction of WPT system

reduce the electric-field coupling between Tx-Rx coil metal plates, resulting in decreased

power transfer e�ciency (PTE). On the other hand, magnetic field WPT functions based

on Faraday’s law of electromagnetic induction, in which the Tx-Rx coils are subdivided

into Inductive and Magnetic resonant WPT systems. The significant advantages of using

an Inductive WPT system is it provides features such as high flexibility, convenience,

aesthetics, safety, and spatial freedom, which are not possible using conventional

plugin charging. Moreover, the magnetic fields originated from Inductive WPT have

minimal impact on living beings, considering life on Earth is composed of non-magnetic

components. However, inductive WPT experiences reduces coupling as the transfer

distance increases from short to medium distances, due to significant magnetic flux leakage

due to lack of resonance between Tx-Rx coils.

Researchers at MIT have developed a Magnetic Resonance Coupling (MRC) based WPT

system to address this issue, which enhances the coupling between Tx-Rx coils. In

the MRC technique, the reactance of the Tx-Rx coils is compensated using an external

capacitor network at a single-tone operating frequency. The MRC technique [1] has proven

to be the most e�cient and reliable mode of contactless power transmission, making it

the focal point of research work in this thesis due to its capability of transferring e�cient

power over medium transfer distances. The block diagram of the MRC based WPT system

is displayed in Figure. 1.2 , which highlights that the system comprises of high-frequency

HIGH-FREQUENCY 
RECTIFIER

FILTERING CIRCUITBATTERY/LOAD COMPENSATION 
NETWORK

RECEIVER COIL

TRANSMITTER COIL

MAGNETIC FIELD LINES

COMPENSATION 
NETWORK

HIGH-FREQUENCY 
INVERTER CIRCUIT

LOW FREQUENCY 
RECTIFIER

50 Hz/ 60 Hz AC 
POWER SUPPLY

Figure 1.2: Block diagram of MRC based WPT system.

inverters to excite the resonant Tx coil, and at Rx side, the fast-recovery diodes are

employed in the rectifier unit design to convert high-frequency induced voltage/current

into Direct Current (DC) voltage/current. Filtering capacitors are utilized to eliminate

ripples in the rectified DC voltage/current, ensuring that the battery/load is powered with

pure DC power. The various commercial applications of MRC-based WPT systems such as

electric drones, electric vehicles, smart phones, and biomedical implants are demonstrated

in Figure. 1.3.

Despite the advancements of the MRC based WPT system, the coupling and link e�ciency
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(a)

(b) (c) (d)

(e)

Receiver coil

Transmitter coil

Figure 1.3: Applications of MRC based WPT system as (a) electric drones, (b) electric
vehicles, (c) smart phones, (d) intraocular pressure sensor, and (e) biomedical implants.

between the Tx and Rx coils are significantly impeded due to misalignment between them.

Ideally, the Rx coil should be coplanar and coaxially aligned with the charging platform

(Tx). However, various misalignment issues, as depicted in Figure. 1.4, frequently arise due

to human motor limitations. Of all the misalignment problems illustrated in Figure. 1.4,

lateral misalignment is a common occurrence in a range of applications such as electric

vehicles, mobile devices, and electric drones. The lateral misalignment happens due to

a relative position variation between the Tx-Rx coils at a certain fixed transfer distance

Thus, the study in this thesis aims to address the mitigation of this limitation.

1.2 Literature Survey of Near-Field Resonant WPT System

The literary assessment has been arranged in a systematic manner to address the potential

research hurdles that may arise in the near-field MRC-based WPT systems, as depicted in

Figure. 1.5. Through a thorough examination of the available literature, it is established

that the primary di�culties can be categorically divided into four main domains: 1)

high-frequency power electronic converters, 2) compensation topologies, 3) electromagnetic

interference/compatibility (EMI/EMC), and 4) Tx-Rx coil design.

1.2.1 High-frequency power electronic converters

The requirement for a alternating current (AC) at high-frequencies to produce an

electromagnetic field of equivalent frequency within the Tx coil arises from the utilization

of high-frequency inverters. Subsequently, the high-frequency induced voltage produced

within the secondary coil is rectified to DC. The DC signals with ripples are purified using

filtering network and linked to the battery. It is imperative to design highly e�cient power

electronic converters to ensure that the aforementioned conversion procedure is achieved
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(a) (b) (c) (d)

(e) (f ) (g)
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Figure 1.4: (a) Perfect alignment of Tx-Rx coils, distinct misalignment challenges such
as (b) lateral misalignment, (c) angular misalignment, (d) longitudinal misalignment,
(e) lateral and angular misalignment, (f) lateral and longitudinal misalignment, and (g)
angular and longitudinal misalignment in resonant WPT system.
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Figure 1.5: Various research areas in resonant WPT system.

with minimal losses, thereby augmenting the overall system e�ciency.

High-frequency inverters

The prime objective of a power electronic inverter in a WPT system is to function in two

distinct modes of operation, namely, constant current (CC) and constant voltage (CV)

modes, in order to enhance the durability, safety, and life cycle of the battery located

at the load end. However, the equivalent resistance of the battery exhibits non-linear
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variations during the charging process, and these variations can also occur as a result of

misalignment-induced coupling problems. These factors pose a challenge for WPT systems

to provide constant and load-independent output voltages/currents, and also to achieve

high PTE, which is widely recognized as an important goal in WPT systems. The PTE of

WPT systems is reduced by switching and conduction losses from high-frequency devices.

To tackle these challenges, a DC-DC converter is sometimes added between the DC power

supply and the high-frequency inverter to regulate the desired output voltages/currents

by adjusting the duty cycle of high-frequency switching devices [2]. However, this solution

incurs additional power losses and cost due to the DC-DC converter, and may not be

feasible in practice. Half-bridge and full-bridge inverters combined with variable inductors

provide a degree of freedom to control the output of DC signals of the WPT system [3].

However, the full-bridge inverters proposed in [3] can only operate at frequencies up to

10s of kHz, resulting in larger inverter sizes and increased losses, reducing overall system

e�ciency. To reduce the size of inverters, it is advisable to operate the switches at very high

frequencies, typically in the MHz range. Therefore to miniaturize inverters a wide band

gap (WBG) devices, such as Silicon Carbide (SiC) MOSFETs and enhancement-mode

Gallium Nitride (eGaN) field e↵ect transistors (FETs) are used in designing high-frequency

inverters at MHz range. Moreover, the technology using WBG have made it easier to

design high-frequency inverters with much higher breakdown voltages [4]. Among the

WBG devices, eGaN FETs are ideal candidates for use in high-frequency inverters, as they

have lower ON-resistance performance at high temperatures, lower input capacitances, and

lower inductance in their packages compared to SiC MOSFETs.

The various types of inverter configurations using WBG devices are illustrated in

Figure. 1.5 encompass class-D [4, 5], class-E [6, 7, 8], class-DE [9], class-F [10] and

class-EF topologies [11, 12, 13]. The class-D inverters are renowned for their exceptional

high-frequency performance, typically in the MHz range, and for providing output

responses that are independent of load variations. The class-D resonant inverter is

either a half-bridge or full-bridge configuration, which employs at least two MOSFETS

to transform DC power into high-frequency AC power [4, 5]. Furthermore, the class-D

topology operates under lower voltage and current stress on the switches, although it

requires a more complex gate driver circuit to switch the devices. The bootstrap used

for this purpose presents one of the major design challenges when implementing class-D

inverters at multi-MHz switching frequencies. The total harmonic distortion of the output

voltage of this topology is higher compared to other classes of inverters.

On the other hand, the class-E inverter, invented by Natha O Sokal and Alad D Sokal

in 1975 [6], has been extensively researched and its analysis is well documented in

literature. Generally, the class-E inverter provides a compact and e�cient solution for

high-frequency WPT systems and has less complexity in the design of gate driver circuits

with only one switching device. Additionally, the voltage ringing across the switching

device, which is almost half the sinusoidal waveform with finite derivatives on both the

ON and OFF transitions, results in low total harmonic distortion, which is crucial for
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electromagnetic compatibility [7]. Theoretically, class-E inverters exhibit 100% power

e�ciency by achieving zero-voltage switching (ZVS) and zero voltage derivative switching

(ZVDS). However, the high voltage and current stresses on the switching devices and

sensitivity to output filter design are major drawbacks of the class-E inverter. Furthermore,

the class-E inverter’s resonant operating point is dependent on variations in the load and

coupling between the Tx-Rx coils.

By connecting two shunt capacitors in parallel with the transistors of the class-D

inverter [9], the advantages of class-D and class-E inverters are combined in the class-DE

inverter. The class-DE inverter benefits from low transistor voltage stress and ZVS

operation. Class-F and the recently popularized dual inverse class F
�1 [10] have been

developed primarily to increase the saturated performance of class-AB and class-B designs,

resulting in higher attainable operating frequencies than those of class-E amplifiers.

However, the performance limitations due to tuning requirements and a lack of simple

circuit implementation for nearly ideal switching make class-F a poor choice at higher

frequencies.

Finally, it has been established that by incorporating a series LC network, tuned to

the second harmonic of the switching frequency and connecting it in parallel with the

switch in the class-E inverter, the voltage stress across the switch can be reduced to

2-2.5 times the input voltage. This technique, which involves the addition of a resonant

network in parallel with the switch, is commonly employed in class-F�1 inverter circuits

and rectifiers. As a result, the class-E topology that incorporates this LC network is

referred to as the class-EF2 topology [11, 12, 13]. The reduction in voltage stress in

the class-EF2 topology allows for the circuit to be designed with a higher operating DC

voltage, which minimizes the fluctuations in the switch’s non-linear output capacitance.

Additionally, the class-EF2 topology o↵ers an improved electromagnetic interference

(EMI) performance as it eliminates the second harmonic component from the switches

drain voltage and the output load current. In contrast, the class-E inverter is characterized

by a strong second-harmonic component, which can make it challenging to comply with

EMI regulations.

Rectifiers

Wireless power receivers derive energy from the secondary coil of a WPT system,

facilitating the transformation of AC into DC. Traditional rectifiers employ a two-stage

structure, whereby the rectifier first converts the AC signal into an unregulated DC

signal, which is then regulated through a DC-DC converter. However, the utilization of a

two-stage rectification process incurs losses due to additional switching components and

reduces the overall e�ciency of the system [14]. As an alternative, single-stage receivers,

which unify the functions of the rectifier and regulator into a single entity, have been

proposed to enhance rectification e�ciency [15]. This is achieved through a reduction

in the number of switching devices compared to the two-stage rectification process.

Additionally, single-stage rectifiers can typically be implemented through two means: a
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reconfigurable rectifier approach [16], or through the modulation of the conduction time

of power transistors to regulate the output voltage [17]. Nevertheless, the aforementioned

methods present limitations in their ability to convert high-frequency AC signals, typically

within the MHz range, into DC.

The rectifiers previously employed in similar works were all based on conventional

half-wave and full-wave configurations. Although they are capable of performing AC-DC

rectification, their utilization can negatively impact the overall performance and e�ciency,

as most resonant inverters, such as class-D and class-E, operate at resonance. Given that

the outputs of class-D and class-E resonant inverters are sinusoidal, the input current of

traditional rectifiers is not. This mismatch can cause the primary coil driver to operate

under suboptimal switching conditions, necessitating the use of class-D rectifiers [18].

These rectifiers can convert sinusoidal voltage or current into DC voltage or current. The

primary advantage of class-D rectifiers lies in the fact that the input voltage or current

is a square wave, leading to enhanced power factor and total harmonic distortion factor,

making it compatible with class-D and class-E inverters. Despite the advantages of class-D

rectifiers, they necessitate the use of a minimum of two diodes, which results in increased

switching losses. In contrast, class-E rectifiers [19] only require a single diode, leading to

lower losses and ultimately improving rectification e�ciency.

1.2.2 Compensation topologies of resonant WPT system

The four principal compensation topologies, namely series-series (S-S), series-parallel

(S-P), parallel-series (P-S), and parallel-parallel (P-P), play a crucial role in optimizing

the performance of resonant WPT systems in terms of PTE under varying optimal load

conditions [20]. The resonant capacitors in the S-S compensation topology are una↵ected

by mutual coupling and load resistance, making it well-suited for applications such as

dynamic wireless charging systems, which are susceptible to changes in mutual inductance

and load resistances. In contrast, the compensation capacitors in the S-P topology

are dependent on mutual inductance, which limits its suitability for applications prone

to misalignment. Additionally, the S-P topology requires significantly less secondary

inductance, making it an appropriate choice for biomedical applications. Meanwhile,

capacitors in both the P-S and P-P topologies are influenced by both mutual inductance

and load resistance, rendering them less suitable for many applications. However, P-S and

P-P topologies find practical use in low-power and loosely coupled applications [20].

Furthermore, the utilization of hybrid compensation configurations,

including primary series/secondary series-parallel (S-SP) [21], double-sided

inductance-capacitance-capacitance (LCC-LCC), LCC-series (LCC-S), LCC-parallel

(LCC-P), double-sided capacitance-inductance-capacitance (CLC-CLC) [20, 22], and

higher-order compensation capacitors such as L-CCCS [23] and P-CLCL [24] networks,

o↵er increased versatility in maintaining a consistent current output amidst varying load

conditions. However, the inclusion of extra inductance and capacitance in these hybrid

networks leads to higher losses due to stray resistance, and their cost is generally more
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expensive than that of primary compensation topologies.

1.2.3 Electromagnetic interference in resonant WPT systems

The phenomenon of EMI refers to the unanticipated interaction between magnetic flux

lines that occur outside the Rx coil region and foreign objects or living entities. This

interaction results in flux leakage, which negatively influences the resonant WPT’s

performance parameters. Hence, it is imperative to mitigate the issue of flux leakage

through the implementation of various shielding strategies, as demonstrated in Figure. 1.5.

The optimal placement of aluminum plates behind the Tx-Rx coils can result in an

enhancement of the total magnetic field intensity within the Rx coil [25]. This occurs

because the eddy currents induced in the aluminum sheets augment the magnetic induction

process. However, despite the increase in output power, the system’s PTE experiences a

reduction due to eddy current losses.

Ferrimagnetic materials, such as ferrites, are being considered as a viable alternative for

shielding in WPT systems due to their ability to guide and confine magnetic flux [26].

Characterized by their elevated relative permeability and minimal loss tangent, these

materials have gained consideration as a potential means of improving system performance.

Nevertheless, ferrite structures are not without their drawbacks. Their inherent brittleness

poses di�culties with regards to encapsulating the coils and attaching them to metal

surfaces. Furthermore, the relatively rigid mechanical properties of ferrite structures pose

challenges in terms of mass production. Additionally, ferrite materials are susceptible to

eddy current losses at elevated frequencies, such as those in the MHz range or higher, as

well as hysteresis losses.

As an alternative, one may incorporate more sophisticated materials, such as

metamaterials [27], into the WPT system to boost its overall performance by mitigating

the issue of leakage flux. Metamaterials are artificially constructed materials possessing

uncommon and exotic properties not found in naturally occurring materials, thereby

transcending the limitations associated with conventional materials. Permittivity and

permeability are two parameters that reflect the electromagnetic properties of materials,

and accordingly, materials can be divided into four categories based on the polarities of

these parameters. When both permittivity and permeability are simultaneously positive

(✏ > 0, µ > 0), the materials are designated as double-positive (DPS) materials and are

commonly known as conventional materials. On the other hand, materials with negative

permittivity and positive permeability (✏ < 0, µ > 0) are classified as epsilon-negative

(ENG) materials, while materials with positive permittivity and negative permeability (✏ >

0, µ < 0) are referred to as mu-negative (MNG) materials. Materials that are configured

to have both parameters be negative (✏ < 0, µ < 0) are known as double-negative (DNG)

materials. The ENG, MNG, and DNG slabs are typically considered metamaterials and

are initially classified based on the unit cell position, such as 1-D [28], 2-D [29], and

3-D [30], and can also be categorized based on their relative position with respect to the

Tx-Rx coils, such as middle [31], front [32], back [33], and sideways [34]. The primary
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challenge in utilizing metamaterials lies in their practical implementation, and the size of

metamaterials increases significantly as the operating frequency decreases. As a result,

the use of metamaterials becomes infeasible in applications where the operating frequency

falls within the kHz range.

An economical method for EMI shielding is the utilization of passive coils, which rely on

a resonant reactive current loop mechanism to produce a magnetic field that cancels out

the original magnetic field, thereby reducing EMI. This approach is cost-e↵ective as it

does not require any external power source to generate the cancelling magnetic field, as

it is derived from the original magnetic field noise [35]. In contrast, the active shielding

technique has been proposed as a means of reducing magnetic leakage between the Tx

and Rx coils. This involves the use of an active shield, comprised of an additional active

coil, which generates a magnetic field that is opposite to the incident field, thus reducing

the total magnetic field in a designated area. However, the active coils must be controlled

by an external voltage source, which results in increased cost, complexity, and energy

losses [36].

1.2.4 Measurement techniques for WPT systems

The measurement setup for determining the most significant performance parameters of

WPT systems, such as PTE, can be broadly classified into two distinct techniques, each

comprising various measurement methods/setups. The first measurement technique is

built on circuitry laws and is further subdivided into passive and active measurement

methods. In the passive measurement method, circuit parameters such as resistance

and self-inductance are directly measured using either an impedance analyzer [37] or

an LCR meter [38]. The mutual inductance of Tx-Rx coils is measured indirectly by

the di↵erential cumulative method [38, 39]. The PTE is then computed by replacing

the measured values of the circuit parameters in the circuit-based e�ciency formula [1].

In this method, the power supply is designed by the user, allowing them to control the

value of source resistance [1, 40], while the load resistance [41] is chosen based on the

user-defined application. However, the passive measurement technique has limitations,

such as complexity in measuring mutual inductance value with low accuracy.

In the active measurement method, the circuit-based e�ciency is obtained by determining

the ratio of output power and input power aided with a dedicated power source [1].

However, a prime challenge in this method is using a high-frequency GaN-based inverter

at high power levels to estimate the performance of Tx-Rx coils by designing a

dedicated power source. Consequently, the system cost is escalated for a laboratory-level

realization [42]. Alternatively, the signal generator-spectrum analyzer duo is adopted to

measure PTE [42]. However, the source resistance value of the signal generator is 50⌦,

which reduces the PTE value in comparison to a realistic power source in which the source

resistance ranges from 0 to 0.1⌦ [1].

In the second measurement technique, the S-parameter-based e�ciency is measured

by acquiring the magnitude of S-parameters by calibrating the input port and output
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port to 50⌦ [43]. Based on the matching network at the load side, the conventional

S-parameter-based e�ciency is categorized as transducer gain [44] and power gain [43].

The S-parameters are e↵ortlessly measured using a vector network analyzer (VNA) even

at high frequencies considering the circuit is electrically small. Moreover, the instrument

is independent of undesired harmonics, and the data is highly reproducible and less

susceptible to external noises. Nevertheless, the most prominent challenge observed

in this technique is implausible VNA measurement to extract S-parameters at source

resistance equivalent to near zero condition while no power is exchanged between Tx-Rx

coils. Withal, most of the energy is consumed by VNA instruments due to high internal

resistance. Therefore, the measured value of e�ciency attained from the two methods

significantly di↵ers; (Circuit-based e�ciency > S-parameter-based e�ciency) for identical

Tx-Rx coil designs. This disparity in S-parameter-based e�ciency has inspired scholar

to devise a novel VNA-based measurement technique to produce results equivalent to

circuit-based e�ciency in this thesis work. The proposed technique is further adopted in

our laboratory for measurement of PTE between Tx-Rx coils. Overall, the development

of this new VNA-based measurement technique in this thesis represents an important

advancement in the field of near-field WPT.

1.2.5 Literary compositions of the Tx-Rx coils of a resonant WPT

system

The geometrical configuration of Tx-Rx coils play a crucial role in the WPT system and

present a wealth of opportunities for optimizing its performance parameters. Two of

the most widely used coil shapes are circular [45] and square [46]. Wherein, circular

coils are preferred in applications that are more susceptible to angular misalignment,

while square coils are utilized when lateral misalignment is a greater concern. Moreover,

some researchers are exploring other shapes such as hexagonal [47] and octagonal [48] as

alternative options.

To attain a superior link e�ciency, the Tx-Rx coils must be precisely aligned. However,

this misalignment is inescapable due to the limitations of human dexterity. Generally,

three di↵erent misalignment scenarios between Tx-Rx coils may occur: (i) Lateral

misalignment [49], wherein the coils are situated in parallel planes, but the Rx coil is

o↵set horizontally; (ii) Angular misalignment [50], arising from the rotation of the Rx

coil from its intended angle; and (iii) Longitudinal misalignment [51], whereby the Rx

coil is misaligned from its intended transfer distance. These misalignments are aldready

visually shown in Figure. 1.4. Of all the misalignment issues, lateral misalignment is an

ineluctable challenge in a plethora of wireless charging scenarios, such as electric vehicles

(EVs), mobile devices, and electric drones, among others. Thus, this thesis primarily

focuses on addressing the significant problem of lateral misalignment.
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Why lateral misalignment problem needs to be addressed?

When the Rx coil is laterally displaced, the magnetic field lines between the Tx and Rx

coils become less interlinked, leading to a decrease in the mutual inductance (M) between

them. This reduction inM can directly a↵ect both the PTE and the load power. Thus, the

PTE of a resonant WPT system is dependent on the magnetic field distribution generated

by the Tx pad in the Rx region, which in turn is determined by the current distribution of

the Tx coil and the physical characteristics of the Tx pad. To address the issue of lateral

misalignment, it is essential to optimize the design parameters of the Tx coil, such as

its position, number of turns, inter-turn spacing, and conductive track width. Figure 1.6

depicts the impact of lateral misalignment on the magnetic flux at the misaligned region

of the Rx coil.

(a) (b)
Transmitter

Aligned  
Receiver coil

Misaligned  
Receiver coil

Transmitter

Magnetic Field 
Distribution

Magnetic Field 
Distribution

Figure 1.6: The e↵ect of lateral misalignment under magnetic-field distribution at the Rx
coil region.

Literature Survey of Various Solutions Adopted in Past to Mitigate

Lateral Misalignment

The earliest method for addressing the issue of lateral misalignment is through the

implementation of sensing coils to detect the displacement of the Rx-coil, which is

then corrected through an electro-mechanical mechanism [52, 53, 54]. However, as

detailed in [52], this technique necessitates an additional communication channel and a

two-dimensional mechanical positioner to process the Rx coil data, thereby compromising

the durability, reliability, and cost-e↵ectiveness of the solution.

A more optimal approach to mitigate lateral misalignment issues is through the

optimization of Tx coils using a field-forming strategy. Tx pads are generally classified

into two categories, namely polarized and non-polarized coil structures. Polarized

coil structures, such as double D (DD) [55], extended DD [56], double D quadrature
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(DDQ) [57], and solenoid [58], are characterized by the presence of two opposing poles,

north and south, within the pads. However, these designs have a low tolerance for

misalignment due to the highly asymmetric distribution of the magnetic field, and the

inclusion of ferrite sheets to increase coupling results in increased cost and weight of the

WPT system. As a result, their use is limited to large EVs and similar applications.

On the other hand, non-polarized pads, such as circular, rectangular, and hexagonal coils,

have a single pole and distribute flux in all directions, with one pole located at the center of

the coil and the other located outside the coil structure. Non-polarized pads, particularly

unipolar designs, are favored for low-cost applications.

The optimization of Tx coil antenna geometric parameters is a crucial aspect of this

approach. The shape of the coil element, selected from various forms such as square,

circular, hexagonal, Taichi, etc. [1, 59, 60, 61], plays a pivotal role in mitigating

misalignment. For instance, square coils have been found to be less sensitive to lateral

misalignment compared to circular coils of similar size [62]. Subsequently, other geometric

parameters are determined, such as the number of turns, trace width, and gap between

turns. Advanced coil structures, including Uniformly Distributed Turns (UDT) [63, 64],

Non-Uniformly Distributed Turns (NUDT) [65, 66], and opposite current distribution coil

turns [1, 67, 68], have been developed through exploration of unconventional antenna

geometries, including multi-coil, multi-turn, and coil array configurations with single and

multiple turns.

The utilization of the field-forming technique to customize various coil designs has

been documented in the literature as a means to rectify issues associated with lateral

misalignment. A single-port Tx coil antenna capable of producing a uniform magnetic

field within the Rx plane is widely recognized as a potential solution to mitigate these

misalignment issues. Consequently, the aim of attaining a uniform magnetic field

distribution within the Rx plane is a widely acknowledged objective [1, 69, 70, 71, 72,

73, 74, 75, 76, 77, 78]. In general, greater uniformity in the magnetic field distribution

leads to a wider Rx area in which misalignment is reduced. For example, the issue

of o↵set misalignment was addressed at various longitudinal displacements in [69] and

vertical tilt was implemented to a rectangular coil in [70] to achieve a uniform magnetic

field. However, this approach renders the coils unsuitable for applications where a planar

design is preferred. An optimization algorithm based on the coe�cient of variation (CoV)

was utilized in [71] to attain a flat magnetic field distribution. However, the power

transfer range in this application was limited to 1mm. A NUDT rectangular Tx coil

structure was proposed in [72] based on M per mm2 area, where the achieved uniformity

in M resulted in a uniform magnetic field. Conversely, various optimization algorithms

were utilized to form a uniform magnetic field in designs such as a two-coil Tx [73], a

multi-coil anti-parallel current distributing coil structure [74], and a NUDT coil [75]. A

planar multiple anti-parallel square coil design was proposed in [1] to attain magnetic

field uniformity and its performance was compared against a conventional coil with all

turns concentrated at the periphery. It is observed that the above single-port Tx coil
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antennas constitute with large flux leakage, therefore to address this issue multi-port Tx

coil antennas are evolved [60, 79]. Here, a switching mechanism was incorporated to

mitigate lateral misalignment through the achievement of a quasi-uniform magnetic field

distribution. However, this design is only suitable for applications where the Rx area is

relatively small compared to the Tx area and the inclusion of a switching circuit results

in a complex and unreliable system.

The newly introduced performance parameter, Uniform Factor (UF), is used to assess the

degree of improvement in misalignment tolerance achieved by a particular design. UF

is defined as the ratio of the misalignment tolerance range to the maximum dimensional

area of the Tx charging pad, where the misalignment tolerance range refers to the total

area of the Rx plane distributions, such as magnetic field (Hx) or (Hy) or Hz, induced

voltage (V ), output power (PRR
), or e�ciency (⌘), that are flat with maximum ±10% (for

magnetic field) or ±1% (for V , M , PRR
, and ⌘) ripple fluctuations. Each performance

parameter has its own UF, namely UF(Hx or y or z), UF(M), UF(V ), UF(PRR
), and UF(⌘).

Why near-field Tx-Rx coils can also be called as antennas?

The use of the term ”antenna” in the context of near-field coils may initially seem

confusing. However, this ambiguity can be clarified by considering the concept of a

well-known Hertzian dipole antenna, which has an electrical length of �
50 . This electrical

length is comparable to the dimensions of near-field coils. The current distribution is

uniform in the case of a Hertzian dipole antenna. However, this type of antenna has

limited practical applications due to its low radiation e�ciency and higher generation of

reactive fields. Fabricating Hertzian dipole antennas can also be relatively challenging.

Interestingly, the disadvantages of the Hertzian dipole antenna can be transformed into

advantages by identifying suitable applications that require low radiation e�ciency and

high reactive fields. Near-field wireless transmission-reception (Tx-Rx) coils, which have

electrical lengths in the range of �
50 , exhibit these desired characteristics. Near-field

wireless charging technology development since 2007 has provided a practical application

for these coils. Moreover, fabricating near-field coils is relatively straightforward due to the

low operating frequencies involved. In conclusion, considering the similar characteristics

between Hertzian dipole antennas and near-field coils, the term ”antenna” is appropriate

when referring to Tx-Rx coils.

The most successful literary designs

• The planar multiple anti-parallel Tx coil antenna [1] achieves the highest

misalignment tolerance among various single port Tx coil antennas, with a UF(Hz)

of 51.84%, producing a uniform magnetic field.

• For multi-port Tx coil antennas, the design presented in [79] is found to be superior

in mitigating lateral misalignment problems, with a UF(V ) of 31.36%.
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• It is worth noting that the design in [79] also aims to reduce the flux leakage in the

misaligned Rx coil region by incorporating switching circuits to achieve its superior

performance.

Although the above mentioned literary designs have able to improve misalignment

tolerance, the achieved UF values are surprisingly low and have a wide scope for

improvement. This is mainly because prior literary designs lack comprehensive analytical

optimization resulting from the magnetic field formation methodology. Thus, the author

was motivated to develop a new and innovative field forming technique using Minimum

Mean Square Error (MMSE) algorithm that aims to create Tx-Rx coil antennas that are

insensitive to lateral misalignment.

Additionally, the validation of the measurement setup with analytical equations using

S-parameters is limited to series-series compensation topology. Furthermore, as intensively

discussed in subsection 1.2.4 regarding the disparity in S-parameter based e�ciency made

the author realize to develop a novel S-parameter based e�ciency to forecast similar

e�ciency using realistic power sources.

1.3 Thesis Objective

To address the above challenges, the thesis objective has been divided broadly into

two main categories: sub-objective A (SO-A) and sub-objective B (SO-B) as shown in

Figure. 1.7. The main focus of Sub-objective A is to create a new measurement setup

using S-parameters obtained from VNA. Here are the brief details of SO-A :

SO-A: A new measurement technique is being developed using S-parameters obtained from

a VNA for the four primary compensation topologies, including S-S, S-P, P-S, and

P-P, which are comparable to the responses achieved by stimulating Tx coils using

practical power electronic converters. Additinally, the newly advanced measurement

technique is employed in guaging the performance of designs evolved in SO-B.

Furthermore, SO-B involves the author contribution in a sequential evolutionary process

(EP) aimed for designing Tx-Rx coil antennas using the field-forming technique, as

outlined below:

SO-B:

EP-1: Exploring 3D Tx coil antennas to create a uniform magnetic field to address the

issues of lateral misalignment.

EP-2: Studying singular planar distributed turn coil antennas to achieve maximum

uniformity in the magnetic field distribution in the Rx region, thereby addressing

the lateral misalignment issue without compromising the Q-factor.

EP-3: Creating an analytical framework to achieve an optimal magnetic field distribution

with the objective of inducing uniform voltage despite the lateral misalignment of

the Rx coil antenna
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which  reduces coupling and link e"iciency.

However, the switching and detection 
system at Tx coils increases complexity. Therefore, to 

reduce the complexity at Tx side, we started investigation of 
Rx coils to effectively capture magnetic-fields to 

mitigate lateral misalignment.

EP-1
EP-2

EP-3

EP-4
EP-5

SUB OBJECTIVE (S0-B)

Figure 1.7: Visual representation of the tasks performed in (a) sub-objective A and (b)
sub-objective B.

EP-4: Leveraging the potential to incorporate switching circuits integrated with multiple

coils to improve lateral misalignment tolerance while reducing the posibilities of

undesired flux leakage.

EP-5: Evaluating a 3D Rx coil antenna to capture the vertical and horizontal magnetic-field

components present in the Rx coil region with the aim of inducing uniform voltage

despite lateral misalignment.

The accomplishments of the sub-objectives mentioned earlier are summarized in Table 1.1.
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Table 1.1: Targets achieved through this thesis work.

Sub-Objective A (SO-A)
Outcomes S-parameters New Measurement, Potential to generate

newly derived setup using VNA, realistic responses
Series-Series - X X
Parallel-Series - X X
Series-Parallel X ⇥ ⇥
Parallel-Parallel X ⇥ ⇥

Sub-Objective B (SO-B)
Outcomes lateral misalignment 3D or Planar Flux-control Detection-unit
Design-1A (EP-1) X 3D Tx coil ⇥ N.R
Design-1B (EP-2) X Planar Tx coil ⇥ N.R
Design-1C (EP-3) X Planar Tx coil ⇥ N.R
Design-2A (EP-4) X Planar Tx coil X X
Design-2B (EP-4) X Planar Tx coil X X
Design-3 (EP-5) X 3D Rx coil X N.R

Note:
X denotes targets achieved, ⇥ denotes targets not achieved, � denotes targets already achieved in
Literature works, N.R denotes Not Required

1.4 Thesis Outline

• Chapter 1: This chapter covers the fundamentals of the near-field wireless power

transfer system, outlines various research challenges associated with the system, and

then pinpoint the most challenging issue and aims to focus on it. Subsequently,

existing solutions in the literature are thoroughly scrutinized.

• Chapter 2: This chapter explores the fundamental mathematics that underpin the

field-forming technique and o↵ers a thorough circuit analysis of several compensation

topologies along with their respective block diagrams. Additionally, the thesis work’s

design process is briefly outlined by replicating the results of a conventional literature

Tx coil antenna. Finally, a design methodology is presented for selecting optimal Tx

coil parameters to achieve maximum e�ciency when the Rx coil antenna is perfectly

aligned.

• Chapter 3: In this chapter, we present a new S-parameter-based e�ciency equation

for compensation topologies, such as series-series, series-parallel, parallel-series, and

parallel-parallel, which enables us to conduct experiments using VNA. The proposed

equation accomplishes the objectives outlined in SO-A and provides a more accurate

measurement of e�ciency compared to traditional methods. Moreover, the newly

developed measurement technique is employed to determine realistic e�ciency values

in the designs that are presented in subsequent chapters.

• Chapter 4: In this chapter, the author focus on resolving the challenge of lateral
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misalignment in WPT system aiming to produce a uniform voltage at the misaligned

receiving coil by utilizing single port Tx coils. To achieve this objective, the scholar

investigate the use of 3D Tx coils, planar distributed coil antennas, and array coil

antennas. These approaches are analyzed using an field forming technique using

MMSE-based algorithm, addressing the objectives outlined in EP-1, EP-2, and EP-3

of SO-B.

• Chapter 5: The aim of this chapter is to address the issue of lateral misalignment in

near-field resonant WPT system by reducing magnetic flux leakage using multi-port

Tx coil antennas. By integrating switchable circuits and detection coils with these

antennas, the scholar discuses the design procedure to accomplish the proposed

objectives in EP-4 of SO-B, as illustrated in Figure 1.7(b).

• Chapter 6: The focus of this chapter is to investigate receiver coil antennas with the

goal of capturing all magnetic-field components to generate a uniform voltage despite

lateral misalignment. This investigation is aligned with the objectives proposed in

EP-5 of SO-B.

• Chapter 7: This chapter performs a comparative analysis of all the suggested

approaches in the present study and draws overall conclusions for the thesis. It

also explores the potential for future developments in order to enhance the proposed

works.





Chapter 2

Theoretical Background of

MRC-Based WPT System

In order to achieve the objectives outlined in the previous chapter, it is essential to

have a clear understanding of the theory underlying the resonant near-field WPT system.

Therefore, to provide a more comprehensive understanding of the mathematical analysis

and implementation of the MRC-WPT system, the theoretical analysis has been divided

into two parts.

The first part of the analysis focuses on the magnetic field distribution of a square coil, the

derivation of induced voltage using Faraday’s Law of Electromagnetic Induction, and the

determination ofM and PTE using circuit laws. The author has demonstrated the research

methodology used in this thesis by reproducing the results of the previous best literary

design using computational software, simulation software, fabricational facilities, and

experimental setup available in the Antenna and Microwave Research (AMR) laboratory

at the institute.

The second part of the theory extensively describes the design process for creating an

e�cient Tx coil antenna for a perfectly aligned Rx coil antenna based on the mathematical

background developed in the first part. By following this approach, it is expected that the

objectives outlined in the previous chapter can be achieved more e↵ectively.

2.1 PART-1: Mathematical analysis of WPT system

2.1.1 Magnetic-field, induced voltage and mutual inductance

formulations

Using magnetostatics, the equations for the magnetic fields of the Hx, Hy, and Hz

components of a single-turn square coil with a side length of 2a carrying current of IT ,

illustrated in Figure 2.1, have been derived in [80]. The equations are presented below:

Hx =
IT

4⇡

4X

n=1


(�1)n+1

h

rn(rn + Pn)

�
, (2.1)

Hy =
IT

4⇡

4X

n=1


(�1)n+1

h

rn(rn + (�1)n+1Qn)

�
, (2.2)

18
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Hz =
IT

4⇡

4X

n=1


(�1)nPn

rn[rn + (�1)n+1Qn]
� Qn

rn[rn + Pn]

�
. (2.3)

Q1 = �Q4 = a+ x� xt, Q2 = �Q3 = a� x+ xt,

P1 = P2 = a+ y � yt, P3 = P4 = �a+ y � yt.

The equations utilize the variables r1, r2, r3, and r4, which represent the distances between

the corners of the square loop and the observation point O(x, y, h). The variables Q1, Q2,

Q3, and Q4 and P1, P2, P3, and P4 are defined in the following manner: The subsequent

2a 2a

2b

h

X

Y
Z
(0,0,h) (x,y,h)

Transmitter-coil

Receiver-coil

r1
r2

r3

r4 o

dAz = dxdy

dydx

dAy = dzdx

dz
dx

dz

dy

dy

dAx = dydz

Figure 2.1: General Tx-Rx coil geometric configuration.

step involves calculating the induced voltage in the square-shaped Rx coil at angular

operating frequency ! = 2⇡f , which has a side length of 2b, a transfer distance of h.

Due to Hx, Hy, and Hz present in the Rx plane a di↵erential voltage dV is induced in a

di↵erential area dAx, dAy, and dAz. Since, the di↵erential area are infinitesimally small,

the magnetic field components along x, y, and z can be assumed constant within dAx,

dAy, and dAz. Utilizing Faraday’s law of electromagnetic induction [81] the di↵erential

induced voltage equation is presented as

dV = �d�

dt
= � d

dt
(µo

~H. ~dA) = �j!µo[HxdAx +HydAy +HzdAz], (2.4)

where, µo is permeability in free space. The magnitude of total induced voltage (V ) for

total number of turns (Nr) concentrated at periphery of the Rx coil is given by integration

of dV over the area dA as,

V = j!µoNr

 ZZ

A

~H. ~dA

�
= j!µoNr

 ZZ

Ax

HxdAx+

ZZ

Ay

HydAy +

ZZ

Az

HzdAz

�
, (2.5)

For a co-axially positioned planar Rx coil with Tx coil the dAx and dAy becomes void and
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the (2.5) can be modified as

V = j!µoNr

 ZZ

A

~H · ~dA
�
= j!µoNr

 ZZ

Az

HzdAz

�
, (2.6)

Here, it is to be noted that the above induced voltage equation is valid only when Nr turns

are concentrated at the periphery of the Rx coil antenna. However, for equispaced Rx coil

antenna for di↵erential area dAzi for i 2 [1, Nr], the total induced voltage is evaluated as

V =
NrX

i=1

Vi(�x,�y) = j!µo

NrX

i=1

 ZZ

Azi

Hz(x, y)dAzi

�
(2.7)

The mutual inductance M is determined using equation (2.6) for helmoltz Rx coil and

(2.7) for distributed Rx coil antenna, which is given by [82]:

M =
V

!IT
. (2.8)

Afterwards, the equations for PTE are mathematically derived for four di↵erent primary

compensation topologies using circuit laws. These equations provide a mathematical

representation of the behavior of the respective compensation topologies and help in

analyzing their performance.

2.1.2 Power transfer e�ciency evaluation using circuit analysis

The Figure. 2.2 shows the visual representation of distinct compensation topologies. These

Source
Primary 

Capacitor
Mutual 

Coupling
Secondary 
Capacitor Load

(a)

Source
Primary 

Capacitor
Mutual 

Coupling
Secondary 
Capacitor Load

(c)

Source
Primary 

Capacitor
Mutual 

Coupling
Secondary 
Capacitor Load

(b)

Source
Primary 

Capacitor
Mutual 

Coupling
Secondary 
Capacitor Load

(d)

Figure 2.2: Compensation topologies (a) S-S, (b) P-S (c) S-P, and (d) P-P.

topologies, namely S-S, P-S, S-P, and P-P, enhance the performance of the WPT system

in terms of PTE under di↵erent optimal load conditions.
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The S-S compensation topology uses resonant capacitors that are independent of M and

load resistance. It is mainly used in dynamic wireless charging systems, which are prone

to changes in M and load resistances.

On the other hand, the compensation capacitors in S-P topology depend on M , making

it less suitable for misalignment-prone applications. However, S-P topology requires

significantly less secondary inductance, making it suitable for biomedical applications.

In contrast, the capacitors in P-S and P-P topologies depend on both M and load

resistance, limiting their use in many applications. Nonetheless, P-S and P-P find their

use in low-power and loosely coupled applications.

S-S Compensation Topology

Transforming the equivalent circuit to a T-network, as demonstrated in Figure. 2.3,

simplifies the assessment of PTE for S-S compensation topology. The sinusoidal signal

VS

RT jꞷ(LT - M)

jꞷM

RR

RL

−j
ꞷCT

−j
ꞷCR

jꞷ(LR - M)

IT IR

VL

Figure 2.3: T-network equivalent circuit of WPT system for S-S topology.

source, Vs, supplies a signal at operating resonant frequency f of the WPT system. In the

circuit diagram, RT , RR, LT , and LR represent the resistance and self-inductance of the

Tx-Rx coils. Additionally, CT and CR signify the series compensation capacitors utilized

to resonate the WPT system at f . IT and IR refer to the phasor currents circulating in

the Tx-Rx coils, and the value of the load resistance, RL, is dependent on the application

scenario. By applying Kirchho↵’s Voltage Law (KVL) in loop-1 and loop-2 of Figure. 2.3,

the following equations are derived:

Vs = RT IT + (j!LT �
j

!CT
)IT � j!MIR, (2.9a)

j!MIT = (j!LR �
j

!CR
)IR + (RR +RL)IR. (2.9b)

Let, XS1 = (j!LT� j
!CT

) and XS2 = (j!LR� j
!CR

). These terms, XS1 and XS2, represent

the e↵ective reactance of the series compensated Tx-Rx coils. By rearranging the terms
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in (2.9b), we can formulate the relation between the currents in the Tx-Rx coils as:

IR =
j!MIT

RR +RL +XS2
. (2.10)

Thus, by substituting (2.10) into (2.9a), we can evaluate the current in the Tx coil in

terms of the circuit parameters:

IT =
Vs(RR +RL +XS2)

(RT +XS1)(RR +RL +XS2) + (!M)2
. (2.11)

Similarly, the Rx coil current is obtained by substituting (2.11) in (2.10) as

IR =
j!MVs

(RT +XS1)(RR +RL +XS2) + (!M)2
. (2.12)

Thus, the PTE is evaluated by determining the ratio of output power (Pout) and input

power (Pin) as

⌘ =
Pout

Pin
=

PRL

PRT
+ PRR

+ PRL

(2.13)

Here, PRT
= IT I

⇤
TRT and PRR

= IRI
⇤
RRR denote the losses in the Tx-Rx coils, while

PRL
= IRI

⇤
RRL represents the power consumed by the load. By examining (2.11) and

(2.12), it is evident that the Tx-Rx coil currents share the same denominator. Therefore,

the numerator values of power ratios in (2.13) become significant. As a result, the power

ratios are evaluated under resonant system conditions, i.e., XS1 = XS2 = 0, as follows:

PRT
: PRR

: PRL
=IT I

⇤
TRT : IRI

⇤
RRR : IRI

⇤
RRL

=(RR +RL)
2
RT : (!M)2RR : (!M)2RL.

(2.14)

The substitution of equation (2.12) into PRR
= IRI

⇤
RRR yields the expression for the

output power as

PRR
=

!
2
M

2
V

2
s RL

[RT (RR +RL) + !2M2]2
. (2.15)

Furthermore, by substituting the values obtained from Equation (2.14) in Equation (2.13),

the PTE expression for S-S topology (⌘ss) is obtained as

⌘ss =
(!M)2RL

RT (RR +RL)2 + (!M)2(RR +RL)
. (2.16)

The mathematical representation of the PTE equation for a S-S resonant WPT system is

denoted by equation (2.16) and is equivalent to the expression given in [1].

P-S Compensation Topology

The Figure. 2.4 represents the T-network equivalent representation used for computing

PTE for P-S compensation topology. By connecting a capacitor (CT ) in parallel to the

Tx-coil, an additional reactive current IC is stressed to generate by the voltage source, as
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VS

RT jꞷ(LT - M)

jꞷM

RR

RL

−j
ꞷCT

−j
ꞷCR

jꞷ(LR - M)

IT IR

VL

IT+Ic Ic

Figure 2.4: T-network equivalent circuit of WPT system for P-S topology.

shown in Figure. 2.4. KVL is then applied at loop-1 and loop-2, resulting in the following

equations:

Vs = (RT + j!LT )IT � j!MIR, (2.17a)

j!MIT = XS2IR + (RR +RL)IR. (2.17b)

Thus, the relationship between the currents in the Tx-Rx coils is formulated by rearranging

the terms in (2.17b), following the same approach as in (2.10). The current in the Tx coil

can then be evaluated by substituting (2.10) in (2.17a) as,

IT =
Vs(RR +RL +XS2)

(RT + j!LT )(RR +RL +XS2) + (!M)2
. (2.18)

To obtain the current in the Rx coil, (2.18) is substituted in (2.10) as,

IR =
j!MVs

(RT + j!LT )(RR +RL +XS2) + (!M)2
(2.19)

The power ratios are evaluated under the resonant system condition, and the resulting

expression is found to be same as (2.14). Hence, the PTE for P-S Topology is equivalent

to that of S-S Topology, as derived in (2.16) (i.e., ⌘ss = ⌘ps).

S-P Compensation Topology

Figure. 2.5 shows the T-network equivalent circuit of the S-P topology. However, the

analysis of the Rx parallel topology becomes complicated due to the parallel connection

of the capacitor CR and RL. Therefore, to simplify the analysis, the parallel combination

of CR and RL is resolved to obtain the e↵ective impedance ZLeff
as,

ZLeff
=

RL

1 + (!CRRL)2
� j!CRR

2
L

1 + (!CRRL)2
. (2.20)

In (2.20), the e↵ective parallel resistance RLeff
and e↵ective parallel reactance XLeff

are
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VS

RT jꞷ(LT - M)

jꞷM

RR

RL

−j
ꞷCT

−j
ꞷCR

jꞷ(LR - M)

IT IR

VL

Figure 2.5: Equivalent circuit of T-network WPT system for S-P topology.

obtained as real and imaginary part of ZLeff
, respectively. Consequently, by applying

KVL in loop-1 and loop-2, the equations are formulated as

Vs = (RT +XS1)IT � j!MIR, (2.21a)

j!MIT = j(!LR �XLeff
)IR + (RR +RLeff

)IR. (2.21b)

Let XP2 = (j!LR � jXLeff
) is denoted as e↵ective compensated reactance of parallel

capacitor Rx coil. Thereby, rearranging the (2.21b), the relation between Tx-Rx coil

currents is derived as,

IR =
j!MIT

RR +RLeff
+XP2

. (2.22)

Now by substituting (2.22) in (2.21a), current in the Tx coil is evaluated as,

IT =
Vs(RR +RLeff

+XP2)

(RT +XS1)(RR +RLeff
+XP2) + (!M)2

. (2.23)

Now (2.23) is substituted in (2.22) to determine current in the Rx coil as

IR =
j!MVs

(RT +XS1)(RR +RLeff
+XP2) + (!M)2

(2.24)

The ratio of powers are evaluated under resonant condition i.e., XS1 = XP2 = 0 as

PRT
: PRR

: PRLeff
= (RR +RLeff

)2RT : (!M)2RR : (!M)2RLeff
. (2.25)

The PTE definition of S-P topology slightly varies compared to (2.13) as

⌘ =
Pout

Pin
=

PRLe↵

PRT
+ PRR

+ PRLe↵

. (2.26)

It is worth noting from (2.26) that in the S-P topology, the load power (PLeff
) is not

only dependent on RL, but also on the e↵ective load resistance RLeff
as given in (2.20).



Chapter 2. Theoretical Background of MRC-Based WPT System 25

This e↵ective load power also takes into account the additional loading e↵ect caused by

the discharge current of CR to RL, which is dependent on the physical values of f and

CR. Consequently, the PTE of the S-P topology (⌘sp) is obtained by substituting (2.25)

in (2.26), yielding:

⌘sp =
(!M)2RLeff

RT (RR +RLeff
)2 + (!M)2(R2 +RLeff

)
. (2.27)

P-P Compensation Topology

The T-network equivalent circuit for the P-P topology is illustrated in Figure. 2.6. The

e↵ective load impedance is transformed due to the parallel connection of primary and

secondary compensation capacitors CT and CR to Tx-Rx coils, as shown in (2.20). It is

noteworthy to mention that the source in the primary side generates an additional reactive

current IC , similar to the P-S compensation topology. KVL is applied in loop-1 and loop-2

to derive the following equations:

Vs = (RT + j!LT )IT � j!MIR, (2.28a)

j!MIT = XP2IR + (RR +RLeff
)IR. (2.28b)

The relationship between Tx-Rx currents in P-P topology is same as that of S-P topology

VS

RT jꞷ(LT - M)

jꞷM

RR

RL

−j
ꞷCT

−j
ꞷCR

jꞷ(LR - M)

IT IR

VL

IT+Ic Ic

Figure 2.6: Equivalent circuit of T-network WPT system for P-P topology.

which is given in equation (2.22). Substituting this relationship in (2.28a) yields the

current in the Tx coil:

IT =
Vs(RR +RLeff

+XP2)

(RT + j!LT )(RR +RLeff
+XS2) + (!M)2

. (2.29)

Substitution from (2.29) in (2.22) gives current in the Rx coil as

IR =
j!MVs

(RT + j!LT )(RR +RLeff
+XP2) + (!M)2

. (2.30)
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The power ratios are determined under the resonant system condition and are found

to be identical to (2.25). Thus, the PTE of the P-P topology is equivalent to the

S-P topology as shown in (2.27) (i.e., ⌘sp = ⌘pp). Table 2.1 presents a summary

Table 2.1: Comparison of PTE equations of various compensation topologies

Compensation Topology PTE

Series-Series ⌘ss =
(!M)2RL

RT (RR+RL)2+(!M)2(R2+RL)

Parallel-Series ⌘ps =
(!M)2RL

RT (RR+RL)2+(!M)2(R2+RL)

Series-Parallel ⌘sp =
(!M)2RLeff

RT (RR+RLeff
)2+(!M)2(R2+RLeff

)

Parallel-Parallel ⌘pp =
(!M)2RLeff

RT (RR+RLeff
)2+(!M)2(R2+RLeff

)

of various compensation topologies based on the PTE expressions derived from circuit

theory. The formulas listed in Table 2.1 suggest that the (S-S and P-S pair) and (S-P

and P-P pair) have identical PTE equations. Therefore, PTE analysis of the four

compensation topologies can be simplified into two configurations, namely secondary

series and secondary parallel topologies, specifically for PTE analysis. Alternatively, for

researchers utilizing a VNA-based experimental setup, the PTE can also be calculated by

obtaining S-parameters. The mathematical computation of PTE based on S-parameters

in previous literature is available only for the SS compensation topology, as follows:

2.1.3 Computation of S-parameter based e�ciency for secondary-series

topology

The evaluation of S-parameter based e�ciency (⌘s�conventional) is derived utilising the

two-port S-parameter network shown in Figure. 2.7 . The Device Under Test (DUT)

𝑉𝑖𝑛+

𝑉𝑖𝑛−

𝑉𝐿+

𝑉𝐿−

Figure 2.7: A two-port S-parameter network for ⌘s�conventional evaluation.

comprises Tx-Rx coils where Vs is applied on port-1 and VL is obtained at port-2, as

depicted in Figure 2.7. The incident and reflected voltages at port-1 and port-2 are denoted

by V
+
in , V

�
in , V

+
L , and V

�
L , respectively. Moreover, Rs denotes the source impedance of the
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supply. The input-output port voltage relationships are as follows:

Vs = V
+
in + V

�
in , IT =

V
+
in � V

�
in

Rs
, (2.31a)

Vs = I1Zin =
V

+
in � V

�
in

Rs
Zin, (2.31b)

VL = V
+
L + V

�
L , IR =

V
+
L � V

�
L

RL
, (2.31c)

VL = I2Zout =
V

+
L � V

�
L

RL
Zout. (2.31d)

Where Zin and Zout are input-output impedance which are obtained by solving (2.31b)

and (2.31d) as

S11 =
V

�
in

V
+
in

=
Zin �Rs

Zin +Rs
, (2.32a)

S22 =
V

�
L

V
+
L

=
Zout �RL

Zout +RL
. (2.32b)

Where, S11 and S22 are reflection coe�cients at port-1 and port-2. Moreover, Zin is

evaluated by re-arranging (2.11) by replacing XS1 = XS2 = 0 under resonance to Vs

IT
by

discarding the e↵ect of Rs as

Zin = RT +
!
2
M

2

RR +RL
. (2.33)

As, the WPT system is reciprocal, therefore, Zout is formulated similarly as

Zout = RR +
!
2
M

2

RT +Rs
. (2.34)

Substituting (2.33) in (2.32a) and simplifying the equation, the reflection coe�cient at

port-1 is given as

S11 =
(RT �Rs)(RR +RL) + !

2
M

2

(RT +Rs)(RR +RL) + !2M2
. (2.35)

Similarly, reflection coe�cient at port-2 is calculated by substituting (2.34) in (2.32b) as

S22 =
(RT +Rs)(RR �RL) + !

2
M

2

(RT +RR)(RR +RL) + !2M2
(2.36)

Equations (2.35) and (2.36) provide the expressions for S11 and S22 parameters of

the R-WPT system in terms of circuit parameters. Additionally, the voltage gain

(S21-parameter) is defined as shown in Figure 2.7.

S21 =
V

�
L

V
+
in

����
V +
L

=0

. (2.37)
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The VL

Vs
in terms of incident and reflected voltage signals is formulated as

VL

Vs

����
V
+
L

=0

=
V

+
L + V

�
L

V
+
in + V

�
in

����
V +
L
=0

=
V

�
L

V
+
in (1 + S11)

(2.38)

By substituting (2.35) in (2.38) and comparing with the voltage gain using the circuit

equations derived for series-series topology , the S21-parameter is formulated as

S21 =
j2!MRL

(RT +Rs)((RR +RL) + !2M2)
. (2.39)

Since R-WPT is a reciprocal network, the S21 and S12 parameters are identical. The

⌘s�conventional, which is a function of S-parameters, can be broadly categorized into

transducer and power gain. The transducer gain is obtained by designing an L-section

matching network for conjugate matching at the input-output ports. This nullifies the

reflection coe�cients, and the magnitude of the S21-parameter [44] alone is su�cient

to evaluate ⌘s�conventional. On the other hand, the power gain is measured by allowing

discontinuity in the input port impedance and compensating for the reactive component of

the Tx-Rx coils. Hence, both S21 and S11 parameters are used to estimate the power gain.

By incorporating the reflection loss at the source side, the conventional S-parameter-based

e�ciency is derived as

⌘s�conventional =
|S21|2

1� |S11|2 ⇥ 100. (2.40a)

The (2.35) and (2.39) are substituted in (2.40a) to obtain ⌘s�conventional in terms of circuit

parameters as

⌘s�conventional =
!
2
M

2
RL

RT (RR +RL)2 + !2M2(RR +RL)
. (2.40b)

Upon comparing equations (2.16) and (2.40b), it becomes clear that the circuit-based

e�ciency and S-parameter-based e�ciency are identical when Rs = 0.

The necessary mathematical formulations and analyses required to assess the performance

of a resonant WPT system have been established. As a result, the researcher employs the

equations derived from field theory and circuitry laws mentioned previously to reproduce

the results of the best design in the literature [1]. This approach helps to acquaint the

research methodology adopted in this thesis work.

2.2 Design procedure of conventional literature design

The objective of the design described in [1] is to solve the issue of lateral misalignment by

creating a uniform magnetic field distribution in the region of the Rx coil. The optimal

parameters of Tx coil are achieved by performing parametric variation of design variables of

Tx coil. The geometrical parameters of the conventional literature design can be obtained
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from [1] and the layout is depicted in Figure. 2.8.

2a

2a

CONVENTIONAL LITERATURE DESIGN

Figure 2.8: Layout of conventional literature design.

2.2.1 Analytical Results

The analytical values of the 3D magnetic field distribution for the optimal Tx coil

parameters obtained from parametric optimization is determined by employing equation

(2.3) in MATLAB software. The resulting field distribution is illustrated in Figure 2.9(a).

Additionally, the scholar mathematically determined the values of V and M for various

misalignment positions (�x, �y) of the Rx coil by employing equations (2.6) and (2.8),

respectively. The results are shown in Figure. 2.9(b) and Figure. 2.9(c).

Figure 2.9: Analytical 3D distribution of literature design for (a) Magnetic field, (b)
Induced voltage, and (c) Mutual Inductance.
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2.2.2 Simulation Results

The design layout presented in [1] is additionally simulated using the ANSYS HFSS EM

simulator to validate the previous analytical results. Due to the significant time required to

complete the simulation, the Rx coil is only displaced along �y = 0 with a fixed interval of

10 mm within the range of �x 2 [�100, 100] mm. The simulated magnetic field, V , and M

results are consistent with the analytical results, as depicted in Figure. 2.10. Additionally,
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Figure 2.10: Simulated 2D distribution of literature design at �y = 0 (a) Magnetic field,
and (b) Mutual Inductance.

the Figure 2.10 illustrates the limits for magnetic-field and mutual inductance which are

represented by Hz(0, 0) ± 10%, and M(0, 0) ± 1%. These limits are utilized to evaluate

UF(Hz(x, y)) and UF(M(�x,�y)) as earlier defined in subsection 1.2.5.

2.2.3 Measurement Results

The process of creating the literary design involves the utilization of a MITS prototyping

machine on an FR4 substrate at an in-house fabrication facility. An image of this design

is shown in the inset of Figure. 2.11. To accurately measure and obtain data of magnetic

ROBOTIC ARM

VNA DISPLAY

LITERATURE COIL

Rx COIL

X

Y

NF COIL

Figure 2.11: Fabricated literature design and experimental setup

fields and circuit parameters such as M , RT , and RR, an experimental setup is present

at the AMR lab. This setup includes a robotic arm capable of precisely and accurately
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misaligning the Rx coil to desired locations, a VNA for fetching the S-parameter data,

and a near-field (NF) coil for tracing the magnetic-field profile. In order to obtain PRR

and ⌘ss, the measured circuit parameters are substituted into equations (2.15) and (2.16).

The graphical results for the measured magnetic field, M(�x,�y), PRR
(�x,�y), and

⌘ss(�x,�y) are presented in Figure. 2.12. Moreover, the uniformity factor of various
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Figure 2.12: Experimental 2D distribution of literature design at �y = 0 for (a) Magnetic
field, (b) Mutual Inductance, (c) Load power, and (d) E�ciency.

performance parameters of the conventional literature design have been listed in Table 2.2.

Table 2.2: Misalignment performance metric of the design presented in [1]

Parameter Conventional Literature Design

UF(Hz(x, y)) 51.84%
UF(M(�x,�y)) 6.25%

UF(PRR
) 3.61%

2.3 PART-2: Design Methodology of Selecting Tx coil

Parameters

The mathematical foundation of resonant WPT system and e↵ective utilization of the

available tools is explicitly demonstrated by replicating the outcomes of literary design

in the part-1. Following this, the enhancement of PTE for a perfectly aligned Rx coil is
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discussed by optimizing the Tx coil antenna. The design procedure of Tx coil antenna

parameters is sequentially outlined as follows:

2.3.1 Selection of transfer distance h

The h between Tx-Rx coils is broadly selected based on the application scenario. Wherein

for the biomedical implants (low power applications) h ranges in [10, 30] mm [83, 84,

85]. Whereas for mobile and portable devices (medium power applications), the transfer

distance is generally fixed at h = 50 mm [1, 65]. Similarly, the transfer distance in drones

(medium power applications) is normally rooted at h = 50 mm [79, 27]. Additionally, the

transfer distance for electric vehicles (high power applications) ranges in [100, 200] mm [86,

87, 88]. The scholar have selected a medium power application scenario to illustrate the

design process. Thereby, the transfer distance is selected as h = 50 mm.

2.3.2 Selection of maximum side-length 2a

The maximum side length, 2a, is optimized by attaining the maximum magnetic field

value at a specified h (for example, at 50 mm in this case). To enhance the magnetic field

at h = 50 mm, the analytical field equation presented in (2.3) at O(0, 0, h) is di↵erentiated

with respect to a as
@Hz

@a
=

16a(�a5 + (ah)2 + h
4)

(2a2 + h2)
3
2 (a2 + h2)2

= 0. (2.41)

Solving the fifth order equation provided in (2.41), the five roots of a are evaluated as

a1 = 0, a2 =

✓
(1�

p
5)h2

2

◆ 1
2

,

a3 =

✓
(1 +

p
5)h2

2

◆ 1
2

, a4 = �
✓
(1�

p
5)h2

2

◆ 1
2

,

a5 = �
✓
(1 +

p
5)h2

2

◆ 1
2

.

(2.42)

In this case, a1, a2, a3, a4, and a5 represent the five roots of equation (2.41). Of all the

roots, only a3 is valid as the others are either zero, negative, or imaginary, which can not

fit as physical dimensional values. Moreover, by substituting h = 50 mm in a3 of equation

(2.42), the value of a is determined to be a = a3 = 63.6 mm. Consequently, the maximum

side length is obtained as 2a = 127.2 mm. Additionally, the parametric variation of 2a

with Hz is presented graphically in Figure. 2.13(a). By observing Figure 2.13(a), it can be

seen that the peak value of Hz occurs at (x = 0, y = 0, h = 50 mm) and is maximized at

2a = 127.2 mm, which confirms the validity of the analytical findings presented in (2.41)

and (2.42). Additionally, Figure 2.13(b) shows the 3D distribution of the magnetic field

for a single Tx coil turn with 2a = 127.2 mm at h = 50 mm.
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Figure 2.13: (a) Parametric variation of 2a with Hz, (b) 3D magnetic distribution for
optimal 2a.

2.3.3 Selection of number of turns Nt

The number of turns Nt of square Tx coil antenna is optimized subject to ICNIRP

guidelines (21 A/m or 27 µT) [89]. The value of Nt is incremented until the peak value of

the magnetic field reaches the ICNIRP limit of 21 A/m. The parametric variation of Nt

with magnetic field is displayed in Figure. 2.14. As shown in Figure 2.14, it is clear that

the maximum value of the magnetic field occurs at Nt = 5. If Nt is increased beyond this

value, the ICNIRP limit will be exceeded, as demonstrated in Figure. 2.14.

2.3.4 Selection of operating frequency f

The f is selected by maximizing the Q-factor using the EM simulator. The Q-factor of

the Tx coil is given as QT = !LT

RT
. Figure. 2.15 represents the variation of f ranging in

[1, 20] MHz with RT , LT , and QT . Here, the f is selected based on the maximum Q-factor

using the data depicted in Figure. 2.15(c). The value of RT increases at higher values of

f due to skin and proximity e↵ects, as shown in Figure. 2.15(a). Similarly the value of LT

increases with f as depicted in Figure. 2.15(b). The QT as defined above is proportional

to LT , and inversely proportional to RT . Therefore, the LT being dominant over RT at

lower values of f , the QT initially increases as seen from Figure. 2.15(c). However, after
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Figure 2.14: Parametric variation of Nt with Hz.

reaching the maximum QT at optimal f , the values of RT influences over LT which results

in reduction of QT as shown in Figure. 2.15(c). Moreover, the QT values are plotted for

distinct conductive tracks w. It is observed from Figure. 2.15(a) that increase in w result

in reduction of RT which augments the value of QT . Hence, it is always preferred to

use large w to operate at high QT . The optimal f point ranges between [12, 15] MHz

from Figure. 2.15(c) considering all w. However, only Industrial, scientific and medical

(ISM) frequency bands are acceptable to consider for research purposes. Here, the central

frequency values of ISM are 6.78 MHz, 13.56 MHz, 27.12 MHz, 40.68 MHz etc. Therefore,

the optimal f is considered as 13.56 MHz at w = 2 mm. The summary of the above design

procedure to develop a Tx coil antenna is provided in the flow chart as demonstrated in

Figure. 2.16.

2.3.5 Rx coil selection

The Rx coil is selected based on the application scenario. The Rx coil parameters 2b, and

Nr are optimized to attain user desired V . The application scenario selected in this work

is intended for the medium power applications available in the test facility that requires a

charging voltage ranging from V 2 [22.2� 24] volts. Thereby, the parametric sweeping of

the Rx coil is targeted to achieve the desired voltage range using the analytical equation

given in (2.6). The parametric variation of V with di↵erent dimensional values of 2b is

shown in Figure. 2.17(a). Here, the Rx turns are fixed at Nr = 1 as further increase in it

overshoots the desired V . Further, by observing the data shown in Figure. 2.17(a), the 2b

value is optimized in the range [112, 116] mm based on desired V range. Here, the optimal

Rx coil dimension is selected as 2b = 116 mm. Moreover, the optimal 3D voltage profile

distribution is plotted in Figure. 2.17(b).

2.3.6 Simulated Results of Resultant WPT system

The layout of resultant Tx-Rx coils is shown in Figure. 2.18 and the optimal dimensional
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Figure 2.15: (a) Variation of RT with f for di↵erent conductive track width, w, (b)
variation of LT with f for di↵erent conductive track width, w, (c) variation of QT with f

for di↵erent conductive track width, w.

parameters are listed in Table 2.3. Moreover, the simulation results of magnetic field

distribution corroborates with the analytical results as shown in Figure. 2.19. The

input-output signals (both current and voltage) across di↵erent components of WPT

system are determined through LT-Spice simulator. Further, using these signals the

performance parameters such as output power (PRR
), link e�ciency (⌘ss), and system
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2.41 2.42

Figure 2.16: Flowchart for designing Tx Coil Antenna with Perfectly Aligned Rx Coil
Antenna.

Table 2.3: The parameters of Tx-Rx coils

Physical dimensions of the Tx-Rx coils
2a/2b/h/w 127.2 mm / 116 mm / 50 mm / 2 mm
Nt/Nr/f 5 / 1 / 13.56 MHz

e�ciency (⌘dc�dc) are evaluated to test the quality of the resultant WPT system. The

circuit simulation begins by knowing the circuit-parameters such as RT , RR, LT , LR,

M , and coupling coe�cient (k) which are obtained from EM simulator and are listed

in Table 2.4. The circuit parameter values depicted in Table 2.4 are used in LT-Spice

simulator as shown in Figure. 2.20. Here, in Figure. 2.20, the circuit schematic constitutes

Table 2.4: Circuit parameters of WPT system

Circuit parameters
RT /RR/LT /LR 0.83⌦ / 0.115⌦ / 8.81µH / 0.43µH
CT /CR/M/k 15.63pF / 0.32nF / 0.31µH / 0.15

of input voltage Vs = Vin, full bridge inverter circuit consisting of four MOSFET switches,

Tx-Rx coil parameters, full bridge AC-DC rectifier circuit composing of four diodes,

filtering capacitor (CF ), and load resistance (RL). The inverter is excited with Vin = 36

volts using a dc source. Thereby, the signal wave-forms such as Tx coil current ITx = ITp
2
,
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Figure 2.18: Layout of Tx-Rx coils resulted from proposed design procedure.

Rx coil current IRx = IRp
2
, Rx coil voltage VRx = VL, DC output voltage Vdc, DC output

current Idc, MOSFET blocking voltage VMOSFET , and diode blocking voltage VD as

shown in Figure. 2.21. The input power, Rx coil power, and DC power are evaluated

as Pin = Vin ⇥ ITx = 35.34⇥ 0.862 = 30.46W, PRR
= VRx ⇥ IRx = 23.04 ⇤ 1.24 = 28.57W,
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Figure 2.20: Circuit analysis of WPT system using LT-Spice simulator.

Table 2.5: Performance parameters of the WPT system

Signal and performance parameters
Vin/ITx/VRx/IRx 36 v / 0.862A / 23.04v / 1.24A
Vdc/Idc/VMOSFET /VD 22.33v / 1.11A / 36v / 22.97v
Pin/PRR

/PDC 30.46W / 28.57W / 24.78W
⌘ss/⌘dc�dc 93.7% / 81.3%
Note: ITx, VRx, IRx are RMS value
Note: Vdc, Idc are average value
Note: VMOSFET , VD are peak values

and PDC = Vdc ⇥ Idc = 22.33 ⇥ 1.11 = 24.78W. The ⌘ss is defined as ratio of PRR
and

Pin, which is evaluated as 93.7%. Here, the ⌘ss resembles the performance of Tx-Rx coils

and does not include the e↵ect of system components such as rectification and filtering
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Input voltage (Vin) Tx current (ITX)

Figure 2.21: Wave-forms of various signals of proposed WPT system.

circuits. In contrast, the dc-dc e�ciency or system e�ciency (⌘dc�dc) is characterized as

ratio of PDC and Pin, which includes all the system losses of WPT system and is found

to be 81.3%. All the performance parameters resulted using LT-spice simulator using

Figure. 2.21 are summarized in Table 2.5.

2.4 Summary

This chapter establishes the mathematical foundation of a resonant WPT system using

field theory and circuitry laws. Additionally, the mathematical tools, simulation setup,

and experimental prototype utilized in this thesis are described by replicating the results

of the best available conventional literature design [1]. The uniformity factor in terms

of mutual inductance between misaligned Rx coil and Tx coil proposed in conventional

literature design is found to be UF(M(�x,�y))=6.25%. Astonishingly, according to the

best of author knowledge, the design presented in [1] was known to be best possible single

port Tx coil antenna to mitigate lateral misalignment problem till the year 2018. However,

the achieved misalignment tolerance in [1] is found to be insignificant for any practical

applications. Moreover, the conventional literature design acounts for huge magnetic

flux leakage outside the Rx coil operating region which results in reduced coupling and

ultimately impacts the PTE of the WPT system. The above drawbacks in conventional

literature design provides wide scope for improvement in enhancing lateral misalignment

tolerance in wireless charging applications.

Finally in Chapter 2, a systematic design procedure is presented, outlining the justification

for selecting each dimensional parameter of the Tx coil antenna, such as side length,

transfer distance, number of turns, and operating frequency, to maximize the PTE for a

perfectly aligned Rx coil antenna [a]. However, the experimental setup for measuring PTE

using VNA does not align with the results generated from realistic power converter supply

units as briefly discussed in subsection 1.2.4. Therefore, the root cause of the issue with the
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VNA-based measurement setup is identified, and a novel S-parameter based measurement

system is introduced, which will be exclusively dedicated to the next chapter.

CHAPTER OUTCOMES
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Conference on Antennas and Propagation, Florence, Italy, 2023.





Chapter 3

A New Measurement Method using

Vector Network Analyzer

The focus of this chapter is to achieve the proposed objectives in SO-A which deals

with the inadequacies of e�ciency measurement systems that depend on S-parameters.

These deficiencies were brought to light in the subsection 1.2.4 of the Chapter 1 and

consist of two primary concerns as shown in Figure. 1.7(a). The first pertains to the

lack of analytical S-parameters for secondary-parallel compensation topologies. The

second involves significant di↵erences between e�ciency measurements obtained via

S-parameters on a VNA and those acquired from a practical power source. The initial

step in addressing these issues is the derivation of S-parameters for secondary-parallel

compensation topologies using a two-port network as follows:

3.1 S-parameter Based E�ciency for Secondary-Parallel

Topology

The S-parameters for the secondary-parallel compensation topology are determined by

analyzing the two-port S-parameter network depicted in Figure 3.1. The evaluation

process involves utilizing the given network to calculate the relevant S-parameters for the

compensation topology. The figure serves as a visual aid in understanding the network and

its components. The Zin is determined for secondary- parallel topology by rearranging

RL

Ro

Vs
Port-1

Port-2

Zin Zout

S11 S22

S21

S12

a1

b1 b2

a2

Tx RxM VL

Figure 3.1: A two-port S-parameter network for PTE evaluation under secondary- parallel
compensation topology.

(2.23) as

Zin = RT +XS1 +
(!M)2

RR +RLeff +XP2
, (3.1)

41
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which is then substituted in (2.32a) by replacing Rs with Ro to obtain S11-parameter as

S11 =
(RT �Ro + jXS1)(RR +RLeff + jXP2) + (!M)2

(RT +Ro + jXS1)(RR +RLeff + jXP2) + (!M)2
. (3.2)

The expression of VL

Vs
for secondary-parallel compensation is found by multiplying RLeff

to the both sides of (2.24) as

VL

Vs
=

j!MRLeff

(RT +XS1)(RR +RLeff
+XP2) + (!M)2

. (3.3)

Thereupon, the equations (3.2) and (3.3) are used in (2.38), the S21-parameter for

secondary-parallel topology is formulated as

S21 =
j2!M

p
RoRLeff

(RT +Ro + jXS1)(RR +RLeff + jXP2) + (!M)2
. (3.4)

The establishment of the PTE for a secondary parallel topology under resonant condition

using S-parameters involves replacing equations (3.2) and (3.4) in equation (2.40a) as

⌘
2parallel
S�parameter =

(!M)2RLeff

RT (RR +RLeff
)2 + (!M)2(R2 +RLeff

)
. (3.5)

Here, ⌘2parallelS�parameter denotes S-parameter based e�ciency for secondary parallel topology.

Upon comparing equations (2.27) and (3.5) with the expressions provided in Table 2.1,

it becomes evident that an S-parameter based analysis for secondary compensation

topologies yields results that are in agreement with the circuit-based PTE.

The next issue, which pertains to discrepancies between conventional S-parameter based

e�ciency and the e�ciency derived from practical power sources like inverters, is

subsequently addressed and resolved.

3.2 Evaluation of modified S-parameter-based e�ciency for

secondary-series compensation topology

The M is framed in terms of S-parameters by solving the equations (2.35), (2.36), and

(2.39) as follows:

j!M =
2S21RL

(1� S11)(1� S22)� S212
. (3.6)

The (3.6) is substituted in (2.16) to obtain ⌘s�proposed and formulated as

⌘s�proposed =

����Im
⇣

2S21RL

(1�S11)(1�S22)�S212

⌘ ����
2

RLu


(RT +Rsu)(RR +RLu)2+

����Im
✓

2S21RL

(1� S11)(1� S22)� S212

◆ ����
2

(RR +RLu)

�
,

(3.7)
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further, RLu is divided in both numerator and denominator in (3.7) to obtain

⌘s�proposed =

����Im
⇣

2S21RL

(1�S11)(1�S22)�S212

⌘ ����
2


(RT +Rsu)

(RR+RLu)2

RLu
+

����Im
✓

2S21RL

(1� S11)(1� S22)� S212

◆ ����
2 (RR +RLu)

RLu

�
,

(3.8)

the term (RsuRLu) is multiplied and divided in the first term of the denominator in (3.8)

to get

⌘s�proposed =

����Im
⇣

2S21RL

(1�S11)(1�S22)�S212

⌘ ����
2

RsuRLu
(RT+Rsu)

Rsu

(RR+RLu)2

R2
Lu

+
����Im

✓
2S21RL

(1� S11)(1� S22)� S212

◆ ����
2 (RR +RLu)

RLu
,

(3.9)

the source factor

✓
SF = Rsu

RT+Rsu

◆
and load factor

✓
LF = RLu

RR+RLu

◆
are introduced and

replaced in (3.9) to simplify the expression as

⌘s�proposed =

����Im
⇣

2S21RL

(1�S11)(1�S22)�S212

⌘ ����
2

RsuRLu

SF⇥LF 2 +

����Im
⇣

2S21RL

(1�S11)(1�S22)�S212

⌘
����
2

LF

. (3.10)

Here, Rsu and RLu are user-controlled internal resistances which replaced as Rs = Rsu

and RL = RLu. The SF is the function of Rsu, generally assumed according to the

user-designed power supply (Rsu 2 [0, 0.1]⌦). Similarly, LF is the function of RLu usually

adjusted according to user defined application. In general, the source factor ranges in

0 < SF < 1 depending on the Rsu value. If the user assigns the Rsu value near zero,

the SF tends to zero. Similarly, if the user opts for a high Rsu value, the SF tends to

one. Thus, it is advised to operate at SF ⇡ 0 to achieve higher e�ciency. Moreover, the

proposed S-parameter based e�ciency provides users with flexible source-load conditions

(Rsu and RLu) that matches realistic power supply units. The proposed S-parameter-based

e�ciency is validated by experimenting, as elaborated in the subsequent section.

3.3 Experimental Verification and Comparison

The proposed S-parameter-based e�ciency is validated by fabricating the Tx-Rx coil with

a 20 AWG single-strand copper wire as shown in the inset of Figure. 3.2(b). Notably, the

circuit parameters such as resistance and self-inductance are measured using an Agilent

N5230C Network analyzer at resonant frequency, f = 400 kHz. Following Table 3.1

summarizes the physical dimensions, circuit parameters, and operating conditions of
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Tx coil Rx coil

Port

Tx coil Rx coil

Forward-Series Reverse-Series

Figure 3.2: Experimental setup for measurement of (a) Mutual inductance, (b) Power
transfer e�ciency.

the Tx-Rx coil. The particulars of M are measured in two distinct techniques. The

Table 3.1: The parameters of Tx-Rx coils

Physical dimensions of the Tx-Rx coils
2a/2b/h/f 108 mm/108 mm/50 mm/400 kHz
Nt/Nr 7/7

Circuit parameters of Tx-Rx coils
RT /RR 0.44⌦/0.48⌦
LT /LR 14.23µH/14.4µH

Resonating capacitors of Tx-Rx coils
CT /CR 11.1nH/10.99nF

Source-Load conditions for measurement of ⌘ss
Rsu/RLu 0.01⌦/10⌦
Source-Load conditions for measurement of ⌘s�conventional

Rs/RL 50⌦/50⌦
Source-Load conditions for measurement of ⌘s�proposed

Rsu/RLu/Rs/RL 0.01⌦/10⌦/50⌦/50⌦
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first technique adopts the di↵erential cumulative method (passive measurement) [38, 39]

wherein the Tx-Rx coils are connected in forward and reverse series as shown in

Figure. 3.2(a). In the forward series connection, the e↵ective inductance value LFC =

LT + LR + 2M is measured using the Agilent N5230C Network analyzer. However,

the e↵ective inductance value LRC = LT + LR � 2M in reverse series connection is

measured by interchanging the Rx coil terminals. Thereby, the value of M is determined

as M = LFC�LRC

4 . Conversely, in the second technique, the value of M is experimentally

acquired by connecting resonating capacitors CT and CR in series with Tx-Rx coils and

by extracting S-parameters from network analyzer and further substituting in (3.6). The

data of each misaligned position (�x) is converged by averaging 1000 samples using the

inbuilt averaging-factor function available in network analyzer. Further, the sample points

are fetched in computational software to evaluate standard deviation as

�s =

2

664

✓PN
i=1(S(i)� S̄)2

◆

(N � 1)

3

775

1
2

(3.11)

Here, S(i) denotes the ith value of S-parameter measured from the network analyzer, N

denotes the number of sample points and S̄ denotes the mean of sample points acquired

from VNA. The standard deviation (�s) of S-parameters are tabulated in Table. 3.2. In

Table 3.2: Standard deviation

Position (�x) �s of S11 (dB) �s of S22 (dB) �s of S21 (dB)

0 mm ±5.1⇥ 10�3 ±4.9⇥ 10�3 ±0.49
20 mm ±4.8⇥ 10�3 ±5⇥ 10�3 ±0.5
40 mm ±5⇥ 10�3 ±4.8⇥ 10�3 ±0.48
60 mm ±5.3⇥ 10�3 ±5.1⇥ 10�3 ±0.5
80 mm ±4.7⇥ 10�3 ±5.2⇥ 10�3 ±0.49
100 mm ±4.9⇥ 10�3 ±4.8⇥ 10�3 ±0.49

addition, the magnitude of S-parameters with error bar is plotted with respect to horizontal

displacement (�x) of the Rx coil along the x-axis (i.e y=0 line) in Figure. 3.3. Respectively,

the magnitude of {S11 and S22}-parameters obtained are shown in Figure. 3.3(a), and

the phase value is measured to be 180o. The matching network of Tx-Rx coils has been

designed considering the e↵ect of the reflected impedance of the Rx coil on the Tx coil, and

thereupon, the S11 and S22 parameters have a maximum dip in a perfectly aligned state.

On that account, as the Rx coil horizontally displaces (�x denotes misalignment), the

reflected impedance alter, a↵ecting the WPT system’s resonance. This e↵ect is observed

in S21 and S12 parameters, as shown in Figure. 3.3(b), since the value of S21 and S12

parameters decrease with horizontal displacement of Rx coil. Moreover, the WPT system

is reciprocal, hence the data of S21 and S12 parameters are measured to be identical

as depicted in Figure. 3.3(b), and the phase value is exhibited as 90o. Henceforth,
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Figure 3.3: Measured results of (a) S11 and S22-parameters, (b) S21 and S12-parameters.

signal-to-noise ratio (SNR) of S-parameters is evaluated as [90]

SNR = 20 ⇤ log10
✓
Ssignal

Snoise

◆
(3.12)

Here, Ssignal denotes the desired signal between Tx-Rx coils, and Snoise represents the

noise signal measured when the Rx coil is displaced out of the operating region in the

Rx-plane. The Snoise is measured as �59.8 dB; therefore, the SNR value of S21-parameter

for perfectly aligned Rx coil is determined as 45.3dB. The 2D plot of M by displacing the

Rx-coil horizontally at an interval of 10 mm along y=0 line is represented in Figure. 3.4.

To maintain stability and accuracy in the measurement process, a DRS60L robotic

arm is employed as shown in Figure. 3.2. From Figure. 3.4, it can be inferred that

the measured value of M from S-parameters is more accurate in comparison with the

di↵erential cumulative technique. Besides, in di↵erential cumulative method in passive

measurement, the terminals need to be physically interchanged for measuring the e↵ective

inductance value in forward and reverse series for each distinct misaligned position of the
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Figure 3.4: Measured results of mutual inductance.

Rx coil thereby spiraling the complexity. This proves S-parameter based measurement

for determining M value is simple, accurate and coherent. The ⌘ss is determined by

replacing the M value using di↵erential cumulative method and by assuming Rs = 0.01⌦

and RL = 10⌦ [1] in (2.16). Subsequently, the ⌘s�conventional is measured by determining

magnitude of S21 and S11 parameters by calibrating the input-output ports at 50⌦ and by

replacing it in (2.40a). Wherein, the (⌘s�proposed) is determined by measuring magnitude

and phase of {S11, S22, S21 and S12}-parameter using network analyzer, and further by

controlling the SF and LF and by replacing Rsu = 0.01⌦ and RLu = 10⌦ in (3.10). The

2D plot of all the e�ciencies for horizontal displacement of Rx coil at an interval of 10

mm along y = 0 line is shown in Figure. 3.5(a). From the Figure. 3.5(a), the ⌘s�proposed

compliments with ⌘ss, whereas, the ⌘s�conventional shows disagreement for the WPT system

which misguides the researchers in estimating the realistic performance for the same.

This substantial di↵erence occurs due to distinct operating conditions used in both the

equations, ⌘s�conventional (Rs = RL = 50⌦) and ⌘s�proposed (Rsu ⇡ 0 and RLu = 10⌦).

Moreover, the variation of ⌘ at di↵erent transfer distances ranging h 2 [10, 50] mm is

plotted in Figure. 3.5(b). From the plot, it is observed that the error between ⌘s�conventional

and ⌘ss increases as the transfer distance (h) between Tx-Rx coils increases. Whereas,

the proposed S-⌘s�proposed matches with the ⌘ss for all transfer distances h. To assess the

degree of deviation with respect to realistic power source e�ciency, ⌘ss, an error rate (✏)

is defined for each misalignment data �x as

✏1 =

����
⌘ss � ⌘s�conventional

⌘ss

����, (3.13a)

✏2 =

����
⌘ss � ⌘s�proposed

⌘ss

����. (3.13b)

Where, ✏1 represents error between circuit and conventional S-parameter based e�ciencies,

and ✏2 denotes the error deviation between circuit and proposed S-parameter based

e�ciencies. The error rate (✏) is evaluated for each misalignment (�x) as depicted in

Figure. 3.6. Here, the ✏ increases with misalignment (�x), as the Tx-Rx coils are resonated
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Figure 3.5: Measured results of e�ciency for (a) Horizontal misalignment (�x), (b)
Transfer distance (h).

under a perfectly aligned state (i.e., �x = 0). Therefore, when the Rx coil displaces

from its intended position, the reflected impedance of the Rx coil on the Tx coil alters,

disturbing the resonant frequency. The error rate for conventional s-parameters (✏1) from

Figure. 3.6 is above 30% for entire misalignment range. In contrast, the error rate observed

for proposed S-parameter based e�ciency (✏2) is at most 5%. Therefore, the ⌘s�proposed

measurement technique paves a novel path for researchers to estimate realistic performance

parameters for coil designs using S-parameters.

3.3.1 Comparison with state of the art equations

The proposed ⌘s�proposed equation is compared with various literature works as tabulated

in Table 3.3, wherein ⌘ss is measured by considering Rsu = 0.01⌦ and RLu = 10⌦ [1].

Thereby, the losses due to the source-load e↵ect are significantly minimized. Consequently,

the attained value of ⌘ss is greater than 70%. In contrast, the ⌘s�coventional is measured

under fixed source-load conditions given as Rs=RL=50⌦ [91, 92, 93, 94, 95]. The value
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Figure 3.6: Error rate (✏) of ⌘s�conventional and ⌘s�proposed for Horizontal misalignment
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Table 3.3: Comparison of the proposed S-parameter based e�ciency with the e�ciency
equations available in the literature.

Ref E�ciency type Source-Load conditions E�ciency value
[1] ⌘ss Rsu = 0⌦,RLu=10⌦ 91%
[91] ⌘s�conventional Rs=RL=50⌦ 24%� 29%
[92] ⌘s�conventional Rs=RL=50⌦ 50%
[93] ⌘s�conventional Rs=RL=50⌦ 53%
[94] ⌘s�conventional Rs=RL=50⌦ 47.2%
[95] ⌘s�conventional Rs=RL=50⌦ 35%
Proposed work ⌘s�proposed Rs=RL=50⌦, ⇡ 80%

Rsu = 0.01⌦, RLu = 10⌦

of ⌘s�conventional in the literary works is less than 55% because of high source-load losses.

Therefore, a modified S-parameter-based e�ciency is proposed, allowing the user to control

the terminal resistances by calibrating SF and LF . From Table 3.3, it is evident that

by using ⌘s�proposed, the value is obtained close to 80%, equivalent to ⌘ss. The proposed

equations permit the researchers to estimate the realistic performance of Tx-Rx coils using

S-parameters at very high frequencies.

3.4 Summary

This chapter of the thesis introduces an exciting and cutting-edge approach to predicting

the PTE of a secondary-series resonant WPT system using S-parameters obtained from

VNA. The results of this study are truly remarkable, as the accuracy achieved by this new

measurement methodology is comparable to that of realistic power sources that utilize

power electronic converters. This breakthrough in VNA based measurement technique is

poised to revolutionize the development and optimization of WPT systems, particularly

for practical applications across a wide range of frequencies and the publication pertinent
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to this achievement is given below in [b].

Furthermore, this chapter represents a major milestone in the field of resonant WPT

systems, as it presents the first-ever analytical S-parameters for secondary-parallel

compensation topologies [c]. This achievement adds to the growing body of knowledge

in this field and opens up exciting new possibilities for future research in resonant WPT

system. Moreover, the proposed measurement technique is used in subsequent chapters of

this thesis work for measuring e�ciency between newly designed Tx-Rx coils.

The next chapter addresses the misalignment problem by exploring distinct objective

functions, including uniform magnetic-field formation and uniform induced voltage at

the Rx coil region. Various single port Tx coil designs, such as 3D Tx coils, singular

distributed coil antennas, and array coil antennas, are optimized using these approaches.

For the first time, structured mathematical analysis is provided to determine the

optimal magnetic-field distribution, which holds great promise for addressing the lateral

misalignment problem. These groundbreaking approaches o↵er potential for designing

lateral misalignment-insensitive Tx coils in near-field WPT systems, benefiting the

research community.
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Chapter 4

Single Port Tx Coil Antennas

This chapter is dedicated to the development of an objective function that addresses the

lateral misalignment problem in WPT systems using single port Tx coil antennas. As part

of this process, novel mathematical formulations are developed to determine the optimal

magnetic-field distribution in the Rx coil, with the aim of improving the system’s lateral

misalignment tolerance. Additionally, this chapter presents the evolution and optimization

of three distinct Tx coil designs, designated as Design-1A, Design-1B, and Design-1C,

which fulfill the objectives outlined in EP-1, EP-2, and EP-3 of SO-B, respectively.

4.1 Evolution of Design-1A (SO-B: EP-1)

In WPT applications like EVs, angular misalignment is typically not a problem since the

Rx and Tx are always coplanar in conventional planar structures. This is demonstrated

in Figure. 4.1, which depicts possible Rx misalignment when the vehicle is displaced.

t1

t2 t3

Figure 4.1: Schematic diagram of WPT system and the proposed Tx coil: Design-1A.

As a result, stabilizing the output voltage of the misaligned Rx coil to improve battery

life becomes a primary objective, with mitigation of lateral misalignment being crucial.

Achieving this requires forming the uniform magnetic field in such a way that constant

induced voltage is obtained in the Rx coil, regardless of its displacement.

51
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4.1.1 The proposed Tx antenna and magnetic field analysis

A prototype of the Design-1A Tx coil antenna is shown in Figure 4.1. The structure

of Design-1A comprises three coils, each in the shape of a square Helmholtz coil with

2a = 100mm, as detailed in the inset of Figure 4.1. The three coils are connected in series,

and coil-2 is coplanar with the Rx coil. Whereas, coils-1 and 3 are placed on inclined

faces of an isosceles trapezoid at an angle ✓ from the ground plane. Let the number of

turns in the three coils be denoted by Nt1, Nt2, and Nt3, respectively. The magnetic field

components Hx, Hy, and Hz along the x, y, and z axes, as given in equations (2.1), (2.2),

and (2.3), are evaluated for the three coils of Design-1A at each coil center, denoted by

(xtm, ytm, ztm), where m = 1, 2, 3. The total magnetic field of each component due to

Nt1, Nt2, and Nt3 turns of each coil for a conventional planar antenna with ✓ = 0� is given

by

Hx = Nt1H
1
x +Nt2H

2
x +Nt3H

3
x (4.1a)

Hy = Nt1H
1
y +Nt2H

2
y +Nt3H

3
y (4.1b)

Hz = Nt1H
1
z +Nt2H

2
z +Nt3H

3
z (4.1c)

where subscript ‘m’ in H
m represent contribution of field due to coil-m.

4.1.2 Analysis of magnetic-field distribution

Now the magnetic field distribution originated by the proposed structure is analyzed.

Since the coil-1 and coil-3 are tilted by an angle ✓, (4.1a), (4.1b) and (4.1c) are no longer

valid directly for these coils, hence, the coordinates are translated according to observation

point P (xp, yp, zp) in the space. To determine the total magnetic field in the Rx-plane, the

adopted geometrical configuration of the proposed idea is shown in Figure. 4.2. The coil-2

is assumed coinciding with the global coordinate system (X,Y,Z), hence, coil-2 center is

located at the origin, and its plane lies in x-y plane. Whereas, coil-1 and coil-3 have local

coordinate axisX1, Y 1, Z1 andX
3, Y 3, Z3 as shown in Figure. 4.2(a). We note that all the

coordinate systems have x-axis common due to geometry of the structure. The translated

coordinates of observation point P in coil-1 local coordinate system is (xp1, yp1, zp1) which

is found with respect to global coordinate system from Figure. 4.2(a) and evaluated as

xp1 = xp (4.2a)

yp1 = (yp + ye) cos(✓) + (zp + ze) sin(✓) (4.2b)

zp1 = (zp + ze) cos(✓)� (yp + ye) sin(✓) (4.2c)

where,

ye = a+ a cos(✓)

ze = a sin(✓)
(4.3)
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Figure 4.2: Geometrical configuration of Design-1A (a) the translation of coordinates due
to Tx modules, (b) Components of magnetic field due to Tx modules.

Similarly, the translated coordinates of observation point P in coil-3 local coordinate

system are evaluated as

xp3 = xp (4.4a)

yp3 = (yp � ye) cos(✓)� (zp + ze) sin(✓) (4.4b)

zp3 = (zp + ze) cos(✓) + (yp � ye) sin(✓) (4.4c)

Since the Rx coil lies parallel to xy-plane, only Hz component of the total magnetic field

will induce voltage in the Rx coil. By using (4.2) and (4.4), the vertical magnetic field

perpendicular to Rx plane HT due to each of the three coils are found at the observation

point P (xp, yp, zp). The vertical field component HTm due to coil-m at the observation

point is characterized from Figure. 4.2(b) and formulated as

HT1 = H
1
z cos(✓) +H

1
y sin(✓) (4.5a)

HT2 = H
2
z (4.5b)

HT3 = H
3
z cos(✓)�H

3
y sin(✓) (4.5c)
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where H
m denotes the field component due to coil-m in its local coordinate system as

shown in Figure. 4.2(b). Now from (4.5a)-(4.5c), the total vertical magnetic field that

influence the Rx coil is given as

HT = HT1 +HT2 +HT3 (4.6)

4.1.3 Formulation of induced voltage

The Rx antenna is assumed as square Helmholtz coil located at z = h plane with 2b =

100mm and Nr = 12. The e↵ective height from ground of the Rx coil is Zeff = h + 2ze,

where Zeff = 200mm is the height between the Tx and Rx when ✓ = 0o. Due to HT

distribution in the Rx-plane, a dV is induced in a di↵erential area dAz of the Rx coil

as given in (2.4). The Rx coil is assumed misaligned to location (�x,�y). Here, the

lateral misalignment is only considered along y-axis, hence, �x = 0. When the Rx is

perfectly aligned with the Tx-module �x = 0 and �y = 0. The V in the misaligned Rx

is computed for entire Rx area by replacing HT with Hz in (2.6). We observe from above

defined equations that V depends on tilt angle ✓ of the proposed design, hence, an optimal

choice of ✓ may achieve V independent of �y misalignment. Here the V is evaluated at

f = 488.6kHz.

4.1.4 Parametric Analysis

The parametric variation is done for V by varying tilt angle (✓) along with variation in

number of turns. Due to symmetry, Nt1=Nt3, and the parametric study is conducted by

varying normalized number of turns in coil-1 or coil-3 as N = Nt1
Nt2

or Nt3
Nt2

. As a performance

metric the UF is consider for V (0,�y) i.e, uniformity in only single dimension. Here,

the UF is defined as the ratio of misaligned distance (�y = u) up to which V (0,�y)

varies within ±1% of V (0, 0) to the target misaligned distance (�y = uo). By using

computational software (MATLAB 9.5 R2018b) the analytical model is investigated and

UF is calculated with variation of N for di↵erent tilt ✓ values and the result is shown in

Figure. 4.3(a). For a corresponding peak UF, the induced voltage V (0,�y) for various

✓ is plotted in Figure. 4.3(b). From Figure. 4.3(a) it is evident that the uniformity in

induced voltage is optimized at ✓ = 14o and N = 4 and the corresponding UF(V (�x))

is found as 55.33% as compared to 28.66% obtained by conventional design with ✓ = 0o

at the same value of N . As the Tx-coil is optimized at non-zero ✓, hence, the resulting

design takes shape of a trapezoid in contrast to planar design of ✓ = 0o. It is also observed

that Figure. 4.3(b) that, for ✓ = 14o, V shows a better flatness for a wider misalignment

�y. The optimized parameters and performance metric based on normalized turns with

respect to coil-2 is given in Table 4.1. The desired voltage for charging EV V = 12V

is obtained by increasing number of turns proportional to the voltage. For instance, we

increased the number of turns in coil-2 to 30 turns, proportionally the number of turns in

coil-1 and coil-3 are increased to 120 turns to maintain the optimal ratio N = 4. The data

consisting of optimized parameters in Table. 4.1 is generic and can be used to calculate
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Figure 4.3: Parametric variation of Design-1A (a) variation of UF for various tilt angles,
(b) variation of V (0,�y) for various tilt angles.

actual data according to the specifications of the required parameters such as battery

voltage, maximum output power, maximum current etc. Whereas, the data consisting of

performance metric does not change as the ratio always remain constant.

Table 4.1: Optimized parameters of Design-1A

Normalized turns (N) Optimized tilt angle ✓ V

4 14o 12V

Nt1 Nt2 Nt3

120 30 120

Optimized UF Conventional UF % improvement
55.33% 28.66% 93.00%

4.1.5 Analytical and simulated results of Design-1A

The analytically obtained 3D plots of magnetic-field and induced voltage distributions

are shown in Figure. 4.4(a) and Figure. 4.4(b). The value of V (0,�y) remains constant

within the misalignment region of u = 166mm, resulting in a significant improvement in

the stability of V (0,�y) and mitigating the problem of lateral misalignment. The 3D plot

clearly shows that EVs can freely park in the parking slot with a misalignment tolerance of

[�83, 83]mm, which implies a total misalignment tolerance of 166mm along the y-direction.

In contrast, the total misalignment tolerance of the conventional design is observed to be

86mm. The results are compared with the conventional planar coil design (✓ = 0o) and are

presented in 2D plots shown in Figure 4.5. Later simulation is performed in Ansys HFSS

v18.0 where the proposed structure is designed and then exported to Ansys simplorer as

shown in Figure. 4.6. The Tx and Rx coils are resonated by connecting external capacitors,

CT and CR, respectively. The source voltage, Vs, is adjusted to achieve a current of 1A

through the Tx-coil, which is measured by an ammeter indicating current IT . To measure

the induced voltage for di↵erent misaligned positions of the Rx, a voltmeter is connected

across its terminals. The simulation results are validated and well-corroborated with the
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Figure 4.4: Optimal trapezoidal multi-coil antenna (Design-1A) (a) HT , (b) V (0,�y).
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Figure 4.6: Circuit simulation of Design-1A using Ansys simplorer.

analytical results, as depicted in Figure 4.5. However, the UF of Design-1A is evaluated

for only one dimension, i.e., along the y-direction, which does not guarantee its true
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misalignment tolerance in the Rx coil region in 2D coverage. Moreover, due to the 3D

trapezoidal structure, practical challenges in terms of positioning persist with Design-1A.

These limitations made us to evolve towards planar Tx coil Design-1B. .

4.2 System Configuration of Design-1B (SO-B: EP-2)

A prototype of planar Tx and misaligned Tx coil is depicted in Figure. 4.7. In the proposed

Figure 4.7: A generic WPT system under lateral misalignment condition.

analytical model, the Tx coil with Nt number of equispaced square turns of side length

2an8 integer n 2 [1, Nt]. The dimensions of the turns are evaluated as 2an = 2a � 2(n �
1)(gT + wT ), where gT is turn-to-turn spacing and wT is width of the conductor strip of

the Tx coil. For a multi-turn Tx, total magnetic-field is evaluated by replacing Hz(x, y)

with H
n
z (x, y) in (2.3) and by summing the magnetic field distribution due to individual

turn each carrying a current IT . Using (2.3), the total magnetic-field in the Rx plane can

be obtained as

Hz(x, y) =
NtX

n=1

⇠n.H
n
z (x, y) (4.7)

To optimize the Design-1B of the Tx coil and improve its performance, the approach

involves defining the coe�cient of current circulation for the nth turn, which is represented

by ⇠n. The value of ⇠n is assigned as either 0, +1, or -1, where a value of ⇠n = 0 indicates

that the corresponding turn does not exist, while ⇠n = ±1 represents the constructive or

destructive contribution of the n
th turn to the total magnetic field. This approach allows

the Tx coil to adopt a non-uniformly distributed turns structure, which is optimized to

meet the desired performance criteria. It is worth noting that turns with ⇠n = 0 are not

included in the actual number of turns, and therefore, the realized Tx coil consists of N
0
t =

P
1Nt |⇠n| turns in practice. This optimization technique enables the Tx coil to achieve

better performance and e�ciency compared to conventional designs. At the Rx side, a
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square coil having dimensional parameters 2b units and number of turns Nr is located in

z = h plane as shown in Figure. 4.7. However, in this case Rx coil consists of equispaced

square turns of side length 2bi8 integer i 2 [1, Nr] evaluated as 2bi = 2b�2(i�1)(gR+wR),

where gR and wR are turn-to-turn spacing and width of the conductor strip of the Rx coil,

respectively. Let Azi is the area of ith turn and the Rx is located in z = h plane at (0,0)

in perfectly aligned position. The Rx is now assumed laterally misaligned to location

(�x,�y) as shown in Figure. 4.7. The total induced voltage due to misaligned Rx coil

antenna for ith turn of the Rx coil can be evaluated by substituting (4.7) in (2.7) as

V (�x,�y) = j!µo

NrX

i=1

ZZ

Azi

"
NtX

n=1

⇠n.H
n
z (x, y)

#
dAzi (4.8)

Hence for the misaligned Rx, theM(�x,�y) can be evaluated by substituting (4.8) in(2.8)

as

M(�x,�y) =
µo

IT

NrX

i=1

ZZ

Azi

"
NtX

n=1

⇠n.H
n
z (x, y)

#
dAzi (4.9)

The output-power and PTE equations for a misaligned Rx coil (�x,�y) in the Rx-plane

region can be obtained by replacing (4.9) in (2.15) and (2.16).

The above formulated equations are valid for a range of frequencies for which the current is

uniformly distributed along the tracks, which implies that the Tx coil is electrically small

for the frequency of the single tone transmitting signal. It can be observed from equation

(2.16) that the PTE is a function of both M and the Rx misalignment distance (�x,�y).

Furthermore, equation (4.9) indicates that, for a given Rx, the variation of M(�x,�y)

with respect to (�x,�y) is solely determined by the H
n
z (x, y) and ⇠n distributions. Since

the H
n
z (x, y) function in equation (4.7) is fixed for a predefined turn, the only parameters

available for optimization are the number of turns N
0
t and the current coe�cients ⇠n.

Following this observation, the proposed field-forming technique is applied to equation

(4.7) in order to find the optimal N
0
t and ⇠n distribution by optimizing the Tx coil

parameters.

4.2.1 Optimization problem for the magnetic field forming

The proposed optimization problem is based on field forming technique using Q-assisted

MMSE algorithm where the MMSE is calculated between the targeted magnetic field

(HT (x, y)) distribution and the calculated magnetic field (Hz(x, y)) formed in the desired

range x, y 2 [�r, r] within the Rx plane. The value of r determines the displacement range

(maximum working region) of the Rx coil and defines the area in the Rx plane within which

uniform magnetic field is targeted. The objective is to achieve a uniform magnetic field in

the Rx plane to mitigate lateral misalignment, therefore, HT (x, y) = Ho 8 x, y 2 [�r, r]
is set where Ho is the targeted peak magnetic field required at the location (0, 0, h).

To maximize the Q-factor which is constrained by minimizing MSE for forming uniform

magnetic field, an optimization problem is formulated to synthesize the Tx coil antenna
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(to find N
0
t , ⇠n) below:

max
N

0
t
,⇠n

Q(N
0
t , ⇠n)

s.t. �

����

✓
min
N

0
t
,⇠n

MSE = [Hz(x, y)�HT (x, y)]
2
◆����  1%

s.t. STn  2a, ⇠n 2 (�1, 0, 1)

HT (x, y) =

8
<

:
Ho for � r  x, y  r

0 otherwise

(4.10)

where, �(.) denotes percentage deviation. The steps for magnetic field forming are

described in the following.

• Define the target function HT (x, y) for desired range [�r, r] and physical dimension

limits 2a and 2b.

• Evolution of Tx coil antenna (Design-1B) to achieve the defined objective function

(4.10) using the Q-assisted MMSE based optimization.

• Determine the V (�x,�y) under lateral misalignment using (4.8).

• Determine M(�x,�y) using (4.9) and quantify the uniformity.

• Validate the improvement in lateral misalignment by the proposed Design-1B Tx

coil antenna.

To solve the optimization problem (4.10), an algorithm is adopted in Section-4.2.3.

4.2.2 Proposed Design-1B coil for Q-assisted widespread uniformity of

the magnetic field distribution

The solution to the optimization problem (4.10) is presented in this section. As a result, a

Q-assisted Tx coil (Design-1B) is proposed to form the targeted field with wide uniformity.

For a fair comparison with the coventional literature design discussed in chapter-2, the

maximum dimension of the Design-1B Tx coil antenna is constrained and the results are

compared with the design proposed in [1]. The algorithm is initialized with a set of design

constraints and initial values of the optimization parameters.

The design constraints on the Tx parameters 2a, minimum inner side length STm, gT , wT ,

and the Rx parameters 2b, inner side length SRm, Nr, gR, wR and general parameters are

selected based on fabrication limit and comparative study with [1] and listed in Table 4.2.

The target magnetic field parameter is set to Ho = 23.55A/m assuming the feed current

is 1A, and aimed uniformity is considered in the range 70 mm  r  100 mm during

optimization. The algorithm adopted here is an iterative process based on Q-assisted

MMSE as given in (4.10) and summarized in a flow chart presented in Figure. 4.8. By the

algorithm initialized with these values, the optimization reveals optimal design parameters
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Table 4.2: Design parameter values of the Design-1B Tx coil and the distributed Rx coil

Tx parameters Rx parameters General parameters

2a = 200 mm 2b = 100 mm f = 488.6 kHz
STm = 16 mm SRm = 77 mm IT = 1 A
wT = 0.5 mm wR = 0.5 mm h = 50 mm
gT = 1.5 mm gR = 0.5 mm

Ho = 23.5521 A/m Nr = 12

2DQ

Figure 4.8: Flow chart for developing Design-1B (a) Step-1 to Step-7 (b) Step-8 to Step-14.

N
0
t and ⇠n of the proposed Tx antenna. A detailed description of the adopted design

algorithm summarized in Figure. 4.8 is now presented.
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4.2.3 Optimization algorithm for the Tx coil design

Step-1: Initiate the parameter values for 2a, STm, wT , and gT . Determine the maximum

number of turns possible for the Tx coil as

Nt =
2a� STm

2(wT + gT )
+ 1.

Compute the dimensions of each turn, STn, where n is an integer in the range of [1, Nt],

using the formula 2an = 2a� 2(n� 1)(wT + gT ).

Step-2: The magnetic field of each turn H
n
z (x, y) at the z = h plane can be evaluated

using equation (2.3), where x and y are in the range [�r, r]. To obtain numerical results,

we discretize samples at intervals of dx = dy = 0.1 mm for each point (x, y). These values

are stored in a matrix H
n
z (x, y) for 1  n  Nt. The total number of samples stored

is Ns = 4r2

dxdy . Additionally, the matrix HT (x, y) can be discretely defined based on the

condition given in equation (4.10).

The total magnetic field Hz(x, y) at a point (x, y) is determined by the current

coe�cient ⇠n of each turn using equation (4.7). To evaluate the accuracy of Hz(x, y),

we calculate the mean square error (MSE) between Hz(x, y) and HT (x, y) for all

discrete samples using optimization problem (4.10). The MSE is computed as MSE =⇣P
x

P
y [Hz(x, y)�HT (x, y)]

2
⌘
/Ns. In subsequent steps, we determine the optimal ⇠n

values that correspond to minimum MSE (MMSE).

Step-3: Setting ⇠n = 0 for n 2 [1, Nt] results in Hz(x, y) = 0 for all (x, y).

Step-4: For each turn n, the Hz(x, y) is updated by adding the contribution of ⇠nHn
z (x, y)

using the formula Hz(x, y)  Hz(x, y) + ⇠nH
n
z (x, y). We then calculate the MSE(⇠n)

separately for three cases where ⇠n takes values of 0, +1, and �1. The optimal ⇠n value

for that particular turn is chosen based on the minimum MSE(⇠n) value. Finally, we

update ⇠n with the chosen optimal value.

Step-5: Starting from an arbitrary turn n0, we run Step-4 for all turns from n = Nt

to n = 1. During this process, we add the optimal contribution ⇠nHn
z (x, y) of each turn

to Hz(x, y), while simultaneously computing the MMSE with the cumulative e↵ect of

all the optimized previous turns. For each subsequent turn, we select the corresponding

optimal ⇠ and store the corresponding MSE value. As the process iterates, the stored

MSE decreases, and the cumulative Hz(x, y) approaches HT (x, y). This process continues

cyclically from the outermost to the innermost turn until the MSE converges. As a result,

we reveal the optimal profile ⇠ ! ⇠
opt for a particular initial n0, and store the final MSE

in MSE(n0).

Step-6: Repeat Step-5 for all possible starting points n0 2 [1, Nt] and evaluate the

corresponding MSE(n0). We then select the ⇠opt profile that corresponds to the minimum

MSE(n0) and update it as the optimal solution.

Step-7: Repeat Steps 2 to 6 for all uniformity target ranges r and select the ⇠opt profile

with the minimum overall MSE
min.

Step-8: Evaluate the quality factor for the ⇠optn profile and designate it as Q0  Q(⇠optn ).
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Step-9: Initialize n = 1 (outermost turn) where n 2 [1, Nt]. For each value of n check

the condition ⇠optn = 0. If the condition is true, then move to the next turn.

Step-10: If the condition in Step-10 fails (i.e. ⇠optn 6= 0), then the e↵ect of magnetic field

due to that corresponding n
th turn is removed as Hz(x, y) Hz(x, y)� ⇠optn H

n
z (x, y) and

calculate MSE
0(⇠optn ).

Step-11: The percentage deviation between MSE
0 (calculated in Step-10) and MSE

min

(calculated in Step-7 ) is found as shown in Figure. 4.8(b). If the percentage deviations is

greater than 1% then skip the turn.

Step-12: In contrast to Step-11, if the percentage deviation is under 1% limit, the

corresponding n
th turn is designated as the insignificant turn in the formation of

widespread uniform magnetic field and thus, discard it from the ⇠optn profile and update

the ⇠optn profile.

Step-13: Repeat Step-10 to Step-12 until all the turns Nt given in Step-1 has been

exploited to check the insignificant turns to be discarded from ⇠
opt
n profile.

Step-14: Evaluate quality factor corresponding to modified ⇠opt profile and assign it as

Q
00  Q(⇠optn ). Select the optimal quality factor from Q

opt  max(Q0
, Q

00).

4.2.4 Resulting design as an outcome of the algorithm

The procedure of Figure. 4.8 generates an optimum ⇠n profile and we note that ⇠n = 0

implies the absence of the turn. Hence, the total number of turns in the realized coil

N
0
t =

PNt

1 |⇠optn | is obtained. The coil resulted from this procedure is consisting of multiple

non-uniformly distributed turns having current flow in similar (for ⇠n = +1) or opposite

(for ⇠n = �1) circulations. Moreover, the distribution of the turns is such that it forms

several clusters of continuous turns having ⇠n 6= 0 and each member turn of a cluster has

the same current circulation. The optimized square coil is designated as Design-1B. The

proposed optimal design has N
0
t = 28 turns distributed among four clusters. Each cluster

has dimensions given by outer turn side length 2ac, inner turn side length S
c
Tm, number

of turns N c
T , and current coe�cient ⇠c as listed in Table 4.3. The optimal Design-1B coil

Table 4.3: Design-1B coil optimal geometrical parameters

cluster 2ac2ac2ac(mm) S
c
TmS
c
TmS
c
Tm(mm) N

c
TN
c
TN
c
T ⇠

c⇠c⇠c

cluster-1 200 152 13 +1
cluster-2 144 116 08 -1
cluster-3 080 068 04 +1
cluster-4 044 036 03 -1

antenna is simulated using commercial EM simulator and its layout is shown in Figure. 4.9.

The simulated Tx coil circuit parameters are LT = 67.707µH, RT = 18.417⌦ and QT =

11.28, respectively. To note that the Q-factor is low due to high resistance of the printed

tracks in the PCB technology, in contrast, a high Q-factor can be achieved for the designs

by using Litz or copper wires which are later experimentally verified. Similarly, the Rx

coil parameters are LR = 32.066µH, RR = 5.054⌦, and QR = 19.47, respectively. Further
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Figure 4.9: Layout of the proposed Design-1B.

analysis and result verification using EM simulator is addressed in the subsequent section.

4.2.5 Equispaced and Literature design

Two designs are used to compare the performance of the proposed scheme. The first is an

equispaced design which is evaluated by forcing ⇠n = 1 in the proposed MMSE algorithm

shown in Figure. 4.8 for a targetHo = 23.55A/m. The resulting equispaced design consists

of 7 turns with 0.5mm gap between the turns. The second is a convetional literature design

[1] which was presented in detail in subsection 2.2 of Chapter-2. Here both the designs

are simulated to evaluate their performance parameters. The simulated equispaced coil

circuit parameters are Lequ = 31.21µH, Requ = 11.083⌦ and Qequ = 8.645, respectively.

Similarly, the literature coil circuit parameters are Llit = 54.56µH, Rlit = 15.92⌦, and

Qlit = 10.52, respectively.

4.2.6 Performance analysis and results

The performance of the Tx coil antennas is evaluated in terms of improvement in

uniformity of Hz(x, y) and M(�x,�y) distributions to compare the extent of mitigation

of lateral misalignment problem. The e↵ect is reflected on PTE which is elaborated

in Section 4.2.7. In Figure. 4.10, optimal 3D plots of the Hz(x, y) and M(�x,�y)

distributions in the entire Rx plane are shown. As observed from Figure. 4.10(a), the

values of Hz(x, y) at corners for the proposed design are slightly greater in comparison

to Ho, however, those are under the limit of UF for magnetic field. The M(�x,�y)

distributions obtained for the proposed design is similar.

The evaluation of UF(Hz(x, y)) and UF(M(�x,�y)) can be better visualized through

2D plots. The performance of the conventional literature design [1] and equispaced coil

antenna is also evaluated and results are included for comparison purpose. The 2D
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Figure 4.10: Calculated distributions of optimal Design-1B coil antenna (a) magnetic field
intensity, (b) mutual inductance.

distribution of the Hz(x, y) in h = 50 mm and y = 0 cut is shown in Figure. 4.11 where
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Figure 4.11: Normalized Hz(x, y) distribution in h = 50 mm plane y = 0.

the values are normalized by the central value Ho. The results demonstrate that the

uniformity of Hz(x, y) is improved significantly by the proposed design compared to the

design available in literature. Similarly, to quantify the performance, the UF(Hz(x, y))

is evaluated and calculated as 60.8%, 51.8% and 42.25% for the optimal Design-1B, the

literature, and the equispaced coil designs, respectively.

The proposed design layout of Figure. 4.9 is simulated using Ansys HFSS v18.0 and the

result obtained for the Hz(x, y) distribution corroborates the analytical results as shown

in Figure. 4.11. To evaluate performance in the lateral misalignment case, the normalized

2D variation of M(�x,�y) with the Rx misalignment in h = 50 mm plane is presented

in Figure. 4.12. The results indicate a significantly improved uniformity in M achieved

by the proposed design over the designs available in literature. In Figure. 4.12(a), for the

Rx moving along x direction (�y = 0), the M is uniform in the range �x 2 [�38, 38]
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Figure 4.13: Normalized PRR
(�x,�y) in h = 50 mm plane for y = 0.

mm for the proposed optimal Design-1B coil antenna as compared to �x 2 [�25, 25]
mm range achieved by the literature design. The UF(M(�x,�y)) evaluated for the

entire h = 50 mm plane is found as 14.44%, 6.25% and 4% for the optimal Design-1B,

the literature, and the equispaced designs, respectively. The PRR
(�x,�y) is evaluated

using (2.14) by considering Rs = 0⌦, RL = 10⌦, and Vs = 10V from [1]. The 2D

plots of PRR
(�x,�y) are shown in Figure. 4.13 and its stability region is designated as

UF(PRR
(�x,�y)) and has similar definition as UF(Hz(x, y)) and UF(M(�x,�y)). From

Figure. 4.13, the uniformity of normalized PRR
for the proposed design is in the range

�x 2 [�38, 38] mm as compared to �x 2 [�19, 19] mm for the literature design and

�x 2 [�15, 15] mm for the equispaced design. This proves that, for the proposed design,

PRR
(�x,�y) is more stable to lateral misalignment compared to the other designs. The

performance is summarized and compared in Table 4.4 for the three designs.

Hence, the proposed design is shown to have high tolerance for the lateral misalignment.

The simulated result of M for the optimal Design-1B is included in Figure. 4.12 showing

a good agreement with the analytically obtained results. The proposed antenna has

improved the UF(Hz(x, y)) and UF(M(�x,�y)) by 17.36% and 131.04% in comparison



66 Chapter 4. Single Port Tx Coil Antennas

Table 4.4: Performance comparison of the proposed design

Parameter Literature Equispaced Optimal
design [1] coil design Design-1B

UF(Hz(x, y)) 51.84% 42.25% 60.84%
UF(M(�x,�y)) 6.25% 4% 14.44%
UF(PRR

(�x,�y)) 3.61% 2.25% 12.25%

to the literature design which is a significant improvement in terms of mitigation of lateral

misalignment and shows a higher PTE over the literature design for the aligned Rx case

as proved in the next section.

4.2.7 Experimental verification of Design-1B

To prove the proposed MMSE algorithm is valid for a wide range of applications, the

measurement is performed by fabricating the designs in low cost PCB materials which

are preferred in low power applications such as biomedical implants [96]. Moreover, the

same designs are fabricated using low loss single strand copper wire which are suitable for

medium power applications such as mobile devices [1, 65].

4.2.8 Designs Printed in PCB

The proposed Design-1B having layout shown in Figure. 4.9 is fabricated using MITS

FP-21 prototyping machine on FR4 substrate having thickness 1.6 mm, relative

permittivity 4.4, loss tangent 0.02 and copper deposition of 35µm. Moreover, the literature

design is fabricated to have unbiased comparison with the proposed design under the same

experimental conditions. The fabricated prototypes are shown in Figure. 4.14(a) exhibiting

the experimental setup. The measurements are performed using Agilent N5230C Network

Analyzer. The measured circuit parameters of the proposed Tx design and the Rx coil

are LT = 68.128µH, RT = 15.77⌦, LR = 32.68µH and RR = 4.96⌦. To resonate the

WPT system at f = 488.6kHz, tuning capacitors CT = 1.55nF and CR = 3.24nF are

connected in series with the proposed Tx and Rx coils, respectively. An in-house near

field probe as shown in the inset of Figure. 4.14(a) is used to measure the magnetic

field experimentally using a network analyzer and validate the widespread uniformity

of the magnetic field resulted in the analysis. The measured Hz(x, y) results plotted

in Figure. 4.14(b) corroborate with the analytical results. Moreover, the power factor

(cos(�)) of the proposed system is measured as 0.99 (the phase angle between voltage

and current is � = 1.584o) which is close to unity. The M(�x,�y) of the proposed and

literature designs are measured using forward series and reverse series connection between

Tx-Rx coils as aldready explained in chapter-2. The M(�x,�y) between Tx and Rx coils

is measured along y=0 line in the Rx-plane at an interval of 10 mm using DRS60L robotic

arm as shown in Figure. 4.15(a) which moves the Rx precisely along the desired path

From the results it can be inferred that the enhancement of max{M(�x,�y)} achieved

by the proposed design over the literature design whose fabricated structure is shown in the
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along �y = 0.
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Table 4.5: Parameters of experimental design

Optimal Design-1B: PCB
RT /LT /RR/LR 15.77⌦/68.12µH/4.96⌦/32.68µH
CT /CR 1.55nF/3.24nF
M(0, 0)/k/Rref 2.97µH/0.0629/5.55⌦
QT /⌘ss(0, 0)/PRR

(0, 0) 13.26/17.41%/816.7mW

Optimal Design-1B: Enameled copper
RT /LT /RT /LT 1.94⌦/51.66µH/0.72⌦/28.91µH
CT /CR 2nF/3.6nF
M(0, 0)/k/Rref 2.98µH/0.077/7.8⌦
QT /⌘ss(0, 0)/PRR

(0, 0) 81.74/74.7%/7.66W
Literature design: PCB

Rlit/Llit/M(0, 0)/k/Rref 14.85⌦/52.49µH/2.85µH/0.0689/5.12⌦
Qlit/⌘ss(0, 0)/PRR

(0, 0)/Clit 10.85/17.16%/859mW/2nF
Literature design: Enameled copper

Rlit/Llit/M(0, 0)/k/Rref 1.92⌦/46.05µH/2.84µH/0.077/7.09⌦
Qlit/⌘ss(0, 0)/PRR

(0, 0)/CLit 73.63/73.4%/8.1W/2.3nF

inset of Figure. 4.14(a). This enhancement is a result of increase in the uniformity of the

magnetic-field region within the region bounded by the Rx coil. The measured ⌘ss(�x,�y)

of the Design-1B and literature coil antennas are depicted in Figure. 4.15(b) by substituting

measured circuit parameters in (2.16) under the conditions Rs = 0⌦ and RL = 10⌦ [1].

The increment in peak value of ⌘ss(�x,�y) is achieved due to higher Q-factor of proposed

design which is measured using network analyzer as 13.26 in comparison with 10.85 for

the literature design, respectively. The slight disparity in the Q values determined by

simulation earlier and experiment is due to fabrication and measurement tolerances. The

results show that the ⌘ss(�x,�y) is stabilized (for ±1% variation from peak value) in

range [�36, 36] mm and [�20, 20] mm for the proposed optimal design and the literature

design, respectively. In the entire Rx plane, the lateral misalignment is mitigated in area

of 72⇥72 mm2 by the proposed design in contrast to 40⇥40 mm2 by the literature design.

The low e�ciency in Figure. 4.15(b) is a result of fabricating the design in a low cost PCB

layer which are suitable for biomedical and small electronic applications. Nevertheless,

the proposed Q-assisted MMSE algorithm can achieve high e�ciency and high Q-factor

by manufacturing the designs using low loss conductive materials such as copper wires,

litz wires, super conductors etc., which is explained next.

4.2.9 Designs Manufactured using Copper Wires

The Design-1B and literature coil antennas are manufactured through a process of

engraving a conductive track on a wooden sheet using 3D laser printing, followed by

the manual insertion of 20 AWG enameled copper wire into the engraved track. These

steps are illustrated in Figure 4.16(a) and Figure. 4.16(b). The figures in Figure.4.16(c)

and Figure.4.16(d), present the measured data of PRR
(�x,�y) and ⌘ss(�x,�y) along

the y = 0 line at an interval of 10 mm. These figures were obtained by substituting the
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Figure 4.16: (a) Fabricated prototype of Design-1B, (b) fabricated prototype of Literature
design, (c) measured PRR

(�x,�y) along�y = 0, (d) measured ⌘ss(�x,�y) along�y = 0.

measured circuit parameters using the experimental setup depicted in Figure. 4.14(a) into

(2.15) and (2.16). The proposed design’s (Design-1B) ⌘ss(�x,�y) surpasses that of the

conventional literature design in terms of peak value, while the stability region remains

the same as in the PCB design. Conversely, the measured stability of PRR
(�x,�y) is

uniform within the range of �x 2 [�38, 38] mm, unlike the conventional literature design,

which is limited to �x 2 [�20, 20] mm. The max{PRR
(�x,�y)} value of the proposed

design is slightly less than conventional literature design to achieve the higher misalignment

tolerance compared to literature design. This proves the proposed Q-assisted MMSE based

optimized design namely Design-1B Tx coil antenna has a good potential to mitigate the

lateral misalignment problem in the desired Rx region. The circuit parameters of the

proposed design are summarized in Table 4.5. Where k is the coe�cient of coupling,

and Rref is the reflected impedance. Despite the enhanced lateral misalignment tolerance

achieved through the use of Design-1B, which forms a widely spread uniform magnetic field,

there is still a lack of mathematical justification for ensuring that the optimal magnetic field

distribution is indeed uniform. To address this issue, an analytical framework with the aim

to determine the optimal magnetic field distribution resulting in a uniform induced voltage
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for a misaligned Rx coil antenna is explored. This framework adopts a target objective

that is specifically tailored towards achieving the desired uniformity in the induced voltage,

thereby providing a more comprehensive understanding of the relationship between the

magnetic field distribution and its impact on the uniformity on induced voltage. As a

result a new Tx coil antenna Design-1C is investigated.

4.3 WPT system configuration of Design-1C (SO-B: EP-3)

A general configuration of prototype of Design-1C Tx coil antenna which consists of a

spatially distributed multi coil array is depicted in Figure. 4.17. Similar to Figure. 4.7,

2E

2E

Figure 4.17: Schematic diagram of the considered WPT system.

in Figure. 4.17, the Rx coil location at P1 denotes perfectly aligned with the Tx and the

misaligned Rx coil location is shown at P2. As per the Design-1B, the magnetic-field

distribution should be uniform to achieve a uniform V (�x,�y) over the entire area where

the Rx is expected to move. However, when the Rx coil is misaligned laterally along the

x-axis as shown in Figure. 4.17, the value of V (�x,�y) is not as uniform as magnetic field

distribution from previous designs.

4.3.1 Significance of the induced voltage as design objective

From the observation of equations (2.6), (2.8), and (2.16) the misalignement of Rx coil

(�x,�y) mainly depends on V (�x,�y) for a given Tx and a Rx antenna. Therefore, for

predefined Tx and Rx designs, the variation in V (�x,�y) with the Rx displacement is

the cause of lateral misalignment problem. To obtain a stable ⌘ss(�x,�y) and mitigate

lateral misalignment problem, the V (�x,�y) should be position insensitive of the Rx coil.

Hence, uniformity in V (�x,�y) is adopted as design objective.
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4.3.2 Induced voltage analysis for perfectly aligned Rx

The V given in (2.6) is modified for a perfectly aligned Rx coil area Az = 2b⇥ 2b as,

V = j!µoNr

Z b

�b

Z b

�b
Hz(x, y)dxdy (4.11)

which represents the total V when the Rx coil is in complete alignment with its center

located at (0, 0, h). In case of misalignment, the V may vary due to change in Hz(x, y)

distribution enclosed within the Rx coil area.

4.3.3 Proposed analytical model for Induced voltage and magnetic field

for misaligned Rx

Analysis of V in case of the misaligned Rx

To analyze the e↵ect of misalignment on V , the Rx coil center is assumed shifted by �x

and �y along the x and y directions, respectively, with new location (�x, �y, h) of its

center. Now, the Rx area Az is defined in terms of a 2D unit step function as

Az =

Z +1

�1

Z +1

�1
Ar(x, y) dx dy, (4.12)

Ar(x, y) =

8
<

:
1 for� b  x  b and� b  y  b

0 otherwise
(4.13)

where Ar(x, y) represents area function of the Rx in space. The Ar(x, y) is a rectangular

function since we considered that the Rx coil is a square. For other shapes of the Rx coil

e.g., circular, the Ar(x, y) can be defined accordingly. Using the definitions (4.12)-(4.13),

induced voltage, V 0(0, 0), in the Rx coil under perfectly aligned condition is re-formulated

from (4.11) as

V
0(0, 0) = j!µoNr

Z +1

�1

Z +1

�1
Hz(x, y)Ar(x, y) dx dy. (4.14)

Now the Rx coil is assumed shifted to (�x, �y, h). The misaligned Rx coil can be

represented by corresponding shift in the area function as Ar(x � �x, y � �y). The

induced voltage, V 0(�x,�y), for misalignment case is obtained

V
0(�x,�y) = j!µoNr

Z +1

�1

Z +1

�1
[Hz(x, y)Ar(x��x, y��y)]dxdy (4.15)

Further, for analytical equivalence, the V
0 is normalized by a factor V0 = j!µoNr to give

normalized induced voltage V = V
0
/V0. Since the general expression of a continuous space

domain 2D convolution [⇤] is given by [97]

g(X 0
,Y

0) = f1(X,Y ) ⇤ f2(X,Y )

=

Z +1

�1

Z +1

�1
f1(X,Y )f2(X �X

0
, Y � Y

0) dX dY

(4.16)
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A careful comparison of (4.15) with (4.16) reveals that the normalized induced voltage

function for misalignment case is convolution of H-field distribution and Rx

area function, hence,

V (�x,�y) = Hz(x, y) ⇤Ar(x, y) (4.17)

Here, (x, y) and (�x,�y), both are space variables, however, former denotes coordinate

of any point in the Rx plane, whereas, latter represents misalignment of the Rx coil center

from the original location in the coordinate system.

Optimal Hz(x, y) solution for any objective V (�x,�y)

It is noted from (4.17) that the V is a function of misalignment (�x,�y) and its shape

is determined by the shapes of Hz(x, y) and Ar(x, y). Since Ar(x, y) is predefined

as rectangular shapes in (4.13), the V (�x,�y) shape in (4.17) depends solely on Hz

distribution. Therefore, a solution of optimal Hz distribution to achieve any objective

V (�x,�y) shape is now derived using Fourier analysis. Applying Fourier Transform

(FT) on (4.17) gives FT[V (�x,�y)] = FT[Hz(x, y) ⇤Ar(x, y)] which is further solved for

optimal Hz by using convolution property FT[X ⇤ Y ]=FT[X].FT[Y ] to obtain

FT[V (�x,�y)] = FT[Hz(x, y)].FT[Ar(x, y)]

)FT[Hz(x, y)] =
FT[V (�x,�y)]

FT[Ar(x, y)]

)Hz(x, y) = IFT


FT[V (�x,�y)]

FT[Ar(x, y)]

�
(4.18)

where IFT is the inverse Fourier transform operation. Since 2D Fourier analysis is

involved, (4.18) is solved numerically, however, a closed form solution can be obtained

using separation of variables method by dividing the problem in to 1D. For instance, the

2D spacial functions, V (�x,�y) and Ar(x, y), are realized being separable in x and y

directions. Let V (�x,�y) = V
x(�x) · V y(�y). Therefore, to define an objective V , V x

and V
y can be defined individually. Similarly, Ar(x, y) = A

x(x) · Ay(y) is separable from

(4.13) into

A
x/y(x/y) =

8
<

:
1 � b  x/y  b

0 otherwise
(4.19)

This is used in (4.18) to simplify optimal Hz solution as

Hz(x, y) = IFT


FT [V x(�x) · V y(�y)]

FT [Ax(x) ·Ay(y)]

�

Using separability and linearity property of the FT we obtain

Hz(x, y) = IFT


FT [V x(�x)] · FT [V y(�y)]

FT [Ax(x)] · FT [Ay(y)]

�
(4.20)
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Hence, the optimal solution of Hz(x, y) distribution to achieve any objective V (�x,�y)

function is obtained in (4.20). Now, the Hz solution to obtain specific V distribution is

presented.

4.3.4 Objective function for an ideal V (�x,�y) in the Rx coil

As discussed in Section 4.3.1, ideally, V should be independent of (�x,�y). To mitigate

lateral misalignment for Rx displacement range |�x|, |�y|  v, the ideal target V (�x,�y)

shape defines the objective function as,

Find Hz(x, y)

s.t. V (�x,�y) =

8
<

:
1 �v  (�x,�y)  v

0 otherwise

(4.21)

whose corresponding separable 1D functions V x(�x) and V
y(�y) are given by

V
x/y(�x/�y) =

8
<

:
1 � v  �x/�y  v

0 otherwise
(4.22)

The optimal Hz solution of (4.21) is found by substituting FT of (4.19) and (4.22) in

(4.20) as

Hz(x, y) = IFT


sinc(v!x) · sinc(v!y)

sinc(b!x) · sinc(b!y)

�
(4.23)

where !x/y are spacial angular frequencies along x/y directions. To obtain a closed form

solution of (4.23), the range, for which the lateral misalignment is mitigated, is assumed

to be an integer multiple of the Rx maximum dimension i.e., v = nb, where n is an integer.

Therefore, (4.23) is expanded to

Hz(x, y) = IFT


sinc(nb!x) · sinc(nb!y)

sinc(b!x) · sinc(b!y)

�
(4.24)

which by using separability is written as

Hz(x, y) = IFT


sinc(nb!x)

sinc(b!x)

�
· IFT


sinc(nb!y)

sinc(b!y)

�
(4.25)

Hz(x, y) = Hn(x) ·Hn(y) (4.26a)

where Hn(x/y) = IFT


sinc(nb!x/y)

sinc(b!x/y)

�
(4.26b)

The Hz(x, y) is also separable in two identical 1D functions, Hn(x) and Hn(y), each in x

and y direction, respectively. Hence, analysis of any one function in (4.26b) is su�cient

and further performed to obtain the final solution. To analyze Hn(x) further from (4.26b),
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solution is observed for specific n, e.g., for n = 1, H1(x) =IFT[1]= �(x), for n = 2,

H2(x) = IFT


sinc(2b!x)

sinc(b!x)

�
= �(x� b) + �(x+ b),

and for n = 3,

H3(x) = IFT


sinc(3b!x)

sinc(b!x)

�
= �(x) + �(x� 2b) + �(x+ 2b).

Hence, for general n, the solution of Hn(x) is obtained as

Hn(x)=

8
<

:
�(x)+

Pbn2 c
m=1[�(x�2mb)+�(x+2mb)] for odd n

Pbn2 c
m=1[�(x�(2m�1)b)+�(x+(2m�1)b)] for even n

(4.27)

The Hn(y) is also given by (4.27). Hence, the Hz(x, y) distribution is evaluated by

substituting (4.27) in (4.26a) and represents the closed form solution of the objective

(4.23). To further investigate the solution, a condition on Ar(x, y) is derived to satisfy

the solution (4.27) of the objective function (4.23). For this, (4.17) is rewritten in terms

of separable 1D functions as

V
x(�x) · V y(�y) = [Hn(x) ·Hn(y)] ⇤ [Ax(x) ·Ay(y)]

hence V
x/y(�x/�y) =

h
Hn(x/y) ⇤Ax/y(x/y)

i (4.28)

which, in conjunction with (4.22) and for v = nb, shows

V
x(�x) = 1 8 � v  �x  v

) A
x(x) ⇤Hn(x) = 1 8 � nb  x  nb

(4.29)

Substitution of Hn(x) from (4.27) in (4.29) results in conditions

A
x(x) +

bn2 cX

m=1

[Ax(x� 2mb) +A
x(x+ 2mb)] =1

8 � nb  x  nb for odd n

(4.30a)

bn2 cX

m=1

[Ax(x� (2m� 1)b) +A
x(x+ (2m� 1)b)] =1

8 � nb  x  nb for even n

(4.30b)

The conditions (4.30a) and (4.30b) are graphically demonstrated in Figure. 4.18. The ideal

solution of Hz(x) obtained in (4.27) is consisting of impulse train which upon convolution

with A
x(x) generates a rectangular function corresponding to a uniform V

x(�x) (since

V = H ⇤ A) achieving the ideal objective function as demonstrated in Figure. 4.18.

Similarly for total 2D functions, theHz(x, y) follows the same properties and corresponding
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Figure 4.18: Ideal objective solution: 1D function for (a) even n (b) odd n.

condition on Ar(x, y) is visualized in Figure. 4.19 in 3D as a proof. Apparently, the uniform

E

E E E E E E E
E
E
E

E
E

E

E E E E

E E

E

E
E E

E E E E E E E
E
E
E

E
E

E

Figure 4.19: Ideal objective solution: total function for (a) n = 2 (b) n = 3.
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V is achieved by the optimal Hz solution of (4.27).

Let us revisit the Hz solution obtained in (4.27) for the ideal case where �(x) is located

at an integer multiple of b. Now, if we shift the �(x) locations to an integer multiple of

b±@x, where @x is a fraction, the targeted range of uniformity in V becomes v = nb±@x.
In this case, if (4.27) still represents the Hz solution to produce uniform V in the range of

�v to v, the conditions (4.30a) and (4.30b) must be satisfied. However, these conditions

encounter discontinuities (gaps) for the v = nb + @x case and an aliasing e↵ect for the

v = nb � @x case, respectively. These e↵ects are demonstrated graphically for n = 2 in

Figure.4.20 for v = nb� @x and in Figure.4.21 for v = nb+ @x. The figures presented in

E

E

E

E E E E

E

E E
E

E E E E E E E
E
E

E
E

E

E
E

E E

E

Figure 4.20: Aliasing e↵ect for v = 2b� @(x) (a) 1D (b) total 2D functions.

this study depict the occurrence of aliasing and discontinuity e↵ects for both the 1D and

total 2D functions. These e↵ects create problems with the impulse train of Hz in (4.27)

as it is unable to produce constant V values in the desired range of Rx misalignment after

convolution with the rectangular function Ar. Thus, it is necessary to adopt periodic

functions other than �(x) to achieve a constant V function. However, generating the ideal

Hz(x) solution of (4.27) is not feasible due to the fact that realistic distributions should

not have abrupt variations.

Therefore, the objective V function, which is ideally assumed to be rectangular, must

be redefined to have a gradual change for a practically realizable Hz(x) solution.

This redefinition is crucial in ensuring that the function remains stable and produces

reliable results. In summary, it is important to consider the e↵ects of aliasing and

discontinuity when designing functions and to redefine the objective function to suit

realistic distributions with gradual changes.
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Figure 4.21: Discontinuity e↵ect for v = 2b+ @(x) (a) 1D (b) total 2D functions.

4.3.5 Objective for a realistic V (�x,�y) function

To address lateral misalignment, the objective has been modified to define a realistic

V (�x,�y) function, as shown in (4.20). Since the 2D functions are fully separable, only

1D functions in x are analyzed for brevity, and the total functions can be computed by

multiplication. The aim is to achieve uniformity in the range �(v � c)  �x  (v � c),

and an arbitrary roll-o↵ region of size 2c is defined by a function K(x), as illustrated in

Figure 4.22.

It should be noted that the uniformity in V (�x,�y) is essential for the proper functioning

of wireless power transfer systems. Therefore, a gradual change in the objective function

is necessary to avoid abrupt variations in the realistic distributions. To achieve this, the

arbitrary roll-o↵ region is defined using K(x), which ensures that the function smoothly

changes from the uniformity region to the discontinuity region. By defining a realistic

V (�x,�y) function, it is possible to obtain a practically realizable Hz(x) solution that

can produce a constant V function in the desired range of Rx misalignment. The objective

(a)

x
0 v

Vx(Δx)

v-c v+c-v-(v+c) -(v-c)
(b)

x
0 c

K(x)

2c-2c -c
(c)

x
0 c

G(x)

-c

Figure 4.22: (a) Realistic V
x(�x) objective function (b) Roll o↵ K(x) (c) G(x).
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function with realistic target V is defined as

Find Hz(x) s.t.

V
x(�x)=

8
>>>>>>>>><

>>>>>>>>>:

0 �1 < �x  �(v + c)

K(�x+v�c) �(v+c) < �x  �(v�c)

1 �(v � c) < �x  (v � c)

K(�x� v + c) (v � c) < �x  (v + c)

0 (v + c) < �x < +1

(4.31)

The function K(x) in this context represents an even function within the range x 2
[�2c, 2c], and its purpose is to e↵ect gradual change, or roll-o↵, in V

x(�x) as depicted in

Figure. 4.22(b). In order to determine Hz to achieve the objective stated in (4.31), it is

necessary to derive certain relationships that will be used later in the analysis.

Derivation of a useful relation to find Hz solution

Define a function G(x) which is related to K(x) by

K(x) = G(x) ⇤ rect
⇣
x

2c

⌘
(4.32)

hence K(x) =

Z c

�c+x
G(x� ⌧)d⌧ for x > 0, (4.32a)

and K(x) =

Z c+x

�c
G(x� ⌧)d⌧ for x < 0. (4.32b)

Since K(x) is an even function limited in range x 2 [�2c, 2c], the G(x) function has a

range [�c, c] and satisfies conditions

G(x) = G(�x) and
Z 1

�1
G(x)dx =

Z c

�c
G(x)dx = 1 (4.33)

Graphical illustrations of V x, K, and G defined in (4.31), (4.32) and (4.33) are depicted

in Figure. 4.22. Further, let B(x) is a rectangle function defined as

B(x) = rect

⇣
x

2v

⌘
=

8
<

:
1 � v  x  v

0 otherwise
(4.34)

The G(x) is defined in such a way that its convolution with B(x) equals to the function

V
x(�x) defined in (4.31). Hence, the useful relation between V

x(�x) and G(x) is defined

by

V
x(�x) = G(x) ⇤B(x) =

Z 1

�1
G(�x� ⌧)B(⌧)d⌧ (4.35)

The proof of this useful relation (4.35) is now presented.

Since V
x is a piecewise function as defined in (4.31), the relation (4.35) is proved for

various range of V x(�x).
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a) For range �1 < �x  �(v + c) and (v + c)  �x <1

Using convolution property, sinceG(x) = 0 outside range�c  x  c and B(x) = 0 outside

range �v  x  v, the result of G(x)⇤B(x) is zero outside the range �(v+c)  x  (v+c).

Hence, this is equated with V (�x) = 0 in (4.31) for the mentioned range.

b) For range �(v + c) < �x  �(v � c)

The function G(�x�⌧) in (4.35) is non-zero 8 ⌧ 2 [�x�c,�x+c] and B(⌧) 8 ⌧ 2 [�v, v].
Both are illustrated in Figure. 4.23. The maximum range of ⌧ where G(�x � ⌧) 6= 0 for

τ
0 v

B(τ)

Δx

G(Δx-τ), Δx<-(v-c) G(Δx-τ), Δx>(v-c)

Δx-c Δx+cΔxΔx-c Δx+c-vΔxΔx-c Δx+c

G(Δx-τ), -(v-c)<Δx<(v-c)

Figure 4.23: Graphical illustration of G(�x� ⌧) and B(⌧).

�(v + c) < �x  �(v � c) is

G(�x�⌧) 6= 0 ) 8 ⌧ 2 [� (v+2c) ,�v] for �x=�(v+c)

G(�x�⌧) 6= 0 ) 8 ⌧ 2 [�v,� (v�2c)] for �x=�(v�c)
(4.36)

As shown in Figure. 4.23, G(�x � ⌧) overlaps with B(⌧) from left side and the range of

(4.36) is used in (4.35) to evaluate

V
x(�x) =

Z (�x+c)

�v
G(�x� ⌧)d⌧

which by change of variable ⌧ = (⌘ � v + c) converted to

V
x(�x) =

Z (�x+v)

�c
G(�x+ v � c� ⌘)d⌘ (4.37)

Since for this case �x < �(v � c) ) (�x + v � c) < 0, (4.32b) is used with substitution

�x ) (�x + v � c) to conclude (4.37) as V (�x) = K(�x + v � c) which is matched to

(4.31). Hence, the relation (4.35) is true for �(v + c) < �x  �(v � c) range.

c) For range (v � c) < �x  (v + c)

Similar to the above analysis, in this case, G(�x�⌧) and B(⌧) functions are demonstrated

in Figure. 4.23. For �x � (v � c), the G(�x� ⌧) will overlap with B(⌧) from right side.

For the extreme values of �x, the G(�x� ⌧) range is given by

G(�x�⌧) 6= 0 ) 8 ⌧ 2 [(v�2c) , v] for �x=(v�c)

G(�x�⌧) 6= 0 ) 8 ⌧ 2 [v, (v+2c)] for �x=(v+c)
(4.38)
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Analysis of the extreme range of (4.38) in Figure. 4.23, suggests to rewrite (4.35) for this

range as

V
x(�x) =

Z v

(�x�c)
G(�x� ⌧)d⌧

which by change of variable ⌧ = (⌘ + v � c) converted to

V
x(�x) =

Z c

(�x�v)
G(�x� v + c� ⌘)d⌘ (4.39)

In this case, �(v � c) < x ) (�x � v + c) < 0, therefore, (4.32b) is applicable and used

(after substitution �x ) (�x � v + c)) in (4.39) to conclude V (�x) = K(�x � v + c)

which is matching with (4.31) for this range.

d) Range �(v � c) < �x  (v � c)

Similarly, this range is also demonstrated in Figure. 4.23 and for the extreme values of

�x, the maximum range of G(�x� ⌧) is determined as

G(�x�⌧) 6= 0 ) 8 ⌧ 2 [�v,� (v�2c)] for �x=�(v�c)

G(�x�⌧) 6= 0 ) 8 ⌧ 2 [(v�2c) , v] for �x=(v�c)
(4.40)

The convolution is same at both extreme ranges as per (4.40) and demonstrated in

Figure. 4.23. Hence, (4.35) for this range becomes

V
x(�x) =

Z (�x+c)

(�x�c)
G(�x� ⌧)d⌧

which by change of variable ⌧ = (⌘+�x) followed by use of property (4.33) gives V x(�x) =
R c
�cG(�⌘)d⌘ = 1 showing matched value with (4.31) for this range also.

Hence, the useful relation (4.35) is proved to be true and used further to obtain the solution

of the objective (4.31), next.

Optimal Hz solution of the objective (4.31)

The optimal Hz solution obtained by (4.20) is used to achieve any objective V function.

However, due to complexity of the realistic V objective defined in (4.31), a direct solution

is cumbersome. At this point, the relation (4.35) is found very useful to obtain a closed

form solution. Substitution from (4.35) in (4.20) gives

Hz(x, y) = IFT


FT [B(x) ⇤G(x)] · FT [B(y) ⇤G(y)]

FT [Ax(x)] · FT [Ay(y)]

�

=IFT


FT [B(x)] · FT [G(x)]

FT [Ax(x)]

�
IFT


FT [B(y)] · FT [G(y)]

FT [Ay(y)]

�

= H(x) ·H(y)

(4.41)

Hence, the Hz(x, y) is separable into 1D identical functions Hz in x and y. The Hz is

further solved to obtain closed form solution. By substituting A
x(x) from (4.19) and B(x)
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from (4.34)

Hz(x) = IFT

"
FT
⇥
rect

�
x
2v

�⇤
· FT [G(x)]

FT
⇥
rect

�
x
2b

�⇤
#

=IFT


sinc(v!x) · FT [G(x)]

sinc(b!x)

�
= IFT


sinc(v!x)

sinc(b!x)

�
⇤G(x)

(4.42)

To solve (4.42) further, v = nb is assumed where n is an integer, and solution pattern from

(4.27) is adopted. Hence, the solution of optimal Hz distribution is achieved as

Hn(x) =

8
>>>>>>>><

>>>>>>>>:

✓
�(x)+

Pbn2 c
m=1[�(x�2mb)+�(x+2mb)]

◆
⇤G(x)

for odd n✓Pbn2 c
m=1[�(x�(2m�1)b)+�(x+(2m�1)b)]

◆
⇤G(x)

for even n

=

8
>>>>>>>><

>>>>>>>>:

✓
G(x) +

Pbn2 c
m=1[G(x� 2mb) +G(x+ 2mb)]

◆

for odd n✓Pbn2 c
m=1[G(x� (2m� 1)b) +G(x+ (2m� 1)b)]

◆

for even n

(4.43)

It is observed from (4.43) that the optimal Hz(x) solution of objective (4.31) is given by

copies of G(x) at di↵erent locations x = ±bm as graphically demonstrated in Figure. 4.24.

Similarly, the final solution ofHz(x, y) will be copies of G(x)G(y) at locations (±bm,±bm).

E E

E E E
E

E E
E

E E E

E E E E

Figure 4.24: Optimal solution for real objective, 1D functions for odd n.

Since, V = A⇤Hz, it is observed from the figure that the overlapping area of various copies

of A⇤G ensures uniformity in the solution of V . Hence, Ar(x, y)⇤Hz(x, y) = V (�x,�y) =

1 8 x, y 2 [�(v � c), (v � c)] where v = bn is achieved and the corresponding optimal

H(x) distribution is given by (4.43).

4.3.6 Summary of the proposed design procedure

Proposed step-wise procedure for Tx coil antenna design to mitigate lateral

misalignment problem
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S1 Define objective V (�x) function and set n for its desired uniformity for a given Rx

dimension b.

S2 Obtain K(x) function from V (�x) as

K(�x) =

8
<

:
V (�x� v + c) �c  �x  0

V (�x+ v � c) 0  �x  c

S3 Derive G(x) function graphically or by using (4.32) as

G(x) = IFT

 
FT(K(�x))

FT(rect(�x
2c ))

!
(4.44)

S4 Use G(x) in (4.43) derived from Step-3 to obtain the optimal Hzx, y) distribution

mitigating lateral misalignment.

S5 For a given n, design the Tx coil array antenna using magnetic field forming technique

to generate the desired Hz(x, y) distribution in the Rx plane.

S6 Simulate the transmitter coil and adjust parameters further to obtain the desired

Hz(x, y).

As a result, the procedure reveals a Tx antenna for lateral misalignment mitigated in the

range (x, y) 2 �(v � c) to (v � c) where v = nb.

4.3.7 Illustration of the proposed analysis with simple functions

In the proposed analysis, G(x) can adopt any arbitrary shape depending on K(�x),

however, for illustration purpose, simple mathematical functions such as rectangular,

triangular, raised cosine, etc., can be chosen. In this section, the procedure is demonstrated

assuming K(�x) to be a triangular function.

For this example, in Step-1, the 1D function of objective V(�x,�y) from (4.31) is defined

in Figure. 4.25(a). In Step-2, the corresponding K(�x) function is obtained by graphical

interpretation as K(�x) = tri(�x
4c ) and plotted in Figure. 4.25(b). In Step-3, G(x) is

derived using (4.44) as

G(x) = IFT

"
FT
⇥
tri(�x

4c )
⇤

FT
⇥
rect(�x

2c )
⇤
#

= IFT

"
FT
⇥
rect(�x

2c ) ⇤ rect(
�x
2c )
⇤

FT
⇥
rect(�x

2c )
⇤

#
= rect

⇣
x

2c

⌘ (4.45)

The calculated G(x) is plotted in Figure. 4.25(c). In Step-4, the Hz(x) solution is obtained

by substituting G(x) = rect( x
2c) in (4.43) for any n. The values of n and c determines

misalignment range (v � c) of the Rx which is the uniformity range of V since v = nb.

The n = 2 and n = 3 cases are discussed now.
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(a)

x
0 v

Vx(Δx)

v-c v+c-v-(v+c) -(v-c)
(b)

x
0 c

K(x)

2c-2c -c

(c)

x
0 c

G(x)

-c

Figure 4.25: Illustration (a) objective V
x(�x) (b) K(x) (c) G(x).

For n=2: the Hn(x) is calculated using (4.43) as H2(x) = G(x� b) +G(x+ b) which by

substitution becomes H2(x) = rect(x�b
2c ) + rect(x+b

2c ) and depends upon c. The optimal

solution (1D functions) is plotted in Figure. 4.26 specifically for c < b and c = b. As a

E E
E E

E
E E

E EE

E E E

E E E E E E

E

Figure 4.26: Illustration: Optimal H(x) for n = 2 and (a) c < b (b) c = b.

result, a uniform V
x in misalignment range 2b� c is achieved by optimal H2 for n = 2.

For n=3, the calculated solution from (4.43) is H3(x) = G(x)+G(x� 2b)+G(x+2b))
rect( x

2c) + rect(x�b
2c ) + rect(x+b

2c ) and plotted in Figure. 4.27 as c varies. In this case, the

uniformity of V x is achieved in misalignment range 3b � c. Similarly, the total function

E

E E E E
E E E E

E E E

E E E

E E E E E E E E

Figure 4.27: Illustration: Optimal H(x) for n = 3 and (a) c < b (b) c = b.



84 Chapter 4. Single Port Tx Coil Antennas

V (�x,�y) is obtained and the solutions for n = 2 and 3 are depicted in Figure. 4.28 for

c < b . It is to be noted that the uniformity range (nb� c) and corresponding optimal Hz

E E E E

E

E E E E

E
E

E E E
E
E

E
E
E

E

EE

E

E

E E E E E E E
E
E

E
E
E

E E E E

Figure 4.28: Illustration: Optimal H(x, y) for (a) n = 2 (b) n = 3.

shapes depend on c value. A maximum value of c (= b) results in a minimum uniformity

as demonstrated in Figure. 4.26(b) and Figure. 4.27(b). In the case c = b, the Hz solution

is uniform which is adopted as the design objective in the literature works [1]. However,

the proposed analysis is general and reveals that the c = b is just one possible solution

to mitigate lateral misalignment and may not be an optimal solution. Hence, a minimum

c is desired to achieve wider uniformity in V and this corresponds to the non-uniform

magnetic field distributions demonstrated in Figure. 4.28 as optimal solution. Although,

designing antennas which can generate the optimal Hz corresponding to lower c values is

a challenge. Next, we propose the coil array antennas which are designed by using the

proposed procedure for non-uniform field forming.

4.3.8 Proposed coil array for non-uniform magnetic field forming

The proposed analytical model is now implemented for a realistic V (�x,�y) profile

depicted in Figure. 4.22(a). The Rx coil is considered with side length 100mm (b = 50mm),

Nr = 12 concentrated turns, and located in z = h = 50mm plane. Uniformity for n = 2

and n = 3 cases are presented and correspondingly two designs are proposed for generating

non-uniform magnetic field solutions of (4.43) achieved by the proposed analytical model.

Further, in the design objective, the roll-o↵ region extension is considered as c = 50mm

in Figure. 4.22(a). Hence, for n = 2 design, the targeted uniformity range of V is

�x,�y 2 [�50, 50] (v � c = nb� c = 50mm) and roll-o↵ extends upto 150mm for x � 0.

Similarly, for n = 3 design, the targeted uniformity in V range is �x,�y 2 [�100, 100]
and roll-o↵ extension is 200mm. Hence, the objective V (�x,�y) is completely defined

in Step-1. In Step-2, now the K(�x,�y) is determined. As shown in Figure. 4.22(b),

K(�x,�y) resembles to a bell shape of width 200mm and its peak represents the desired

voltage V0 = 10.96V [1] induced in the perfectly aligned Rx.

Now before G(x, y) is evaluated in Step-3, it is noted from Figure. 4.24 and Figure. 4.28

that the optimal H(x, y) distribution is superposition of the copies of G(x, y) at various

spatial locations (x, y) = (±bm,±bm) at z = h. Hence, we propose that the final Tx

array located in z = 0 plane consists of spatially distributed coils with their centers

at (x, y) = (±bm,±bm) where each coil is capable of generating magnetic field equal



Chapter 4. Single Port Tx Coil Antennas 85

to G(x, y) individually. As a result, the total H(x, y) is obtained as superposition of the

individualG(x, y). This way, the n = 2 design consists of a total of 4 coils with their centers

located ideally at (�50, 50), (50, 50), (�50,�50) and (50,�50) in mm, respectively, as per

the illustration of Figure. 4.28(a). Similarly, the n=3 design requires 9 coils with their

centers ideally at (�100, 100), (0, 100), (100, 100), (�100, 0), (0, 0), (100, 0), (�100,�100),
(0,�100) and (100,�100) in mm, respectively, as per the illustration of Figure. 4.28(b).

In Step-3, the G(x, y) which represents the Hz distribution generated by a single coil of the

Tx array is now derived from roll-o↵ function K(�x,�y). As evident from Figure. 4.22(c),

the G(x, y) also follows a bell shape which can be obtained by designing a square spiral coil.

The Hz(x, y) field produced by a single turn square coil with side length 2a with current

IT given in (2.3) is adopted in MATLAB based analysis to implement the field-forming

technique. The coil geometry (2a and Nt) is optimized that produces field distribution

equal to G(x, y) at the Rx plane h = 50mm and achieves the desired K(�x,�y). The

track width and the gap between adjacent turns is assumed to be 0.5mm according to

the available fabrication process limitations. The result of parametric analysis for a single

multi-turn coil is conducted in Figure. 4.29 having feed current of 1A. This shows the
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Figure 4.29: Analytical optimization of a single multi-turn coil geometry. (a) Hz(x, y)
distribution. (b) V(�x) distribution in h=50mm plane and y = 0 cut.

optimized parameters of a multi-turn square coil as 2a = 76mm and Nt = 24 achieving the

desired K(�x,�y) (with peak V0 = 10.96V and bell width 200mm). The corresponding

optimal Hz(x, y) will serve as G(x, y) solution as highlighted in Figure. 4.29(a) for y = 0

cut.

In Step-4, the total Hz(x, y) can be obtained as superposition of G(x, y) distributions due

to individual coil. In Step-5, the complete Tx array is obtained by placing individual coil

at the fixed locations mentioned earlier for both the designs. To note that, in general,

the analytically obtained coil array may comprise overlapping coils because they exist in

a common plane. Therefore, an another round of customization with constrained coil size

can be performed. However, in the proposed Design-1C, this is not required. Furthermore,

due to negative magnetic field at the edges beyond bell width as shown in Figure. 4.29(a),

the objective V (�x,�y) may vary slightly within uniformity range. However, this is

eliminated in the analytical design itself by adjustments in the optimal coil parameters.
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As a result, the final parameters of the proposed Design-1C Tx coil array antenna are

found and listed in Table 4.6 for the design n = 2 and n = 3 having four (coil-1 to 4) and

nine (coil-1 to 9) coils, respectively. The outer and inner turn side lengths 2ao and 2ai of

Table 4.6: The proposed Design-1C Tx coil array antenna design parameters.

Design n = 2n = 2n = 2
Tx coil Center location (x, y) mm 2ao, 2ai (mm) Nt

coil-1,2,3,4 (-51,51) (51,51) (-51,-51) (51,-51) 76, 29 24

Design n = 3n = 3n = 3
Tx coil Center location (x, y) mm 2ao, 2ai (mm) Nt

coil-1,3,7,9 (-101,101) (101,101) (-101,-101) 78, 25 27
(101,-101)

coil-2,4,6,8 (0,101) (-101,0) (101,0) (0,-101) 80, 29 26
coil-5 (0,0) 80, 23 29

the proposed designs are listed and the track width w and separation s is 0.5mm.

4.3.9 Analytical Results

The performance evaluation of the proposed designs is now presented. Figure. 4.30 shows

Figure 4.30: H(x, y) distributions of the proposed Design-1C for (a) n = 2 (b) n = 3.

the Hz(x, y) distribution in the Rx plane h = 50mm calculated using (4.43) for the two

designs. The result demonstrates the non-uniform fields formed by the proposed Design-1C

n = 2 and n = 3. The V (�x,�y) distribution with Rx misalignment is plotted in

Figure. 4.31 where the attained uniformity in the induced voltage is proved.

To exhibit the e↵ectiveness for mitigation of lateral misalignment, the proposed designs

are compared with the literature antenna [1] which was designed to form uniform magnetic

field. For a better visualization of improvement in V uniformity, 1D functions H(x) and

V (�x) are plotted for y = 0 cut in Figure. 4.32 and compared results with the literature

design. The results in Figure. 4.32 show that the magnetic field formed by individual set

of coils of the proposed designs corresponds to copies of G(x) presented in Figure. 4.29.

Moreover, the proposed n = 2 design shows a better uniformity in V (�x) compared to the

literature design, and further the uniformity is enhanced by the proposed n = 3 design.

From Figure. 4.32, we calculated the total misalignment tolerance region where change in
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Figure 4.31: V (�x,�y) distributions of the Design-1C for (a) n = 2 (b) n = 3.
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Figure 4.32: Analytical results of Hz(x) and V
x(�x) distributions at h = 50mm and y = 0

cut for (a) n=2, and (b) n=3.

V is within 1% limit of V0 value as [-24, 24]mm, [-42.6, 42.6]mm, and [-93, 93]mm for the

literature, the n = 2, and the n = 3 designs, respectively.

Since the large size Tx are intended to achieve wider uniformity, for fair comparison, the

size of Tx should also be considered in performance metric. To quantify performance, a

UF(V (�x,�y)) can be defined as the ratio of total area in z = h plane where change

in the V (�x,�y) is within 1% of V0 to the total size of the Tx. Where V0 = V (0, 0)

corresponds to the Rx voltage in perfectly aligned position i.e., �x = �y = 0. The
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dimensions are 179 ⇥ 179mm2, 276 ⇥ 276mm2, and 200 ⇥ 200mm2 of the Tx for the

n = 2, the n = 3, and the literature designs, respectively. Hence, from Figure. 4.31, we

calculated that the proposed n = 2 design has percentage UF(V (�x,�y))=22.65% and for

the literature UF(V (�x,�y))=5.76% is calculated. The proposed n = 3 design achieves

UF(V (�x,�y))=45.41%. Therefore, the improvement shown by the proposed designs in

UF(V (�x,�y)) is 293.23% (n = 2) and 688.36% (n = 3) over the literature design.

4.3.10 Realization of the proposed coil array antennas

The proposed Tx arrays are realized in Printed Circuit Board (PCB) technology. For this

purpose a two-sided FR4 substrate of height=1.6mm, ✏r = 4.4, tan� = 0.02, and copper

deposition of 35 micron is used. Figure. 4.33 shows the PCB layouts of the proposed

2D 2D

2D
2D

Figure 4.33: Layout of the proposed coil array designs (a) n = 2 (b) n = 3.

designs having dimensions listed in Table 4.6. The coils are etched on the front-layer of

the PCB. The feed lines connecting the coils in series are present at the bottom-layer.

The vias facilitate connections between the two layers. To resonate the Tx and Rx coils

at the operating frequency 488.6KHz, matching capacitors are used at the feeding ports.

The designs are validated through simulations using commercial EM software Ansys HFSS
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v18.0.

4.3.11 Simulation and results

The proposed designs are simulated for Hz(x, y) distributions which are found similar

to the analytical results shown in Figure. 4.30 and omitted here for brevity. Next, the

Rx misalignment analysis is performed. In the simulations, the Rx located in the plane

h = 50mm is displaced in the range �x,�y 2 [�150, 150]mm and readings are noted

for the two cuts central (y = 0) and diagonal (x = y) to cover the misalignment area.

Figure. 4.34 shows the simulated V (�x,�y) variation along with the analytical results
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Figure 4.34: Simulation of misalignment analysis (a) y = 0 cut (b) x = y cut.

and the literature design for comparison. The simulation results are well corroborated

with the analysis for both the cuts. The improvement achieved by the proposed designs

shown in the simulation results is found in agreement with the analysis. Hence, the

UF(V (�x,�y)) values achieved in the analysis are validated by the simulations. The

designs are fabricated and the results are further validated experimentally.

4.3.12 Experimental validation of Design-1C for n=2 and n=3 designs

The antenna layouts of Figure. 4.33 are fabricated and prototypes are shown in inset of

Figure. 4.35 demonstrating the experimental setup. The measurements are performed

with Agilent N5230C Network Analyzer. The |S21| parameter between the Tx-Rx coils

is measured which is later used to determine ⌘s�conventional by substituting |S11| = 0 in

(2.40a). The measurements are conducted for various displacements of the Rx coil which

is precisely performed using DRS60L robotic arm as depicted in Figure. 4.35. An in-house

near-field probe as shown in the inset of Figure. 4.35 is used to measure the magnetic

field distribution of the proposed antennas. The measured Hz(x, y) results are plotted

in Figure. 4.36(a) showing good agreement between the measured and simulated data,

and demonstrating the non-uniform magnetic field formed by the proposed designs. To

measure |S21|, the Rx coil is displaced along central y = 0 and diagonal y = x lines

and the normalized S21 based e�ciency are shown in Figure. 4.36(b). This validates the

proposed model and proves its potential to mitigation the lateral misalignment problem
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DUT SETUP
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Figure 4.35: Fabricated prototypes and experimental setup.
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Figure 4.36: Measured results (a) normalized Hz(x, y) (b) normalized ⌘s�conventional.

in the desired Rx region.

Table 4.7: Comparison of proposed single-port Tx coil antennas.

Designs Tx size (mm) UF(M(�x,�y))/ Flux Misalignment Tx type
UF(V (�x,�y)) control dimension

Literature-[1] 200⇥ 200 5.76% No (�x, �y) planar
Design-1A 300⇥ 100 55.33% No (�x) 3-D
Design-1B 200⇥ 200 14.4% No (�x, �y) planar
Design-1C 179⇥ 179 22.65% No (�x, �y) planar
(n=2)
Design-1C 276⇥ 276 45.41% No (�x, �y) planar
(n=3)

4.4 Summary

This chapter delves into the evolution of single port Tx coil antennas to address lateral

misalignment problems. The chapter begins with the investigation of a 3D Tx coil antenna,
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which is optimized based on parametric variation of distinct dimensional parameters

to produce a widespread uniform magnetic field. Here, the 3D design is designated as

Design-1A [d]. However, misalignment tolerance (UF (�x) = 55.33%) is improved in only

1D Rx coil misalignment (i.e, along �x) which does not give misalignment freedom in

entire X-Y plane. Additionally, the practical challenges arise in positioning this antenna

in many applications, leading to the development of a planar Tx coil. For this, a nove

field forming technique using Q-assisted MMSE based algorithm is employed for a target

objective of producing a widespread and uniform magnetic field. The resultant planar

design is named as Design-1B [e]. The stability of ⌘ss(�x,�y) (PCB and copper wire)

for the Design-1B is achieved in the Rx area 72 ⇥ 72 mm2 incontrast to 40 ⇥ 40 mm2

shown by the conventional literature design. The overall misalignment tolerance in terms

of the ⌘ss(�x,�y) is improved by 224% by implementing the proposed Design-1B in

comparison to the design proposed in the literature [1].

While a uniform magnetic field is desirable, it does not necessarily guarantee optimal

field distribution to mitigate lateral misalignment problems. To determine the optimal

magnetic field distribution, an analytical framework is newly derived to target uniform

induced voltage with Rx misalignment. Surprisingly, the analytical justifications reveal

that a non-uniform magnetic field is optimal for mitigating lateral misalignment problems.

As a result, two designs are developed to generate a non-uniform magnetic field in the Rx

region, namely Design-1C (n=2) and Design-1C (n=3) [f]. Compared to the conventional

literature design, the size of the Design-1C (n = 2) is reduced by 19.89%, and the

misalignment tolerance is improved by ⇠ 293%. Moreover, the achieved misalignment

tolerance by the Design-1C (n = 3) is improved by ⇠ 688%. A summary of performance

parameters of the proposed designs evolved from the objectives proposed in EP-1, EP-2

and EP-3 are tabulated in Table 4.7.

Despite achieving excellent misalignment tolerance with single port Tx coils such as

Design-1A, Design-1B, and Design-1C, these designs su↵er from significant flux leakage.

This leakage leads to reduced coupling between Tx-Rx coils and significantly a↵ects the

PTE of WPT systems. Therefore, multi-port Tx coil antenna with a switching and

detection system is investigated to control flux leakage in Chapter 5. Overall, this chapter

provides valuable insights into the evolution of single port Tx coil antennas and their

optimization to mitigate lateral misalignment problems.
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Chapter 5

Multi Port Tx Coil Antennas

In the previous chapter, designs were proposed to mitigate the lateral misalignment

problem in WPT systems. However, a trade-o↵ is associated with these designs.

Specifically, they lead to a significant increase in flux leakage outside the Rx coil operating

region, which in turn causes a reduction in the coupling coe�cient and link e�ciency

between the Tx and Rx coils.

To overcome this challenge, this chapter puts forward a solution in which multi-port

Tx coil antennas are optimized to minimize flux leakage as targeted in EP-4 of SO-B. To

achieve this, a switching circuit is utilized, which activates the appropriate Tx coil antenna

based on the location of the Rx coil antenna, as determined by a detection system. This

approach involves the development of two designs, namely Design-2A and Design-2B,

which are aimed at reducing flux leakage. The ultimate goal of this proposed approach is

to enhance the overall e�ciency and performance of the WPT system.

5.1 System configuration of Design-2A (SO-B: EP-4)

L]
2a

2a

2a

2a

2a

Figure 5.1: (a) A two-coil WPT system under lateral misalignment, (b) the proposed
Design-2A Tx coil antenna profile for analysis.

The Tx coil antenna with two-port configuration under misaligned Rx coil is depicted

in Figure. 5.1(a) and the coordinate system is defined. Here, similar to design-1A, 1B,

and 1C, the Tx-Rx coils are magnetically coupled at f = 488.6kHz. The structure of the

proposed Design-2A is detailed in Figure. 5.1(b). The proposed Design-2A Tx coil antenna

is designed to operate in dual mode for an e�cient generation of the magnetic field in the

Rx coil working region (z=h plane). The dual-mode is achieved by incorporating a simple
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two-state switching operation. The proposed antenna is primarily consisting of a chief coil

centered at location (xc, yc, zc) which is the same as the origin (0, 0, 0) of the coordinate

system. The chief coil is responsible to generate a concentrated magnetic field distribution

within the aligned Rx region as marked in Figure. 5.1(a). Further to generate widespread

uniform magnetic field up to the misaligned Rx region as marked in Figure. 5.1(a), the

proposed antenna contains a set of small booster coils, as depicted in Figure. 5.1(b),

circumscribing the chief coil. For a perfectly aligned Rx, the Tx operates in mode-1 in

which only the chief coil is excited to generate the magnetic field distribution confined

within the Rx area. In case the Rx is misaligned, the Tx is switched to mode-2 in which,

additionally, all the booster coils are excited along with the chief coil to form an extensively

uniform magnetic field in the entire Rx region to mitigate lateral misalignment problem.

The equivalent circuit model of the WPT system in mode-2 is shown in Figure. 5.2. The

F7 F7 72 71E7 E7

'HVLJQ���2$�7[�FRLO�$QWHQQD

Figure 5.2: Equivalent circuit model to evaluate WPT performance of the Design-2A Tx
coil antenna.

proposed Tx antenna under mode-2 (when the switch is OFF) is represented as a series

connection of the chief coil and the booster coils. Here, RcT , RbT , LcT , and LbT denote the

resistances and self-inductances of the chief coil and booster coils, respectively. The same

circuit model is applicable for operation in mode-1 (when the switch is ON) by omitting

the booster coil parameters RbT and LbT in the equivalent circuit. To resonate the Tx at

frequency f , capacitors CT1 and CT2 are used as shown in Figure 5.2.

Interoperability between the two modes can be achieved by adopting various detection

systems proposed in the literature, such as coil-based sensors [98, 99], radio frequency

detection [100], reflected impedance [101], or tunneling magnetoresistive (TMR) sensor

matrix [102]. For example, a TMR sensor array can be integrated with the proposed Tx

antenna to detect the Rx coil’s position. To detect the Rx in perfect alignment, a sensor is

placed at the chief coil, and for Rx misalignment detection, other sensors are placed at the

booster coils. The sensor array is integrated into the control circuit, as shown in Figure 5.2,

which changes the switch to the ’ON’ or ’OFF’ state based on the Rx coil’s alignment.

The number of TMR sensors and their locations can be judiciously chosen and calibrated
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according to the desired degree of misalignment tolerance for practical applications.

The geometrical parameters of the chief coil include maximum side length, 2aco, minimum

side length, 2acm, number of turns, N c
t , width of the conductive strip, wc, and inter-turn

spacing, �c. The side length of the n
th turn of the chief coil is determined as 2acn =

2aco� 2(n� 1)(wc+ �c) 8 n 2 {1, 2, ..N c
t }. Let nb denotes number of booster coils centered

at locations (xbi, ybi, zbi) 8 i 2 {1, 2, ..nb} encompassing the chief coil. Each booster coil-i

identically has maximum side length, 2abo, minimum side length, 2abm, width of conductive

strip, wb, inter-turn spacing, �b, number of turns, N bi
t . The side length of the n

th turn is

determined as 2abin = 2abo� 2(n� 1)(wb + �
b) 8 n 2 {1, 2, ..N bi

t } and 8 i 2 {1, 2, ..nb}. The
magnetic field generated by the proposed Design-2A Tx coil antenna along z-direction is

evaluated using (2.3) by re-labelling Hz(x, y) with H
nt
z (x, y). Where Hnt

z with superscript

t ( c and t ( bi represent magnetic fields due to the chief coil and the booster coil-i,

respectively, and the coil positions are defined as (xt, yt, zt) from Figure. 5.1(b). The

longitudinal separation between the Tx-Rx coil is h. The total magnetic field, Hz(x, y),

in the Rx region is given by the superposition of the individual magnetic fields due to all

the turns of the chief coil as well as the booster coils and obtained as

H
c
z(x, y) =

Nc
tX

n=1

H
nc
z (x, y)�c

n, (5.1a)

H
b
z(x, y) =

nbX

i=1

Nbi
tX

n=1

H
nbi
z (x, y)�bo, (5.1b)

Hz(x, y) = H
c
z(x, y) +H

b
z(x, y), (5.1)

where H
c
z(x, y) and H

b
z(x, y) are calculated to be individual magnetic field distributions

generated by the chief coil and the set of booster coils, respectively. The coe�cients

�
c
n and �

b
o are incorporated to assist the optimization for the proposed magnetic field

forming. Here, the �
c
n = 0,±1 is characterized as coe�cient of current circulation

in the n
th turn of the chief coil which is same as previously used in optimization of

Design-1B. The value �c
n = 0 represents the absence of the n

th turn and �
c
n= +1/-1

represents constructive/destructive contribution of the n
th turn in H

c
z(x, y). This permits

the optimization to analytically design the chief coil as the structure of a non-uniformly

distributed turn with relatively opposite current circulations. The booster coils are

constrained to acquire uniformly distributed turns to boost the magnetic field around the

border of the Rx working region. For this, the coe�cient �bo, a non zero positive integer, is

defined as boosting factor and supports amplification of the Hz(x, y) in the misaligned Rx

region. For instance, if �bo = 1 in (5.1b) implies the magnetic field due to the multi-turn

booster coils, then, �bo > 1 signifies the requirement to generate a �bo times more magnetic

field by the booster coils. This amplifying e↵ect, in practice, can be realized by feeding

the booster coils separately with a source having �bo times higher magnitude of the current

(i.e, �boIT ). However, in the proposed design, this e↵ect is judiciously incorporated within

the antenna structure itself as presented later in Section 5.1.4.
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5.1.1 Optimization procedure of the proposed design

In order to optimize the antenna design, the relationships between the various design

variables and constraints are formulated based on the geometrical parameters. The design

constraints are determined by fabrication limits and comparative study, and include

parameters such as w
c, w

b, �c, �b, the gap between successive booster coils (gT ), and

the maximum dimension (2ao) of the Tx antenna, as depicted in Figure 5.1(b). Since 2ao

sets the upper limit on the dimensions of the chief coil and the booster coils, as shown in

Figure 5.1(b), it is related to 2aco, 2a
b
o, and GT by visualizing the x = 0 or y = 0 line in

Figure 5.1(b) as follows:

2ao = 2aco + 2(2abo) + 2GT , (5.2)

where GT represents the separation between the chief coil and the booster coils. The total

number of booster coils, nb, is determined by the geometric values of 2ao, 2abo, gT , and �
b
o,

and the relationship is formulated as follows:

nb =

�
4(2ao � 2abo)

gT + 2abo
�
b
o

⌫
, (5.3)

where b.c represents the greatest integer function and is used to obtain the required

integer value. The booster coil centers (xbi, ybi) lie on the lines ±X1 and ±Y1 as shown in

Figure. 5.1(b) and are related with 2aco, 2a
bi
o , and GT as

X1 = ±2aco + 2abio
2

+GT and Y1 = ±2aco + 2abio
2

+GT . (5.4)

Therefore, the total number of coils, nT , in the Tx antenna is given by nT = nb + 1. To

be noted for the chief coil that the entries to the vector 2acn represent side lengths of all

the possible turns considered in the analytical optimization. However, once the values �c
n

are known, the corresponding turns having �c
n = 0 do not exist physically in the realized

design. The absence of such turns in 2acn implies a non-uniformly distributed turns profile

of the coil which is denoted as 2ac
0
n . Therefore, the actual side length vector 2ac

0
n of the

optimised chief coil is given by

2ac
0
n =| �c

n | 2acn =| �c
n | (2aco � 2(n� 1)(wc + �

c)) (5.5)

where, 2acn = (2aco � 2(n� 1)(wc + �
c)). (5.6)

In the vector, 2ac
0
n 8 n 2 {1, 2, ..N c

t }, the di↵erence between the values of successive

turns is (wc+�c) and the di↵erence between the values of successive turns around continuos

zero entries represents non-uniform turn spacing denoted as�c
m. The total number of turns

in the realized chief coil and booster coils are determined as

N
c0
t =

Nc
tX

n=1

| �c
n |, N

bi
t =

2abo � 2abm
2(�b + wb)

+ 1 8i 2 {1, 2, ..nb}. (5.7)
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Firstly, the known parameters are defined, which include the values of IT , 2ao, gT , wc, wb,

2abm, 2acm, �c, and �b. Then, the other design parameters, such as xbi, ybi, N bi
t , 2aco, 2a

b
o,

GT , nb, �c
n, �

b
o, 2a

c
n, 2a

c0
n , N

c0
t , and �c

m, are optimized. Since the design parameters are

interdependent and constrained by relations (5.2)-(5.7), only 2aco and �c
n for the chief coil

and x
bi, ybi, 2abo, and �

b
o for the booster coils are available for optimization. Moreover, the

optimization of these two types of coils is not independent but constrained by (5.2). Once

the design variables and their relationships are defined, the following optimization based

on the proposed field-forming technique is performed.

5.1.2 Formulating optimization problem based on field-forming

The optimization of the proposed design is now presented. The proposed field-forming

technique is based on MMSE algorith which is same as used previously in optimizing

Design-1B. The MMSE is evaluated between the targeted and the calculated magnetic

field distributions. Since the proposed structure operates in two di↵erent modes, the

global optimization objective is therefore consisting of a sub-objective which is defined to

achieve concentrated magnetic field by the chief coil in the aligned Rx area in mode-1.

For the sub-objective, the target magnetic field function H
c
T (x, y) is defined as

H
c
T (x, y) =

8
<

:
Ho for � p  x, y  p

0 otherwise
(5.8)

where p is the parameter defined to confine the magnetic field within the aligned Rx region.

The MSE for this sub-objective, MSE
c, is evaluated between the Hc

z(x,y) calculated using

(5.1a) and the H
c
T (x, y) defined in (5.8). Hence, the sub-objective for the optimization is

formulated as
min
2aco,�

c
n

MSE
c =

�
Hc

z(2a
c
o,�

c
n)�H

c
T (x, y)

�2

s.t. 2acm  2aco  2ao, �
c
n 2 {�1, 0, 1}

(5.9)

where (·) denotes the mean function. Subsequently, under the global objective, the booster

coils are optimized for the given sub-optimized chief coil resulting from (5.9). For the global

objective, the targeted magnetic field, HT (x, y) is same as (4.10), is thus defined as

HT =

8
<

:
Ho for � r  x, y  r

0 otherwise.
(5.10)

where r > p implies spreading the magnetic field uniformity in the misaligned Rx region

in mode-2. The overall MSE is determined between the calculated Hz(x, y) using (5.1)

and the HT (x, y) defined in (5.10). The optimization problem for the global objective is
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formulated as

min
2abo,x

bi,ybi,�b
o

MSE = (Hz(x, y)(2abo, x
bi, ybi, �bo)�HT (x, y))

2

s.t. 2abm  2abo 
2ao � 2aco

2
, �

b
o � 1

(5.11)

To solve the formulated optimization problem, an algorithm is developed which is an

iterative process based on MMSE defined in (5.9) and (5.11).

5.1.3 Design algorithm for the proposed field-forming

The design algorithm flow chart is presented in Figure. 5.3. The procedure begins with

the set of design constraints and terminates with the optimal geometrical parameters of

the proposed Design-2A antenna. By sweeping the design parameters in the optimization

process, the solutions of (5.9) and (5.11) are obtained. The algorithm summarized in

Figure. 5.3 is described in detail as follows.

2a

2a

2a
2a

2a

2a
2a t

2a
2a

Figure 5.3: Iterative design algorithm flowchart for developing Design-2A.

Step-1: The known parameters are initialized.
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Step-2: The chief coil optimization process begins in the first iteration based on MMSE

problem defined in (5.9) by initializing and sweeping design variables 2aco and �
c
n. Let

the 2aco is a vector. For each entry of 2aco vector, the MSE is saved as defined in (5.9)

and progressively stored in MSE
c vector. The design parameters corresponding to the

minimum {MSE
c} are evaluated as sub-optimized chief coil parameters.

Step-3: The sub-optimum 2aco and �
c results are then used in (5.5) and (5.6) to determine

non-uniform side length profile 2ac
0
o and spacing �c

m of the chief coil. The N
c0
t value is

determined using (5.7).

Step-4: The booster coils are then optimized based on the MMSE problem defined in

(5.11) by initializing and sweeping design variables 2abo, x
bi, y

bi and �
b
o for the fixed

sub-optimized chief coil obtained in Step-2. The GT is determined using (5.2) for di↵erent

values of 2abo where the value of 2aco is fixed to the sub-optimum value obtained in Step-2.

Let the 2abo is a vector. For each index of 2abo vector, MSE is evaluated as per (5.11)

for �bo � 1. The result is stored for each index in vector MSE. The value of minimum

{MSE} is stored in MSE(n) for nth iteration of the algorithm and corresponding design

parameters are extracted to form a sub-optimized Design-2A antenna.

Step-5: The 2abo, GT and �
b
o are used in (5.3) to determine nb and N

c0
t and N

bi
t are

obtained from (5.7).

Step-6: The Step-2 to Step-5 are repeated for several times until MMSE converges

i.e MSE(n) = MSE(n � 1). Upon termination, the parameters of the chief coil and

the booster coils corresponding to the final iteration are obtained and represent optimal

geometrical parameters.

5.1.4 Realization of the proposed design

The resultant antenna design using the algorithm of Figure. 5.1 is now presented. The

target magnetic field parameter is set to Ho = 23.55A/m [1] and the field forming is

desired in the range p  50mm for the sub-objective (5.9) and 70mm < r  100mm for

the global objective (5.11). The known parameters are initialized based on fabrication

limits as gT = 1mm, �c = 0.5mm, �b = 0.5mm, wc = 0.5mm, wb = 0.5mm, 2acm = 16mm,

2abm = 8mm and the Tx size constraint based on comparative study with [1] as 2ao =

200mm.

The algorithm reveals optimum values of 2ac
0
o , �

c
n, and �c

m for the chief coil and 2abo, nb,

N
bi
t , GT and �

b
o for the booster coils. The obtained parameter values for the proposed

Design-2A antenna are listed in Table 5.1. The chief coil has N c0
t = 11 turns in which the

outer eight turns have �c = +1 and the inner three turns have �c = �1. There are nb = 20

booster coils each having N
bi0
t = 13 turns and their center locations are listed in Table 5.1.

The booster coils have �bo = 2 which represents the requirement of a doubled current. The

requirement of �bo = 2 is incorporated within the structure by cloning the booster coils

on a double-sided PCB. Hence, the booster coils are placed at the front side and their

replicas are etched at the bottom side of the PCB all connected in series with vias and

having the same current circulation. The realized PCB layout of the proposed Design-2A
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Table 5.1: The proposed Design-2A parameters

Cheif coil
�c

1 ��c
7/�

c
8/�

c
9/�

c
10 2mm/34mm/4mm/2mm

2aco/N
c0
t /�

c
1�8/�

c
9�11 126mm/11/+1/-1
Booster coil

2abo/nb/GT /�
b
o 32mm/40/5mm/2

Coil-i Coil location (xbi, ybi) in mm
Coil-1 to 20 (�83,+17)(�83,+50)(�83,+83)

(�50,+83)(�17,+83)(+17,+83)
(+50,+83)(+83,+83)(+83,+50)
(+83,+17)(+83,�17) (+83,�50)
(+83,�83) (+50,�83) (+17,�83)
(�17,�83)(�50,�83) (�83,�83)
(�83,�50) (�83,�17)

is presented in Figure. 5.4 marked with the geometrical dimensions of the chief coil and

the booster coils. Moreover, the interconnection between chief coil and booster coils is

given in Figure. 5.4(e). An analytical model is required to evaluate the PTE performance

of the proposed Design-2A antenna.

5.1.5 Analytical model to evaluate performance of the proposed

Design-2A Tx coil antenna

At the Rx side, an equispaced square coil antenna is employed which has identical

dimensions as one used while evaluating V (�x,�y) for Design-1B. The e↵ective magnetic

field equation (5.1) is substituted in (2.7) to get total induced voltage in all the turns of

the misaligned Rx is computed as

V (�x,�y) =
NrX

i=1

Vi =
NrX

i=1


�j2⇡fµo

ZZ

Aiz

Hz(x, y)dAiz

�
(5.12)

Analogously, using (5.1a) and (5.1b) in (5.12), the induced voltages V
c(�x,�y) and

V
b(�x,�y) due to the chief coil and the booster coils, respectively, can be determined as

V
c(�x,�y) =� j2⇡fµo

NrX

i=1

ZZ

Aiz

H
c
z(x, y)dAiz (5.13a)

V
b(�x,�y) =� j2⇡fµo

NrX

i=1

ZZ

Aiz

H
b
z(x, y)dAiz (5.13b)

and V (�x,�y) = V
c(�x,�y) + V

b(�x,�y). (5.13)

For the misaligned Rx coil antenna, using V (�x,�y) expression obtained in (5.13),

M(�x,�y) is formulated for mode-1 operation as

M(�x,�y) =
| V c(�x,�y) |

2⇡fIT
=

µo

IT

NrX

i=1

ZZ

Aiz

H
c(x, y)dAiz (5.14)
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Figure 5.4: Layout of the proposed Design-2A (a) Front view (b) Back view (c) Chief coil
(d) Booster coil (e) Switching operation.

and for mode-2 operation when the Rx is misaligned as

M(�x,�y) =
| V (�x,�y) |

2⇡fIT
=

µo

IT

NrX

i=1

ZZ

Aiz

[Hc(x, y) +H
b(x, y)]dAiz (5.15)

The PTE is characterized in terms of |S21| parameter (given in (2.35)) between the Tx-Rx

coil input ports by evaluating ⌘s�conventional by substituting |S11| = 0 in (2.40a). It is

obvious from (2.40a) that the stability of the S21 parameter with respect to the Rx

misalignment (�x, �y) depends on M(�x,�y), since, all other parameters such as RcT ,

RbT , Rs and, RL are fixed values. The optimized Design-2A antenna improves uniformity

of the magnetic field distribution significantly by optimizing H
c
z(x, y) and H

b
z(x, y) which

improves the uniformity of M(�x,�y) from (5.15) in mode-2 operation. Hence, an

improved stability of S21(�x,�y) is expected under misaligned condition. Intensive

analysis and simulations are performed for proper validation of the proposed Design-2A
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Tx coil antenna, which is presented in the subsequent section.

5.1.6 Performance evaluation and results

The performance is assessed in terms of improvements achieved in the uniformity of

Hz(x, y), M(�x,�y), and S21(�x,�y) distributions to evaluate the extent of mitigation

of the lateral misalignment problem. In Figure. 5.5, the analytically obtained field

Figure 5.5: Calculated magnetic field distributions of (a) H
c
z(x, y)(Tx in mode-1), (b)

Hz(x, y) (Tx in mode-2), (c) Hb
z(x, y) (booster coils).

distributions are plotted. From Figure. 5.5(a), it is observed that the magnetic field

distribution, in mode-1, originating from the chief coil (Hc
z(x, y)) is concentrated in

the aligned Rx area. Whereas, Figure. 5.5(b) shows that the proposed Design-2A

antenna operating in mode-2 generates a widespread uniform magnetic field (Hz(x, y) =

H
c
z(x, y) + H

b
z(x, y)). The Hz(x, y) in mode-2 is emanating from the chief coil and the

booster coils jointly whose individual field distributions Hc
z(x, y) and H

b
z(x, y) are depicted

in Figure. 5.5(a) and Figure. 5.5(c), respectively. It can be observed that the H
b
z(x, y)

is maximum around the edges of the Rx region, hence, the Hz(x, y) is boosted by the

use of booster coils as per their denoted name. As a result of the applied algorithm, a

slightly higher Hz(x, y) is observed near the corners, however, those are under the defined

UF(Hz(x, y)) limits. A notable observation from the analytical results is that the slope

of the H
c
z(x, y) and H

b
z(x, y) distributions are complementary to each other such that the

locations where the Hc
z(x, y) attains its maxima, the Hb

z(x, y) has its minima, this leads to

an overall uniform Hz(x, y). The M(�x,�y) distribution for the Rx misalignment (�x,

�y) is calculated using (5.14) for 2b = 100mm, Nr = 12, and plotted in Figure. 5.6(a) in

case only the chief coil is excited. Apparently, the M(�x,�y) is not uniform by the use

of the chief coil alone. However, the proposed Design-2A antenna operating in dual-mode

achieves uniform M(�x,�y) distribution as plotted in Figure. 5.6(b) implying a better

tolerance for the Rx misalignment.

To further inspect the uniformity, the 2D distributions of the H
c
z(x, y) (Tx in mode-1),

Hz(x, y) (Tx in mode-2), and H
b
z(x, y) in h = 50mm Rx plane for y = 0 cut are plotted

in Figure. 5.7, where curves are normalized by the Ho value. The performance of the

literature design [1] is also evaluated and results are included for comparison purpose.

The results indicate that the uniformity of Hz(x, y) is improved by the proposed design
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Figure 5.6: Calculated M(�x,�y) of (a) the proposed Design-2A antenna due to only
chief coil, (b) optimal Design-2A.
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Figure 5.7: Normalized magnetic field distribution in h = 50mm plane and y = 0 cut.

over the literature design. To quantify the performance, the UF(Hz(x, y)) is evaluated in

the entire h = 50mm plane and found to be 79.65% for the proposed Design-2A antenna as

compared to 51.8% calculated for the literature design. The proposed design having layout

shown in Figure. 5.4 is simulated using Ansys HFSS v18.0 and the results obtained for

the Hz(x, y) distribution corroborate with the analytical results as shown in Figure. 5.7.

To evaluate the performance under misalignment case, the normalized 2D variations of

M(�x,�y) for the Rx displaced along lateral (�y = 0 cut) and diagonal (�y = �x cut)

directions are presented in Figure. 5.8. The results indicate a significant improvement

in the M(�x,�y) uniformity by the proposed design over the literature design. For

instance, in case of the Rx displaced along lateral direction (�y = 0), the M(�x) is

uniform in the range �x 2 [�48, 48]mm for the proposed Design-2A antenna as compared

to �x 2 [�25, 25]mm range shown by the literature design. The overall UF(M(�x,�y))

for the entire h = 50mm plane is analytically evaluated as 23.04% and 6.25% for the

Design-2A and the literature designs, respectively. The simulated results are also included

in Figure. 5.8 showing a good agreement with the analytical results. The performance is

compared and summarized in Table 5.2. The obtained analytical and simulated results

are validated experimentally in the subsequent section.
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Table 5.2: Performance comparison of the proposed design

Performance parameter Literature design [1] Proposed Design-2A

UF(Hz(x, y)) 51.84% 79.65%
UF(M(�x,�y)) 6.25% 23.04%

5.1.7 Experimental validation of Design-2A Tx coil antenna

The proposed design is experimentally verified in the laboratory using a measurement

setup shown in Figure. 5.9. The layout of proposed Design-2A Tx coil antenna is realized

and fabricated on FR4 substrate having thickness 1.6mm, relative permittivity 4.4, loss

tangent 0.02 and copper deposition of 35µm. The fabricated prototypes are shown in the

inset of Figure. 5.9 and the measurements are performed using Agilent N5230C Network

Analyzer. To minimize the e↵ect of observational error, a DRS60L robotic arm is used to

automate the movement of the Rx precisely along the desired path.

An in-house near field probe with outer diameter 2cm and number of turns three, as

shown in the inset of Figure. 5.9, is used to measure the magnetic field distribution and

the measured results are included in Figure. 5.7. The measured magnetic field distribution

of the proposed antenna are validated and corroborated with the analytical results for both

the modes of operation. A slight mismatch observed for some samples can be attributed

to measurement errors.

5.1.8 PTE performance evaluation

Using the analytical model presented in Section 2.1.3, the S21 is calculated using (2.39)

for the Rx displaced along the paths �y=0 and �y=�x and the results are shown in

Figure. 5.10. The S21 is measured by using setup shown in Figure. 5.9 and the results

are corroborated well with the analysis as presented in Figure. 5.10. When the Rx is

perfectly aligned, only the chief coil is activated to conserve the leakage flux as claimed

in the proposed approach. Moreover, the input power drawn by the proposed antenna

in mode-1 is significantly reduced for the same output power in the Rx-coil due to low
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DESIGN - 2A

Figure 5.9: Fabricated prototypes and experimental setup.

resistance measured as 4⌦ of the excited chief coil in mode-1 as compared to 43.4⌦

resistance measured for mode-2 of the proposed Design-2A antenna. The stable region

of S21(�x,�y) parameter for the cheif coil antenna alone is [�7, 7]mm. Whereas, the

stable region for the proposed Design-2A under misaligned state is [�49,�49]mm. For

comparison, the literature design, fabricated as shown in Figure. 5.9, is measured and the

results included in Figure. 5.10 shows S21 stability range as [�26, 26]mm. The uniformity

of S21 parameter which has similar definition as UF(M(�x,�y)), is calculated as 24%

and 6.76% for the proposed Design-2A antenna and the literature design, respectively.

Therefore, the misalignment tolerance in S21(�x,�y) parameter is 255% improved by

the proposed antenna over the literature design, the same improvement is realized on the

link e�ciency of the WPT system according to the expression ⌘s�conventional = |S21|2⇥100
by assuming port-1 is perfectly matched (|S11| = 0) in (2.40a).

The Design-2A Tx coil antenna has a major setback in its asymmetric structure. Although

both modes of operation yield identical values of M(�x,�y), the resistive parts of the

chief coil and booster coils, namely RcT and RbT , are not identical, resulting in instability

in ⌘s�conventional while using de-normalized values. This instability in ⌘s�conventional leads

to an increase in operating costs for WPT systems when the Rx coil is misaligned from

its intended position due to poor human motor skills. Moreover, the system composed

of Design-2A does not provide a working model for the operation of switching circuits.

To counter the drawbacks of Design-2A, a novel 4-port symmetrical Tx coil antenna

designated as Design-2B is proposed to maintain uniformity in PTE even with a misaligned

Rx coil antenna. Furthermore, the system composed of Design-2B is equipped with a

realistic detection system to activate the Tx modules based on the position of the Rx coil

antenna.
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Figure 5.10: Performance results of S21 parameter (a) �y=0, (b) �y=�x.

5.2 System Description of Design-2B (SO-B: EP-4)

Figure 5.11(a) illustrates a prototype of a Design-2B Tx coil antenna in a two-coil resonant

WPT system that operates at a frequency of f = 300 kHz. This frequency was chosen

to facilitate a fair comparison with the system presented in [79]. As with all previous

designs, the distance between the Tx and Rx coils is fixed at h = 50 mm. Figure 5.11(b)

provides a detailed illustration of the proposed Design-2B charging pad. The Tx pad

is composed of four independent planar sub-array coil modules labeled A, B, C, and D.

Each coil module, denoted by m 2 A, B, C, D, is centered at (xm, ym) as depicted in
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Figure 5.11: (a) A schematic WPT system under lateral misalignment, (b) the proposed
Design-2B charging pad scheme for analysis.

Figure 5.11(b). It contains an n ⇥ n array of multi-turn coils located at (xt = x
im
, yt =

y
im); 8; i 2 1, 2, ..n2. Thus, each module consists of n2 coils. The Design-2B charging pad

is optimized to generate a piece-wise non-uniform magnetic field distribution similar to

design-1C, resulting in a pseudo-uniform voltage induction in the Rx region, regardless of

misalignment. Here, the terms ”piece-wise” and ”pseudo” indicate that even if only one of

the Tx modules is activated by integrating the switching operation, a uniform voltage in
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the Rx coil is ensured throughout and within the operating region of the misaligned Rx.

The corresponding coil module-m can be activated based on the position of the Rx coil

using four switches (SWA, SWB, SWC , ; and; SWD) connected to the feeding ports of the

coil modules, as shown in Figure 5.11(b). Additionally, the equivalent circuit diagram of

the proposed two-coil series-series resonant WPT system is presented in Figure 5.12. In

7$

7$

7$

7% 7& 7'

7'

7'

7&

7&

7%

7%

Figure 5.12: Schematic circuit diagram of the proposedWPT system Design-2B of modular
Tx and sensor array.

the circuit, RTm and LTm represent e↵ective series resistance and self-inductance of Tx

module-m 2 {A, B, C, D}, respectively. To resonate the Tx-Rx coils at f , capacitors CTm

and CR are connected in series as a compensation network. Mutual inductance between

the Tx module-m and the Rx coil is denoted as MmR. Cross-coupling between adjacent

Tx modules is nullified since only one Tx module-m at a time is excited and switched

using a control circuit. A coil rectenna sensor array system, as shown in Figure. 5.12,

is integrated with the micro-controller-based control circuit, which implements a state

machine for switching operation by sensing the Rx misalignment state. The rectenna

sensor array design is proposed later in Section 5.2.10.

To design the proposed Tx charging pad by field-forming technique, the geometrical

parameters defined in Figure. 5.11(b) include the maximum side length of the Tx charging

pad, 2aT , the maximum side length of the Tx module-m, 2aTM , single-coil side length,

2a, the minimum side length of single-coil, 2as, trace width, �, track width, w, inter-turn

spacing, �, and module overlapping length, Lo. The side length of the j
th turn of a coil is

determined as 2aj = 2a � 2(j � 1)� 8 j 2 {1, 2, ..Nt}. Here, � = w + �, and Nt denotes

the number of turns in a single coil as shown in Figure. 5.11(b). The z-component of the

magnetic-field given in (2.3) is relabelled as Hz(x, y) = H
j
zim(x, y) for single turn-j of the

coil-im of the Tx module-m. Moreover, the side-length of Tx-coil in (2.3) is re-labelled as

2a = 2aj . The magnetic field generated by the Tx module-m, Hm
zT (x, y), in the Rx region
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due to n⇥ n sub-array coils is evaluated as

H
m
zT (x, y) =

n2X

i=1

NtX

j=1

H
j
zim(x, y) 8 m 2 {A,B,C,D} (5.16)

The magnetic field originated by the entire Tx charging pad, HzT (x, y), depends on the

status of the switching circuit and is formulated as

HzT (x, y) = SA ·HA
zT (x, y) + SB ·HB

zT (x, y) + SC ·HC
zT (x, y) + SD ·HD

zT (x, y) (5.17)

where Sm 2 {0, 1} represents the state of the switch SWm corresponding to the module-m

which depends on the Rx position. Due to the involvement of the switching states, the

expression in (5.17) represents a piece-wise magnetic field distribution which is optimized

further to generate non-uniform distribution by the individual Tx module. For analysis,

the Rx coil is assumed misaligned by (�x,�y) from its aligned position as depicted in

Figure. 5.11(a). The switching state is set to Sm = 1 when the Rx stays within the uniform

voltage region of the module-m. Thus, the states Sm of the switches are assigned based

on the Rx position as

Sm =

8
>>>>>>>>><

>>>>>>>>>:

1 for m =

8
>>>>>><

>>>>>>:

A for �x  0,�y � 0

B for �x > 0,�y � 0

C for �x  0,�y < 0

D for �x > 0,�y < 0

0 for other m

(5.18)

By using the unit step function, u(x), the switching states Sm defined in (5.18) can be

expressed in a unified manner to indulge the switching boundaries as

SA = u(��x)u(�y), SB = u(�x)u(�y)

SC = u(��x)u(��y), SD = u(�x)u(��y)
(5.19)

5.2.1 Induced Voltage Analysis for Misaligned Rx Coil

At the Rx side, a square coil having side length, 2b, is considered to have a number of turns,

Nr, concentrated at its periphery. Knowing the magnetic field distribution expression

(5.17), the induced voltage in the misaligned Rx coil is formulated using (2.4)-(2.6)

to conduct the design optimization. By substituting (5.17) in (2.6), the V (�x,�y) is

determined in terms of switching states as,

V (�x,�y) = �j2⇡fµoNr

 ZZ

Az

✓
SA ·HA

zT + SB ·HB
zT +SC ·HC

zT + SD ·HD
zT

◆
dAz

�

(5.20)
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which is further written as

V (�x,�y) =
X

m2{A,B,C,D}

Sm · Vm(�x,�y) (5.21)

where Vm(�x,�y) represents the induced voltage in the misaligned Rx due to individual

Tx module-m and is given as

Vm(�x,�y) = �j2⇡fµoNr

ZZ

Az

H
m
zT (x, y)dAz, 8 m 2 {A,B,C,D} (5.22)

Substitution from (5.19) in (5.21) gives

V (�x,�y) =


u(��x)u(�y)VA(�x,�y) + u(�x)u(�y)VB(�x,�y)

+u(��x)u(��y)VC(�x,�y) + u(�x)u(��y)VD(�x,�y)

� (5.23)

Since each module is identical and symmetric, the Vm(�x,�y) of the module-m can be

realized as shifted replicas of a voltage distribution function, Vo(�x,�y), corresponding

to a hypothetical module which is identical to the other modules however located at the

origin. To express this in formulation, the Vm(�x,�y) can be written as

Vm(�x,�y) = Vo(�x� xm,�y � ym), 8 m 2 {A,B,C,D} (5.24)

Similarly, the H
m
zT (x, y) are realized as the shifted replicas of the field distribution

H
o
zT (x, y) generated by the hypothetical module as

H
m
zT (x, y) = H

o
zT (x� xm, y � ym), 8 m 2 {A,B,C,D} (5.25)

and the relationship between H
o
zT (x, y) and Vo(�x,�y) is given by (5.22) with m =) o

replacement. Observing (5.23) and (5.24) together, it is inferred that the optimization of

any one module (e.g., the hypothetical module located at the origin) is su�cient to realize

the complete Tx pad. This can greatly simplify the computational time of the numerical

optimization which only requires to focus on generating optimal non-uniform magnetic

field distribution of Ho
zT to achieve uniform Vo. However, an overall uniform V (�x,�y)

for the entire Tx pad can be realized only when this procedure is followed by an optimal

overlapping region selection constraint.

To illustrate the procedure, let the uniformity in Vo(�x,�y) due to a hypothetical module

is optimized, which ideally achieves a target voltage (Vp) with ±1% maximum variation

in the Rx misalignment range �p  (�x,�y)  p and defined as,

Vo(�x,�y) =

8
<

:
Vp ± 1% for � p  (�x,�y)  p,

< (Vp � 1%) otherwise
(5.26)
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The distribution of Vo(�x,�y) is replicated at (xm, ym) given as

xm = ±
✓
2aTM � Lo

2

◆
, ym = ±

✓
2aTM � Lo

2

◆
, (5.27)

to realize the Vm(�x,�y) from (5.24) for each module-m and thereby the overall

V (�x,�y) from (5.23) for the Tx pad is obtained as

V (�x,�y) =


u(��x)u(�y)Vo

✓
�x+

2aTM � Lo

2
,�y � 2aTM � Lo

2

◆

+ u(�x)u(�y)Vo

✓
�x� 2aTM � Lo

2
,�y � 2aTM � Lo

2

◆

+ u(��x)u(��y)Vo

✓
�x+

2aTM � Lo

2
,�y +

2aTM � Lo

2

◆

+ u(�x)u(��y)Vo

✓
�x� 2aTM � Lo

2
,�y +

2aTM � Lo

2

◆�
.

(5.28)

To achieve the uniform voltage in the operating Rx region, the V (�x,�y) must be

uniform with value Vp ± 1% for the inter-modular movement Rx. Hence, the V (�x,�y)

must be uniform, particularly at the boundaries where the switching occurs. To derive

the uniformity constraint, the Rx is assumed to move from module-A (or module-C) to

module-B (or module-D) crossing the boundary at �x = 0. Due to the switching at the

boundary, voltages for the two cases, �x = 0+ and �x = 0� are equated to Vp ± 1%.

Due to symmetry, only the �x = 0+ case is su�cient to derive the constraint. For the

Rx located in module-A region at the boundary �x = 0, the voltage V (�x = 0�) is given

from (5.28) as

V (�x = 0�,�y) = (Vp ± 1%)

=) Vo

✓
2aTM � Lo

2
,�y � 2aTM � Lo

2

◆
= (Vp ± 1%),

(5.29)

this is true from (5.26) if following constraint is satisfied as

�p  2aTM � Lo

2
 p, (5.30)

which is solved further to obtain

2aTM � 2p  Lo  2aTM + 2p, (5.31)

where Lo  2aTM + 2p is trivial since the extension of overlap can not exceed 2aTM

due to geometry of Tx pad in Figure. 5.11(b). Therefore, the the overlapping region is

constrained as

Lo � 2aTM � 2p, (5.32)
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and the corresponding total misalignment tolerance range (�r to r) of the Tx pad is

� p�
✓
2aTM � Lo

2

◆
 (�x,�y)  p+

✓
2aTM � Lo

2

◆
. (5.33)

Hence, a higher Lo results in a lower misalignment tolerance range, therefore to be

minimized. However, the Lo constraint in (5.32) limits the minimum value. Thus the

optimal overlapping region selection is constraint by

Lo = 2aTM � 2p. (5.34)

Also, a higher p improves the misalignment tolerance range from (5.33) which is targeted

in the proposed optimization. The value of p is optimized using the field forming technique

which is based on MMSE algorithm defined later in (5.38) which assists in determining

the optimal Lo value using (5.34).

5.2.2 Mutual Coupling, Link E�ciency, and Load Power Formulation

for the Misaligned Rx Coil

The Tx-Rx mutual coupling MmR, defined in Figure. 5.12, is generally formulated in

terms of V using (2.8). However, for the proposed switched design, the MmR between

the Tx module-m and the Rx also depends on the switching states Sm (incorporated in

V (�x,�y)) as well as Rx misalignment (�x,�y) and determined using

MmR(�x,�y) =
V (�x,�y)

2⇡fIT
8 m 2 {A,B,C,D} (5.35)

Thus, the Tx modules that do not have an Rx coil are not activated and do not have any

coupling with the Rx coil. To obtain the performance parameter ⌘s�conventional, which

is defined in (2.40a), we substitute (5.35) in (2.35) and (2.39). Similarly, to obtain the

PRR
(�x,�y) for series-series resonant topology, we replace (5.35) in (2.15). Note that

the MmR(�x,�y) depends on V (�x,�y), and therefore, the uniformity of ⌘s�conventional

and PRR
(�x,�y) depends on the output profile of the induced voltage, provided that

the resistive losses are constant for all Tx modules. Therefore, uniformity in V implies

uniformity in MmR, ⌘s�conventional, and PRR
, which is formulated as an optimization

problem, and the design algorithm is detailed in the subsequent section.

5.2.3 Objective Function and Optimization Design Procedure to form

Pseudo Uniform Voltage

The proposed optimization problem is based on the MMSE algorithm aldready discussed in

Chapter 4. Since the optimization problem solely depends on the geometrical parameters

of the Tx modules, the relationships among various design parameters are first defined,

serving the design constraints.
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5.2.4 Design Constraints and Parameter Relationships

The geometrical parameters of the Design-2B charging pad as defined in Figure. 5.11(b)

are inter-related as 8
>>>>>><

>>>>>>:

2aT = 2(2aTM )� Lo,

2aTM = |xnm � x
1m|+ 2a,

Nt =
2a�2as
2(�) + 1,

xm = xnm+x1m

2 , ym = yn
2
m+ynm

2 .

(5.36)

The known parameters such as 2as and� are initialized based on fabrication limits. Due to

inter-dependency of the parameters given by the constraints (5.36), the only independent

design parameters available for optimization of the Tx module-m are (xim, y
im), 2a, and

n. The same is correspondingly available for the hypothetical module optimization. From

(5.24), it is mentioned that only the hypothetical module parameters are su�cient for

defining optimization problem for uniform V (�x,�y).

5.2.5 Formulation of Optimization Problem Based on Field-forming

Technique

The optimization of the hypothetical module of the Tx antenna is now presented. The MSE

is evaluated between the target voltage VT (�x,�y) and the calculated voltage Vo(�x,�y)

induced in the desired range of misalignment �x,�y 2 [�2aTM

2 ,
2aTM

2 ] within the Rx

plane. The value of 2aTM governs the misalignment tolerance range (�p to p) of the Rx

coil and defines the area within which uniform Vo(�x,�y) is targeted in the Rx plane due

to the hypothetical module. The target induced voltage function VT is defined as

VT (�x,�y) =

8
<

:
Vp for � 2aTM

2  �x,�y  2aTM

2 ,

0 otherwise.
(5.37)

In practice the misalignment range is limited as 2p < 2aTM because it is not possible to

achieve voltage uniformity in region equivalent to the size of the Tx coil [79]. Therefore, the

compromised misalignment range is reflected in the overlapping length defined in (5.34).

For optimization, the MSE is evaluated between the Vo(�x,�y) calculated using (5.24)

and the VT defined in (5.37). Hence, the objective for the optimization is formulated as

min
xio,yio,2a,n

MSE = [Vo(�x,�y)� VT (�x,�y)]2

s.t. 2as  2a  2aT

(5.38)

where [·] represents the mean function. Following the optimization, the complete Tx

pad parameters are obtained by determining the optimal Lo value from the overlapping

constraint (5.34). To solve the optimization problem defined in (5.38) and design the

complete Design-2B charging pad, an algorithm is developed which is an iterative process

based on minimum {MSE} and is now illustrated.
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Figure 5.13: Iterative design algorithm to fabricate Design-2B Tx coil antenna.

5.2.6 Design Procedure for Design-2B Charging Pad

An iterative design algorithm based on (5.38) is adopted and summarized in the flow chart

shown in Figure. 5.13. The algorithm begins with initializing the set of known design

constraints and terminates with optimal geometrical parameters of Tx pad by sweeping

the independent design parameters in the optimization procedure. The design steps of the

algorithm are detailed as follows.

Step-1: The optimization process begins by initializing the known parameters based on

the fabrication limit of a hypothetical Tx module (m (= o) and Rx coil.
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Step-2: The optimization process for n ⇥ n array coils for a hypothetical Tx module is

initiated for n = 1.

Step-3: The optimization process begins for first iteration (k = 1) based on the MMSE

problem defined in (5.38) by sweeping design variables 2a and x
io
, y

io 8 i 2 [1, n2]. The

design parameters corresponding to minimum {MSE} are evaluated.

step-4: From the optimized design variables of hypothetical Tx module resulted in Step-3,

dependent design parameters such as 2aTM , Nt, xo, and yo are determined from (5.36).

Step-5: The Step-2, 3, and 4 are repeated for several iterations until minimum MSE

converges i.e. MSE(k)=MSE(k-1). The MSE value corresponding to k
th iteration is stored

in MSE
n.

Step-6 The Step-2, 3, 4 and 5 are repeated for array coils n > 1 in hypothetical Tx

module.

Step-7: The design parameters and misalignment range (2a) corresponding to

min{MSE
n} are designated as optimal design parameters of n⇥n hypothetical Tx module.

Step-8: The optimal overlapping length (Lo) as shown in Figure. 5.11(b) is evaluated

using (5.34).

Step-9: Given that, the hypothetical Tx module is identical to the Tx modules-A, B,

C, and D, the design parameters of the entire Tx pad are determined with the aid of

optimal parameters of the hypothetical Tx module and overlapping length (Lo). Wherein,

the positions of the proposed Tx pad are evaluated using (5.27) to achieve the voltage

distribution defined in (5.28).

Step-10: The optimization algorithm terminates.

The realization of the optimized design is exemplified in the next section.

5.2.7 Proposed Design-2B Charging Pad Realization and Results

The optimization procedure of Figure. 5.13 is executed by considering 2b = 150 mm and

Nr = 18 to achieve output voltage rating (Vo = 16.96 V) in (5.38) same as that achieved

in [79] to have a fair comparison. Moreover, the required output voltage for drones ranges

in 12 � 24 V [103], which ensures the achieved voltage is within the limiting range. The

known parameters such as 2as = 16 mm, � = 1 mm, w = 1 mm, and � = 0 mm are

initialized based on the fabrication limits. The algorithm primarily unveils the independent

optimal parameters 2a, n, Lo and (xim, y
im). Later, the dependent parameters 2aTM , Nt,

2aT , and (xm, ym) are determined using (5.36). The optimized design parameters obtained

for the proposed charging pad are listed in Table 5.3. The n⇥n sub-array of Tx module-m

is optimized for n = 2. To facilitate the overlapping between adjacent Tx modules-m, the

proposed Tx pad is realized using Litz wires with a diameter of 1 mm. The layout of the

final design is depicted in Figure. 5.14 and the performance is evaluated subsequently.

5.2.8 Analytical Results

The magnetic field distributionHzT (x, y) of each Tx module-m is displayed in Figure. 5.15,

and it is verified that the optimal magnetic field generated by the 2 ⇥ 2 sub-array has a
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Table 5.3: The optimized design parameters of proposed Design-2B charging pad

Physical dimensions of Design-2B Tx pad
2aT /2aTM/2a 428.1 mm/241.8 mm/93.2 mm
Lo/Nt/n 55.5 mm/39/2

Position of sub-array coils in Tx module-A
PA1, PA2 (-167.3, 167.6) mm, (-18.7, 167.6) mm
PA3, PA4 (-167.3, 19) mm, (-18.7, 19) mm

Position of sub-array coils in Tx module-B
PB1, PB2 (19, 167.6) mm, (167.6, 167.6) mm
PB3, PB4 (19, 19) mm, (167.6, 19) mm

Position of sub-array coils in Tx module-C
PC1, PC2 (-167.3, -18.7) mm, (-18.7, -18.7) mm
PC3, PC4 (-167.3, -167.3) mm, (-18.7, -167.3) mm

Position of sub-array coils in Tx module-D
PD1, PD2 (19, -18.7) mm, (167.6, -18.7) mm
PD3, PD4 (19, -167.3) mm, (167.6, -167.3) mm

Geometric center of Tx module-m
(xA, yA), (xB, yB) (-93, 93.3) mm, (93.3, 93.3) mm
(xC , yC), (xD, yD) (-93, -93) mm, (93.3, -93) mm

PA1 PB2

PD4PC3

PA3 PA4

PA2 PB1

PB3 PB4

PC1 PC2

PC4

PD2PD1

PD3

428.1

55.5

93.2

241.8

Module-B

Module-A

Module-C

Module-D

All dimensions are in mm

Figure 5.14: Layout of the proposed Design-2B modular multi-coil array charging pad.

piece-wise non-uniform distribution in the Rx plane. Moreover, at any given instant, only

the HzT (x, y) of one single Tx module-(A or B or C or D) is activated based on the position

of the Rx coil, which reduces the undesired field leakage. This optimal magnetic field links

with the Rx coil to locally mitigate the lateral misalignment. Integrated with the switching

control, the optimal magnetic field distribution forms pseudo uniform V (�x,�y) in the
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Figure 5.15: HzT(x, y) distribution of (a) Tx module-A, (b) Tx module-B, (c) Tx
module-C, (d) Tx module-D.

Figure 5.16: V (�x,�y) distribution in the misaligned Rx coil by switching on (a) Tx
module-A, (b) Tx module-B, (c) Tx module-C, (d) Tx module-D.

misaligned Rx coil as shown in Figure. 5.16. The uniformity of voltage is maintained in

the total Rx operating region by activating suitable Tx module-m where the Rx lies.
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(�x,�y) distribution in h = 50 mm.

5.2.9 Simulation Result of Design-2B

The optimized design layout of Figure. 5.14 is simulated using commercial EM software,

and the simulated results forHzT (x, y) and V (�x,�y) are corroborated with the analytical

results as shown in Figure. 5.17. The results indicate significant improvement in uniformity

of V (�x,�y) in the Rx region. For the Rx moving along x-direction (�y = 93.3 mm),

the V (�x,�y) versus �x is uniform in the range �x 2 [�186, 186] mm and the Tx

module-A and -B are excited in sequence. Further, a similar uniformity in V (�x,�y)

is observed when the Rx moves along the x-direction (�y = �93 mm) over the Tx

module-C and -D in sequence. Through simulations, the circuit parameters are extracted

as RTA = RTB = RTC = RTD ⇡ 2.3⌦ and LTA = LTB = LTC = LTD ⇡ 303.07µH. The

analytically evaluated PRR
using (2.15) is corroborated with the PRR

determined using

the simulated parameters in Figure. 5.18. The uniformity of PRR
(�x,�y) is observed in

the Rx misalignment range �x 2 [�184, 184] mm from Figure. 5.18. The misalignment

performance parameters analytically optimized for the proposed design corroborate the

simulation results. To detect the Rx misalignment, the sensor array system is utilized. The

detection system encompassing the rectenna coils for automatic switching of Tx module-m

based on the position of the Rx coil is now detailed.
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5.2.10 Detection System with Coil Rectenna Sensors Array

The interoperability between the adjacent Tx modules is achieved using an array of coil

rectennas (a combination of sensing coil and rectifier circuit) by sensing the Rx coil position

and further processing with a microcontroller to operate the switches. Simulation-based

optimization is conducted to analyze the response of the coil rectenna sensor array system,

which is further verified through measurements. The location of sensor coils is primarily

optimized by finding the void regions (where the magnetic field generated by the Tx

coil is low, as seen from Figure. 5.15) to reduce the cross-coupling and interference from

the Tx coil on the sensor array system. As a result, mainly the Rx coil contributes to

exciting voltages in the sensor coils. Among the various void regions on the Tx-coil,

the locations of the sensor coils are judiciously selected within each Tx module area,

and each sensor is shared with the adjacent neighbors. In this manner, the overlapped

region is exploited well for shared placement of the rectennas to e↵ectively minimize the

number of sensors in the design to one per module. Moreover, the optimal locations of the

coil rectennas in the overlapped region achieve a maximum response from the sensors to

e↵ectively detect the crossover movement of the Rx compared to sensing the Rx coil staying

within a module. The resultant detection system comprises four sensing coils, namely coil

rectenna (AB, BD, DC, and CA) placed within the overlapping region between the modules

where the Rx coil is to be detected, crossing the module boundaries. As demonstrated

in Figure. 5.19, the centers of the optimized coil rectennas are approximately located at

coordinates (0, 93), (93, 0), (0,�93), and (�93, 0) in mm. Each sensor coil has dimension

SD = 10 mm and a number of turns ND = 20. Here, the values of SD and ND are

optimized by performing parametric variation to have a minimum sensitivity to operate

the microcontroller for activating the switching mechanism to detect the misalignment of

the Rx coil.z

The output voltage readings of the rectenna sensors are fetched into the microcontroller,

where a decision state machine is implemented. The state machine keeps track of the

previous state of the switches and triggers the switching circuit based on the comparisons

of the rectenna output voltages with the decision thresholds. To illustrate this, the coil

rectenna responses with the Rx coil misalignment are analyzed. The output voltage

readings, VX(�x,�y), of the rectenna-X, are simulated with respect to the Rx coil

misalignment along �y = 93 mm (i.e., the Rx moving from module-A to module-B)

and the variations are plotted in Figure. 5.20(a). It is interpreted from Figure. 5.20(a)

that when the Rx coil lies within the Tx module-A area (�x  0), {VAB or VCA} � VTH1

and VBD < VTH1, where VTH1 is the first decision threshold voltage. The VTH1 indicates

the presence of the Rx coil within a particular Tx module area based on the voltage

variation in rectenna sensors. Similarly in Figure. 5.20(a), when the Rx coil lies within

the Tx module-B area (�x > 0), {VAB or VBD} � VTH1 and VCA < VTH1. This can

also be verified by observing the variation of output voltage in the coil rectenna-(BD, AB,

and DC) when the Rx coil is misaligned along �x = 93 mm (i.e., the Rx moving from

module-B to module-D) from the simulated responses presented in Figure. 5.20(b). Hence,
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Figure 5.19: Coil rectenna sensor array system.
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Figure 5.20: Voltage variation along (a) �y = 93 mm, (b) �x = 93 mm.

based on the voltage comparisons, the decision state machine can operate the switching

states as detailed in Table 5.4 for the Rx coil misaligned within a particular module

area. Further, when the Rx is misaligned from module-A to module-B, Figure. 5.20 (a)

indicates that the rectenna-AB located at the crossing boundary shows VAB � VTH2 while

the VCA ⇡ VBD. Here, the VTH2 is the second decision threshold voltage which indicates
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Table 5.4: Switching States of the Rx coil staying within a particular module

Sensor voltage reading SWA SWB SWC SWD

{VAB or VCA} � VTH1

{VBD & VDC} < VTH1 ON OFF OFF OFF
{VAB or VBD} � VTH1

{VCA & VDC} < VTH1 OFF ON OFF OFF
{VCA or VDC} � VTH1

{VAB &VBD} < VTH1 OFF OFF ON OFF
{VBD or VDC} � VTH1

{VCA &VAB} < VTH1 OFF OFF OFF ON

the presence of the Rx coil within the overlapped region of the Tx modules for which

the corresponding common rectenna sensor shows voltage reading � VTH2. The same

can be observed in Figure. 5.20(b) for the Rx movement from module-B to module-D

where VBD � VTH2 along with VAB ⇡ VDC representing the crossover event. Hence,

the state machine can decide to trigger the switching circuit to new states by knowing

previous states as detailed in Table 5.5 for the Rx coil moving to the adjacent module

area. The triggering of the new switching state is not abrupt. A gradual switching can

Table 5.5: Triggering of switches when Rx coil crosses module boundary

Detection voltage Previous State Current State
SWASWBSWCSWD SWASWBSWCSWD

VAB � VTH2 ON OFF OFF OFF OFF ON OFF OFF
VCA ⇡ VBD OFF ON OFF OFF ON OFF OFF OFF
VBD � VTH2 OFF ON OFF OFF OFF OFF OFF ON
VAB ⇡ VDC OFF OFF OFF ON OFF ON OFF OFF
VDC � VTH2 OFF OFF ON OFF OFF OFF OFF ON
VBD ⇡ VCA OFF OFF OFF ON OFF OFF ON OFF
VCA � VTH2 ON OFF OFF OFF OFF OFF ON OFF
VAB ⇡ VDC OFF OFF ON OFF ON OFF OFF OFF

be implemented at the crossover boundary by intentionally providing some delay time

in switching, for instance, first activating the next module and then deactivating the

previous module in sequence during the Rx passing the overlapped region. Initially, the

Tx module-A, Tx module-B, Tx module-C, and Tx module-D are periodically activated

until one among the many conditions provided in Table 5.4 and Table 5.5 is satisfied.

Additionally, the above discussion on the decision state machine used for activating the

switching circuit is graphically illustrated in a flowchart shown in Figure. 5.21. Although

this simulation study illustrates the working principle of the detection system based on

the decision thresholds, it further explains the state-machine implementation. However,

the actual values of VTH are better perceived through proper calibrations over the realistic

system, which is performed experimentally next. These states and the detection system are

further validated experimentally along with the Design-2B charging pad in the subsequent

section.
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Figure 5.21: Flow chart of decision state-machine to activate switching circuit.

5.2.11 Experimental verification and results of Design-2B Tx charging

pad

Design-2B Charging Pad Performance Measurement

The proposed Design-2B charging pad has the layout shown in Figure. 5.14 and the Rx

coil is fabricated using Litz wire having 25 strands, 37 SWG diameter to reduce the

high-frequency losses. The circuit parameters of the coils are measured using Agilent

PNA-L N5230C Network Analyzer and listed in Table 5.6. The experimental setup

demonstrated in Figure. 5.22 is used to evaluate the misalignment performance of the

proposed Design-2B charging pad in terms of link e�ciency (⌘s�conventional) using (2.40a)
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Table 5.6: Measured circuit parameters of the Design-2B Tx pad

Circuit parameters Measured values
RTA/RTB/RTC/RTD 2.42⌦/2.49⌦/2.48⌦/2.45⌦
LTA/LTB/LTC/LTD 303.6µH/304.1µH/303.9µH/303.68µH
CTA/CTB/CTC/CTD 927pF/925.5pF/926.1pF/926.8pF
RR/LR/CR 1.55⌦/196.75µH/1.43nF
Rs/RL 50⌦/14⌦

RROBOTIC ARM

VNA

RDUT SETUP

PORT - A PORT - B

PORT - DPORT - C

Rx COIL

PROPOSED Tx ANTENNA

Figure 5.22: Setup for misalignment performance measurements of the Design-2B Tx coil
antenna.

from measured S11 and S21 parameters. This measurement is conducted by using the

DRS60L robotic arm, as shown in Figure. 5.22, is utilized to move the Rx coil precisely

along the desired path to accurately determine ⌘s�conventional(�x,�y). The data is

acquired by Network Analyzer for the Rx moving along y = 93 mm at an interval

of 10 mm in h = 50 mm plane. The measured ⌘s�conventional distribution results are

depicted in Figure. 5.23. The results indicate uniformity of ⌘s�conventional achieved in

the Rx misalignment range �x 2 [�184, 184] mm. The measured value of the maximum

⌘s�conventional shown by the design is ⌘s�conventional = 79.91%, respectively. Further,

the ⌘s�conventional(�x,�y) is estimated for two di↵erent cases of conductive materials.

In case-1, a low loss litz wire [79] is considered. The resistance (R) per unit length (l)

(↵ = R
l ) of the low loss wire is evaluated by determining the ratio of total conductive wire

length of Tx pad to the measured resistance value and is determined as ↵1 = 16.6µ ⌦
mm

from [79]. Therefore equivalent resistance of the proposed Tx module-m (Let m (= A)

and Rx-coil are calculated as

R
case1
TA = lA ⇥ ↵1 = 0.574⌦

R
case1
R = lR ⇥ ↵1 = 0.18⌦.

(5.39)
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Figure 5.23: Measured ⌘s�conventional(�x,�y) distribution in h = 50 mm.

Where lA = 34445 mm and lR = 10800 mm are the e↵ective length of the conductive track

of Tx module-A and Rx coil. The maximum ⌘sa�conventional of case-1 is 96.096% which

is determined by substituting R
case1
R in (2.35), (2.39) and (2.40a). Moreover, the value

of PRR
under a perfectly aligned Rx coil is 109.99W which is determined by substituting

(5.39) in (2.15) assuming Vs = 48V and Rs = 0⌦ to have a fair comparison with [79].

In case-2, the proposed Litz wire is replaced with PCB design [79] for estimation of

⌘s�conventional(�x,�y). Similarly, the resistance (R) per unit length (l) of PCB design is

determined as ↵2 = 909µ ⌦
mm from [79] and the equivalent resistances are obtained as

R
case2
AT = lA ⇥ ↵2 = 31.31⌦

R
case2
R = lR ⇥ ↵2 = 9.81⌦.

(5.40)

The maximum ⌘s�conventional of case-2 is evaluated as 16.744%. It is evident that the

value of ⌘ depends on the conductive track material which can be replaced according to

the specific applications.

The Detection System Realization and Measurements

A real-application model of the detection system is demonstrated using the fabricated coil

rectenna sensor array system in Figure. 5.24. The signal generator is used to feed the power

to the Tx as shown in Figure. 5.24(a). The measurement is performed by displacing the Rx

coil from the initial position P1 up to P12 through a path defined in Figure. 5.24(b). The

sensor coil positions are calibrated accommodating the fabrication errors. A control unit

(Arduino board) is programmed and a state machine is implemented by setting calibrated

threshold voltages (VTH1 and VTH2) which are determined experimentally by observing

the measured variation of voltage readings in the rectenna sensors. While moving the

Rx from P1 to P12, the switching status of Tx module-m is indicated by glowing LED

to demonstrate real application as depicted in Figure. 5.24(c), thus, the switching states

are verified. For this, the recorded responses of the rectennas are plotted in Figure. 5.25

where the VTH1 and VTH2 are marked for the state machine to activate the switching



124 Chapter 5. Multi Port Tx Coil Antennas

Signal Generator 

Tx-pad

Rx-coil

Switching Circuit

Control Unit

Personal Computer

Coil rectenna sensor 
array system

(a)

P1 P2 P3 P4 P5 

P6 
P7 
P8 

P9 

P10 

P11 

P12 

module-A module-B 

module-C module-D 
(b) 

Coil Rectenna 
Sensor 

P1 P2 P3 P4 

P5 P6 P7 P8 

P9 
P10 

P11 
P12 

(c) 

SA=1 

SA=1 

SA=1 
SB=1 SB=1 

SB=1 SB=1 SD=1 

SD=1 

SD=1 

SD=1 SD=1 

Figure 5.24: The realized detection system with rectenna sensors, (a) experimental setup
with the prototype, (b) path for Rx movement, and (c) switching states.
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Figure 5.25: Measured output voltages of coil rectenna sensor array system.

circuit (relays) shown in Figure. 5.24(a) based on the position of the Rx coil. To illustrate

the switching, the Rx movement from P5 to P11 which consists of in-module as well as
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crossover movement is discussed in detail. The plots in Figure. 5.25 showcase that when

the Rx coil is aligned to P5 (i.e., within module-B), the detection rectenna-AB and -BD

placed in Tx module-B show similar readings VAB ⇡ VBD � VTH1 and the other sensors

(VDC and VCA) read noise signal, this activates the SWB (SB = 1) as per Table 5.4.

In the next position P6, the same readings in the sensors keep the status of the switch

unchanged. Further movement to P7 (the Rx coil crosses the boundary and the previous

state is SB = 1) causes VBD > VTH2 and VAB ⇡ VDC as shown in Figure. 5.25, the state

machine triggers the switching state to SB = 0 and SD = 1 as per the rule of Table 5.5.

This crossover is demonstrated in Figure. 5.24(c) for the Rx positions P6 and P7. Further,

for the Rx movement from P7 to P11, the switching state SD = 1 remains unchanged

as VBD and VDC lie within the threshold regions. Although, in the position P11 all the

sensors read similar value (VAB ⇡ VBD ⇡ VCA ⇡ VDA) > VTH1, the switching status

remains constant since none of the readings are < VTH1. Moreover, if the Rx coil lands

directly on P11, the default Tx module-A is activated using the switching circuitry. The

calibrated denormalized values of VTH2 and VTH1 in the working model are 151.2 mV and

50.4 mV, respectively. The uniformity factor in terms of induced voltage due to proposed

Design-2B Tx coil antenna in the Rx coil antenna is achieved by UF(V (�x,�y))=75.5%.

Table 5.7: Comparison of proposed multi-port Tx coil antennas.

Designs Tx size UF(M(�x,�y))/ Flux Misalignment Tx Detection
in mm UF(V (�x,�y)) control dimension type

Literature-[1] 200⇥ 200 5.76% No (�x, �y) planar No
Literature-[79] 700⇥ 700 31.36% Yes (�x, �y) planar Yes
Design-2A 200⇥ 200 23.41% Yes (�x, �y) planar No
Design-2B 428⇥ 428 75.5% Yes (�x, �y) planar Yes

5.3 Summary

In this chapter, the focus was on reducing flux leakage between Tx-Rx coils by adopting

switching and detection circuitries, with an additional objective to enhance lateral

misalignment tolerance. Aiming to achieve this, a two-port Tx coil antenna called

Design-2A [g] was initially developed to control the flux leakage. The misalignement

tolerence shown by the Design-2A Tx coil antenna in terms of UF(Hz(x, y)) and

UF(M(�x,�y)) is improved by 53.06% and 268.64% respectively over to that of

conventional literature design presented in subsection 2.2. However, the asymmetric

nature of the chief and booster coils of Design-2A resulted in distinct resistive losses,

causing di�culty to maintain stability in PTE. Besides, a practical approach to operate

the switching circuit in Design-2A was unexplored.

As an alternative, a four-port symmetric multi-coil antenna designated as Design-2B [h]

was proposed as part of an evolutionary process to ensure stability in PTE while controlling

the flux leakage. A realistic detection system was implemented to run the prototype. The
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proposed Design-2B charging pad achieves 75.5% uniformity in the V (�x,�y), which is

higher than the previous literary works [79]. Moreover, the Design-2B achieves uniform

e�ciency in the Rx misalignment range, �184 mm  �x,�y  184 mm by significantly

miniaturized Tx pad, 428.1⇥428.1 mm2 compared to [79]. In addition, only 25% of the Tx

pad is activated to reduce the undesired magnetic field by suitable switching circuitry. The

performance metrics achieved by Design-2B is considered to be best results in this thesis

work and accomplishes the proposed objectives mentioned in EP-4. The comparison of

performance parameters of Design-2A and Design-2B are given in Table. 5.7. Despite the

significant achievements of Design-2B, including its ability to tolerate high misalignments,

reduce flux leakage, enhance PTE, and miniaturize the Tx charging pad, it was mandatory

to consider the limitations of this design. One such disadvantage of Design-2B is its

inherent complexity, which makes it challenging to implement and maintain. In addition,

there seems to be a significant growth in cost of the WPT system over time, which could

pose a financial burden.

As a result, the focus of the next chapter will be on optimizing the Rx coil antenna instead

of the Tx coil, with an hope to o↵er a more e�cient and cost-e↵ective solution. By doing

so, we aim to address the limitations of previous designs and create cost-e↵ective WPT

system.
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Chapter 6

Receiver Coil Antenna

In the previous chapters of this thesis, we discussed the limitations of designing Tx coil

antennas in terms of their complexity and high maintenance costs. These limitations have

inspired us to investigate the optimization of Rx coil antennas. As a result, we propose a

novel Rx coil antenna in this chapter, which is designed to harvest both vertical (Hz(x, y))

and horizontal (Hx(x, y), and Hy(x, y)) magnetic field components to address the issue

of lateral misalignment tolerance. Thereby, the development of Design-3 completes the

targeted objectives mentioned in EP-5 of SO-B.

The key objective of this chapter is to compensate for the reduction in Hz(x, y) in the

misaligned region of the Rx coil by utilizing either Hx(x, y) or Hy(x, y). This is achieved

through the development of an e�cient and e↵ective Rx coil antenna that can harness

these magnetic field components. By doing so, we aim to improve the overall performance

and reliability of WPT systems. The novel Rx coil antenna is designated as Design-3 in

this chapter.

6.1 Structural Configuration of the Design-3 Rx coil

Antenna (SO-B: EP-5)

Figure. 6.1 renders the configuration of the proposed Rx coil antenna and conventional

Tx coil for a near-field resonant WPT system. The center of the Tx-Rx coils is set

apart at a transfer distance, h. The Design-3 Rx coil antenna as shown in Figure. 6.1

is bifurcated in two parts as Rx1 and Rx2 operating at single tone resonating frequency,

f = 400 kHz. The tilt angle of Rx1 ranges in 0o  ✓  900 for � = 0o (i.e, tilted

towards x-axis) to capture {x and z}-components of magnetic field. Similarly, the tilt

angle provided for Rx2 ranges between 0o  ✓  90o at � = 90o (i.e, tilted towards y-axis)

to capture {y and z}-components of magnetic field generated by Tx coil antenna. The

physical dimensions of Tx-Rx coils defined in Figure. 6.1 include side-length of Tx coil,

2a, side-length of Rx coil, 2b, number of Tx coil turns, Nt, number of turns for Rx1, Nr1,

number of turns of Rx2, Nr2, and conductive track width, �. Moreover, a factor termed as

relative charging height ✏ [1] is defined as the ratio of h and 2a of the square coil antenna.

The value of ✏ is fixed at 0.25 [1] to obtain maximum uniformity along the z-component of

the magnetic field. The tilt in the Rx coil antenna leads to a slight decline in the e↵ective

clearance height which turns into 3D shape. Moreover, placement of 3D Rx coils are more

feasible for drones [104]. Therefore, the proposed work is primarily pertinent to drone

based WPT systems.

127
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Figure 6.1: Structural configuration of the proposed Design-3 Rx coil antenna.

6.1.1 Equivalent circuit of Tx coil and Design-3 Rx coil antenna

The equivalent circuit diagram of the Tx and Design-3 Rx coil antenna is drawn in

Figure. 6.2. The Tx coil antenna is excited with Vs having Rs. In the circuit, RT and LT

751

752

'HVLJQ���3�5[�FRLO�DQtHQQD

Figure 6.2: Equivalent circuit diagram of the WPT system composed with proposed
Design-3 Rx coil antenna.

denote the Tx resistance and self-inductance, whereas, RR1, LR1, RR2, and LR2 depict

resistance and self-inductance of Rx1 and Rx2 respectively. To enhance the coupling,

resonating capacitors at Tx-Rx side is denoted as CT , CR1 and CR2 as shown in Figure. 6.2.

The output response of individual voltages are rectified using rectification diode (i.e., DR1,

and DR2) integrated with filtering capacitor (i.e., CF1, and CF2). Thereby, the resultant

DC responses are combined by connecting in series. Moreover, a bypassing diodes (DB1,
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andDB2) are connected at the end of Rx1 and Rx2 in anti-parallel direction with the load as

shown in Figure. 6.2. The operation of bypassing diodes is to divert under-performing Rx

coil between Rx1 and Rx2 to reduce the e↵ective copper losses. Further, RL is quantified

according to the application. Moreover, from Figure. 6.2, MTR1, and MTR2 are mutual

inductance due to Rx1 and Rx2. The analytical evaluation of magnetic field and induced

voltage is detailed in next section.

6.1.2 Mathematical Analysis of Magnetic Field and Induced Voltage

For the considered application, since the Rx coil has large dimensions and is tilted, the

magnetic field components are non-uniformly distributed throughout the area of the Rx

coil. Therefore, field distribution generated by the Tx antenna in the 3-D space around

the Rx coil is essentially required to analyze the proposed system mathematically. The

magnetic field component along (x, y, and z)-direction due to single-turn square coil,

carrying current, IT is determined by replacing the observation point O(x, y, h) with

O(xo, yo, zo) in the (2.1), (2.2), and (2.3). Here, the Tx coil center is located at C(xt, yt, zt)

h1 h2 hm

Rx1

Tx-coil

Rx2

Figure 6.3: Design-3 Rx coil antenna segmented with small di↵erential area units for
mathematical deduction of performance parameters.

of the coordinate system as shown in Figure. 6.1, where (xt = 0, yt = 0). As the postion

of Tx-coil turns can be positioned at di↵erent zc, therefore, the h in (2.1), (2.2), and

(2.3) is replaced with zo � zc. Moreover, due to the physical nature of Rx coil, the

magnetic field distribution is evaluated by segmenting Rx coil in small di↵erential area

units dA = (dl ⇥ dl) as shown in Figure. 6.3. Where dl is di↵erential side-length unit

of dA. Further, the observation points O(xo, yo, zo) is evaluated in terms of the physical
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dimensions of the of Rx coil, dl, and ✓ using Figure. 6.3 as

xo =xk = �b+
✓
k � 1

2

◆
dl,

yo =ym =

✓
b+

✓
1

2
�m

◆
dl

◆
cos ✓,

zo =hm = h+

✓
1

2

✓
2b

dl
+ 1

◆
�m

◆
dl sin ✓.

(6.1)

The Tx coil is helical in shape; therefore, each turn has di↵erent zc. Hence, the e↵ective

magnetic field due to each component is calculated at the center position of dA as

H
mk
x =

NT�⇣X

zc=0

H
zc
x , H

mk
y =

NT�⇣X

zc=0

H
zc
y , H

mk
z =

NT�⇣X

zc=0

H
zc
z . (6.2)

Here in (6.2) ⇣ = �
1mm , knowing the magnetic field distribution of the tilted-orthogonal Rx

coil region, the induced voltage is evaluated by considering di↵erential induced voltage dV �

due to dA in the Rx coil is formulated using (6.2) from Faraday’s law of electromagnetic

induction as

dV
� = �Nr

@ 

@t
=� j!µoNr[(H

mk
x dA sin ✓ +H

mk
z dA cos ✓) cos�

+ (Hmk
y dA sin ✓ +H

mk
z dA cos ✓) sin�]

(6.3)

Here, ! = 2⇡f ,  , and µo are angular frequency, magnetic flux, and permeability in free

space respectively. Whereas, C = !µoNr is proportional constant of dV �. As the Rx-coil

is separated in two parts, the e↵ective di↵erential voltage is calculated by performing

superposition of dV � due to Rx1 at � = 0o and Rx2 at � = 90o as

dV = |dV 0o |+ |dV 90o |. (6.4)

Here, absolute value of individual voltage response of each Rx coil is taken to mimic the

equivalent response of DC combining shown in Figure. 6.2. Thereby, the total voltage

V of tilted-orthogonal Rx coil antenna is evaluated by summing dV due to each dA of

Rx1 and Rx2 as shown in Figure. 6.3. The accuracy of analytical value of V is inversely

proportional to area of the dA. Whereas, the total number of dA are originated to be
2b⇥2b
dA . In this study, dA is considered as 1mm2 (i.e, dl = 1mm). The magnitude of V due

to magnetic field for misaligned Rx coil antenna at the location (xk + �x, ym + �y) is

calculated as

|VT (�x,�y)|, =
ZZ

A=2b⇥2b
dV

=

����
ZZ

A=2b⇥2b
dV

0o
����+
����
ZZ

A=2b⇥2b
dV

90o
����,

= |VRx1 |+ |VRx2 |.

(6.5)
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Figure 6.4: Variation of Hmk
z (x, y) in accordance with number of turns (Nt)

Whereof, |VRx1 | and |VRx2 | are voltages due to Rx1 and Rx2 which mimics the response

of DC combining. Moreover, |V (�x,�y)| is the total voltage virtue of misaligned

tilted-orthogonal Rx coil antenna which captures (x, y and, z)-components of magnetic

field. Furthermore, the mutual coupling M between Tx-Rx coils is obtained from (2.8) in

terms of individual mutual inductances such as |MTR1| and |MTR2| as

M(�x,�y) =
|VRx1 |+ |VRx2 |

!IT
= |MTR1|+ |MTR2|. (6.6)

Based on the equations mentioned above, i.e. (6.2)-(6.6), the established fact is that the

physical dimensions of the Tx-Rx coil are the critical parameters to avail the stability

in M(�x,�y) in the misaligned Rx coil. Consequently, the physical parameters of the

Tx-Rx coils are parameterized to ensure stability in mutual inductance. The parametric

optimization is detailed in the next section.

6.1.3 Parametric Optimization of Design-3 Rx Coil Antenna

Prior to the parametric optimization of Rx coil antenna, it is vital to optimize the

physical parameters of the Tx coil antenna in accordance with ✏ = 0.25. Moreover, the

application scenario adopted for this work includes drone wireless charging system wherein

the transfer distance chosen is h = 50 mm. Therefore, the maximum side-length of Tx-coil

is determined as 2a = 200 mm. Conclusively, the number of turns (Nt = 6) of square

shaped Helical Tx coil antenna is optimized subjected to ICNIRP guidelines (21 A/m or

27 µT) [89] at Zo = h plane. The parametric variation of Nt with respect to H
mk
z (x, y)

is demonstrated in Figure. 6.4. At the Rx side, the parametric sweep of ✓ is executed for

Rx coil parameters such as 2b = 100 mm, Nr1 = 6, Nr2 = 6, and � = 1 mm. Since, the ✓

varies in the range 0o  ✓  90o in (6.6), the optimal ✓ is attained subject to a condition

that maximum UF(M(�x,�y)) is achieved. The analytical results of parametric variation

are demonstrated in Figure. 6.5. Based on the results, it can be inferred that at ✓ = 0o,
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Figure 6.6: The 3D analytical results of M(�x,�y) of (a) conventional planar Rx coil
antenna, and (b) proposed Design-3 Rx coil antenna.

UF(M(�x,�y)) is mere 4.84% with M(0, 0) = 3.51µH. This does not serve the purpose

to mitigate lateral misalignment problem, and the design is designated as conventional

planar Rx coil antenna. Whereas, at ✓ = 30o, the UF(M(�x,�y)) is 32.49% which depicts

significant improvement by minimally compromising the peak value M(0, 0) = 3.12µH;

therefore, it is considered as optimal ✓. Additionally, at ✓ = 30o, the placement of Rx

coil is practically viable in comparison with orthogonally positioned Rx coil antenna (i.e.,

✓ = 90o) proposed in [105, 106, 107, 108]. Whereas, the misalignment tolerance and peak

value of mutual inductance significantly decreases for ✓ > 30o, as the contribution of

the magnetic field due to the z-component reduces. The 3D analytical results of mutual

inductance, M(�x,�y) for conventional and proposed Rx coil antennas are presented in

in Figure. 6.6. The 3D M(�x,�y) results signifies the misalignment tolerance is improved

in the entire active region of the Rx-plane. The system is further experimentally validated
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Table 6.1: Measured parameters of Design-3 Rx coil antenna

Physical parameters of Tx coil Antenna
2a/�/Nt/h/f 200mm/1mm/6/50mm/400kHz

Physical parameters of Design-3 Rx coil Antenna
2b/Nr1/Nr2/✓ 100mm/6/6/30o

Circuit parameters of Tx-Rx coil
RT /LT /CT /RR1/RR2 1.29⌦/22.915µH/6.9nF/0.84⌦/0.88⌦
LR1/LR2/CR1/CR2 14.2µH/14.6µH/11.15nF/10.84nF
RL/Rs 10⌦/0⌦
M(0, 0) @ ✓ = 00 3.51µH
M(0, 0) @ ✓ = 300 3.12µH
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Figure 6.7: (a) Fabricated prototype of Tx coil antenna, (b) fabricated Design-3 Rx coil
antenna, and (c) experimental setup to determine circuit parameters.

at ✓ = 30o in the following section.

6.1.4 Experimental Setup and Results of Design-3 Rx coil Antenna

The proposed Design-3 Rx coil antenna and Tx coil are fabricated using 20 SWG

single strand copper wire as shown in Figure. 6.7(a) and Figure. 6.7(b). Additionally,

the experimental setup consisting of a PNA N5320C Agilent-made network analyzer

to measure the Tx-Rx coil’s circuit parameters is demonstrated in Figure. 6.7(c). The

parameters such as RT , LT , RR1, RR2, LR1, and LR2 are measured directly. Whereas,

exemplified below, by series aiding configuration (SAC) and series opposing configuration
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Figure 6.8: Performance results of M(�x,�y) of proposed Design-3 and conventional
planar Rx coil antennas.

(SOC), M is measured indirectly.

• The Tx-Rx coils are connected in SAC and SOC as illustrated in the inset of

Figure. 6.7(c). Subsequently, the e↵ective inductance is evaluated individually for

Rx1 and Rx2. For Rx1, the SAC and SOC are measured by connecting Tx-Rx1

coils as shown in port-A, and port-B of Figure. 6.7(c), thereby, computed as

LSAC1 = LT + LR1 + 2MTR1 and LSOC1 = LT + LR1 � 2MTR1 using a network

analyzer. Similarly, LSAC2 = LT + LR2 + 2MTR2 and LSOC2 = LT + LR2 � 2MTR2

are determined by connecting Tx-Rx2 coil connections given in port-C, and port-D

of Figure. 6.7(c).

• Further, the resultant mutual inductance MTR1 in terms of LSAC1 and LSOC1 is

determined as MTR1 =
LSAC1�LSOC1

4 .

• Similarly, the resultant mutual inductance MTR2 in terms of LSAC2 and LSOC2 is

determined as MTR2 =
LSAC2�LSOC2

4 .

• Thereby, the magnitude of total mutual inductance M is determined by replacing

MTR1 and MTR2 in (6.6).

• The procedure is repeated at every 10mm interval along y = 0 line for proposed and

conventional Rx coil designs. The measured results plotted in Figure. 6.8 corroborate

with the analytical results.

The dimensional parameters of Tx-Rx coils and measured circuit parameters using

network analyzer are tabulated in Table 6.1. Additionally. using SAC and SOC, the

mutual inductance between Rx1 and Rx2 is measured and found to be 0.2µH, which is

insignificant compared to the measured value of M(0, 0) given in Table 6.1. Therefore,

the cross-coupling between Rx coils will have a negligible e↵ect on Tx-Rx coil coupling.
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Figure 6.9: Performance results of (a) ⌘ss versus misalignment tolerance (�x,�y), (b)
normalized ⌘ss versus (�x,�y), and (c) ⌘ss versus operating frequency, f .

The measured parameters are utilized to determine the PTE, ⌘ss(�x,�y) using (2.16).

In general, the source resistance of realistic power supply is negligible, hence, considered

as (Rs ⇡ 0⌦) [1]. However, at the load side, RL is selected as 10⌦ according to the

drone application [104]. The experimental outcomes of ⌘ss under misaligned Rx coil

(�x,�y) for proposed and conventional designs are mapped in Figure. 6.9(a). The

UF(⌘ss(�x,�y)) for the proposed Design-3 Rx coil antenna has better visualization

from normalized plots shown in Figure. 6.9(b) and is evaluated as 21.16%, whereas

conventional design’s UF(⌘ss(�x,�y)) is 9.61%. Thus it follows the UF(⌘ss(�x,�y))

for the proposed Rx coil antenna is improved e↵ectively to 120.187% in comparison with

conventional design. Additionally, under perfectly aligned Rx coil, the ⌘ss(0, 0) with

distinct frequencies is measured and plotted in Figure. 6.9(c). Here, the ⌘ss(�x,�y)

is maximized at f = 400kHz, because the compensation capacitors are designed at f to

provide minimum impedance to Tx-Rx coils.

6.2 Summary

In this chapter, a new Design-3 Rx-coil antenna [i] is proposed, which has the ability to

capture magnetic fields in all three dimensions {x, y, and z} and improve misalignment

tolerance in the wireless power transfer (WPT) system. Additionally, the Tx coil is
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Table 6.2: Qualitative comparison of the proposed Design-3 Rx coil antenna with the
designs available in the literature.

Ref working Rx flux Safety Misalignment
Area harvests control Guidelines dimension

[105] Rx Hx, Hz no Followed 1-D (�x)
[108] Rx Hx, Hz no Not followed 1-D (�x)
[106] Rx Hx, Hz no - 1-D (�x)
[107] Rx Hx, Hz no Followed 1-D (�x)
Design-3 Rx Hx, Hy, Hz no Followed 2-D (�x,�y)

Table 6.3: Quantitative comparison of the proposed Design-3 Rx coil antenna with the
designs available in the literature.

Ref UF(M(�x,�y)) �x �y

[105] fluctuation  [-10, 10] mm N.A
[108] fluctuation  [-10, 10] mm N.A
[106] fluctuation  [-10, 10] mm N.A
[107] fluctuation  [-10, 10] mm N.A
Design-3 32.49% [-57, 57] mm [-57, 57] mm

optimized to meet the safety constraints set forth by the ICNIRP organization. Compared

to previous studies on Rx coil antennas, the proposed design improves misalignment

tolerance in two dimensions (�x, �y) instead of just one dimension (�x) in previous

works [105, 106, 107, 108]. Furthermore, the tilt angle of the proposed design is optimized

to be 30o, which is more practical than the 90o used in previous works [105, 107]. As a

result, the proposed design is suitable for a wider range of applications.

The proposed Design-3 Rx coil antenna also achieves better performance than the

conventional planar Rx coil antenna. The e�ciency (⌘ss) of the proposed design remains

stable in the range of �x 2 [�46, 46]mm, which is an improvement over the range of

�x 2 [�31, 31]mm for the conventional planar Rx coil antenna. The e↵ective improvement

over the conventional planar Rx coil antenna is 120.18%. However, the peak value of

⌘ss(0, 0) of the proposed design is slightly lower than that of the conventional planar Rx

coil antenna (67.65% vs. 69.43%).

Moreover, the mutual inductance (M) of the proposed design is significantly better than

that of the conventional planar Rx coil antenna, with an improvement of 571.28%. The

previous issues with optimizing the Tx coil antenna, such as complexity and cost, have

been addressed in this chapter. Therefore, it is believed that the proposed Design-3 Rx coil

antenna has potential for medium power drone-based WPT applications. Moreover, the

qualitative and quantitative comparison of Design-3 Rx coil antenna is made with prior

literary works and presented in Table 6.2 and Table 6.3. In final, the Design-3 acomplishes

the objectives mentioned in EP-5 of SO-B with the significant improvements in various

performance metrics over distinct literary works summarized in Table 6.2 and Table 6.3.

Despite its many advantages, the Design-3 Rx coil antenna has a few disadvantages, such

as its 3D geometrical configuration, which limits its applicability in some wireless charging
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applications. Therefore, the author intends to develop a planar Rx coil antenna to capture

vertical and horizontal magnetic field components in future work.

CHAPTER OUTCOMES

0
[i] A. Bharadwaj, V. K. Srivastava, A. Sharma and C. C. Reddy, “A Tilted-Orthogonal Receiver Coil

Antenna to Improve Misalignment Tolerance in WPT Systems,” in IEEE Transactions on Antennas
and Propagation, vol. 70, no. 12, pp. 11434-11441, Dec. 2022, doi: 10.1109/TAP.2022.3209207.





Chapter 7

Conclusion and Future Works

In conclusion, this thesis provides a potential solution for mitigating the lateral

misalignment problem in near-field wireless power transfer (WPT) systems. Furthermore,

for better understanding of the achievements by various designs proposed in SO-B are

summarized by comparing with previous literature works quatitatively in Table 7.1

and qualitatively in Table 7.2. In Chapter 1, potential design solutions to address

misalignment issues in WPT systems are discussed. However, it was observed that

the designs proposed in prior works lack a mathematical framework, which limits their

potential to e↵ectively address misalignment problems. As a contribution to the research

community, this thesis developed a total of six di↵erent coil antenna designs in a systematic

and evolutionary process using the mathematical background provided inChapter 2. The

most significant achievements of this thesis are outlined as follows:

7.0.1 Chapter-3

In Chapter 3, a novel S-parameter based measurement setup using S-parameters is

presented. This proposed measurement framework enables researchers to estimate the

e�ciency of the WPT system, which is equivalent to that obtained when the transmitter

coil is excited with high-frequency power inverters. Additionally, a new set of S-parameters

(S11, S12, S21, and S22) for secondary-parallel compensation topology (S-P and P-P) is

mathematically derived and experimentally verified for the very first time.

7.0.2 Chapter-4

In Chapter 4, single port Tx coil antennas such as Design-1A, Design-1B, and

Design-1C are presented to mitigate the lateral misalignment problem in WPT systems.

Moreover, during the evolution from Design-1A to Design-1C, the author has pioneered

a mathematical framework for determining the optimal magnetic field distribution to

enhance lateral misalignment tolerance. Consequently, the non-uniform magnetic field

distribution has been identified as the optimal field distribution, which also helps to reduce

the size of the Tx coil antenna. The proposed analytical techniques have been thoroughly

validated through simulated and measurement results.

7.0.3 Chapter-5

In Chapter 5, multi-port Tx coil antennas, such as Design-2A and Design-2B, are

presented to reduce the undesired leakage of magnetic flux outside the operating region

138
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Table 7.1: Quantitative comparison of the proposed designs in SO-B with the designs
available in the literature. (’-’ means not given)

Ref Tx type Tx size (in mm) UF(V (�x,�y)) PRR
⌘ss

[65] Single-port 200⇥ 200 4.84% - 83%
[1] Single-port 200⇥ 200 5.76% 8.1W 91%
[109] Multi port 195⇥ 90 - 4.5W 50%
[79] Multi port 700⇥ 700 31.36% 183.7W 90.8%
Design-1A Single port 300⇥ 100 55.33% - -%
Design-1B Single port 200⇥ 200 14.44% 7.66W 74.7%
Design-1C Single port 179⇥ 179 22.65% - -
n=2
Design-1C Single port 276⇥ 276 45.41% - -
n=3
Design-2A Single port 276⇥ 276 45.41% - -
Design-2B Multi port 428⇥ 428 75.5% 109.99W 96.096%

Table 7.2: Qualitative comparison of the proposed designs in SO-B designs available in
the literature.

Ref Detection Circuit Cost Flux Design Misalignmet
system complexity Cost leakage Design Region

[65] No Low Low high planar (�x,�y)
[1] No Low Low high planar (�x,�y)
[109] No High Medium Low Planar (�x)
[79] yes Very High High Low Planar (�x,�y)
Design-1A No Low Low High 3D (�x)
Design-1B No Low Low High planar (�x,�y)
Design-1C No Low Low High Planar (�x,�y)
n=2
Design-1C No Low Low Very High Planar (�x,�y)
n=3
Design-2A No High Medium low Planar (�x,�y)
Design-2B yes High High Low Planar (�x,�y)

of the Rx coil. However, this advantage is achieved by targeting the primary objective of

mitigating the lateral misalignment problem. This reduction in leakage of magnetic flux

is achieved using switching of sub-coils. To activate the switching circuit based on the Rx

coil position, a rigorous simulation-based optimization process was undergone to design a

novel detection system. The evolution from Design-2A to Design-2B resulted in the best

possible misalignment tolerance, along with the miniaturization of the Tx charging pad.

7.0.4 Chapter-6

In Chapter 6, the author focuses on enhancing misalignment tolerance in WPT systems

from the receiver coil side. To achieve this goal, an analytical parametric optimization

process is carried out to develop a novel tilted Rx coil antenna. The proposed design

ensures constant induced voltage, even under misalignment of the receiver coil, by
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harnessing both vertical and lateral magnetic field components in the receiver coil antenna.

Moreover, the proposed design is simple and cost-e↵ective, eliminating the need for

complexity at the transmitter coil.

Overall, this thesis work has made a significant contribution to the research community

in the field of WPT systems by providing novel and e↵ective solutions to address the

lateral misalignment problem, thereby improving the performance of WPT systems. The

proposed designs have been validated through rigorous simulations and experiments, and

the novel measurement setup, switching circuit, and analytical techniques presented in

this thesis work can be useful for future research in this field.

7.1 Future works

There is substantial potential in further developement in the field of near-field WPT system

as follows:

7.1.1 Tx-Rx coil antennas

• In future works, an integration of a high-frequency inverter module and a rectifier

module into the design of the Tx-Rx coil antenna can be investigated to develop a

more compact and e�cient WPT system.

• Exploration of various cost-e↵ective composite materials can be done to design

Tx-Rx coil antennas to enhance PTE.

• Examination of planar Rx coil antennas to capture both vertical and horizontal

magnetic field distributions in the Rx coil region, aimed at mitigating lateral

misalignment issues, can be a possible extension of this thesis work.

7.1.2 Electromagnetic Compatibality (EMC)

• A potential to design artificial materials such as metamaterials to reduce the

complexity of switching circuits and detection systems at kHz frequencies can be

an exciting area to investigate for developing e�cient and cost-e�ctive near-field

WPT system.

7.1.3 Realistic charging system

• The current literature lacks a comprehensive wireless charging system that integrates

a detection system, switching circuits, safety constraints, and battery management

system at high-frequency power signal typically at MHz’s range. Hence, there is a

scope to explore this gap in the development of a realistic system in future works.





References

[1] Shengming Wang, Zhaoyang Hu, CanCan Rong, Conghui Lu, Junfeng Chen, and

Minghai Liu. Planar multiple-antiparallel square transmitter for position-insensitive

wireless power transfer. IEEE Antennas and Wireless Propagation Letters, 17(2):

188–192, 2018. doi: 10.1109/LAWP.2017.2779755.

[2] Hongchang Li, Jie Li, Kangping Wang, Wenjie Chen, and Xu Yang. A maximum

e�ciency point tracking control scheme for wireless power transfer systems using

magnetic resonant coupling. IEEE Transactions on Power Electronics, 30(7):

3998–4008, 2015. doi: 10.1109/TPEL.2014.2349534.

[3] Xiao Zhu, Xing Zhao, Yong Li, Shunpan Liu, Huanyu Yang, Jihao Tian, Jiefeng Hu,

Ruikun Mai, and Zhengyou He. High-e�ciency wpt system for cc/cv charging based

on double-half-bridge inverter topology with variable inductors. IEEE Transactions

on Power Electronics, 37(2):2437–2448, 2022. doi: 10.1109/TPEL.2021.3107461.

[4] Hamed Tebianian, Younes Salami, Benjamin Jeyasurya, and John E. Quaicoe.

A 13.56-mhz full-bridge class-d zvs inverter with dynamic dead-time control for

wireless power transfer systems. IEEE Transactions on Industrial Electronics, 67

(2):1487–1497, 2020. doi: 10.1109/TIE.2018.2890505.

[5] Lixin Shi, J.C. Rodriguez, Miguel Jiménez Carrizosa, and Pedro Alou. Zvs tank
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Appendix

Vector Network Analyzer (VNA)

The model number of VNA used for acquiring measurement data in this thesis work is

N5320C. The operating procedure of N5320C network analyzer is detailed as follows:

• Power ON the VNA: Connect the power supply and turn on the VNA following

the manufacturer’s instructions. Allow the instrument to warm up if necessary.

• Connect the cables: Appropriate low loss coaxial cables and connectors to connect

the input and output ports of the VNA’s test ports. Ensure proper grounding and

tight connections.

• Calibrate the VNA: Perform a calibration procedure to remove systematic errors

introduced by the test setup. For this, a calibration kit model no: 85052D is explicitly

employed. Here, in the calibration process the Short-Open-Load-Through (SOLT)

are conected in sequence for two ports to ensure both cables are calibrated at 50⌦

characteristic impedance.

• Connect the device: Connect the Device Under Test (DUT), here, it is Tx-Rx

coils. Measure, the passive coil parameters (i.e., resistance, self-inductance, mutual

inductance) by selecting smith chart formatting option in VNA menu bar.

• Set up measurement parameters: Select the desired measurement parameters.

such as PTE between Tx-Rx coil. To get PTE, it is required to collect the

measured data of S11, and S21 parameters of Tx-Rx coils. Therefore, using log

magnitude format option from VNA’s menubar, the S-parameters are fetched at

desired operating frequency. Further, to eliminate the noise, trigger the averaging

function from VNA’s menu bar.

• Repeat measurements or adjust setup: If needed, repeat the measurements

with di↵erent misalignment positions or adjust the test setup (e.g., change

connectors, cables, or DUT configuration) to obtain additional data to complete

the measurement process.

• Power OFF the VNA: After completing the measurements, power o↵ the VNA

as per the manufacturer’s instructions.
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