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Abstract

The wireless power transfer (WPT) technology assists users to rid of inconvenient wires
and facilitates powering and charging the devices’ batteries. The WPT systems have the
potential to bring a complete turnaround in a variety of applications. They have been lately
employed in a number of segments such as biomedicine, consumer electronics, low-power
deceives, and wireless technologies. WPT can be broadly classified as far- (radiative) and
near-field (non-radiative) types. If the former is accomplished using protocols, namely,
time-switching and power-splitting relaying techniques, the latter is achieved by follow-
ing any of coupling-based technique (i.e., capacitive or inductive). In this context, it is
worth mentioning that the concept of magnetic resonant coupling also falls under the um-
brella of the inductive coupling. This enables the synchronization of the resonance of the
transmitter and receiver to enhance the WPT performance.

Over the last decades, there has been an increase in the employment of near-field
WPT systems in a variety of evolving applications that demand miniature and robust
wireless end modules (i.e., resonating antennas). One such emerging application is found
in biomedicine, where WPTs are critical due to their ability to charge implants without
the use of inconvenient and unsafe cables. This clearly calls for the design and realization
of a small-size WPT capable of coping with the low-power regime. To cater to the re-
quirements of such applications, the exploitation of the slotted ground plane (SGP)-based
WPT systems has recently piqued interest.

In general, the SGP method allows reducing the resonator area, resulting in the real-
ization of ultra-compact WPTs. Apparently, the existing multiple challenges of SGP-type
WPTs necessitate efficient trade-offs for the best achievable outcome. Furthermore, the
available literature includes versatile innovative design methods that attempt to overcome
some of the present issues and, subsequently, realize performance-enhanced WPTs. With
this in the perspective, this work aims to fully analyze and advance the state-of-the-art
SGP-type WPT systems.

The key idea behind the SGP methodology is to create slots on a ground plane to
modify the current flow path. The influence of etched slots is multifaceted and, as a result,
they can lead to a variety of outcomes. This leads to the premise that selecting a slot type
is commonly a dilemma. However, articles often overlook the other parameters that are
critical in the WPT design. Thus, systematic analysis to understand the behavior of single-
loop polygonal slot-based resonators has been studied where the emphasis has been on an
achievable quality factor, a slow-wave effect, and a radiation loss. Consequently, the
investigation findings aided in the realization of high-performance yet robust WPT.

Advanced design developments have resulted in the invention of SGP-type multi-band
WPTs that can support concurrent data and power transfer protocols. Therefore, minia-
ture SGP-based high-performance dual- and tri-band WPTs have been developed. It is
pertinent to mention that communication aspects of near-field multi-band WPTs are in-
vestigated for the first time. As a consequence, the obtained bandwidth at the frequencies
dedicated to data transfer allowed to facilitate applications requiring high data rates.
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Chapter 1

Introduction

1.1 WPT Technology

In recent years, wireless power transfer (WPT) systems has been established as an emerg-
ing technology due to their upsurge in progress and application usefulness in a broad va-
riety of areas. Their employment can bring a paradigm shift in different aspects of human
life, therefore, can be beneficial economically as well as socially. For example, WPTs
are extremely valuable for charging biomedical implants where a physical connection is
infeasible. Furthermore, they have the potential to reduce toxicity caused by disposing of
billions of batteries utilized in consumer electronics. As a consequence, WPT was ranked
among the top ten emerging technologies in 2012 and 2013 by the World Economic Forum
whereas it was found as a breakthrough innovation in 2016 according to the Technology
Review [1-3]. It is anticipated that the revenue of the WPT technology will increase from
1.3 billion in 2015 to 17.9 billion in 2024 [4].

1.2 Motivation

The advancements in high-frequency circuits and components focus on multiple figures
of merit, including the power saving mechanism, optimal power utilization, and miniatur-
ization. In this context, the most recent key emphasis has been on the WPT systems. This
technological innovation, once mature and deployed, has the potential to bring a signif-
icant change in the way electronic circuits behave and operate. Hence, it is pertinent to
note that there is a need for substantial research that aids in the advance of WPTs.
Recently the antenna miniaturization using the slotted ground plane (SGP) technique
has gained prominence. It is imperative to note that this approach although very promis-
ing but lacks a systematic design procedure. In this regard, it is worthwhile to mention
that there are multiple challenges in the development of such systems because of trade-
offs among design specifications such as a circuit size, power transfer distance (PTD),
and power transfer efficiency (PTE). Furthermore, there is no extensive and precise infor-

mation available about the optimal trade-off and design. As a consequence, the principal
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motivation of this work is to offer a comprehensive resource including the new analysis
and innovative design approaches that help construct the performance-enhanced SGP-type
WPT systems and resolve some of the existing issues in this field.

A literature survey reveals that the development of SGP-based WPT systems entails
the use of a slot shape in a ground plane to optimize their performance. This leads to
the premise that selecting a slot type is commonly a dilemma; however, it should be
noted that the reported works often overlook the other critical parameters such as quality
factor (Q), slow-wave effect (SWE), and radiation loss (RL) that are equally critical in
the design of WPTs. Therefore, another motivation of this work is to first conceptualize
various SGP-based WPT architectures in terms of the three above-mentioned parameters.
Subsequently, to develop a mechanism for the identification of a slot shape in a ground
plane that can provide superior performance in terms of these three parameters. It is
anticipated that the reported comprehensive analysis and subsequent contributions of this
work may give a new direction to the design techniques for the SGP-based WPT systems.

Simultaneous wireless information and power transfer (SWIPT) is emerging as a new
technological idea that has a potential to play a key role in the upcoming advances in
wireless communications. In turn, the WPT systems are likely to make a significant con-
tribution to the implementation of the SWIPT technology. As a result, this necessitates
the advancement of novel WPT schemes that accommodate both improved PTE and in-
creased data rate. In this instance, it is pertinent to note that near-field (NF) WPTs are
getting popular due to their wide range of applications, which include but are not lim-
ited to low-power sensors and implantable medical devices (IMDs) used in wireless body
area networks (WBANSs). Particularly, the SWIPT-enabled WBAN infrastructure has an
ability to improve human health monitoring systems by means of concurrent power and
data transfer. These systems commonly require extremely high data rates that can reach
100 Mbps with respect to a given application. Therefore, it is envisaged the realization
of multi-band WPTs with increased bandwidth for data transmission will be in high de-
mand. In addition, SWIPT for health infrastructure needs to operate reliably at the radio
frequencies that comply with various standards such as WBAN and industrial, scientific,
and medical (ISM) bands.

1.3 Key Contributions

A brief summary of this thesis’ major contributions is given below:

» This work provides an extensive resource on the design challenges and the latest
progress in the realm of SGP-based WPT systems. In particular, the systematic
design procedure of SGP-type WPTs is presented. Furthermore, the experimental
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measurement challenges and the subsequent developed WPT system validation are

elaborated in detail.

* The realized single-band (SB) SGP-based WPT systems demonstrate superior per-
formance as compared to the other earlier reported works, thereby, advancing the
present state-of-the-art in this domain. Specifically, different type slots such as plus
and Archimedean coils were aptly utilized to enhance the overall WPT performance.
In addition, both developed WPTs were experimentally validated and, thus, showed

great potential for practical applications in a low-power regime.

* A miniature dual-band (DB) WPT, that can support wireless information and power
transfer (WIPT) protocols, working at ISM bands has been developed. Experimen-
tal PTE of 71% and 81% at the respective 433 MHz and 900 MHz frequencies
exhibited remarkable performance of realized WIPT. For the first time, compact
SGP-based WPT takes into consideration the communication aspects of NFF SWIPT.
In particular, the implemented multi-band (MB) WPT system accomplishes 3 MHz
bandwidth at the communication bands enabling the system to support various ap-

plications requiring high data rates.

 Furthermore, the usefulness of incorporating digital metasurfaces (MSs) and SWIPT
to enhance the operation of low-power sensors used in WBAN has been demon-
strated. To be more specific, the beam control and multi-beam creation functions of
developed MS, which were achieved through distinct coding sequences, were aptly
utilized. As a consequence, these interesting features, which were experimentally
validated, have revealed their immense effectiveness in facilitating the operation of
the WBAN infrastructure.

* Finally, a thorough analysis of single-loop polygonal shape SGP-based resonators
used in the coupling-type WPT systems has been reported. For the first time, some
new findings that relate the resonator and WPT performance metrics to the slot
shape, Q, SWE, and RL are presented in a very comprehensive manner. It has
been identified that the slot shape has no impact on the performance of resonators
and, hence, the developed WPT system. Instead, the performance is hugely depen-
dent on Q of resonators regulated by the chosen slot area. These findings allow
the conceptualization of systematic WPT analysis and the development of design
schemes that are readily realizable, and they also enable significant improvement
in PTE. The developed prototypes conforming to ISM frequency bands showed an

enhancement in PTE to the extent of 11% during the measurements.
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1.5 Thesis Organization

This thesis is divided into seven major sections which are organized as follows:

Chapter 2 presents a thorough overview of the recently published articles in the do-
main of SGP-based WPT systems. Initially, it touches on the historical evolution of over-
all WPTs by pointing out some pivotal decades which are associated with noticeable
progress. Then, it goes over the current state of SGP-type NF WPTs, including their
features and major challenges. Finally, the existing constraints related to the SGP-based
WPT systems are discussed in this chapter.

Chapter 3 covers the fundamentals associated with the overall NF WPT systems.
It includes the basics of resonating circuits and discusses the main concept of the SGP
technique. In particular, the utility of SGP in the development of various filtering schemes
is highlighted. Furthermore, it briefly discusses the main types of coupling-based WPT
systems. The principles of scattering (S) parameter-based two-port networks and the WPT
performance evaluations are also presented.

Chapter 4 includes the development of SB WPT systems that can be used either for
wireless power or data transfer. Particularly, the successful realization of two different
SB WPTs based on the plus- and Archimedean coil-shaped slots is demonstrated. More-
over, the modeling, simulation, and experimental validation of both designed WPTs are
provided. It should be noted that two different impedance matching techniques were em-
ployed for each SB WPT design. In addition, the flowchart elaborating the systematic
methodology of the SGP-based WPT design is provided in this section.

Chapter 5 presents the development of MB WPT systems that can support the SWIPT
regime. It is worth mentioning that this chapter consists of three main parts. Two sec-
tions discuss the realized compact-size DB and tri-band (TB) WPT whereas the third one
describes the digital MS-integrated practical WBAN application scenario. Furthermore,
the developed equivalent circuits for the DB and TB WPT systems are given. Finally, the
experimental validations for the carried-out electromagnetic (EM) simulation of WPTs
and the MS antenna are provided.

Chapter 6 discusses the performance evaluation of SGP-based WPTs in terms of
three main resonator parameters such as Q, RL, and SWE. Besides, systematic analysis to
understand the behavior of single-loop polygonal slot-based resonators is reported in this
section. It is important to note that all provided analyses are verified by their respective
experimental results. Following that, the effective use of the analyzed resonators for the
high-performance WPT system development is presented.

Chapter 7 concludes this work and discusses the future research directions that have

the potential to advance the existing NF WPT systems.



Chapter 2

Literature Review

This chapter introduces the most recent state-of-the-art in the field of NF SGP-type WPT
systems. Particularly, the provided overview includes the early WPT establishment his-
tory and its advancements over the years. In addition, the emerging WPT applications,
WPT main types, and an appropriate comparison of coil- and SGP-based WPTs are pro-
vided in this section. Finally, the latest research findings on SGP-based WPTs along with

their potential limitations are also discussed.

2.1 WPT Systems

Recent decades have seen that various electric equipment facilitate human life and, there-
fore, their role is becoming increasingly important. So far, the powering has been accom-
plished through the use of cables or metal conductors in any form. It is critical to note,
in this regard, that this type (i.e., power transfer via wires) of powering can be unsafe
and inconvenient for some applications. For example, the utilized cables are prone to
corrosion and wear that eventually can reduce the equipment’s life span. Nowadays, it
is apparent that numerous advanced consumer electronics are becoming more integrated
into human life. In essence, they all work on batteries with limited capacity and naturally
require constant charging through cables. On the other hand, it should be also noted that
the number of IMDs is constantly increasing all over the world. The embedded batteries
of IMDs must be replaced on a regular basis, which may necessitate unpleasant surgeries
for patients.

In general, the traditional methods of powering via cables can be hazardous, econom-
ically inefficient, or even impossible depending on the application scenario. All these
mentioned issues essentially point to the need for a new innovative technology that can
aid in the discard of conventional wires. One such innovation that can provide a solution
to overcome the aforementioned constraints is the wireless power transfer technology.
The key concept of WPT is very simple and lies in transferring the electrical energy by

means of EM waves, i.e, without using physical conductors. As a result, most of the
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Figure 2.1. The WPT technology application areas.

problems associated with traditional powering can be resolved. The general WPT princi-
ple is divided into three stages: 1) at the transmitting node, direct current (DC) electrical
power is converted into the radio frequency (RF) one; ii) then, the RF power will prop-
agate through a space; iii) finally, at the receiving node, the sent power is collected and
converted back into DC.

In a broad sense, WPTs can be classified into two types: far-field (radiative) WPT and
near-field (non-radiative) WPT [5, 6]. Depending on the nature of WPTs, the potential
application of the WPT system tends to vary, some of which are depicted in Fig. 2.1.
For instance, far-field (FF) WPTs are mainly employed in long-distance and vehicular
communications, including unmanned aerial vehicles (UAVs), electrical vehicles (EVs)
[7], and satellite communications [8—10]. The NF WPT systems, on the other hand,
find usefulness in broad application areas such as radio-frequency identifiers (RFIDs)
[11], microrobots [12], various consumer electronics [13], low-power sensor nodes [14,
15], and biomedical implants utilized in WBAN [16-18]. In this context, it is worth
noting that, due to the versatile application, some WPT standards have been developed
that regulate issues related to this field. One such standard is known as Qi from Wireless
Power Consortium [19]. According to this standard, the low-, medium-, and high-power

applications require the maximum power of about 5 W, 120 W, and 1 kW, respectively.
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Figure 2.2. Nikola Tesla’s experiments in the late 19th-century: (a) circuit
diagram; (b) Wardenclyffe Tower.

2.1.1 WPT Evolution

The idea of WPT dates back to 1888 when Heinrich Hertz conducted his first experiments

showing the prospect of the EM wave propagation through an atmosphere [20,21]; how-

ever, Nikola Tesla is regarded as the father of the WPT technology since he was the first

to document his original work on WPT in the late nineteenth-century [22,23]. Some of

the key moments in the history of the WPT evolution are briefly discussed below:

1893 — 1901: This period encompasses Nikola Tesla’s initial experiments [22]. He
demonstrated his idea of wirelessly powering light bulbs using coupled resonant
coils [24]. Besides, during this time span, the famous Wardenclyffe Tower was
constructed near Long Island for wireless power transmission and broadcasting pur-
poses (Fig. 2.2) [5,25]. It is imperative to note that, while the feasibility of the
general wireless energy transmission concept was proven, the overall experiment

failed mainly because of a lack of advanced technology at the time.

1930’s: Harrell Vaun Noble successfully transferred about 100 W power at 100 MHz

when two identical resonating dipoles were separated by 8 m (25 ft) [21].

1968: Peter Glaser pioneered the solar-power-satellite (SPS) concept, which re-

volved around the relationship between SPS and microwave power transfer [26].

1990’s: This epoch can be regarded as the modern evolution era of the WPT technol-
ogy. The Auckland University research group thoroughly investigated the concept
of the EM induction, also known as inductive power transfer (IPT) [27,28].

2007: The early concept introduced by Tesla was reinvigorated by scientists at the
Massachusetts Institute of Technology [29]. The 60 W bulb was lightened by pow-

ering wirelessly from 2 m. During the experiments, the strong resonant coupling
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technique was implemented using two coils that possess stray capacitance. More-
over, the measurements showed that 40% PTE was obtained at the 10 MHz reso-
nant frequency. As a consequence, these experiments triggered both academia and
industry to investigate more extensively which resulted in the general WPT tech-

nology advancement and the broadening of its application areas.

2.1.2 Near-Field WPT Systems

In general, the EM radiated WPT systems can be broadly categorized into NF and FF
WPTs according to PTD. In essence, the former corresponds to a distance much smaller
than the wavelength (\) whereas the latter conforms to a distance greater than \. Further-
more, FF WPTs use transmitting equipment that is physically much smaller in contrast to
PTD. It should be also noted that, due to the radiative nature, the FF WPT systems can be
hazardous to human beings and, subsequently, their applications are limited.

The NF WPT systems, as the name implies, require a smaller power transfer range and
are developed using EM induction. The overall diagram of the coupling-based NF WPTs
is shown in Fig. 2.3 whose operating principle is as follows. The DC to AC (alternating
current) conversion occurs first on the transmitter (Tx) side. This can be obtained using
either full-bridge inverters or Class E amplifiers [30-32]. Then, the impedance matching
is performed to minimize losses. In turn, this step is carried out using a variety of available
matching techniques [33,34]. Following that, the electrical energy can be received by the
coupled receiver (Rx), which performs the opposite operations. In particular, the received
AC power is converted back into the DC power on the Rx side by employing rectifiers.
As a consequence, the rectified DC power can be utilized for its original purpose, i.e., to
charge a connected load.

Three distinct coupling-based methods, such as capacitive [35], inductive [36], and
magnetic resonance [29], have been extensively investigated in the context of NF WPTs.
The capacitive technique has smaller PTD than the other two methods and, thus, has less
potential in practical applications [37]. The inductive and resonant coupling-type WPT
systems, on the other hand, are developed using various coil structures and have consider-

ably longer PTD [38]. Recently, these methods have been progressing rapidly due to the
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Table 2.1. The SGP- and coil-based NF WPT comparison.

Parameters SGP Coils (incl. planar ones)
Operating frequency [13,40,43] high (> 100 MHz) low (< 100 MHz)
PTE [40,43-45] moderate (60 — 75%) low (< 50% at low frequencies)
PTD [29,46] moderate high
Implementation [13,40,46] easy complicated
Equivalent circuit [12,47] complicated (quasi-static) easy

+

Multi-band operation [43,45]
Frequency Splitting [48-51]
Robustness [29,46]

High Q realization [13,42,52] + (for planar types)

e R

Cost [40,42] +
Compactness [43,46] —
Ease of Design [11,52] —
Misalignment sensitivity [44, 53] +

evolution of modern technologies which allow planarizing the conventional coils employ-
ing microstrip lines (MLs) [39,40]. In fact, the key concept of the magnetic resonance
coupling (MRC) technique lies in tuning Tx and Rx to the identical resonant frequency.
As a consequence, focusing power on the specifically selected carrier frequency becomes
feasible which, in turn, results in enhanced PTE as compared to inductive coupling-based
WPTs [24,25]. MRC necessitates the use of a resonator [4 1] which can be achieved using
the SGP method [42]. In this context, it is important to note that MRC-based WPTs are
realized following both techniques, i.e., employing coils of any form and SGP. Therefore,
the appropriate comparison of the two approaches in terms of main design specifications
and considerations is presented in Table 2.1.

A literature review on reported coil-based NF WPTs reveals a number of novel de-
sign approaches, analysis techniques, and overall system performance improvement meth-
ods [53-58]. For instance, the misalignment between Tx and Rx coils degrades the WPT
performance considerably, and a new innovative design scheme was proposed to over-
come this constraint [53]. It has been identified that the coupling degree and mutual
inductance (M) of designed WPT have a huge effect on the eventual system performance.
High-performance WPT can be realized by using a numerical model that can anticipate
M prior to the design process [55]. Furthermore, the common issue related to the mutual
coupling, between the coupled resonators, was addressed by integrating switchable capac-
itors into the developed WPT system [54]. It is well known that overcoupling leads to the
split in the operating frequency, consequently, the WPT performance degrades [48], and
the analytical solution that addresses this phenomenon was presented in [56]. Moreover,
it is imperative to note that Q of the utilized resonators, for WPT, can assure high perfor-
mance. This was effectively shown by the substrate suspended line technology to improve
Q of printed inductors and resultant WPT characteristics [59]. Moving forward, printed

spiral-type WPTs were application-oriented, e.g., the high-performance WPT systems for
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Figure 2.4. Slot geometry examples for the SGP-based WPT design.

biomedical usage by considering different practical frequencies [57,58]. In general, a
brief perusal of coil-based WPTs demonstrates their usefulness in sending power over
longer ranges. These systems, however, have two obvious limitations: large circuit area
and manufacturing complexity [12,29,46]. In addition, these constraints can be resolved
by planarizing coils; however, this still does not satisfy the requirements for resonator
compactness and simplicity of the design [60-62].

As mentioned above, MRC-based WPTs require two coupled resonators possessing
the same resonance that serve as Tx and Rx. Essentially, the most critical parameter of
any developed WPT is PTE which is primarily reliant on Q of unloaded resonators and
the coupling degree between Tx and Rx [63]. For example, cubic high dielectric [64]
and cavity resonators [14] have proven their usefulness in the highly efficient WPT de-
sign. Nonlinear resonators, on the other hand, are extremely effective at solving the WPT
constraints caused by coupling variations [65]. Furthermore, recently, the engineered arti-
ficial structures, known as metamaterials (MTMs), with negative permeability are widely
utilized to enhance the WPT performance. In particular, the use of MTMs can ensure
uniformly distributed current which may result in the enlarged magnetic field (H) created

around resonators, strong coupling, and PTE enhancement.

2.2 SGP-based WPT Systems

In recent years, there has been huge interest in the NF WPT systems that make use of the
SGP technique. This phenomenon is associated with the inherent advantages of such an
approach over other counterparts, namely, the design ease and circuit size reduction capa-
bility [66]. It is pertinent to note that the utilized slot geometry determines the resonator’s
key characteristics. The literature is replete with reports that discuss methodologies for
resolving the WPT challenges by utilizing distinct slots such as plus, rectangle, hexagon,
E, U, C, H, efc. In addition, some of those frequently employed slots (i.e., circle, square,
ellipse, triangle, T) are depicted Fig. 2.4.

Fig. 2.5 illustrates the typical structure of the SGP-based resonator. It consists of three

layers, i.e., a single layer of a dielectric material, and two layers of copper. The slots are
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Figure 2.5. The SGP-based resonator structure: (a) top; (b) bottom.

introduced on the bottom side (ground plane) while the top side stays unchanged. The
excitation gap (F,) placed below ML aids in the creation of a resonance. The input (P1)
and output (P2) ports are connected to two ends of ML to evaluate its performance. It is
worth noting that the analysis, design, and optimization of the SGP-type resonators can
be carried out using any available EM and circuit simulation software.

The use of SGP-based resonators in the compact-size NF WPT development has in-
creased over the last decades. In particular, the very first SGP-based WPT design revolved
around H-slotted resonators [46]. Following that, different implementation techniques
and analyses have been proposed and successfully realized that aim to advance this field.
For example, the J-inverter method showed its extreme usefulness in the WPT analysis
and extraction of its key element values [43]. Moreover, several works investigated dif-
ferent misalignment issues between receiving and transmitting resonators and proposed
novel approaches that helped mitigate some of them [44,46]. Besides, SGP-type WPTs
have further advanced to the MB systems that enable power and information transfer wire-
lessly [45]. It is pertinent to mention that the well-accepted metric known as the figure-of-
merit (FoM), which includes all critical WPT parameters, is employed to benchmark both
single- and multi-band WPTs. In addition, Table 2.2 provides an appropriate comparison

of the WPT performance that was designed using distinct ground slots.

2.2.1 Power Transfer Efficiency

PTE is one of the key parameters of the WPT systems that is strongly influenced by
the inductance (L) of the resonator, with greater L leading to increased efficiency. As a
consequence, this occurrence was investigated using various geometrical slots, namely,
two-turn square, semi-H, and H [42,46]. These studies revealed that due to the single

current path, the semi-H slot shows higher inductance as compared to the H slot and,
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Table 2.2. The comparison of different SGP-based WPTs (*single-,
°dual-, *tri-band).

Ref. Freq. (MHz) PTE (%) PTD (mm) Size (mmxmm) FoM
[421* 50 68.5 50 40 x 40 0.856
[461* 300 73 25 21 x 21 0.86
[507* 435 64.6 44 35.8 x 20 1.06
[52]* 270 71 11 20 x 20 0.39
[671 150 65 22 25 x 25 0.572
[68]* 2400 67 10 20 x 20 0.335
[697* 300 81 25 30 x 30 0.675
[701* 49 62 10 20 x 20 0.39
[717* 300 80 17 20 x 20 0.68
[43]° 300/700 71/72 16 30 x 15 0.757/0.772
[49]° 2400/5800 60/67 3.5 15 x 10 0.17/0.19
[51]° 300/675 80/73 17 20 x 20 0.68/0.62
[72]° 433/900 60/63 18 20 x 20 0.54/0.567
[73]° 405/925 58/74 17.5 34 x 20 0.55/0.69
[74]° 90.3/138.8 70/69 40 50 x 50 0.56/0.55
[75]° 381/750 60.3/54.3 10 18 x 18 0.237/0.214
[76]° 440/918 40.9/49.2 15 11.7 x 10.2 0.562/0.676
[45]* 100.8/140.7/182.2 68/60/65 30 50 x 50 0.4/0.36/0.39

hence, developed WPT using the former-type resonators demonstrates greater PTE. Fur-
thermore, it was also discovered that the two-turn square slot provides greater L owing
to the longer current path, subsequently, improving the system efficiency. On the other
hand, it was reported that Q of used resonators also impacts PTE which was shown by
analyzing and using dual-E shape slots for the WPT realization. It should be also noted
that the propagation medium between two nodes has a significant impact on achievable
PTE and, therefore, should be considered during the WPT design. Furthermore, PTE is
severely impacted by the misalignment between Tx and Rx, which was analyzed utilizing
the semi-elliptic ground slot [44]. Another approach for the PTE improvement can be
obtained by developing MB SGP-based WPT systems, which was demonstrated through

the use of cascaded circular slots [43].

2.2.2 Power Transfer Distance

PTD is regarded as another extremely vital aspect of coupled WPTs, thus, numerous stud-
ies on different SGP-type resonators have been conducted to improve it. It is worthwhile
to mention that the coupling coefficient (k) is directly proportional to PTD, i.e., greater k
corresponds to increased PTD, and conversely [50]. It has been also revealed that high Q
can be achieved using rectangular-shaped SGP-based resonators. Furthermore, some of
recently reported WPTs attempted to enhance PTD by examining the plus and hexagonal
slot-based resonators [73]. In addition, the meander line slot was thoroughly analyzed to

generate larger H which resulted in the PTD enlargement [69].
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2.2.3 Miniaturization

It is imperative to note that one of the most important aspects of the realization of SGP-
based WPTs for low-power biomedical applications is the resonator area miniaturization.
There have been some efforts to resolve this necessity. In particular, the overall WPT
system volume can be reduced by coupling two different-sized resonators, i.e., the trans-
mitting resonator is bigger than the receiving one; however, in such a system model it
should be ensured that both resonators are oscillating at the same frequency. Another
report which focuses on the resonator miniaturization aptly utilized the U-shaped slot to
develop the DB WPT system that operates at practical ISM bands [49]. Furthermore, sev-
eral compact dual- and multi-band WPTs, whose main purpose is wireless information
and power transfer, have also been developed using the SGP technique [45, 74]. Besides
that, it has been demonstrated that the size reduction of DB WPT can be accomplished by

incorporating a lumped capacitor [51].

2.2.4 Multi-band WPTs

Recent progress in the design of MB WPTs has shown their huge potential for practical
WBAN and real-life applications. Specifically, these systems assist to implement the in-
novative SWIPT technology which, in turn, tends to advance the state-of-the-art in the
field of practical WBAN scenarios. It is important to mention that, during the SWIPT
system development, the achievable bandwidth should be taken into consideration as they
should provide high data rates that can fulfill the given application requirements. For
example, in the biomedical field, the required data rate may reach 100 Mb/s necessitat-
ing a high achievable bandwidth [77]. Furthermore, considering the biomedical usage, the
safety concerns of used Tx and Rx are of particular importance. The Institute of Electrical
and Electronics Engineers (IEEE) standardizes the safety levels for human exposure from
3 kHz to 300 GHz [78]. The IEEE International Committee on Electromagnetic Safety
proposed the standard, which was later approved by the IEEE-SA Standards Board. More-
over, the maximum input power should be set to 156 mW and 615 mW for the 1-g and 10-g
mass averaging, respectively [79]. In addition, the specific absorption rate (SAR) should
be less than 1.6 W /kg and 2 W /kg for the respective 1-g and 10-g cubic tissue [80].

2.3 SGP-based WPT Limitations

Recently published works in the domain of SGP-type WPTs describe the key challenges
including PTD, PTE, resonator’s size, and achievable Q. For example, the majority of the

reports mainly discussed the modeling and analysis process while ignoring the common
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challenges faced in the general SGP-based WPT design. Particularly, only a few devel-
oped WPTs were provided along with the respective quasi-static equivalent circuit analy-
sis [46]; however, it is pertinent to note that several designs didn’t use this approach. As a
consequence, a significant difference between the circuit and EM simulations may occur
which can be witnessed in some recent reports [42,52]. This eventually paves the way
for further investigations into establishing a standard framework for the equivalent circuit
(EC) of the SGP-based WPT systems. Furthermore, as previously stated, the resonators
with high Q can assure improved PTD and PTE; however, it should be highlighted, in this
regard, that developed WPTs so far exhibited PTE of 85% as a maximum [42, 74]. This
creates a new challenge for designers to pursue the design of SGP-based resonators pos-
sessing high Q. Furthermore, the potential misalignment between the coupled resonators
has a significant negative impact on the WPT performance [44]. Therefore, this aspect
should be fully examined and taken into consideration during the design to mitigate its
effect. In addition, the overcoupling and subsequent frequency splitting phenomenon also

reduces achievable PTE, as can be witnessed in several developed systems [50,51].

Summary

It is imperative to note that the concept of general WPTs started at the end of the 19-
century and went through significant progress up to date. Consequently, nowadays, WPT
has been established as an emerging technology that finds usefulness in many application
fields. In this regard, it is worthwhile to mention that the SGP technique has shown its
ability to realize robust and high-performance NF WPTs. Finally, despite the fact that
SGP-based WPTs have made significant improvements in the last decade, this area still

requires novel design methods and analyses that help lift this field to a new height.
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Chapter 3

Near-Field WPT Fundamentals

This section presents the fundamentals of general WPT systems and resonator concepts.
In particular, the main types of NF WPTs such as inductive, capacitive, and magnetic
resonant coupling WPTs are briefly discussed. This chapter also touches upon the basic
working principles of the SGP technique. Furthermore, the design and relevant discussion
of SGP-based different filtering structures are provided to exemplify the capabilities of

this approach.

3.1 WPT Fundamentals

In general, any WPT system comprises Tx connected to a power source and Rx that
receives, subsequently, distributes the power to a load. It is well accepted that the Tx
coil is considered as the primary coil whereas the Rx coil is the secondary one. In the
presence of applied power, the current (/) flows through the primary coil, consequently,
a magnetic field is formed around it. Moving forward, when Rx is tightly linked to Tx a
voltage is produced in the secondary coil allowing current to move that leads to generated
H around the receiving coils. Therefore, the secondary coil’s current can be effectively
used by any load without a physical link. In addition, WPTs are established on a number
of fundamental laws, which are discussed further below.

Ampere’s law states that / traveling through a closed-loop conductor leads to the cre-
ation of H around it. It is worthwhile to note that H produced by [ is proportional to its
actual size, with a constant of proportionality equivalent to free space permeability. The
generic mathematical expression of Ampere’s law is given in (3.1). Furthermore, accord-
ing to Faraday’s law, the induced voltage (1), i.e., instant electromotive force (EMF), in
a circuit by changing H is proportional to that magnetic field’s change. Its respective ex-
pression, on the other hand, is given in (3.2). Here, N represents the number of loops (coil
turns), A® is the change in magnetic flux (B) while At variation in time. Furthermore,
according to Lenz’s law, induced EMF produces current, which introduces unique H that

opposes the established magnetic field.
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Figure 3.1. The classification of NF WPT systems.
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The WPT systems are commonly classified differently depending on the particular uti-
lized structures. For example, they can be divided into two- and four-coil WPTs premised
on the impedance matching structure. On the other hand, the resonant-type WPTs are
further categorized into the groups such as series and parallel. It is also worth noting
that these structures can result in a variety of combinations, such as series-series, series-
parallel, and parallel-parallel. Besides, WPTs can be described using diverse theoretical
perspectives such as the coupled-mode theory (CMT) and circuit theory (CT). As the
name implies, CMT is the method for characterizing and analyzing coupled resonator-
based WPTs [29]. Moreover, CT makes use of Kirchhoff’s voltage and current laws and

is widely employed owing to its simplicity and effectiveness.

3.2 Coupling-based WPT's

As a concept, the NF WPT systems rely on the coupled resonators in close proximity
whose different coupling types are given in Fig. 3.1. The capacitive (also known as
the electrostatic (ES) induction) or inductive (EM induction) coupling techniques can be
used to develop NF WPT [81]. Furthermore, the latter type can be advanced to the MRC
principle, in which transmitting and receiving nodes of the designed system oscillate at
the identical resonant frequency (fy) [82]. This essentially enables focusing the power at

a single frequency and, thus, PTE of WPT improves [83].

3.2.1 Capacitive Coupling

The capacitive coupling or capacitive power transfer (CPT) is also called electric induction-
based WPTs and employs the electric field (E). In turn, E can be created by utilizing metal

plates on each separate Tx and Rx resonator which subsequently resulted in the wireless
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Figure 3.2. The magnetic induction-based WPT system.

power transfer; however, it is imperative to mention that, in this case, the operating fre-
quency is extremely low as compared to the IPT systems [84]. Furthermore, because ca-
pacitance is highly reliant on the perfect alignment between Tx and Rx, this type of WPT
is very sensitive to any misalignment. Although CPT is no often the preferred method, it
is still applied in EV charging, low-power integrated circuits, and a variety of consumer
electronics. It is also worth mentioning that this type of coupling is less employed be-
cause the significant power transfer requires high voltages, the transmission distance is
short, and the E intensity is hazardous to humans. In addition, the human body shows a
stronger response to E than to H, thus, the amount of the transferred power is significantly

reduced, which might also result in tissue heating.

3.2.2 Inductive Coupling

Fig. 3.2 depicts the theoretical principle of magnetic induction-based WPT systems. The
inductive coupling (IC) is an NF transmission technique that uses H to transfer energy
between two coils. It is possible to achieve it by placing the primary and secondary coils
in the coupled region. In other words, a magnetic link with an air gap between the Tx
and Rx sides is used to transfer power wirelessly. When two coils are separated by a short
distance, energy is transferred using the principle of mutual induction. Furthermore, when
a current passes through the Tx coil, it generates H over a small range. In turn, bringing
the Rx coil to the created H area leads to the induction of voltage or current in Rx. As a
result, the induced voltage has the potential to wirelessly charge any connected load.
IC-based WPTs or IPTs can be considered as a simple technology since its founda-

tion is essentially a transformer with some air gaps in the core. In this type of coupling,
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Figure 3.3. The MRC-based WPT scheme.

it is feasible to obtain high PTE; however, the transmission distance is limited to a few
millimeters. Furthermore, the IPT-based WPT systems are usually built around a 100
kHz frequency range and are typically bulky as well as heavy due to the use of ferromag-
netic cores. It is also important to note that powering multiple devices simultaneously is
impossible with this technology.

3.2.3 Magnetic Resonant Coupling

In MRC, the electrical energy is transferred between resonating coils via oscillating H.
The general MRC concept is depicted in Fig. 3.3 which is premised on the coupling of
the Tx and Rx resonators. As a consequence, high-efficient energy transmission can be
obtained due to the strongly coupled resonant coils which resonate at the same frequency.
It should be noted that this technique has the potential to be a breakthrough innovation in
the evolution of WPTs because of numerous advantages over the other alternatives.
MRC has the ability to transfer power over relatively larger distances and uses the
concept of CMT. Moreover, in the case of MRC-based WPT systems, it is possible to
power multiple receiving resonators concurrently. In general, its idea is similar to that of
IPT but in the former case, the self-inductance and stray or integrated capacitance of the
circuit leads to the resonance creation. In this technology, the achieved coil’s resonance is
regarded as the WPT’s working frequency, which normally covers the MHz ranges [84].
This phenomenon is obtained when the frequencies of Tx and Rx harmonize [85]. It
should be noted that both IPT and MRC follow the same concept; however, the former
uses lumped capacitors for the resonance while it can be achieved by using stray capaci-
tors in the case of MRC-type WPTs. Furthermore, it is feasible to achieve up to 50% PTE
over a longer distance, which can be increased from ten to hundred times, by using MRC
instead of IPT without reducing the coil size or power consumption. On the other hand,
it exists some challenges related to MRC-based WPTs and one of them is keeping the

operation at resonance. Also, the created impedance mismatch drastically reduces PTE
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in case of the PTD change between Tx and Rx or when different possible misalignment
scenarios (lateral or angular) occur [24].

The energy transmission in MRC can be achieved following either loosely or strongly
coupled resonators. In this instance, it is worth noting that the strong coupling does not
imply high k. Instead, Q of resonators aids in making the coupling strong which can also
provide high PTE during the low-coupling regime. It is apparent that the losses such as
resistive and radiation degrade the performance; however, they can be eliminated at a rate
defined by Q. The followings are critical in determining the developed MRC-type WPT
system performance: level of induced power, resonator structure and size, achievable
Q, k, and operating frequency of the system [25]. The term efficient MRC-type WPT
can be interpreted in two ways: maximum PTE and energy efficiency. It is worthwhile
to mention that they have a principal difference. In particular, maximum PTE is the
approach that minimizes the losses of primary and secondary resonators by providing
perfect impedance matching between them. Furthermore, the energy efficiency takes care
of only the losses related to the source (i.e., Tx). Additionally, the WPT systems, that
consider only the maximum achievable PTE, are suitable in a wide range of applications

requiring only milliwatts range (tens).

3.2.3.1 kQ Product

The coupling phenomenon in the WPT systems can be divided into three distinct cate-
gories based on the distance between two resonators: i) undercoupling — the range where
resonators are poorly coupled and, as a result, PTE drops abruptly; ii) overcoupling —
occurs when two resonators are placed at very close proximity. It leads to the splitting
of the working frequency and, subsequently, the highest efficiency is obtained at fre-
quencies other than the initially designed working frequency; iii) critical coupling — this
point is considered to be optimal as the maximum energy transfer between Tx and Rx
is achieved [65]. For ideal WPTs, k£ and Q define the maximum achievable efficiency
(PTEax) which can be calculated using (3.3) [86]. Fig. 3.4 shows the effect of £ and Q
on PTE,,., which highlights their importance. For instance, when k& = 1, only 68% PTE
is obtained for () = 5; however, it can be improved in accordance with higher Q.

2
PTE pax = § Qe 5 % 100. (3.3)

(1+VI+FQnQx)

It is apparent that variations in the distance between two coupled resonators lead to the

change in k. In turn, the £ modification can potentially result in the phenomenon known
as frequency splitting. Particularly, when PTD is decreased (i.e., overcoupling regime),
two peaks occur. The influence of the distance change is presented in Fig. 3.5. It reveals

that, when the distance between coupled modifies, the peak of resonant frequency splits
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Figure 3.5. The frequency splitting phenomenon.

into two. This means that the maximum electrical quantity of operating frequency (initial

resonance) stays under a weak coupling regime, as a result, PTE drops.

3.2.3.2 Performance Evaluation

The amount of delivered energy to the receiver side through a non-physical medium
mainly defines the performance of developed WPT which is known as PTE. Therefore,
there is a need for this particular parameter increase. In essence, its quantity implicates
the ratio of the power at Tx (F,,;) to the power at Rx (P,,), which is given by (3.4).

Pout
PTE = . 34
iz (3.4)

in
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Figure 3.7. The WPT results: S-parameters vs frequency.

In general, any given WPT system can be analyzed using the basic principles of the
two-port network as illustrated in Fig. 3.6. This network-based characterization can be
provided by using various matrices such as the transfer, impedance, and scattering. It
is imperative to note that the latter can be utilized to characterize the WPT circuit. The
respective S-matrix of the two-port network is given in (3.5). Given that 73 = 0 and Z;, =
Zy (i.e., load and input impedance), the input reflection coefficient (S;;) and transmission

V2

gain (So1) can be defined as S1; = 7;—11 and S9; = “2, respectively.

i1

U1 _ S Si2 2:1 ‘ (3.5)
V2 So1 Sa2 ()

Another approach, that determines WPT’s PTE, uses the S-parameters. Particularly,
the values of S;; and So; and the expression (3.6) are employed to define achieved PTE
of the designed WPT system. It is important to mention, in this regard, that the minimum
allowed value for Sy; is —10 dB to grant minimum losses at the input port. For instance,
the obtained S-parameters of MRC-based WPT are depicted in Fig. 3.7. The given values
of S;3 = —11.88 dB and S;; = —0.35 dB show that realized WPT’s PTE is equal to
98% at 900 MHz. In addition, another key metric of WPTs is known as FoM which is
calculated utilizing (3.7). It effectively considers all pivotal WPT system characteristics

such as the resonator size, PTE, and PTD.
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PTE = LPZ, (3.6)
1-— |SH|
PTD
FoM = PTE X ——— (3.7)

v/ avearge size

3.3 Resonator

The MRC technique allows high PTE over relatively close proximity by means of proper
resonance matching between the Tx and Rx coils. Thus, conventional coils, including
planarized ones, have been broadly utilized to develop the WPT end-modules (i.e., res-
onators). Near the resonance, they can be modeled as a parallel resistance (R), L, and
capacitance (C) circuit. In these structures, a proper LC' combination generates the angu-
lar resonant frequency (wy) given by (3.8) [87]. Furthermore, the input impedance of the

parallel RLC circuit is calculated using (3.9).

1
=7 fy = ——, 3.8
Wo 7Tf0 ,—LC ( )
P ESE S A (3.9)
"R jwL Ot ' ‘

In this instance, it should be noted that precise modeling depends on the techniques
employed to design resonators. For instance, a current source is utilized to analyze the
parallel RLC' circuits. In such a scenario, the source’s impedance is considered to be
completely resistive at the resonant frequency. Furthermore, an open circuit is formed
by a parallel combination of L and C'. As a result, the total current passes through the
resistor at the resonance. Finally, based on the current divider rule and the current flowing
through the resistor, as a function of frequency, (3.10) is obtained. Here, g is a current

provided by the source. The transfer function of parallel RLC'is expressed by (3.11).

JjwL
Ip =1 3.10
BT S (R-WLCR) + jwL’ (3.10)
L
H(w)| = - 3.11)

V(R —w?LOR)? + (wL)?

3.4 SGP Technique

The photonic band-gap structure (PBG) or SGP techniques can achieve stop-band or band-
gap effects and are, thus, very useful in microwave circuit design [88, 89]. The number
of lattices, lattice spacing, and relative volume fraction influence the rejection of desired
frequencies in PBG; however, in SGP, it is mainly defined by the physical dimensions of

etched slots [90,91]. The main SGP concept lies in altering the ground plane’s current



Chapter 3. Near-Field WPT Fundamentals 26

pass-band passajband

—_
(=3

Transmission (dB)
o .
(=}

-30
<—Frequency —

Figure 3.8. The band-gap effect.

distribution by introducing any type of slot on it, consequently, the circuit’s L and C'
change accordingly. The SGP approach has several advantages, including the modeling
simplicity, ease of the WPT equivalent circuit development, prototype fabrication, efc.
Therefore, SGP is favored over the PBG technique in the realization of various filtering
structures [89,92,93]. The general analysis of the SGP-based resonators is challenging
and, hence, the available EM simulators are used to overcome the associated issues [94].
Furthermore, the critical parameters of SGP-type circuits can be retrieved by employing
LC resonant EC; however, this approach is unable to describe the geometry of the utilized
slot, thus, is unique for any given shape. On the other hand, the parametric extraction of
the specific slot necessitates the quasi-static EC construction [47].

The existing literature contains several analyses related to the SGP method from var-
ious perspectives. For example, it was demonstrated that the circuit’s performance can
be enhanced by considering the U and V slots in lieu of the previously utilized conven-
tional dumbbell-shaped SGPs [95]. Furthermore, the bending technique has shown its
effectiveness in the further resonator size-reduction [96]. On the other hand, the authors
in [97] achieved substantial miniaturization by developing a tunable filter that makes use
of varactors. Another ultra-compact tunable band-stop filter (BSF), exhibiting high Q,
was realized utilizing the E-shaped slots on the ground plane [89]. Moreover, it was re-
ported that the slots with asymmetric geometries outperform the symmetric shape-based
resonators in terms of the circuit miniaturization [98].

The idea of the band-gap effect, based on the transmission coefficient loss, is aptly
illustrated in Fig. 3.8. The band-gap region is typically defined as the frequency range
corresponding to an attenuation loss of less than —10 dB [99]. The pass-band, on the other

hand, is the region where its value is close to 0 dB. In general, the unloaded resonator
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modeling is equivalent to that of parallel RLC' due to their resonant circuit nature [89].
The respective values of L, ', and R can be extracted from available EM simulation
software and in consonance with (3.12) — (3.14). Here, the term f, represents the “—3”

dB cut-off frequency and the units for L, C', and R are nH, pF, and k(2, respectively.

L D)

3.12
om2f2f2 G-12)
1
= 3.13
R (3.13)
27
R = 0 , (3.14)

2
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3.4.1 Equivalent Circuit

In general, EC of SGP-type resonators and the corresponding WPT system is very im-
portant for the achieved result validation. It is pertinent to mention that the two-step
validation gives confidence in the designed WPT system before the eventual fabrication.
The most commonly used SGP-based resonator EC is a parallel LC' circuit, illustrated
in Fig. 3.9, whose values can be defined through appropriate application of Eqgs. (3.12)
and (3.13). Furthermore, EC can be further used to develop EC of the SGP-based WPT
system which is achieved by coupling two LC circuits as shown in Fig. 3.9. Here, M and
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Figure 3.10. The considered fractal iterations: (a) 1st; (b) 2nd; (c) 3rd.

k appear because of the coupled resonators while Cy; is incorporated for the impedance

agreement purposes [46].

3.5 SGP-based Filtering Structures

Different filtering structures are widely used in modern wireless communication, which
naturally necessitates the development of new design techniques. In this context, the SGP
technique plays a critical role because it allows for the simplification of the miniature filter
design process. As a result, a number of filters such as LP (low-pass) [100], BP (band-
pass), and BSF have been realized. Furthermore, it has been established that BSFs based
on the SGP technique are widely utilized to develop the MRC-type NF WPT systems.
Therefore, for the sake of completeness, some design examples of different SGP-based

filter structures are provided in this sub-section.

3.5.1 BSF

This subsection presents the design of SGP-based BSF as a demonstrator. In particular,
the plus-shape fractals, depicted in Fig. 3.10, were employed as a slot-type and introduced
on the ground plane. The obtained results of designed BSFs (i.e., occurred resonances)
with different fractal iterations are presented in Fig. 3.11. It can be observed that more
iteration steps result in the resonance shift toward the lower frequency regime. In addition,
it is pertinent to note that f; can be moved to any desired one as per the need of the design
specifications. This can be achieved by optimizing the slot parameters or by adding an

external capacitor (C,), with the appropriate value, to the resonator.
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Figure 3.11. Results for BSF with different fractal steps: So1 vs fo.

3.5.2 D-BSF

It is apparent that the MB operation is extremely important taking into consideration
MB WPTs. Therefore, the D-BSF (dual-band stop filter) development technique is pre-
sented in this subsection. The required dual resonance can be achieved using the cascaded
method, i.e., cascading two proposed SGP-type resonators. In particular, the fractal slots
(with all three iterations) were cascaded two times. As previously stated, by using two
external capacitors, it became possible to shift the initial resonances to the preferred ones.
The required values of those placed capacitors can be calculated using (3.14). Further-
more, the obtained EC and EM results of the DB resonator are depicted in Fig. 3.12 which
shows two distinct resonances at the practical frequencies of 433 MHz and 900 MHz. It

is pertinent to note that there is a perfect match between the two provided results.

3.5.3 W-BSF

Some specific applications may necessitate the design and development of BSFs with
broad-band rejection properties. This specific subsection, therefore, briefly discusses the
realization of SGP-based W-BSF (wide-band stop filter). To fulfill this goal, at first, the
considered fractal slots have been cascaded three times. Then, W-BSF can be optimized
by changing the slot parameters to broaden or shrink the —10 dB fractional bandwidth
(BW) as per the given need. In turn, the latter can be moved by adding capacitors, with
the same values, to the excitation gap. Moreover, Fig. 3.13 presents the obtained results
of W-BSFs with and without integrated capacitors. It can be seen that a high capacitor
value leads to smaller BW and shift to lower frequencies. It reveals that no C,, C, = 1
pF, and C, = 4 pF resulted in BW of 1.5 GHz, 0.87 GHz, and 0.34 GHz, respectively.
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Figure 3.13. The obtained EM simulation results for W-BSF: So; vs fj.

Summary

It can be briefly concluded that the MRC-based WPT systems show some advantages over
IPT and CPT. In particular, the operational frequency of such systems can be at a high
MHz region. Furthermore, the MRC-type WPT systems have the ability to send power
over relatively long distances and achieve higher PTE. In addition, the SGP technique
has demonstrated its ability to design extremely small-size resonators that can be used to
develop MRC-type WPTs.
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Chapter 4

Single-band WPT Systems

This chapter describes the development of two distinct SB WPT systems that can be em-
ployed for the purpose of wireless power or data transfer. In particular, it includes the
comprehensive analysis, simulation modeling, and experimental validation of both real-
ized SGP-based WPTs. Furthermore, it is important to note that two different impedance
matching techniques were discussed that have been aptly used to design WPTs. Finally,
a flowchart is provided that appropriately portrays the generic methodology of the SGP-
based WPT development.

4.1 Introduction

As noted previously, the WPT system enables the transmission of electrical energy with-
out cables. In this instance, several SGP-based WPTs have been proposed to overcome
some limitations associated with the coil-based WPT systems. For example, the authors
in [42] reported PTE of 68.5% when resonators with 40 x 40 mm? area were separated
by 50 mm. The design in [50] achieved a considerable size reduction; however, realized
PTE demonstrated only 65%.

It is well established that the MRC-type WPT systems can be attained using either
various existing coil structures or SGP-based resonators; however, it is common practice
to employ the latter in applications requiring small-size and robust end modules. As a
consequence, the development of NF SGP-based WPT is becoming increasingly popular
nowadays. A brief literature survey reveals that the k& change and different misalignment
between the coupled resonators degrades obtainable PTE significantly. Therefore, it is
extremely vital to develop MRC-based WPTs that are insensitive to misalignment and
k variations [63]. For instance, the self-adaptive method has shown its effectiveness in
realizing the high-performance WPT system regardless of PTD and k variations [83].
On the other hand, the self-phasing technique, possessing the power focusing capability,
has proven its usefulness in improving achievable PTE during the potential misalignment
between Tx and Rx [81]. In addition, another robust WPT to the misalignment has been

achieved by designing the butterfly-type resonator that can generate greater H [101].
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4.2 Motivation

The critical parameters of any designed WPT system are certainly high PTE, a larger op-
eration range, and comparatively small resonators. Although these parameters are equally
important some of them may be more essential depending on the specific application. For
example, the resonator size is very critical in biomedical applications whereas in con-
sumer electronics it might be PTE. Apparently, enhancing all these parameters at once is
challenging, thus, there is always a significant trade-off among them during the design,
which is mainly dictated by a final application. It is also important to note that the WPT
performance is highly reliant on the slot shape used to build the necessary resonators.
Keeping the aforementioned in the perspective, the main motivation of this chapter
is twofold: 1) firstly, advancing the recent progress of SB WPTs (improving the main
WPT characteristics) by analyzing and effectively utilizing different slots; ii) secondly,
investigating the specific circular slots to fully comprehend their impact on the WPT sys-
tem performance. As a consequence, the appropriate studies and performed analysis may
lead to the realization of performance-enhanced SGP-based WPTs that can be suitable for

emerging applications requiring a low-power regime.

4.3 Contribution of the Chapter

The key contributions of this Chapter are listed below:

» The highly-efficient WPT system has been developed using the plus-shaped SGP
structure. To be more specific, the designed resonator oscillated at the practical 400
MHz frequency and possesses the area of 30 x 30 mm?. Furthermore, realized WPT

exhibited superior performance, with PTE of 86% when PTD = 35 mm.

» Three circular slots with slightly different geometries were thoroughly examined
in terms of achievable Q and generated H. As a result, it was observed that the
Archimedean coil-type slot outperforms the other two shapes under consideration.
Therefore, another very compact SB WPT system has been realized that takes the
advantage of the Archimedean coil slots, in particular, increased H and subsequent

improved PTD.

* The systematic design and realization methodology of the generic SGP-based WPT
system is elaborated. The presented structured design approach incorporates all
key WPT system implementation steps (i.e., analysis, modeling, experimental val-
idation) and aids in the development of small-size high-performance WPTs. Fur-
thermore, the provided methodical WPT realization strategy can be also useful in
the design of DB and MB WPT systems.
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Figure 4.1. The proposed resonator for WPT: (a) bottom; (b) top.

Table 4.1. The optimized dimensions of the slot geometry.

Parameters a b c d e f Ey w
Dimensions(mm) 6 0.5 05 6 1 6 05 1.9

4.4 Plus-shaped SGP-based WPT System

This subsection presents the design and experimental validation of highly-efficient WPT.
The SGP-based resonators for the NF WPT development are designed employing the
plus-shaped slot depicted in Fig. 4.1. It is a common practice to use any available three-
layered Rogers’ boards to construct the required resonator. Particularly, in this design
the RO4350B board, with relative permittivity (s,) of 3.48, was utilized. It possesses a
single layer of the substrate coated by an annealed copper from bottom and top sides. In
addition, the substrate height (hg) is 1.524 mm, and the copper thickness (h.) is 0.035
mm. It is worth mentioning that the proposed slot is introduced on the ground plane.
The transmission line, which also serves as a feed line, is located on the top side (Fig.
4.1b). Furthermore, because ML is normally matched to the 50 €2 impedance, its width
(w) is dependent on the operating frequency of the designed resonator. In addition, the
optimized slot parameters are given in Table 4.1.

At the outset, the designed plus-shaped slot-based resonators were brought to close
proximity to fulfill the coupling. This essentially allows for the extraction of the critical
WPT parameters such as L, C, k, and M. It is apparent that the resonator’s L and C'
produced by E, aid in the resonance. In this instance, it is pertinent to mention that the
obtained resonance can vary from the initially selected working frequency of the WPT
system. Therefore, C, is incorporated to shift f, to the intended WPT frequency of 400
MHz. The required value of C,, can be defined using (3.8) whereas L is computed employ-

ing (4.1). Furthermore, the needed value of Cy; (i.e., open-stub capacitance) is determined
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utilizing (4.2), where L. is defined by (4.3) [93].

= ) .1
27 fo
95.33
C, = 2220 42)
" Leof?
L
Leq = 4.3)

In general, the EM simulation results can be verified through appropriately constructed
WPT EC. In turn, this task can be completed by extracting the essential WPT EC ele-
ments. At the very beginning, the f; and f. values should be retrieved from the performed
EM simulations. The obtained simulated results revealed that the operating frequency was
split into two peaks. As a result, f, (electric wall) and f,,, (magnetic wall) should be con-
sidered during the £ value extraction as given in (4.4). Moving forward, occurred M due
to the coupled resonators is determined by (4.5). Finally, obtaining the values of all cir-
cuit elements enables the construction of WPT EC. As a consequence, the EM and EC
results of the designed WPT system can be compared, which is discussed in the following
subsection. In addition, the modeled WPT performance can be evaluated in terms of PTE
and FoM using (3.6) and (3.7), respectively.

f—fa
k= m, 4.4)

M=k x vV LTXLRx- (45)

4.4.1 Simulation Results and Discussions

It is imperative to note that the designed resonators were coupled at 25 mm. Subse-
quently, Fig. 4.2 compares the EM and EC simulated results obtained from the Computer
Simulation Technology (CST) and Advanced Design System (ADS), respectively. It can
be observed that the provided results are in good agreement, which validates constructed
SGP-based WPT EC. Calculated PTE that uses the resulted S,; and S;; values at 400 MHz
corresponds to 86%. Furthermore, as noted previously, the distance change between the
coupled resonators has a substantial effect on the WPT performance. Therefore, PTE of
the developed WPT system was tested under varying PTDs, as shown in Fig. 4.3. In
this regard, it is worth noting that the PTD variation results in different £ and M, causing
fo to deviate from the originally designed one; however, the difference is negligible —
approximately 10 MHz. The results reveal that the WPT system has about 86% efficiency
between 20 mm and 35 mm. This essentially implies that the developed SGP-type WPT

system is resilient to the potential PTD changes within that range.
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Figure 4.2. The obtained simulation results at 25 mm.
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Figure 4.3. The WPT efficiency vs PTD.

4.4.2 Experimental Validation

For the designed WPT system validation purposes, two identical resonators (Figs. 4.4a
and 4.4b) were fabricated using the Rogers’ RO4350B board. Furthermore, the 5.3 pF
SMD-type (surface mount device) capacitors were soldered to both prototypes to ensure
fo = 400 MHz. Then, two realized resonators were coupled at 25 mm to measure the
necessary S-parameters, as depicted in Fig 4.4c. As a consequence, this enables the eval-
uation of the realized SGP-based WPT system. Fig. 4.5 represents obtained Sy; and Sq;
from the carried-out experimental measurements. In addition, the calculated efficiency is
80% based on the experimental data, which validates both design and particular SGP-type
WPT system concepts.
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Figure 4.4. The realized WPT system and experimental setup: (a) bottom;
(b) top; (c) coupled resonators.
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Figure 4.5. The measured results.

4.5 Archimedean Coil-shaped SGP-type WPT

4.5.1 SGP-based Resonator Analysis

Recently, the SGP-type resonators have been broadly utilized in the design of NF WPTs
with superior performance. In this regard, it is important to note that the designed res-
onators mainly predetermine the resultant WPT system performance. Keeping this in the
perspective, three circular-type slots with distinct geometries were investigated. In par-
ticular, the actual impact of the circular-, ring-, and Archimedean coil-shaped slots on
the resonator’s main characteristics have been thoroughly examined. Fig. 4.6 depicts the
analyzed circular slots etched on the ground plane. Following that, the performed study
results enabled the identification of the best circular-type slot, which was then aptly used
to develop a high-performance WPT system.

At the outset, all three resonators were developed on the same board area of 20 x 20
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Figure 4.6. The compared distinct slots: (a) case 1; (b) case 2; (b) case 3.
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Figure 4.7. The obtained So; values (°1 turn; *2 turns).

mm? to ensure accurate and valid comparison. Moreover, irrespective of the utilized
slot type, all three designed resonators oscillate at 2.5 GHz. The developed SGP-based
resonators are modeled through a parallel RLC' circuit whose respective values can be
found using Egs. (3.12)—(3.14). Initially, the SGP-type resonators were analyzed in terms
of Q which can be defined by employing (4.6) [89]. The simulation results are presented
in Fig. 4.7 while the exact Q and other circuit element values are tabulated in Table 4.2.
As can be observed from the results, the circular- and ring-shaped slot-based resonators
possess similar Q. This implies that the effect of closed-loop rings, within the circle,
on attainable Q is minimal and, hence, can be ignored. Moreover, the resonators using
the Archimedean coil-type slot showed greater Q in contrast to the other two options.
It was also noticed that increasing coil turns can enhance obtained Q. Particularly, the
respective Q values for the Archimedean coils with one and two turns are 29.43 and 44.01.
Therefore, taking into account these discoveries, this slot-based resonator was chosen for
the SGP-based WPT system design.

Q=27 foCR. (4.6)



Chapter 4. Single-band WPT Systems 38

Table 4.2. The SGP-based resonator comparison.

Slot type C L R Q
circle 0.23pF 17.72nH 3.78k 13.57
rings 0.28 pF 14.54nH 3.75k) 164

Archimedean coil 3° 0.63pF 6.46nH 299k 29.43
Archimedean coil 3* 0.87pF 4.68nH 3.23kQ) 44.01

°1 turn; *2 turns.
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Figure 4.8. H-field between two coupled SGP-type resonators at
PTD = 12 mm: (a) 1; (b) 2; (¢) 3 (2 turns); (d) 3 (4 turns).

4.5.2 WPT System Development

This subsection presents the development of SGP-based WPT and its respective EC. It
is worth noting that the WPT key parameter extraction is carried out using the J-inverter
method. Furthermore, the WPT system modeling and EC construction were performed
using CST and ADS, respectively. In addition, the key WPT design steps, that make

appropriate use of the analyzed SGP-based resonators, are discussed in detail below.

4.5.2.1 Resonator Coupling

The number of Archimedean coil turns has been elevated to four because more turns are
capable of providing higher Q. Then, two identical SGP-based resonators were coupled
at a distance of 12 mm. This essentially allows examining the amount of generated H
around the resonators based on the distinct slots (i.e., three considered cases) which are
depicted in Fig. 4.8. Similarly, the four-turn Archimedean coil-shaped slot-type resonator
exhibited the greater created H area. In turn, this observation can be explained by the
relatively high current concentration on the resonator’s ground plane. It is pertinent to
note that a larger H area aids in the PTD expansion between Tx and Rx. As a result, the
Archimedean coil-shaped slots with four turns, exhibiting greater Q and H, was chosen

for further NF WPT system development.
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Figure 4.9. (a) WPT EC; (b) J-inverter transform.

Different expressions are used to extract the critical parametric values of coupled-
type WPTs. For example, L and C' can be defined using (4.1) and (3.13), respectively.
On the other hand, (4.7) and (4.8) help calculate the values of R and M, accordingly
[102]. The circuit’s L and C' primarily define fj; however, integrating a capacitor may
be more practical for adjusting it. Furthermore, &k of coupled resonators is determined as
k = M/L, where L = \/L1Lgry [63]. It is imperative to note that maximum PTE can
be obtained when two resonators are critically coupled in lieu of the overcoupling regime
as it leads to the frequency splitting [83]. The latter case introduces some frequency
bifurcation-associated challenges, therefore, the critical coupling is often a viable choice
for the high-performance MCR-based WPT design.

R = Re(ZH), (47)
o Im(Z21)
M = oty (4.8)

4.5.2.2 WPT Development

In this design, the J-inverter technique was used to extract the key WPT parameters and
perform the required impedance matching. In essence, the J-inverter transform is achieved
by slightly modifying generic WPT EC depicted in Fig. 4.9a. The latter is composed of
two coupled LC resonators, one of which acts as Tx and the other as Rx. Thus, the critical

circuit elements, such as Cy;, C, and L, have same values. It should be reiterated that C;’s
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Table 4.3. The defined parameter values of WPT.

L C (pF) M Cy Iy (mm)  wy (mm)
(nH) calc/opt (nH) (pF) calc/opt  calc/opt
i3 2.17/24 2 0048 085 9/9.1  3.39/34

WY 5
bottom top
>l /
E, I, (w-E)/2
BN dwg P1/P2

Figure 4.10. The parameters of designed WPT (in mm): [ = 20; w = 20;
u=12; E; = 0.6.

specific role is to match the resonator impedance to the standard 50-€2 ports. Furthermore,
the Cy; capacitance can be realized using ML as an open-stub.

A newly developed J-transform-based WPT EC is presented in Fig. 4.9b. In this
case, M and L help define the k value whereas C' can be determined using Eqgs. (4.8),
(4.1), (3.13). Moreover, Egs. (4.9)—(4.10) are used to compute the appropriate values
of Ly, Jm, Ly, and J while (4.11) aids in the calculation of Cy; and C'r. It is imperative
to note that Cr is expressed as Ct = C, — C. In turn, the value of C, can be found
using (3.13) and considering L, instead of L. Moving forward, (4.12) helps determine the
required length (Iy;) of open-stub ML, where 5 = 27 /) defines the wave number with
A = 300/(fo\/€:). In this regard, it is worth noting that the f; value is used in MHz.

Ly = # and Jy = QWff)lef 4.9)
L, = ﬂ and J = ‘;—“04, (4.10)
Cy = 27rf0\/1j—(TJ)2 and O = — " (1O§:foCst)2’ 4.11)
Cot = % 4.12)

The parameter values, defined using the J-inverter approach, aided in the development
of SGP-based WPT. Table 4.3 shows the calculated values that were obtained by properly
applying the above-mentioned expressions. It is also worth noting that some of them have
been slightly modified to satisfy the initially targeted WPT system specifications. Subse-

quently, the back side of the resonator was adjusted as shown in Fig. 4.10. Furthermore,
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Figure 4.11. Simulated results of the developed WPT system.

a capacitor with 2.4 pF was added to £, on the back side whereas open-stub ML with 9.1
mm length was placed on the top side whose second-end is connected to a port. Conse-
quently, the current flow through ML is achieved by exciting P1 which, in turn, leads to
the generation of H around the resonator. Then, ML of Rx can be excited by moving it to
H produced around the Tx resonator. As a result, P2 will have the capability of receiving
the transmitted signal from P1.

In general, the obtained PTE and FoM values assess the performance of the NF SGP-
type WPT system. The efficiency can be defined by applying |Sy|” if the Si; value is
below —10 dB whereas FoM is calculated using (3.7). The simulation results for the
designed WPT system, when Tx and Rx are separated by 20 mm, are shown in Fig. 4.11.
In particular, it compares the EM and EC simulations which demonstrate nearly perfect
agreement. This appropriately highlights the usefulness of the J-inverter approach in the
design of SGP-based WPTs. Furthermore, PTE and FoM of 86% and 0.86 were calculated

using the simulation data, respectively.

4.5.3 Experimental Results

The Rogers’ RO4350B board possessing ¢, of 3.66 was employed for the prototype of the
modeled SGP-type resonator. The respective heights of the dielectric material and copper
are 1.54 mm and 0.035 mm. It should be noted that for the WPT realization two resonators
were fabricated and 2.4 pF SMD-type capacitors were attached to each. Moreover, SMA
(SubMiniature version A) connectors were employed to link the SGP-based resonators
to the vector network analyzer (VNA). This allows for the required coupling and evalu-
ation of the realized WPT system; however, two resonators should be properly aligned

and separated by exactly 20 mm. Furthermore, the depiction of the experimental setup
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Figure 4.12. The experiment setup.
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Figure 4.13. Experimental results.

for the measurements is given in Fig. 4.12 while the respective measured S-parameters
are presented in Fig. 4.13. In particular, it reveals that S;; < —10 dB and S5 = —1.41
dB which demonstrates that the achieved experimental PTE is 72%. In addition, there is a
discrepancy between the simulation and experimental results in PTE, which is primarily
due to the in-house fabrication, capacitor tolerance, and soldering-related issues. Never-
theless, the obtained measurement results confirm the usefulness of SGP in the compact

NF WPT system realization for various low-power applications.
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4.6 Systematic SGP-based WPT Development

In general, the design and realization of SGP-based WPTs are challenging, thus, there is a
desperate need for the systematic approach that aids in the high-performance WPT system
implementation. The realization of SGP-based WPTs includes the following key stages
such as resonator design and analysis, EC development, impedance matching to 50-£2
ports, performance evaluation, and experimental validation. In essence, the overall WPT
implementation necessitates a significant trade-off among the key parameters including
the resonator size, PTD, and PTE. Therefore, many researchers have attempted to propose
the optimal design strategy in recent years. Despite the differences in their approaches and
techniques, they can still be characterized by a standard systematic procedure. The key
premise behind the systemic approach is the development of SB and MB SGP-type WPTs
for emerging low-power applications. Fig. 4.14 depicts the systematic SGP-based WPT

realization method as a flowchart, with the main steps detailed below:

* To begin, define a slot geometry and choose a substrate for the SGP-based WPT

system design.

» At this stage, determine whether the final WPT system is aimed to transfer only
power or both. It is worth noting that the former necessitates a single frequency
band whereas the latter requires multiple frequency bands. Furthermore, the oper-
ating frequency of WPT should be carefully selected so that it conforms to stan-

dardized practical frequencies.

» Afterward, define the key WPT parameters, such as the circuit size, PTD, and PTE,
based on the prerequisites of the specific application area. For example, some ap-

plications may require high PTE whilst in other cases the resonator size is critical.

* Then, design the resonator using the opted slot and taking into account the WPT key
characteristics. Define the required value of C, to obtain f, at the initially selected
frequency. Please note that the SB and MB resonators can be designed employing

any available technique.

e After that, construct effective EC for the SGP-based resonator to validate the EM

simulation results.

* Following the validation of EM simulations, the designed resonators can be brought
to the required proximity to remain within the coupled region. At this stage, ensure
that two coupled identical SGP-based resonators are perfectly aligned. This enables
the WPT system’s EC to be developed, where M and £ can be defined using the

given expressions in subsection 4.5.2.1.
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Figure 4.14. The systematic methodology of the SGP-type WPT
implementation.

* Match the resonator impedance to 50 €2, i.e., compute the required value of Cg.
Then, convert the computed Cy; value into open-stub ML, subsequently, design the
SGP-based WPT system.

* To complete the simulation stage, conduct the critical parameter optimization that
aid in achieving the best possible performance.

 After the simulation phase is finished, the designed WPT system can be tested ex-
perimentally. To accomplish this, fabricate two resonator prototypes, then solder all

necessary circuit elements such as SMD capacitors and SMA connectors.
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* Finally, separate and align the fabricated resonators at PTD considered in the sim-
ulation environment. Then, connect the resonator’s ports to VNA for the imple-
mented WPT evaluation. The performance of the newly developed SGP-based
WPT system can be assessed in terms of PTE using the obtained experimental data
and (3.6). It is pertinent to mention that the key factors for the successful WPT
system design validation are carefully prepared experimental setup and precisely

fabricated prototypes.

Summary

This chapter presents the design and experimental validation of two distinct SB SGP-
based WPT systems. In particular, one WPT made use of the plus-shaped slots whereas
another was developed using the Archimedean coil-type slots. It is important to note
that two different approaches were used to achieve the required impedance matching and
parameter extraction. Furthermore, both realized WPT systems possessed an extremely
compact board area and demonstrated high-performance PTE and enlarged PTD. This
chapter also includes the systematic SB and MB WPT system implementation methodol-
ogy. Finally, developed performance-enhanced WPTs and the provided systematic SGP-
based WPT design technique are expected to advance the current state-of-the-art and bring
a paradigm shift to this domain.
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Chapter 5

Multi-Band WPT Systems

This chapter presents the implementation of ultra-compact SGP-based WPT systems. In
particular, dual- and tri-band WPTs have been developed that aid in concurrent power
and data transfer. Furthermore, both realized SGP-type WPTs were validated through
the carried-out experimental measurements. It is also important to mention that WPTs
are designed to operate at practical ISM bands and demonstrate high performance. In
addition, a small-size digital metasurface reflector was developed that can help facilitate
the emerging SWIPT and WBAN applications.

5.1 Introduction

A brief overview of various WPT system classifications is depicted in Fig. 5.1. The SB
system (single-band Tx and Rx) has the capability to operate as wireless power transfer or
wireless information transfer (WIT). On the other hand, the DB system can allocate one
band for WPT purposes whereas the other band can be earmarked for simplex WIT, and
this essentially makes the system wireless information and power transfer. Furthermore, a
multi-band (three frequencies or more) system can have the capability to allow both power
transfer (one band for power delivery) and duplex information exchange (by dedicating
separate bands for uplink and downlink transmissions) between Tx and Rx. In essence,
this is also called the SWIPT system.

The DB WPT systems, which are used in a wide range of bioengineering, have become
remarkably popular in recent decades; however, despite significant developments, these
systems have numerous constraints. The first SGP-type DB WPT was achieved using the
cascaded technique, particularly, a circular slot was cascaded twice resulting in a dual-
operational resonator [43]. Subsequently, the realized system, working at 300 MHz and
700 MHz, exhibited the respective PTE of 71% and 72%. Furthermore, the majority of
reported DB WPTs are designed to work at impractical frequency bands and possess large
resonator areas [43,51]. The other developed DB SGP-type WPT systems operate at ISM
bands; however, these WPTs demonstrated limited PTD of 3.5 mm [49] and only 58% of
achieved PTE [73].
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Figure 5.1. Depiction of the generic systems classification.

A review of the available literature on SGP-based WPTs indicates that the current
research focuses on the MB WPT systems used in biomedicine. In particular, they can
help perform continuous human health monitoring through concurrent power and data
transfer. In fact, the practical implementation of these systems necessitates high data rates
that are completely application-dependent and can reach 100 Mbps [103]. For instance,
the brain-machine devices and capsule-type endoscopes mandate 1 —10 Mbps whereas the
ocular implants demand 40 Mbps [77]. Furthermore, within the idea of electronic health,
WBAN can be regarded as a backbone for the advanced healthcare infrastructure [104,
105]. Because of the numerous WBAN features and functionalities, the energy efficiency
of each independent end module is used to assess its quality. Initially, the battery lifetime-
related constraints of utilized sensors in WBAN were solved by employing the WPT
system. Initially, SB WPTs were used to overcome the challenges of WBAN devices
related to their embedded battery lifetime [106]; however, recent decades have witnessed
that SWIPT can also be greatly useful to this field.

Metasurfaces are also extremely helpful in addressing some challenges that exist in
the WBAN infrastructure. In this instance, it is worth mentioning that MSs are artificially
engineered structures that are not found in nature. Recently, because of their property to
describe distinct EM responses as coding elements, digital MSs have shown promise in
several application areas [107]. Within the realm of coded MSs, the EM wave control
is accomplished through the use of different binary coding techniques with one, two,
three, and more bits. As a concept, MSs can ensure the change in the amplitude and
phase of a reflected wave at a particular frequency. For example, it is presumed that
the respective phase shifts are 180° and 90° when one- and two-bit coding methods are
utilized. Consequently, designed MS can demonstrate the capability of beam scanning,
beamforming, multi-beam generation, etc. It is apparent that these MS properties can be
attractive to a wide range of applications including but not limited to holography, WPT,
SWIPT, WBAN, different imaging methods, and cloaking systems [108].
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5.2 Motivation

By nature, the use of conventional coil-type structures in the design of MB WPTs is
challenging because they provide a limited narrow band [109]. In turn, it is directly rel-
evant to the WPT system’s achievable data rate, i.e., greater bandwidth equals higher
throughput. It is worth noting, in this context, that the SGP technique is capable of cater-
ing to the required bandwidth. As a result, there is a need for the implementation of
high-performance MB WPTs with increased bandwidth at communication bands. This
eventually contributes to the overall WPT domain toward reaching new heights and will
be extremely beneficial to a variety of WBAN applications. Furthermore, only a few ar-
ticles have recently been reported that attempt to use MSs effectively to facilitate WBAN
needs [104, 105]. Therefore, another necessity is the development of a framework that
aids in the incorporation of MS antennas and SWIPT to advance WBANS.

Keeping the preceding in mind, the primary goal of this chapter is threefold: i) to
design high-performance DB SGP-based WPT that works at practical ISM bands; ii) to
implement an MB SGP-type WPT system where one power is employed for power trans-
fer whereas two other separate bands are dedicated for the full-duplex data transfer; iii) to
develop a novel digital MS reflector that can address some of the constraints associated
with the SWIPT-enabled WBAN infrastructure.

5.3 Contribution of the Chapter

The main contributions of this chapter are as follows:

* Performance-enhanced DB WPT, operating at ISM frequencies of 433 MHz and
900 MHz, has been realized. The resonator compactness was achieved through the
use of an effective SGP technique which resulted in a small 18x18 mm? circuit
area. Furthermore, the obtained experimental results demonstrated PTE 71% and

81% at two respective working bands.

* To the authors’ best knowledge, ultra-compact tri-band WPT employing a cascade
of double-elliptic slot-based resonators has been reported for the first time. Fur-
thermore, during the TB WPT system development, the communication aspects are
given full consideration. Moreover, realized TB WPT has the potential of support-

ing practical applications requiring low and high data rates.

* The effective integration of the coded MS structure and SWIPT system, for two
specific practical WBAN scenarios, has been investigated. As a consequence, it has
been demonstrated that digital MS features such as a multi-beam creation and beam

focusing can be extremely useful for emerging WBAN applications.
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Figure 5.2. The proposed DB resonator.

5.4 Dual-band SGP-type WPT System

5.4.1 DB WPT System Design

5.4.1.1 DB Resonator

Two distinct simultaneous resonances, in general, necessitate the development of two os-
cillating circuits. Alternatively, it can also be accomplished by cascading and combining
two separate SGP-type resonators with different resonant behaviors into one. Therefore,
the SGP-based DB resonator using cascades of the square-shaped slots was proposed as
depicted in Fig. 5.2. Two C, capacitors, with appropriate values, were incorporated to
attain the resonances at 433 MHz and 900 MHz. It is pertinent to note that the performed
EM simulations are carried out using CST. Furthermore, the two square slots were etched
on the circuit’s ground plane and aided in the creation of two independent current distri-
bution loops. The latter can be observed from Fig. 5.3 which depicts the current flow path
of a ground plane. Besides, it reveals that the most current density is concentrated around
two square slots and behaves differently at two distinct frequency bands.

EC, discussed in Chapter 3 (Fig. 3.9), was developed considering n = 2 for the
verification of EM simulated results. Here, the equivalent C' and L values of the designed
DB resonator can be determined utilizing (3.12) and (3.13), respectively. Furthermore,
Keysight ADS was employed to construct the effective EC of the SGP-type DB resonator.
Following that, the relevant comparison of two different simulations is presented in Fig.
5.4 which displays a good agreement. In particular, it shows two clear resonances at the
desired frequencies of 433 MHz and 900 MHz for both compared results. The modeling
verification through EC gives the confidence to use the developed DB resonator in the NF

WPT system design which is described in the next subsection.
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Figure 5.4. DB resonator results: So; vs fo.

5.4.1.2 DB WPT System

This section presents the development of a DB WPT system using the designed DB res-
onators. To accomplish this, two identical resonators must be separated by a certain dis-
tance while remaining coupled. This leads to the creation of M and k between the coupled
resonators whose values can be defined using (4.8) and (4.5), respectively. Furthermore,
the determination of all required element values enables the building of the SGP-type DB
WPT system. Once again, effective EC of SGP-based DB WPT is similar to the given in
Chapter 3 (Fig. 3.9) taking into account that n = 2.

In turn, developed EC of DB WPT aids in achieving the required matching, i.e., to
match the resonator impedance to 50-{2 ports (P1 and P2). This can be realized by adding
Cy to the circuit. To be more specific, its defined value is converted to ML with an
open-end (i.e., an open-stub acting as a capacitance) whose length can be computed using
(4.12). Then, the open stub is added to the top side of a DB SGP-based resonator. In
this case, it is worth mentioning that the location of both F, (£, and E,,) was slightly
changed to keep the WPT operating frequencies at the initially selected bands without

worsening the overall performance. Essentially, the matching takes place because C'; and
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C; generate resonances by removing the impact of L; and L, at 433 MHz and 900 MHz,
respectively. In addition, the modified SGP-based resonator used for the optimal DB WPT
implementation is given in Fig. 5.5.

The results of EM and EC simulations are given Fig. 5.6 in terms of S1; and Sy;, when
PTD is 15 mm. The respective achieved S;; of —33.2 dB and —25 dB at the operating
frequencies of 433 MHz and 900 MHz exhibit the perfect impedance matching. Further-
more, the S9; values of —0.43 dB and —0.51 dB confirm the following: PTE,33 = 90%
and PTEgq, = 88%. Moving forward, calculated PTE results can be used to define FoM
of the designed DB WPT system. Finally, computed FoMs using (3.7) are as follows:
FoMy33 = 0.96 and PTEgy, = 0.84.

5.4.1.3 Performed Experimental Measurements

For the sake of WPT design validation, two identical SGP-type resonators were fabricated
using the Rogers’ RO4350B three-layered substrate. The properties of the latter are as
follows: ¢, = 3.48, hy = 1.524 mm, and A, = 0.035 mm. Furthermore, the SMD-type
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Figure 5.7. SGP-based DB WPT system implementation: (a) fabricated
resonators; (b) coupled Tx and Rx; (¢) measured results.

capacitors with 11 pF and 2.2 pF were incorporated to attain the resonance at 433 MHz
and 900 MHz, respectively. Then, the SMA connectors were soldered to each resonator
assisting to connect them to VNA, subsequently, the S-parameters measurement becomes
feasible. The fabricated SGP-based DB resonators are given in Fig. 5.7a whereas Fig.
5.7b depicts coupled Tx and Rx at 15 mm. Consequently, the obtained measured S-
parameters are presented in Fig. 5.7c which depicts the DB behavior of the realized WPT
system. Calculated PTE of DB WPT, using measured S;; and S,;, were equal to 71%
and 81% at 433 MHz and 900 MHz, accordingly. These achieved results can be regarded
as an excellent output and, thereby, tend to extremely advance the DB SGP-based WPT

system domain.
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Figure 5.8. The proposed double-elliptic slot-type resonator structure:
(a) bottom; (b) top.

5.5 Compact SGP-based SWIPT System

5.5.1 TB SGP-type Resonator Design

It is worth mentioning that the use of WPTs for low-power applications led to advance-
ments in overall SGP-based WPT systems. In particular, the main focus was on the size
of the WPT circuit and its performance. On the other hand, MB WPTs were also on de-
mand enabling facilitating the concurrent duplex power and data transfer. Therefore, to
fulfill this need, a TB SGP-type WPT system was proposed. Furthermore, designed WPT
used 300 MHz for power transfer whereas 500 MHz and 900 MHz were employed for the
uplink and downlink data transfer, respectively [43,110,111].

5.5.1.1 Proposed Slot Analysis

A compact SGP-based resonator, with the 13 x 13 mm? circuit area, was proposed which
utilizes the double-elliptic slot, as depicted in Fig. 5.8. As was already mentioned in the
above sections, using ground planes with different slots results in varied band-stop effects.
For example, in the proposed resonating structure, a capacitance (Cy) is generated by the
small gap (F,) which connects two ellipses. Furthermore, the effective combination of
the created capacitance and the circuit’s inductance causes resonant behavior. In particu-
lar, the proposed structure resulted in the resonance of 6.45 GHz; however, the occurred
resonant frequency can be adjusted to the required one by inserting C, (i.e., an additional
capacitor). For the sake of completeness, simulated So; are presented in Fig. 5.9 that ef-
fectively illustrated this. As a result, the expression, given by C' = C, + C, can describe
the enlarged total resonator capacitance.

On the other hand, a large bandwidth at the operating frequencies is needed to fulfill

the needs of high data rate applications. Therefore, the effect of the introduced slot’s
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key parametric variations on the achievable bandwidth was investigated. To be more
specific, the radii of r, and r, were modified during this analysis whose obtained results
are provided in Fig. 5.10. Subsequently, it was explored that the maximum bandwidth of
the SGP-type resonator corresponds to the elliptic slot with r, = 4.5 mm and r, = 2.5
mm. Therefore, the double-elliptic slot, employing optimal r,, and r,, was chosen for the
further TB SGP-based resonator design.

5.5.1.2 TB Resonator

This section presents the development of a TB SGP-based resonator. It is pertinent to

mention, in this context, that the cascading technique was used for the creation of the
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Figure 5.11. The designed TB resonator with the optimized parameters:
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Table 5.1. Used parameters of the TB resonator.

Parameters Wsub  lsub  wy Eg 1o Ty a4 b ¢
Dimensions (mm) 13 39 34 05 45 2 65 2 6.5

TB resonator. The mentioned approach allows for designing a resonator that can operate
within several desired frequency bands. Keeping this advantage in the perspective, the
already designed SB resonator was cascaded three times to achieve the TB resonator
demonstrating the resonances at 300 MHz, 500 MHz, and 900 MHz. Subsequently, the
length (ly1,) of the newly developed resonator was modified to 39 mm whereas its width
(wsup) remains unchanged (i.e., 13 mm). The TB resonator, depicted in Fig. 5.11, is a
three-layered structure and was developed on the Rogers’ RO4350B substrate with the
following parameters: hy = 1.524 mm, h. = 0.035 mm, and ¢, = 3.66. It is worth
noting that the proposed double-elliptic slot was etched on the ground plane (bottom side).
Furthermore, ML with the width (wy) of 3.4 mm is located on the substrate’s top-side and
connects the ports P1 and P2. In addition, Table 5.1 presents the key parameters of the
developed TB SGP-type resonator with optimized dimensions.

It has been demonstrated that the developed SGP-based WPT systems can be verified
by their respective ECs. As a consequence, effective EC was constructed by aptly using
the generic WPT EC, given in Chapter 3, and taking into account thatn € {1,2,3}. More-
over, developed EC of the designed TB SGP-based resonator is illustrated in Fig. 5.12.
It is worthwhile to note that the appropriate combination of L and C' helps achieve the
resonance at the selected frequency bands whose effective values can be calculated uti-

lizing (3.12) and (3.13). In this case, the respective computed values of are L; = 5.662
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Figure 5.13. Obtained simulation results of the TB resonator.

nH, L, = 5.66 nH, and L3s = 5.717 nH at the resonances of 300 MHz, 500 MHz, and
900 MHz. Subsequently, these defined L values enable the determination of required C,
for achieving resonances at the selected frequencies. Furthermore, the TB SGP-based
resonator model was developed employing CST whilst its respective EC was constructed
using ADS. Finally, the obtained EM simulation and EC results are presented in Fig. 5.13
which demonstrates a good match between them. As a consequence, the designed res-
onator can be used in the TB WPT development, which is described in more detail in the

following sub-section.

5.5.2 SWIPT System Development

The design of the SGP-based SWIPT system, which appropriately utilizes the devel-
oped TB resonators, is discussed in this section. As a general principle, the WPT sys-
tem implementation necessitates the followings: i) two coupled resonators oscillating at
the same resonant frequency; ii) they must maintain a perfect alignment to ensure high-
performance WPT. In addition, it is considered that P1 excites Tx whereas the port of Rx

(P2) is connected to a load.
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Figure 5.15. EC of the SGP-type TB WPT system.

5.5.2.1 WPT System Realization

In general, the WPT system development starts from coupling two designed same res-
onators at certain proximity. In this instance, it should be noted that identical C, of Tx
and Rx are placed opposite to each other, as shown in Fig. 5.14. Furthermore, the sep-
aration distance between two coupled resonators needs to be precisely regulated to keep
them under the required coupling conditions. Moreover, the performed coupling allows
for defining the key parameters M and k using the appropriate expressions given in Chap-
ter 4. In turn, their defined values are extremely useful in the EC construction of the TB
SGP-based WPT system.

5.5.2.2 EC Development for the TB WPT System

Fig. 5.15 depicts EC of the TB WPT system that is constructed using the developed TB
resonator’s EC. In this case, Cy; is connected to the circuit that helps match the resonator
impedance to the 50-(2 port. Furthermore, the former can be synthesized as open-stub
ML whose parameters are defined using (4.12). In particular, when its length (i.e., ly) is
determined for all three operating frequencies, it is necessary to place them on the top side

of the resonator. In essence, it helps in canceling L, by C; at 300 MHz, Ly by C at 500
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Figure 5.17. TB SGP-based WPT system design methodology.

MHz, and L3 by C'3 at 900 MHz. In this regard, it is worth mentioning that the sum of /,,,;
and [,,» defines the total [ length (Fig. 5.16). Besides, taking into account the finite size
of the resonator, the width (w,,2) of the inserted stub was slightly altered to enable good
matching at the utilized frequency bands. In addition , the final optimized dimensions
of added ML that facilitate a perfect impedance matching for all three frequencies are as

follows: {,,; = 32.75 mm, {,,» = 6.25 mm, w,,; = 3.4 mm, and w,,;» = 4.9 mm.

5.5.2.3 Systematic Implementation Steps of the SWIPT System

The flow chart in Fig. 5.17 shows a design methodology for the developed SGP-based
SWIPT system. Particularly, the key SWIPT design steps are outlined below:

* In the beginning, define the crucial SWIPT parameters, namely, a resonator area,
required PTD, operating frequencies, a substrate type, etc.
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Figure 5.18. TB WPT simulation results.

* After defining the design specifications, develop a double-elliptic slot-based SB res-
onator. Then, thoroughly investigate the considered slot to obtain the best outcome.
Afterward, calculate the required values of C, that aid in the needed resonances at

the selected working frequencies.

» Next, follow the cascading approach to obtain a resonator with MB behavior. Fur-

thermore, construct its EC for design verification purposes.

* Perform the coupling of two identical SGP-based MB resonators: i) determine PTD

under the critically coupled conditions; ii) define the values of M,, and k,,.

* Then, construct EC of the TB WPT system: calculate required Cy; and convert it

into open-stub ML to perform the impedance matching.

* Finally, carry out the optimization to improve the achieved EM simulation results.

5.5.3 Obtained Results and Discussions

This subsection presents the obtained simulation and experimental results along with their
appropriate discussions. The required capacitors to achieve the resonance at the selected
frequencies are as follows: C.; = 47 pF, Ces = 18 pF, and C,3 = 5.3 pF. Furthermore,
the comparison of EM and EC simulated results is depicted in Fig. 5.18. It is worth
mentioning that EC was developed to optimize the overall WPT system, and obtaining
the perfect match between EM and EC results supports this approach. It is apparent that

there are three distinct resonances that occurred at the selected working frequencies of
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Figure 5.19. Obtained 3 MHz bandwidth: (a) 500 MHz; (b) 900 MHz.

300 MHz, 500 MHz, and 900 MHz. Moreover, the results reveal that achieved S,; at
those frequencies are —1.81 dB, —1.31 dB, and —1.23 dB, when PTD = 10 mm.

In fact, none of the previously reported DB or MB SGP-type WPT systems took the
achievable data rate, at communication bands, into account. Therefore, the effect of slot
size on the bandwidth was examined. Furthermore, it is pertinent to note that the 3 MHz
bandwidth was achieved at the bands, dedicated for data transfer, by optimizing the con-
sidered design as shown in Fig. 5.19. It should be noted, in this regard, that a wide band-
width is required to meet the needs of high-speed applications [77], which may result in
the Q reduction. The 3rd Generation Partnership Project (3GPP) Long-Term Evolution
(LTE) document allows the use of a 3 MHz channel bandwidth composed of 15 resource
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Figure 5.20. Magnetic field distribution: (a) 300 MHz; (b) 500 MHz;
(c) 900 MHz; (d) surface current distribution at 500 MHz.

blocks (RBs) [112]. As a result, the designed SGP-based WPT system can support low
and high data rates by assigning a different amount of RBs. Allocating more than 15 RBs,
on the other hand, necessitates a broader channel capacity, such as 10 MHz, 15 MHz, and
20 MHz. Therefore, it is worthwhile to note that the developed TB WPT system cannot
support applications requiring more than 15 RBs. The values of S;; for three operating
frequencies are below —10 dB, indicating a really good impedance matching. The Si;
and Sy; values were then employed to define PTE which led to the following results:
PTE3y = 66%, PTEs5q = 74%, and PTEgyy = 77%. Finally, calculated FoMs of
designed SWIPT from the simulation results were 0.5, 0.57, and 0.59 at 300 MHz, 500
MHz, and 900 MHz, respectively.

It has been extensively reported in several studies that the PTD change has a significant
impact on the developed WPT system performance. Therefore, a comprehensive analysis
is performed in a simulation environment to comprehend and evaluate the effectiveness of
designed TB WPT. It was found out that the designed system exhibits its superior result at
10 mm. Furthermore, the coupling of two SGP-based TB resonators is presented in Fig.
5.20. As can be seen, the designed WPT system achieves a good coupling at PTD = 10
mm for the frequencies of 300 MHz, 500 MHz, and 900 MHz. Moreover, the impact of the
potential vertical and horizontal displacement was studied to assess the WPT performance
before the final fabrication. In these investigations, it was hypothesized that one resonator
is fixed while the other one is relocated parallel to the vertical or horizontal side. The
obtained results are shown in Fig. 5.21, implying that PTE is more sensitive to vertical

displacement. For instance, the 3 mm horizontal movement leads to about 10% efficiency
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Figure 5.21. Misalignment study results: (a) horizontal; (b) vertical.

decrease whilst the same amount of the PTE drop corresponds to the vertical 1.5 mm shift.
This phenomenon can be explained with the help of the current distribution on a ground
plane as shown in Fig. 5.20d. It demonstrates that the majority of the current flowing
between two ellipses is focused around the etched slot. Furthermore, it reveals that it
possesses a bigger area in a horizontal direction. As a consequence, the developed WPT
performance has worsened more in the appearance of vertical movement. Besides, it is
pertinent to mention that both considered misalignment scenarios have a similar influence
on PTE in the case of all three working frequencies. Additionally, it was explored that the
lower frequencies are more sensitive to misalignment, in terms of PTE, as compared to
the higher frequency bands.

A prototype, shown in Fig. 5.22, was developed on the selected material to validate the
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Figure 5.23. TB WPT experimental results.

presented TB WPT design. Furthermore, three SMD capacitors with the defined values
were added to the resonator’s ground plane. Two SMA connectors were soldered to each
separate resonator that assists connect them to VNA. Then, the measured S-parameters,
when two resonators are coupled at 10 mm, can be used to assess the developed WPT
performance. It is imperative to note that the resonators should be perfectly aligned to
avoid any displacement-related issues. The experimental results, given in Fig. 5.23, show
good performance at the working frequency bands. Furthermore, one can notice a splitting
phenomenon at 300 MHz and 500 MHz that can occur as a result of the sub-optimal
experimental setup and potential human errors during the measurements. This can be
mitigated by realizing a better matching; however, this requires ML optimization which,
in turn, leads to the entire design modification. Computed PTE, using the measured data,
is about 60% at 300 MHz while, for the communication bands of 500 MHz and 900 MHz,
it is above 65%. Finally, it was shown that the power transfer occurs with 60% efficiency
regardless of the splits at 300 MHz and 500 MHz, which was measured utilizing (3.4).
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Figure 5.24. Designed different UCs to realize the required coding
elements (Y = 10 mm): (a) UCI, ‘10’, ¥ = 9.6 mm, £ = 0°; (b) UCII,
‘01, ¥ =7.99mm, £ = 15°; (¢c) UCIII, ‘00°, ¥ = 7.41 mm, £ = 30°;
(d) UCIV, ‘11°, ¥ = 6.29 mm, & = 45°.

5.6 Digital Metasurface for WBAN Applications

5.6.1 Digital MS Modeling

Over the recent years, coded MS has greatly progressed owing to the EM wave control
ability. The first step in incorporating coding and EM wave is to encode the wave phases
of unit cells (UCs) utilizing ‘0’ and ‘1’. As a result, MS in a variety of forms can be
entirely converted into a digital sequence. In essence, it is important to note that the

appropriate design of UCs is vital as they define the overall coded MS performance.

5.6.1.1 Unit Cell Design

The use of generalized Snell’s law to manipulate the phase of EM waves has gained
prominence. In general, the binary code elements ‘0’ and ‘1’are used to characterize the
EM phase responses that can be accomplished with the appropriate UCs configuration.
To meet this requirement, four different UC structures, illustrated in Fig. 5.24, have been
proposed. It is important to note that UCs have an area of T x T and are built on the
Rogers RO3003 substrate. In particular, one layer of a dielectric material (hs = 1.52 mm)
and two layers of annealed copper (h, = 0.035 mm) compose designed UC. Furthermore,
the bottom side of a substrate is fully covered by copper which acts as a ground plane
while square patches, with W x W area, are located on the top side. The patch size was
adjusted to control the EM phase response at the desired operating frequency. In addition,
UC types II, III, and IV were rotated by the £ angle to achieve various phases.

In general, digital MS can assure the modification of the reflected wave’s amplitude
and phase in a certain frequency band. For example, it is envisaged that the phase dif-
ference is m when 1-bit coding is adopted while it becomes 7 for the 2-bit configura-
tion. The necessary 90° phase shift at the selected frequency was achieved by designing
different UCs which can be seen from Fig. 5.25a. Particularly, the respective phase re-

sponses for separate 2-bit coding elements of ‘10°, ‘01°, ‘00’, and ‘11 were obtained by
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Figure 5.25. Obtained UC results: (a) phase; (b) amplitude.

designed I, II, I1I, and IV UC types. Furthermore, it should be noted that digital MS is de-
signed to operate at 9 GHz whose phase responses at each coding element are as follows:
‘00°’= 20.11°, ‘0I’= —69.8°, ‘10°’= —159.96°, and ‘11’= 110°. In addition, Fig. 5.25b
presents the amplitudes for all states that confirm a good reflection with the minimum

value of 0.989 corresponding to ‘00’.

5.6.1.2 Metasurface Development

Designed UCs can be aptly utilized to develop digital MS with various configurations
and, subsequently, different behavior. For example, the generalized Snell’s rule states that

the employed coding pattern determines the scattered reflected EM wave from designed
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Figure 5.26. Coding configurations: (a) column-wise; (b) chessboard-like.

MS [107]. The generic coded MS pattern, using two distinct approaches, is illustrated
in Fig. 5.26. In particular, the use of the column-wise pattern leads to an abnormal
reflection whereas the chessboard-like configuration results in the multi-beam generation
[107]. Finally, CST was used to perform EM simulations of designed digital MS under
the assumption that the incident EM wave to MS is a plane wave.

It is apparent that the potential mutual coupling between neighboring UCs decreases
the performance of developed coded MS. Therefore, array-type MS with the K x K
size was formed, with separate array elements comprising of H x H UCs. As a result,
K x H x T is employed to estimate the overall size of developed array-based digital
MS. Furthermore, the generalized Snell’s law describing the scattering pattern of MS is
given in (5.1) [113]. Here, % is the phase gradient between air and digital MS; \ stands
for the wavelength; ; and 6, represent the incident and reflected angles of the EM wave,

accordingly. Furthermore, because of the 2-bit coding configuration, the periodicity of
2
p
addition, considering the normal incident EM wave (i.e., sin 6; = 0), the reflected wave’s

the gradient is expressed as p = 4HY, therefore, =& represents the phase gradient. In

direction angle can be defined employing (5.2) [107].

A 0o
in(#,) —sin(6;) = ——, 5.1
sin(6,.) — sin(6;) 5 P (5.1)
arcsin (2. , if “colum-wise”;

arcsin (57 ) , if “chessboard-like”.

The reflected EM wave angle from MS is defined by the appropriate values of K,
H, and T. Consequently, two-bit coded MS with K = 4 and H = 3 was generated
to illustrate the beam steering and multi-beam generation phenomena. Following that,
the reflected wave angles of developed digital MS were calculated using (5.2). To be
more specific, it was identified that the incident angles are equal to 16.11° and 33.72° for

the column-wise and chessboard-like coding configurations, respectively. Moreover, Fig.
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Figure 5.27. Radiation patterns: (a) copper plane; (b) column-wise;
(c) chessboard-like.

5.27 presents a three-dimensional illustration of the reflected radiation pattern from full-
wave EM simulations. The reflected wave angle is 0° when the top side of MS is coated
by copper, as shown in Fig. 5.27a. Additionally, the beam steering is aptly shown in Fig.
5.27b whereas Fig. 5.27c exhibits the multi-beam generation capability of designed MS.

5.7 Considered WBAN Application Scenarios

The introduction of internet access via wireless systems has resulted in a new paradigm
in several areas of human life. Over the last few years, there have also been huge ad-
vancements in the multitude of disruptive tools and technologies. One such innovation is
considered SWIPT which has an ability to completely reshape the emerging WBAN appli-
cations. SWIPT (i.e., MB WPTs) can support both power as well full-duplex data transfer
between Tx and Rx by means of separately dedicated frequency bands. The reliable func-
tionality and implementation of WBAN are primarily dependent on the communication
systems, the foundation of which is SWIPT. Hence, the design and deployment of SWIPT
systems may serve as a fillip, reigniting the generic concept of WBAN.

Fig. 5.28 depicts a conceptual representation of the envisaged WBAN application
scenarios. It is assumed that a patient is equipped with in- and on-body sensors that
detect, sample, and transmit essential information to a processing node. The received
data then be processed further by the latter for health condition monitoring, diagnosis,

and treatment. In this instance, it is pertinent to mention that IMDs are essentially the
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Figure 5.28. Considered application scenarios: (a) Scenario 1: one
moving patient; (b) Scenario 2: concurrent two patients.

SWIPT systems whose embedded batteries can be continuously charged using the unique
capabilities of designed digital MS such as a multi-beam generation and beam focusing.
Furthermore, the re-configurable feature of developed MS is assumed to be able to fol-
low the patient [107]. In particular, when the person is in the 1st position, the reflected
radiation pattern of an EM wave will focus on that location. Moreover, if the patient’s
position is changed, the main beam’s angle will be adjusted immediately. On the other
hand, Scenario 2 is considered to take the advantage of the generated multi-beam feature.
For instance, the developed multi-beams enable the simultaneous focusing of two or more

patients (or devices).
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Figure 5.29. Experimental measurement and fabricated prototypes:
(a) column-wise; (b) chessboard-like; (¢) experimental setup.

5.7.1 Experimental Results and Discussions

Fig. 5.29 shows the manufactured working prototype of two-bit coding MSs and experi-
mental setup. The UC-based digital MS reflector was built using Rogers RO3003 which
has the next characteristics: hs = 1.52 mm; A, = 0.035 mm, £, = 3; and loss tangent (¢)
of 0.001. Furthermore, developed coded MS is composed of a 4 x 4 array, each compo-
nent of which includes constructed 3 x 3 UCs. Subsequently, this configuration led to a
total MS antenna area of 120 x 120 mm?. It is also important to note that all necessary
measurements were taken in an anechoic chamber. Moreover, two double-ridged waveg-
uide horn antennas (ETS-Lindgren, 3115-PA), acting as Tx and Rx, were used during

the experimental tests. In addition, the Tx antenna was placed 2.2 m away from the MS
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Figure 5.30. Beam patterns of digital MS: (a) column-wise;
(b) chessboard-like.

reflector and fed by a signal generator (Keysight Technologies, N5173B).

Fig. 5.30 displays the beam patterns of reflected waves from designed digital MS
that uses two different coding patterns. Full-wave simulations performed with CST re-
vealed that the EM wave beam is reflected with 15.1°, as shown in Fig. 5.30a, when the
column-wise method is followed. The chessboard-like arrangement, on the other hand,
contributed to the multi-beam reflected waves. Specifically, the created beams had the
reflection angle of 32.2°, as depicted in Fig. 5.30b. It is worth noting that the ideal match

between the simulation and experimental results for both considered configurations well
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validates the general idea of digital MS. Finally, one can state that demonstrated MS with
interesting properties has a huge potential to advance the SWIPT technology in the con-
text of the WBAN infrastructure.

Summary

The practical DB and TB SGP-based WPT systems with concurrent power and data trans-
fer abilities have been presented in this chapter. It is imperative to mention that both real-
ized WPTs make effective use of the SGP technique to miniaturize the overall resonator
area. Furthermore, the realized SWIPT system possessed the 3 MHz bandwidth, at the
frequencies purposed for data exchange, making the system support high and low data
rate applications. Besides, compact digital MS with beam focusing and multi-beam gen-
eration features have been realized that can facilitate the SWIPT technology in WBANS.
Finally, all the presented design concepts have been validated by the appropriate experi-

mental measurements that eventually give the realized system a practical significance.
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Chapter 6

SGP-based WPT Performance Analysis

A thorough analysis of SGP-based resonators designed for WPT applications is reported
in this chapter. For the first time, new findings that relate a resonator and WPT perfor-
mance metrics to the slot shape, Q, SWE, and RL are presented in a very comprehensive
manner. As a case study, a single-loop polygonal shape was considered to carry out all
analysis and investigations. It has been identified that the slot shape has no impact on the
performance of resonators and, hence, the developed WPT system. Instead, the perfor-
mance is hugely dependent on Q of resonators regulated by the chosen slot area. These
findings allow the conceptualization of systematic analysis of WPT systems and the de-
velopment of design schemes that are readily realizable, and they also enable a signifi-
cant improvement in PTE. The developed prototypes conforming to the ISM frequency
bands show an enhancement in PTE to the extent of 11% during the measurements. The
proposed analysis and design approach are very important steps in advancing the state-
of-the-art RF WPTs. In essence, this has a potential to reinvigorate stagnated SGP-based

WPTs so as to facilitate the requirements of low-power applications.

6.1 Introduction

The WPT systems have the potential to bring a complete turnaround in a variety of
emerging applications. They have been lately employed in a number of segments such
as biomedicine, consumer electronics, micro-robotics, vehicular, and emerging wireless
technologies [114,115]. WPTs can be broadly classified into far- (radiative) and near-field
(non-radiative) types [116]. If the former is accomplished using protocols, namely, time-
switching and power-splitting relaying methods [117], the latter is achieved by following
any of capacitive or inductive techniques [118]. In this context, it is imperative to mention
that the concept of MRC also falls under the umbrella of inductive coupling. This essen-
tially enables the synchronization of the resonance of Tx and Rx to enhance the WPT
performance. It should be noted that a number of factors, namely, power level, coupling
degree, operating frequency, resonator structure, and size, influence the performance of
MRC-based WPTs [25]. Tx and Rx in such WPTs are resonators for which a number of
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design techniques exist in literature. For example, cubic high dielectric [64] and cavity
resonators [14] have proven their usefulness in the highly efficient WPT design. Nonlin-
ear resonators, on the other hand, are extremely effective at solving the WPT constraints
caused by coupling variations [65]. The coils with a parallel configuration, as compared
to the series ones, are more suitable for obtaining load-independent WPTs [119].

The literature is replete with reports that discuss the methodologies for resolving the
WPT challenges by utilizing distinct slots such as ellipse, square, triangle, circle, hexagon,
U, C, E, H, etc. [44]. Furthermore, SGP also enables ready scalability to the MB resonator
operation which is considered the backbone for the successful realization of WPT systems
that can support SWIPT [120]. Moreover, the high-Q resonators (in any form) increase the
energy coupling, which successfully compensates for the efficiency degradation caused
by low couplings [25]. Interestingly, the SGP shapes demonstrate their effectiveness in
obtaining high Q [89]. As aresult, there are some existing reports that made the utilization
of high-Q resonators to develop SGP-type WPTs with excellent performance [44].

It is important to mention that different SGP shapes also bring a compactness to the
resonators and eventual WPTs. In essence, the role of SWE is paramount in achieving the
size reduction [121]. The microstrip designs can be converted into slow-wave structures
by incorporating quasi-lumped elements, different stubs, and conducting strips [122]. Fur-
thermore, the effect of SWE can be maximized by increasing the effective permittivity and
permeability [123]. In addition, RL also adversely affects various performance metrics
of WPTs. It has been shown that the SGP approach has the potential to significantly re-
duce RL over a wide spectrum of frequency bands and is, thus, considered an excellent
candidate for the design of WPTs [96, 124, 125].

6.2 Motivation

A literature survey reveals that the development of SGP-based WPT systems entails the
use of a slot shape in the ground plane to optimize their performance. This leads to the
premise that selecting a slot type is commonly a dilemma. However, it is imperative to
note that these papers often overlook the other critical parameters such as Q, SWE, and
RL that are equally critical in the design of WPT systems. Therefore, the motivation is
to first conceptualize various SGP-based WPT architectures in terms of the three above-
mentioned parameters. Subsequently, to develop a mechanism for identification of the slot
shape in the ground plane that can provide superior performance in terms of these three
parameters. It is anticipated that the reported comprehensive analysis and subsequent
contributions of this paper may give a new direction to the design techniques for the SGP-
based WPT systems.
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6.3 Contribution of the Chapter

As a case study, generic single-loop polygonal slots in the ground plane are considered to
investigate their effect on the performance of the resonator and resultant WPT system. In
this case, the slot can be a triangle, a square, an octagon, a hexagon, or a circle when the
sides of a polygon are altered. Consequently, this allows simultaneous observation of the
impact of multiple slots on resonator key parameters. As a result, the thorough analysis

and subsequent findings have led to the below-listed contributions:

* The development of a theoretical postulation that the resonators with a wide variety
of slot shapes and slot areas exhibit excellent RL at the frequency range below 1

GHz and the subsequent experimental demonstration.

* The test and validation of the SWE concept in the single-loop polygonal slot-based
resonators. Then, the exploration of the finding that the change in slot shapes neg-
ligibly affects SWE.

* The investigation and analysis show that the single-loop polygonal slots with dif-
ferent numbers of sides and possessing the same slot areas exhibit nearly same
achievable Q.

* The experimental evaluation of the developed theoretical postulations about the im-
pact of slot’s shape and area on the performance of resonators and the eventual
WPT systems. In particular, the demonstration of using smaller slots (i.e., greater
Q) for achieving higher PTE. The exampling prototype achieved an enhancement
of 11% in PTE with the reduction in the slot area.

* Finally, it can be assumed that the provided assessment and explorations may be

very beneficial in advancing existing SGP-type WPTs.

6.4 Resonator Overview

It is well established that the characteristics of resonators regulate the performance of
WPT systems. Therefore, a brief discussion and explanation of the conventional and SGP-
based resonator design strategies are included in this section to understand the nuances

involved in the designs.
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6.4.1 SGP Technique

The last decade has seen an increased interest in the SGP-based design of high-frequency
circuits [124]. It provides a number of benefits including the circuit miniaturization. Fur-
thermore, variously shaped SGPs are employed to improve the performance of microstrip
technology-based circuits. For example, the use of SGPs can assist in realizing the circu-
lar polarization [126], enhanced polarization purity [98], increased bandwidth at X- and
Ku-bands [127], and filtering structures with different characteristics. The key premise
behind the SGP methodology is to create slots on a ground plane in order to change the
current flow path [128]. The influence of etched slots is multifaceted and, as a result, they
can lead to a variety of outcomes. In essence, in the presence of slots in the ground plane,
the typical behavior of transmission lines is significantly modified [129]. As a conse-
quence, MLs demonstrate different stop-band features because of the values of effective
L and C caused by the slot. Additionally, the circuit’s characteristic impedance (Zsgp)
can be found using (6.1) [130]. Here, Z, = 50 2 and I is computed as |I'| = 4051,

6.1

The SGP-based resonators can be modeled as the parallel RLC' [89] or LC' [131]
circuit whose respective values can be extracted from available EM simulation software
and in consonance with (3.12)—(3.14). In addition, unloaded Q of the parallel resonant

circuit can be expressed by (4.6).

6.5 Performance Evaluation

The properly designed SGP-based resonator architectures are critical components of mag-
netically coupled WPT systems. It should be noted that these resonators predetermine the
eventual WPT performance. Hence, there is a need for a thorough analysis of resonators
that can be regarded as the first vital step toward a successful WPT system. Fig. 6.1
illustrates the SGP-based resonator, its typical measurement, and characterization setup.
Its structure consists of three layers, i.e., a single layer of a dielectric material and two
layers of copper. The slots are introduced on the bottom side (i.e., a ground plane) while
the top side stays unchanged. E, placed below ML aids in the creation of a resonance. It
is worth noting that the analysis, design, and optimizations are carried out using EM and
circuit simulation software such as CST and ADS.

This work examines the polygonal single-loop slots presented in Fig. 6.1a. By its
feature polygons are closed geometrical figures confined by straight sides. Besides that,

the slots under consideration are assumed to be universal as they can change their form
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VNA SGP-based

Figure 6.1. The structure of SGP-based resonators (bottom/top) and their
measurement: (a) characterization setup; (b) 7 = 3; (¢) 7 = 4;
(d) 17 =8;(e) 7= 32; (f) top.

by modifying the number of sides (7). Thus, the slot geometry can be transformed into
various shapes. For example, according to given 7, the slot can be a triangle (7 = 3), a
square (7 = 4), a pentagon (7 = 5), a hexagon (7 = 6), a heptagon (7 = 7), an octagon
(r = 8), anonagon (7 = 9), a decagon (7 = 10), efc. Moreover, it is apparent that a
large value of 7 leads to the circular shape. In these explorations, however, 7 = 32 is
sufficient to form a circle considering the small area of developed resonators. In addition,
the important parameters of the studied slot shapes, such as the in-radius (¢) and length of
sides (), can be defined using (6.2) and (6.3), respectively. Here, 7 € {3,4, ... 32} and,

apparently, T 7 —| x.

180°

¢ = pcos o (6.2)
180°

X = 2psin — (6.3)

All resonators are developed utilizing the Rogers’ RO4350B board and have the same
area of 25 x 25 mm? for a fair comparison. Furthermore, the selected substrate has hg of
1.524 mm and A, of 0.035 mm. Besides, ports of resonators are connected using ML with
the 3.4 mm width (). In turn, the ports facilitate the connection of resonators to VNA for
characterization purposes. It is pertinent to note that polygonal shapes, with different ¢,
were considered during the studies for the sake of accuracy and scalability. Particularly,

chosen ¢ of 6 mm, 12 mm, and 18 mm led to the distinct slot areas. Besides, the 7
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value was changed from 3 to 32 to form different slots which, in turn, resulted in various
current flow paths on the ground plane. Analyses were performed in terms of three main
resonator parameters such as the radiation loss, slow-wave factor, and quality factor. The
subsequent discoveries of analyses and their experimental validation are discussed in the

remaining parts of this chapter.

6.5.1 Radiation Loss

The extensive explorations of RL within the realm of microwave and wireless compo-
nents are of great interest [132]. The SGPs’ EM fields (i.e., electric and magnetic) are
distributed in an open space, which can result in a significant EM radiation. Further-
more, this phenomenon may lead to an increase in the insertion loss [133]. Therefore,
during the design of the microwave components, the predominant aim is to reduce the
RL level [125]. In addition, RL of the developed SGP-type resonators can be computed
employing (6.4) [96].

T=1—(|Sul*+ |Su]?). (6.4)

The RL dependence on 7 of polygonal single-loop-based resonators obtained from the
EM simulation environment is shown in Fig. 6.2. These results reveal that RL possesses
smaller values at lower frequencies, as compared to the higher bands. Although RL does
not exceed 40% in any of the cases, the resonators with smaller slots demonstrate lower
values. In particular, regardless of the shape variation and change in ¢, RL is less than
5% for the frequency range below 1 GHz. Therefore, it is safe to state that resonators
with any shape and slot area can be utilized for the realization of WPT system operating

around these frequencies.

6.5.2 Slow-Wave Effect

Low-frequency circuits, in general, necessitate boards with a huge area. As a concept,
board size reduction is the process of reducing a circuit’s frequency response while leav-
ing all other parameters the same. This necessitates using different innovative solutions
to reduce the overall circuit size, and one such approach is related to SWE [121]. The
fundamental idea behind SWE is to store the maximum magnetic and electric energy in-
dependently. In general, the ML technology-reliant circuits are unable of reducing phase
velocity to less than Ei Because in such systems the utilized substrate’s €, define the
length of the transmission line [134]. In turn, the reduction of a phase velocity results in
a smaller wavelength [135].

The SGP technique shows the SWE features which allow to control of SWF and,
in turn, the circuit miniaturization [136]. It essentially shows the rate of interdependence

between the ML propagation constant and wave number in free space. As a concept, SWE
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Figure 6.2. Simulated RL of different SGP-based resonators:
() ¢ =6 mm; (b) ( =12 mm; (c) ( = 18 mm.

is demonstrated by the shift of resonance towards lower frequencies. Moreover, SWF of
the SGP structure is computed using (6.5) [96]. Here, « stands for the ML length; A,
represents the guided wavelength; A# is a phase difference for ML, either with or without

an etched slot. Finally, (6.6) can be utilized to find an average effective permittivity of a
circuit.

Ao Ad
- o :
260n T VE (6.5)
1 e — 11 h\ 0?
S (1 + 12—) . (6.6)
2 2 0%

6.5.3 Quality Factor

It is important to mention that high-performance coupling-based WPTs rely on high-Q
resonators. For example, as the transmission distance between Tx and Rx increases, the

coupling weakens, necessitating a rise in Q of resonators in order to improve PTE [86].
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Keeping this in the perspective, a number of reports discussed the increase in Q by chang-
ing the coil structures or proposing new innovative solutions [137, 138]. Furthermore,
the SGP method can also enable achieving high Q by controlling the geometry of given
SGP shapes. Two different approaches can be used to determine Q, particularly, using the
values of either RLC [89] or LC' [95]. It should be noted, at this instance, that there is an
extremely small difference between these two approaches. However, in these analyses, Q
was defined following the conventional method which uses (6.7). Here, [ represents the

“—3” dB bandwidth. 5
_ Jo
Q bw

The SGP-based resonator has a resonance behavior, where L comes from ML whereas

(6.7)

the constant capacitance is produced by fixed E,. It is apparent that it results in a resonant
frequency that potentially may vary from the desired one. Consequently, there is a need
for a solution that helps control the resonance (i.e., the system’s operating frequency).
Within the concept of SGP-based resonators, it can be achieved by loading C, in the
excitation gap. Subsequently, C, with the aptly set value aid in the control of resonant
frequency. The appropriate values of C, were incorporated to further investigate the cho-
sen slot shapes and achievable Q at the practical frequencies. It is pertinent to note that the
selected frequency was 900 MHz which complies with the ISM bands. Furthermore, 7 of
the polygonal shape was fixed to four (which is common for all) and only ¢ was modified.

6.5.4 Experimental Validation of Resonators

The prototypes depicted in Fig. 6.3, included for investigation purposes, were fabricated
using the same substrate (i.e., RO4350B) as utilized during the EM simulations. Fur-
thermore, the experimental evaluations of these prototypes were carried out using the
Keysight PNA-X (N5247B)-based setup shown in Fig. 6.3. At the outset, Fig. 6.4 com-
pares the simulation and experimental RL results for resonators with different slots. Ap-
parently, the measurement outcomes are in perfect consonance with the corresponding
EM simulation results. There is a slight anomaly and it is evident with a minor effect of 7
on RL; however, the resonators with greater ¢ exhibit a trend of having higher RL. Particu-
larly, experimental RL of about 7.5%, 20.5%, and 26% were computed for the SGP-based
resonators with ¢ of 6 mm, 12 mm, and 18 mm, respectively. It is worth mentioning that
these values were calculated considering the initial resonance of resonators.

Next, Fig. 6.5 depicts the transmission phase values of the fabricated resonators with
and without SGPs. It can be readily inferred that the phase responses of resonators, based
on single-loop polygonal slots with different 7, are nearly similar in both simulation and
experimental measurements. The utilization of these obtained values and (6.5) enable the

SWEF calculation. The EM simulated and experimental results of SWF for the designed
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Figure 6.3. The resonator measurement setup and few examples of

fabricated prototypes: (a) ( = 6 mm, 7 = 4; (b) ( = 12 mm, 7 = 16;

(¢) ¢ = 18 mm, 7 = 32; (d) top; (e) no slot; (f)—(h) resonators with
loaded SMD capacitors.
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Figure 6.4. Obtained results for RL vs 7.

SGP-based resonators, possessing the proposed slots, with varying 7, can be seen in Fig.
6.6. It is pertinent to note, in this instance, that there is an excellent agreement between
both simulated and experimental results. These results allow conveying that the impact
of variations in polygon’s T has a negligible effect on SWF, whereas it gets significantly
impacted with the variation in ¢. It is also obvious that SWF rises to its maximum value
around the resonant frequency and then falls suddenly. In this particular case, it is worth
mentioning that the resonance of around 3.9 GHz, 2.45 GHz, and 1.75 GHz was obtained,
when ¢ = 6 mm, ¢ = 12 mm, and ( = 18 mm, respectively.

For the evaluation of Q, one can assess obtained Q for polygonal single-loop SGP-

based resonators with different 7 shown in Fig. 6.7. It is apparent that, although 7 of
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Figure 6.7. Q vs polygonal slots with different 7: (a) ( = 6 mm;
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the proposed slot is shape-dependent, all resonators achieve nearly same Q. However, it
further reveals that the resonators with smaller slots possess higher Q. This finding leads
to the idea that Q is more reliant on the slot area rather than the type of shapes. As
a consequence, it is fair to conclude that the shape does not play a significant role in
achieving high Q. Furthermore, the obtained experimental results in Fig. 6.7 also validate
this discovery. The measured Q values of the resonators with ¢ = 18 mm slot are almost
three times smaller than the ones with ¢ = 6 mm slot. In addition, it can be easily gleaned
that experimental Q of the resonators with the smallest slots falls between computed Q
using the RLC and LC methods. However, for bigger slots, the experimental Q values are
smaller as compared to the EM simulated results. This slight anomaly may be attributed
to the higher losses associated with bigger slots. Thus, it is safe to convey that both
approaches can be only used to approximate realized Q.

On the other hand, Fig. 6.8 presents the EM and circuit simulations along with the
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Figure 6.8. S»; vs frequency results for resonators with 7 = 4 and
different ¢: (a) sim.; (b) exp.; (¢) LC; (d) RLC.

experimental results of SGP-based resonators. It can be clearly seen that the resonance
for all three cases occurs at 900 MHz. It can also be seen that the resonator with a smaller
slot area possesses higher Q and it reiterates the earlier findings mentioned above. In

particular, using (6.7) gives respective Q of 3.72, 1.22, and 0.67 for ( = 6 mm, ( = 12
mm, and ( = 18 mm.

6.6 WPT Development

The use of the MRC-based technique in the design of near-field WPT systems signifi-
cantly enhances the overall system performance [139]. Apparently, the successful real-
ization of this method highly depends on the performance of the SGP-based resonators
which act as the system’s end-modules. In such systems, one resonator acts as Tx whereas

another one is Rx. Essentially, the optimized resonators, meeting the WPT specification
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Table 6.1. Parameters of fabricated resonators for WPTs.

Ce (PF) «a(mm) ~ (mm)

¢ =6 mm 3 16.7 3.4
¢ =12 mm 0.9 16.4 3.4

requirements, can be coupled at a certain proximity to achieve the power transfer wire-
lessly. In this instance, it is important to highlight that the coupled resonators should
oscillate at the same frequency. The creation of an EM field is successfully achieved
when the appropriate coupling is met. Thereby, the power transfer, from Tx to Rx, be-
comes possible at the selected frequency [120]. It has been well established that PTE of
coupling technique-based WPT systems is mainly influenced by two key factors, namely,
Q of the unloaded resonators and %k between Tx and Rx [86]. It has been reported that
k decreases rapidly with the increase in a separation distance between the coupled res-
onators and this, in turn, leads to reduced PTE [25]. Therefore, the high-Q resonators are
used to achieve high PTE from the WPT systems with weak & [140].

As mentioned earlier, the development of WPT systems requires two resonators, one
each working as Tx and Rx, which are appropriately designed to meet the WPT speci-
fications. Once these are brought in close proximity, the wireless power transfer starts.
However, as the first step, from these coupled resonators working as the sub-optimal WPT
systems, some key parameters should be extracted. This enables the impedance match-
ing, i.e., between the resonators and 50-€) ports (P1 and P2). This makes sure that there
are minimal losses at the ports. The required matching was performed aptly using the
J-inverter approach which also aided in the retrieval of WPT’s important parameters. In
addition, once the design phase is over there is a need for the final optimizations to further
enhance the obtained outcomes.

As shown in the previous section the ( change affects the resonator performance more
as compared to the 7 variation. Therefore, the square slot-based resonator with two dif-
ferent slot areas (i.e., ( = 6 mm and ( = 12 mm) were selected to show the influence of
this new finding on the WPT system performance. The resonator parameters for the WPT
development are given in Table 6.1. Furthermore, the RO4350B board (with £, = 3.48 )
was used for prototyping the designed resonators. Two same SGP-type resonators were
fabricated, for both cases, to implement the WPT system. The high-tolerance capacitors
(SMD-type) with the required values were soldered to all fabricated resonators. It is worth
noting that both WPTs are designed to work at 900 MHz. The developed resonators of
WPT systems were perfectly aligned and separated by 25 mm during the experimental
measurements. Fig. 6.9 depicts the general WPT experimental measurement and real-

ized two WPTs. Moreover, SMA-type connectors were used to connect Tx and Rx to the
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Figure 6.9. WPT measurement setup and fabricated resonator prototypes.

semi-rigid cables. In turn, they were connected to the probes of employed VNA (PNA-
X, N5247B) by means of two adapters. Consequently, this allows the measurement of
S-parameters of WPT, which can then be utilized to compute PTE.

The simulation and measurement results, depicted in Fig. 6.10, show a very good
agreement for both example prototypes. The values of S;; convey that these resonators
used in the development of WPT possess remarkable impedance matching at the chosen
frequency. On the other hand, the values of Sy; demonstrate an excellent transmission ca-
pability at the operating frequency of 900 MHz. These outcomes can be used to calculate
PTE of developed WPTs using (3.6). The respective simulated efficiencies obtained from
the EM simulation results for ¢ of 6 mm and 12 mm are 78% and 72%. The corresponding
experimental values for ¢ of 6 mm and 12 mm are 73% and 62%, accordingly. It is clear
from both simulation and experimental results that PTE for WPTs with smaller ( is higher
when compared to PTE for WPTs having bigger (. Furthermore, there was a 6% decline
in PTE during the simulation whereas the reduction in the experimental value was 11%
for the two example cases. This outcome again highlights the extreme importance of Q
in the practical realization of high-performance WPT systems. Just to reiterate, the larger
slots (signified by greater () lead to lower Q. On a side note, PTEs degrade more during
the experiments, as compared to the simulations, owing to the non-idealities associated
with all the utilized components and, thus, incur extra losses which ultimately lead to
reduced PTE:s.
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Chapter Summary

Systematic analysis to understand the behavior of single-loop polygonal slot-based res-
onators has been reported in this chapter. The emphasis has been on achievable Q, SWEF,
and RL using various slots as these are the key parameters of resonators. It has been
demonstrated that the area of the proposed slot plays a major role in the resonator perfor-
mance when compared to different shape types. The new findings, from the carried-out
investigations and analysis, can facilitate the realization of high-performance yet robust
SGP-based WPT systems.
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Chapter 7

Conclusions and Future Works

Over the recent years, both FF and NF WPT systems have emerged as an advancing tech-
nology that covers a broad range of applications. Within the realm of NF WPTs, MRC-
based WPT systems are of significant interest due to their superiority, namely, greater
PTD, higher PTE, and operation at the MHz region. In this context, it is imperative to
mention that the use of the SGP concept in the design and realization of miniature, ro-
bust, and high-performance MRC-based NF WPTs has gained prominence. In addition,
SGP allows developing the MB WPT systems that can support the simultaneous wireless
power and data transmission regime.

The SGP technique has been utilized in the development of the practical performance-
enhanced SB, DB, and TB WPT systems. In particular, distinct geometrical slots such as
the plus, Archimedean coil, square, and double-ellipse were considered in the design of
SGP-based NF WPTs. It is imperative to note that all realized WPTs demonstrated high
FoMs. Furthermore, the data exchange aspects of SWIPT were investigated during the
design process for the first time, specifically, the achievable bandwidth at the commu-
nication bands was examined. Subsequently, the parameters of the developed SWIPT
system were optimized to achieve 3 MHz at the frequencies dedicated for data transfer.
In turn, this property allows realized SWIPT to support various low-power applications
necessitating low and high data rates. In addition, two-bit coded MS with beam focusing
and multi-beam creation capabilities has been realized that facilitates the SWIPT technol-
ogy in WBAN. It is also worth noting that all designed SGP-type WPTs were validated by
the appropriately carried-out experimental measurements and, consequently, this makes
the realized WPT systems practically viable. Finally, it is presumed that implemented
WPTs with superior characteristics have a potential to lift this domain to a new height.

A thorough assessment of resonators using single-loop polygonal slots has been pro-
vided in terms of three key parameters such as Q, SWF, and RL. Subsequently, it was
explored that the slot area is more important than different slot geometries. It can be ex-
pected that the explorations of this work may serve as a catalyst for maturing the general
SGP-based WPT systems. Furthermore, it has been reported that WPTs utilizing such

resonators can be designed in a first-pass manner with an excellent agreement between
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the simulation and experimental results. In particular, it has been shown that the increase
of 11% in PTE was achieved experimentally by WPT having a smaller slot area when two
WPTs with different slot areas were compared.

It is important to note that, recently, the SGP-based WPTs have gone through consid-
erable progress. However, still, there is a need to advance this technique so as to make it
practically realizable and appealing for real-time applications. Three examples of poten-

tially useful directions are elaborated below:

* It is well-known that high Q leads to a smaller bandwidth. In scenarios, where
WPTs are also used for the data transfer the achievable data rate becomes impor-
tant which is directly related to the bandwidth. Hence, huge trade-offs are needed
in the system design process where the applications require both power and data
transfers. Furthermore, the other parameters of planarized circuits can affect both
power and information in different manners. This aspect can be addressed by the
use of machine learning algorithms to achieve optimal design solutions. This will

bring a paradigm shift in this field.

* In general, the SGP-based WPT systems are extremely sensitive, and this fact is
often reflected in the mismatch between the simulation and experimental perfor-
mance. This necessitates a robust measurement and characterization strategy in

addition to a robust design scheme to mitigate measurement-related issues.

* It is apparent that the performance of MRC-type NF WPTs degrades considerably
when Tx and Rx are not aligned perfectly. In this regard, the artificially designed
MTM slabs can be remarkably beneficial. For example, the slabs can be placed
between the Tx and Rx resonators, which can help manipulate generated H in the
direction of the Rx location. Thus, there is a MTMs and SGP-type WPTs that aids

in designing the misalignment-insensitive WPT systems.
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