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Abstract

Wireless power transfer has the promise to eliminate power cords and radically change how we
interact with technologies involving electricity. However, existing approaches fail to embody
this vision because achieving “high-power” and “wide-range” all at once in wireless power is
challenging; microwave-based methods have limited power-levels due to safety concerns, and
inductive systems using coils suffer from the narrow powering range.

In this thesis, 1 explore the fundamental physics, system design, and deployment of
cavity-inspired, magnetoquasistatic wireless power technologies for drastically extending the
powering range of inductive approaches, which are known to be capable of safely delivering
higher power-levels. Unlike previous coil-based methods, the presented techniques leverage
the widely distributed currents on conductive surfaces around the target volume for generating
widely distributed 3-D magnetic field patterns while confining the troublesome electrical
field within embedded circuit components. The presented approaches enable high-power,
high-efficiency, and safe wireless power transfer over large areas, which would unlock device
modalities that were previously inaccessible owing to limitations in power supply technologies.

Chapter 1 introduces the vision I aim to embody, describes the confronting challenges, and
defines the scope of this thesis. Then, I provide a brief survey of relevant topics and research
in chapter 2 to motivate the technologies developed in this thesis.

Chapter 3 presents an approach termed multimode quasistatic cavity resonance for enabling
efficient wireless power throughout the full room-volume. This approach drastically extends
the powering range of previous quasistatic cavity resonators, which could only cover half
of the room volume, by introducing “multimode” features. By appropriately arranging
conductive surfaces around the empowered volume and leveraging the nature that surface
conductors can accommodate multi-directional and widely distributed current, this approach
generates multiple, mutually unique, widely distributed 3-D magnetic field patterns within the
room-volume. These modes used together achieved a power delivery efficiency exceeding
37.1% throughout the constructed test room (with dimensions of 3 m X 3 m X 2 m), and power

exceeding 50 W could be delivered to mobile receivers, in accordance with safety guidelines.



ii

Chapter 4 empowers Iol' nodes by utilizing the room-wide channel for wireless power
and low-power communication. This work reuses the room-wide wireless power transfer
system as a communication channel, where nodes communicate with a centralized reader and
each other via load-modulation. Because this communication system works in the near-field
regimes where the source and the nodes intensely interact, and the communication signals
and power inputs coexist, the incoming signals have a large dynamic range. To overcome this
challenge, I develop a hardware/software-combined decoding circuit to normalize the incoming
signals and read out the embedded data bits without distortion. Furthermore, I provide a
theoretical analysis of the channel, followed by performance evaluations of communication
and power transfer to validate this analysis. The proposed system shows that ten receiver
nodes fully-equipped with custom-designed front-ends and power management units can be
safely and efficiently wirelessly charged through analysis and experiments. The end node to
end node communication rate can achieve from 1 kbps without occurring any errors, up to
5 kbps with a 6% bit error rate (BER), while the end node to the central unit can achieve
10 kbps without occurring any errors.

Chapter 5 tackles the challenge for powering pebble-scale (i.e., a few cm) devices via
room-scale transmitters. Such significantly asymmetric transmitter/receiver links suffer from
a 1/a* degradation with increasing transmitter/receiver size ratio a; thereby, room-scale power
transfer systems can barely empower pebble-scale devices. Inspired by optical lenses, I present
a concept termed hierarchical resonance, which efficiently bridges significantly asymmetric
transmitter/receiver links by focusing the ambient magnetic field using relay modules. General
large-scale inductive transmitters can introduce this hierarchical link by placing low-cost,
low-power, maintenance-free relay modules within the powering range. This approach offers
a much more robust and efficient link than straightforward methods, which directly couple
large transmitters with small receivers. I demonstrated the proposed concept and show that
the hierarchical link increases the power efficiency by more than ten times compared to direct
power transfer. Furthermore, I demonstrate a 500 mW power supply to pebble-sized (20 mm)
devices, enabling driving microcontrollers and various sensing sub-systems without batteries.

Finally, chapter 6 concludes this thesis and raises future research directions.
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Chapter 1
Introduction

Electronic devices, such as mobiles, sensor nodes, and robots, are widely used in industrial and
personal living spaces. However, these devices are primarily powered via wired connections
or disposable batteries, which require manual maintenance and may adversely affect the
environment [1]. The benefits of untethering these devices have been widely acknowledged,
as evidenced by the recent commercialization of wireless communication technologies, which
also promote emerging computational paradigms such as the Internet of Things [2, 3].

Wireless power transfer technologies, capable of safe power transfer to numerous devices
scattered over large 3-D volumes, could overcome the limitations of tethered devices. Beyond
embodying this grand challenge, users would never have to care about battery capacity, sensor
systems would work forever without maintenance, and power outlets would no longer constrain
the layout of equipment. Furthermore, thinking speculatively, this vision has the promise for
completely changing the modality of electronics; if battery-less, despite active electronics gain
ground, highly functional devices with non-constrained form-factors would appear, and they
will actively operate in domains where wired power supply is difficult (e.g. mid-air, underwater,
in biological tissue, within solids). However, the current form of wireless power transfer,
such as charging pads (figure 1.1(a)) and RFID systems, lacks utility and does not offer such
autonomous charging experiences.

This thesis explores “ubiquitous” wireless power transfer, which can enable safe,
autonomous, and unaided powering of distributed devices within large 3-D volumes
(figure 1.1(b)). To attain this, I explore the fundamental physics and system design of
cavity-inspired, magnetoquasistatic wireless power technologies for drastically extending the
powering range of inductive approaches, which are known to be capable of safely delivering
higher power-levels. Unlike previous coil-based methods, the presented techniques leverage

the widely distributed currents on conductive surfaces around the target volume for generating
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Figure 1.1 The (a) current and (b) envisioned form of wireless power transfer, which is capable
of delivering several Watts of power.

widely distributed 3-D magnetic field patterns while confining the troublesome electrical field
within embedded circuit components. The presented technologies offer a qualitative leap
towards high-power, high-efficiency, and safe wireless power throughout large volumes. In
the rest of this chapter, I explain the confronting challenges toward embodying the vision of
ubiquitous wireless power, define the thesis’s scope, and explain how I organized this thesis.

1.1 Challenges of ubiquitous wireless power transfer

The actual, ongoing wireless power transfer technology is far from the experience we conjure
up when we hear the term “wireless power transfer.” This gap owes to the trade-off between
“the deliverable power-levels” and “the power transfer range,” which have longly hindered
the utility of wireless power technologies (see figure 1.2). Considering the power demand
and mobility of distributed electronic devices, several to ten Watts power delivery at
room-scales or larger would be a key enabler of various physical computing paradigms
and would significantly enhance consumer electronics’ utility. However, this domain,
shown as “Ubiquitous wireless power transfer (WPT)” in figure 1.2 is still inaccessible.

Early attempts of wireless power transfer were mainly based on electromagnetic radiation
(i.e., microwaves) [4-6]. Although modern beamforming techniques enable efficient power
delivery over a certain distance, such approaches require large rectenna arrays and complicated
continuous tracking mechanisms. Moreover, safety concerns arise because exposed electrical

fields, which are necessary for wave propagation, are a significant factor of tissue heating [7, 8].
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Figure 1.2 The ubiquitous wireless power transfer I envision and relevant approaches. (WPT:
wireless power transfer)

For transmitting higher power levels without harming people, magnetic resonance
coupling, which transmits power between a pair of coil-based resonators, has been explored [9—
18]. We can understand this method as a subset of inductive power transfer adopted in the
Qi-standard, which is the most commercially successful wireless charging standard up-to-date.
Typically, these coil-based approaches require strong coupling between the transmitter/receiver
pair for efficient power delivery, i.e., a large portion of magnetic flux generated by the
transmitter coil needs to interlink with the receiver coil, as shown in figure 1.3(a). Thus, the
rapid decrease in field intensity with increasing distances limits the power transfer range of
this approach to approximately the coils’ diameter; furthermore, asymmetric systems, such
as those comprising a large transmitter and a small receiver, exhibit low efficiency owing to
insufficient coupling [16].

Returning to the intended vision, a technology that can safely deliver several to tens
of Watts throughout large volumes is needed. This domain is plotted on figure 1.2 as
“Ubiquitous wireless power transfer (WPT)”. This technical domain is fundamentally useful,
despite apparently above the trade-off curve. Thus, many previous works attempted to extend
the powering range of safer inductive approaches, which typically lack utility due to range
limitations. Next, I briefly explain the factors dominating the powering range of wireless power
transfer via magnetic resonant coupling and explain how previous research attempted to extend
the operation range.
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Figure 1.3 The range limitation of wireless power transfer technologies using the magnetic
field. (a) Setups with short transfer distances and similar transmitter/receiver size can attain
high power transfer efficiency. (b) Longer transfer distance leads to lower power transfer
efficiency. (c) Asymmetric transmitter/receiver size ratios lead to lower power transfer
efficiency. (d) Setups with long transfer distance and asymmetric transmitter/receiver size
ratios result in very low power transfer efficiency.

1.2 Efficiency of wireless power transfer via magnetic

resonant coupling

Analysis in previous work revealed that two critical factors determine the power transfer
efficiency of systems based on magnetic resonant coupling; (i) the coupling coefficient (k) and
(11) the quality factor (Q) [19]. Using these two parameters further described in the following
paragraphs, the kQ product, i.e., kyx gx \/m, is the figure-of-merit for power transfer
efficiency in such systems (TX: transmitter, RX: receiver).

The coupling coefficient k in these technologies is the ratio of the magnetic flux captured by
the receiver coil to the total flux generated by the transmitter. Thereby k is high when similar

sized transmitter/receiver pairs are placed close to each other (figure 1.3(a)) However, coupling
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typically decreases with (1) the increasing distance (figure 1.3(b)) and (ii) the increasing
transmitter/receiver size ratios (figure 1.3(c)); not to mention, it significantly falls when the
transmitter has to cover a wide volume, which suffers from both factors (figure 1.3(d)). As
ubiquitous power transfer typically requires a broader charging range, it usually suffers from
low-k conditions. Because the discussed figure-of-merit is the product of coupling coefficient
k and quality factor Q, some may think that enhancing Q would enable efficient power delivery
in wide-ranges. Thereby, I next proceed to describe the quality factor, Q.

Coil resonators, composed of air-core coils and lumped capacitors, can be abstracted as
general oscillators. The energy oscillates between the coil’s inductive energy and the electrical
energy confined within the lumped capacitor. Borrowing the definition in general physics,
quality factor Q is the ratio of the peak energy stored in the resonator in a cycle of oscillation to
the energy lost per radian of the cycle. Meanwhile, from the electrical engineering perspective,
the Q factor of a typical coil resonator can be denoted as w L/r (w: angular resonant frequency,
L: inductance of the coil, r: copper loss). This expression shows that large inductance
and small loss leads to high-Q. More coil-turns increase L in low frequencies; however, in
higher frequencies, increasing turns will make the stray capacitance dominant, limiting the
rise of inductance. Besides, using better conductors can attain lower losses. However, copper,
commonly used for building coil resonators, is excellent in this aspect; therefore, this direction
can not expect drastic improvements. Even with these extensive efforts to enhance coupling
and quality factor, the domain where wireless power transfer via magnetic resonant coupling

covers remain in the region shown in figure 1.2.

1.3 My contributions in this area

Extending powering ranges can be translated into holding a high kQ-product within a wide
operating range from the above observations. For attaining this goal, previous works have

explored the following two directions:

a. Cooperatively operating transmitter elements forming a two-dimensional array to cover
surfaces. This approach enhances the coupling coefficient k by punctuating wide

surfaces into small areas that a single transmitter can efficiently cover. Figure 1.4(a).

b. Covering large volumes with a single transmitter. ~ This approach can cover
three-dimensional volumes; however, it needs schemes to enhance quality factor Q for
efficient powering. Figure 1.4(b).
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()

Figure 1.4 Techniques for extending the coverage range of inductive approaches.
(a) Cooperatively operating transmitter elements forming a two-dimensional array to cover
surfaces. (b) A room-scale high-Q transmitter covering large volumes.)

However, these approaches still have critical challenges as an enabler for the vision of
ubiquitous wireless power transfer. 1 will describe the confronting challenges and my

contributions in the following:

Facilitating the deployment of 2-D wireless charging systems

The 2-D transmitter arrays are natural ways to empower devices since we frequently place such
devices on surfaces surrounding daily life, such as desks, floors, walls, etc. This approach has
been explored for over ten years, and the physical aspect has mostly been revealed. Thereby,
we intend that we need more comprehensive explorations for further advancement. From
this aspect, this approach becomes effective as more familiar surfaces are retro-fitted into
wireless charging surfaces; therefore, a critical yet overlooked aspect is lowering the barriers
for deploying these systems into various surfaces.

Thus, 1 developed easily deployable wireless charging surfaces (figure 1.5). Several
instances of this project intend to build “ready-made” frameworks that non-expert users
can easily augment daily surfaces into wireless powering surfaces. This series of research
introduced familiar metaphors in the deployment process of wireless charging surfaces, such
as cut & pasting a large functional sheet (wallpaper) [P11], and laying ready-made tile-shaped
modules (tile carpets) [P10]. These projects facilitated the deployment process of such wireless
charging sheets that only existed in laboratory setups. I also discovered that the boundaries

between transmitter elements occur “dead-zones”, where transmitters can deliver almost no
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A Easily installable WPT surfaces

Scope of this thesis:
Ubiquitous WPT in 3-D spaces
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WPT & communication
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v
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Figure 1.5 My research projects for embodying the vision of ubiquitous wireless power transfer.
The reference number corresponds to the publication list at the end of this dissertation. (WPT:
Wireless power transfer, QSCR: Quasistatic cavity resonance.)

power. I leveraged meta-heuristics to develop a resonator design method for enhancing these
worst-case scenarios, which, in contrast to improving best-case scenarios, reveals significant
complexities due to the need to consider numerous possible placements [P5, P23]. I note that

I excluded these portions of research from the scope of this thesis.

Scope of this thesis: ubiquitous wireless power transfer in 3-D spaces

The direction of covering large volumes with a single transmitter has a clear advantage that
it has the promise for covering “volumes” instead of the proximity of surfaces. This research
direction is rather treated as grand challenges. It will lead to more ideal usage scenarios such
as powering mobiles stuffed in pockets, empowering spatially distributed sensor networks, and
powering implants.

As described in Section 1.2, this approach is physically difficult and intuitively contradicts
the rules that govern efficiency in these systems. Thereby, most studies set aside efficiency and
tried to send small amounts of power using wide-range yet inefficient systems. Meanwhile,
in 2017, a technology termed quasistatic cavity resonance (QSCR) demonstrated efficient

power delivery within large portions of the room volume by developing cavity-inspired
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structures [20]. However, this technology is emerging; thereby, critical challenges exist. It
can only efficiently power half of the room volume, the uncertain surface current makes the
technology difficult to handle, communication channels for power negotiation is not explored,
and QSCRs can barely charge small scale devices (i.e., smaller than 50 mm).

The intention and scope of this thesis are to overcome these confronting challenges
and pioneer the field of ubiquitous wireless power transfer in three-dimensional spaces.
I explore the fundamental physics, system design, and deployment of cavity-inspired,
magnetoquasistatic wireless power technologies for drastically extending the powering range

of inductive approaches.

1.4 Thesis organization

I provide a brief survey of relevant topics and research in chapter 2 to motivate the technologies
developed in this thesis.

Chapter 3 presents an approach termed multimode quasistatic cavity resonance (multimode
QSCR) for enabling efficient wireless power throughout the full room-volume. This approach
drastically extends the powering range of previous quasistatic cavity resonators, which could
only cover half of the room volume, by introducing “multimode” features. By appropriately
arranging conductive surfaces around the empowered volume and leveraging the nature that
surface conductors can accommodate multi-directional and widely distributed current, this
approach generates multiple, mutually unique, widely distributed 3-D magnetic field patterns
within the room-volume. These modes used together achieved a power delivery efficiency
exceeding 37.1% throughout the constructed test room (with dimensions of 3 m X 3 m X 2 m),
and power exceeding 50 W could be delivered to mobile receivers, in accordance with safety
guidelines.

Chapter 4 empowers IoT nodes by utilizing the room-wide channel for wireless power
and low-power communication. This work reuses the room-wide wireless power transfer
system as a communication channel, where nodes communicate with a centralized reader and
each other via load-modulation. Because this communication system works in the near-field
regimes where the source and the nodes intensely interact, and the communication signals
and power inputs coexist, the incoming signals have a large dynamic range. To overcome this
challenge, I develop a hardware/software-combined decoding circuit to normalize the incoming
signals and read out the embedded data bits without distortion. Furthermore, I provide a
theoretical analysis of the channel, followed by performance evaluations of communication
and power transfer to validate this analysis. The proposed system shows that ten receiver
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nodes fully-equipped with custom-designed front-ends and power management units can be
safely and efficiently wirelessly charged through analysis and experiments. The end node to
end node communication rate can achieve from 1 kbps without occurring any errors, up to
5 kbps with a 6% bit error rate (BER), while the end node to the central unit can achieve
10 kbps without occurring any errors.

Chapter 5 tackles the challenge for powering pebble-scale (i.e., a few cm) devices via
room-scale transmitters. Such significantly asymmetric transmitter/receiver links suffer from
a 1/a* degradation with increasing transmitter/receiver size ratio a; thereby, room-scale power
transfer systems can barely empower pebble-scale devices. Inspired by optical lenses, I present
a concept termed hierarchical resonance, which efficiently bridges significantly asymmetric
transmitter/receiver by focusing the ambient magnetic field using relay modules. General
large-scale inductive transmitters can introduce this hierarchical link by placing low-cost,
low-power, maintenance-free relay modules within the powering range. This approach offers
a much more robust and efficient link than straightforward methods, which directly couple
large transmitters with small receivers. I demonstrated the proposed concept and show that
the hierarchical link increases the power efficiency by more than ten times compared to direct
power transfer. Furthermore, I demonstrate a 500 mW power supply to pebble-sized (20 mm)
devices, enabling driving microcontrollers and various sensing sub-systems without batteries.

Finally, chapter 6 concludes this thesis and raises future research directions.



Chapter 2

Related works

In this chapter, I pick up several research domains relevant to the scope of this thesis to clarify
my contribution and motivate the technologies developed in this thesis. Note that previous

work particularly related to each chapter are covered later in each chapter.

2.1 Modern approaches of wireless power transfer

The concept of wireless power was introduced by Tesla at the beginning of the 20th century [4].
This concept has become more noticeable as relevant fields of electrical engineering, such as
semiconductor technology and integrated circuits (ICs), developed. It is even commercialized
in some domains, such as RFIDs and Qi charging pads. Thereby, a large body of technology,
developed through various theoretical, numerical, and experimental investigations, exists in
wireless power transfer. However, because these methods have various trade-offs, no approach
can effectively cover all situations; thus, it is essential to look at the field’s big picture and
review the strengths and weaknesses of typical methods. Here, I will cover the previous

attempts and relevant topics for embodying the concept of ubiquitous wireless power transfer.

Microwave power transfer

Wireless power transfer using far-field electromagnetic waves is one of the most longly and
intensely studied approaches [4, 5]. In the context of IoT, this approach is typically aiming for
powering ultra-low-power devices such as RFIDs and primitive sensor nodes [21-23].

The fundamental physics governing this technology is analogous to radiowaves used in
typical wireless communication systems (i.e., cellular, Wi-Fi, Bluetooth, etc.); the transmitter

antenna radiates microwaves, whereas the receiver antennas receive this. Thereby, RF energy
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harvesting, which instead of using dedicated power sources, harvests power from existing
microwaves such as TV broadcasts and Wi-Fi, is also widely studied [24]. However, the power
level of these systems is limited to several microwatts because the ambient microwave signals,
and conversion efficiencies are inherently small [24].

Microwave power transfer technology shows a different type of development outside
the context of IoT, leveraging the long-range nature of radiative electromagnetic waves.
Theoretically, this approach can attain high efficiency in long-range by introducing extensive
facilities such as large rectenna arrays (i.e., receivers), beam-focusing mechanisms, and
continuous tracking mechanisms. Therefore, different directions of engineering would lead to
applications such as space solar power stations (SSPS) and wirelessly powered aircraft, which
have been intensely explored [5].

Because the typical frequencies used in this approach is around a GHz, a significant
drawback of this approach is that it significantly interferes with daily objects (i.e., biological
tissue, water, soil, biological tissue). Considering ubiquitous setups, this is critical because
this prevents efficient propagation through typical indoor environments. Furthermore, the
deliverable power-levels within regulatory guidelines become very small due to safety
concerns [7].

Mid-field

Some research reports that using electromagnetic fields in the intermediate regions between
far-field and near-field enhances the power transfer efficiency in specific setups [25]. Example
applications of these technologies are power delivery to deep tissue micro-implants using a
phased surface [26] and self-tracking power delivery within a small cavity [27].

While these approaches enable significant miniaturization of the receiver size, the need to
design the system considering the surrounding dielectrics narrows the usage scenario, making
it non-available in most IoT applications. Moreover, the transferable power levels are still
low (below milli-Watts) because they have to use frequency bands that significantly interact

with biological tissue.

Acoustic waves

The use of acoustic waves for power delivery has also been explored [28, 29]. The
main application of this approach is networking underwater or implant devices because
electromagnetic waves can not efficiently propagate through these domains [30]. This approach

typically uses ultrasound frequencies, and the acoustic waves are generated and received using
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piezoelectric devices [28]. Acoustic waves at ultrasound frequencies have smaller wavelengths
than typically used microwaves; therefore, the receiver dimensions can be smaller. However,
the low conversion efficiency and low channel efficiency makes the power delivery inefficient
and heating issues will arise for powering mobiles. Besides, this method’s intense directivity
requires line-of-sight; significant reflection occurs at boundaries of different mediums. These

factors make this infeasible in many applications.

Laser

Optical approaches, which transfer energy via laser beams, is another method that is gaining
attention [31]. The smart dust project, which implemented a tiny networked device, used
optical approaches to harvest power and communicate with the central computer [32]. Laser
beams are a subset of electromagnetic waves in which the wavelength are magnitudes smaller
(~a micrometer) than microwaves (~around a few hundred millimeters).

This approach often uses Laser-diodes and photo-diodes as the transmitters and receivers.
This ultra-small wavelength enables highly directive radiation, which can favor the extension
of operation range and miniaturization of receivers; however, this guarantees the use of this
approach to line-of-sight configurations [33]. Besides, due to the short wavelength of light,
the energy easily gets absorbed in biological tissue and damages the eyes, leading to severe
health problems. Also, the low conversion efficiency of photovoltaic cells (~20% [31]) leads to
low system efficiency and causes non-trivial thermal issues. Thereby, the receiver dimensions
typically become large for thermal requirements, even if the short wavelength can miniaturize

the power receiving elements.

Magnetic resonant coupling

Introduced by MIT in 2007, magnetic resonant coupling-based wireless power transfer is a
method that transfers energy via the inductive link between the transmitting and receiving
resonators. This method offers the promise for high-efficiency and safe power delivery in
mid-range distances (i.e., approximately, the size of the resonators) [34, 13, 10]. From the
circuit theory perspective, the magnetic resonant coupling is an extension of inductive power
transfer; inductive power transfer is a method that enables high-efficiency power delivery
between short distances and is used in Qi standards [10]. The difference between the two
methods is that inductive power transfer uses a pair of ordinary coils. Magnetic resonant
coupling uses a pair of high-Q LC resonators; this high-Q resonance successfully enhances

the power delivery range.
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Albeit the high efficiency of magnetic resonant coupling-based wireless power transfer, the
limited power delivery range and the degradation of efficiency in asymmetrical (i.e., receiver
is much smaller than the transmitter) systems still confront as critical challenges for use
in ubiquitous wireless power transfer. Some studies attempt to extend the power delivery
range by using 2-D resonator arrays as transmitters [35]; this makes a 2-D area of power
delivery range, although the extension of this range to a 3-D volume remains a big challenge.
Near-field 2-D phased array techniques, which aim to enhance power delivery range by making
a constructive interference at the receiver, are also considered [36, 37]. Although these
methods show a substantial advantage when the receiver’s angle is misaligned, it doesn’t offer
a significant difference in long-distance configurations, which is necessary for 3-D wireless

power transfer [38].

Cavity resonators

Cavity resonators, which are the ancestor of the later explained quasistatic cavity
resonance (QSCR), are well known for generating 3-D near-field electromagnetic field
patterns (i.e., resonant modes) in a metallic cavity. There were many attempts to directly apply
cavity resonators for 3-D wireless power transfer because they naturally withhold a 3-D power
supply range [39-41].

However, they suffered from two fundamental challenges: (i) the co-existence of the
intense electrical and magnetic field and (ii) the resonant frequency uniquely fixed by the
cavity dimensions. While magnetic fields are less affected by everyday objects, electric fields
intensely interfere with dielectrics (e.g., human body, water, pieces of wood, etc.). This
interference leads to safety issues and the distortion of the resonant modes, which hinders
robust power delivery. Besides, if structure dimensions strictly define the resonant frequency, it
is hard to comply with regulatory guidelines as rooms-sizes are not uniform. These limitations
may be acceptable in specific industrial applications; however, it is a barrier to adopting

practical systems from both technical and regulatory aspects.

Quasistatic cavity resonators (QSCR)

Quasistatic cavity resonators (QSCR), initially presented in 2017, are a recently developed
technology that has the promise of ubiquitous power delivery in large 3-D volumes [20]. QSCR
is a technique that compensates for the disadvantages of cavity resonators (i.e., interference
with dielectric, resonant frequency fixed by geometry, etc.) while preserving the 3-D nature.

This technique uses enclosed metallic cavities containing a central conductive pole with
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discrete capacitors inserted in a gap in the pole. This addition makes one of the resonant
modes of the cavity enter quasistatic operation, allowing the magnetic fields to permeate the
interior of the cavity while confining electric fields to the discrete capacitors. These features
should be ideal for ubiquitous wireless power transfer because the magnetic field less interacts
with daily objects and biological tissue. Besides, the quasistatic operation allows tuning the
resonant frequency of the structure independently with geometry via the lumped capacitors’
value. This approach demonstrated high efficiency (>50%) power transfer within large portions
of the room-sized (4.9 m X 4.9 m X 2.3 m) volume [20]. Moreover, the dominant magnetic
field enables the delivery of over tens of Watts to mobile devices [20].

Although this approach is promising, it is still an emerging technique with many drawbacks.
For instance, it can only cover around half of the room volume efficiently; this technology can
hardly power small (below 50 mm) devices; previous work only explored the abstract forms of
physical analysis; thus, they still lack utility. This thesis’s scope is to advance this emerging
direction to deliver a genuinely ubiquitous powering experience, unravel the physics governing
this approach, and investigate new system architectures that effectively support this emerging

technology.

2.2 Safety of wireless power transfer systems

Generally speaking, excessive exposure to a time-varying electromagnetic field could cause
biological effects and harm nearby people. Various non-ideal effects appear on tissues
depending on the field’s frequency, power-level, compositions (i.e., electric, magnetic), etc.;
thus, the operating frequency of systems exposing electromagnetic fields need to be carefully
considered. Based on the knowledge delivered by various dedicated research, practical wireless
systems (i.e., wireless communication, wireless power transfer, wireless sensing) usually use
the frequency range where tissue heating is the only significant effect. Furthermore, the
inductive field in the range of around 100 kHz to 10 MHz, which the technologies developed
in this thesis rides on, is known to have small effects on biological tissue even among the
frequency bands that other wireless systems use [7].

Wireless power transfer approaches leveraging the oscillating electromagnetic field over
100 kHz (including the inductive approaches explored in this thesis) often assesses safety
based on the guidelines adopted by the FCC and the Institute of Electrical and Electronics
Engineers (IEEE) [42]. These guidelines primarily focus on preventing localized heat stress
and full-body heating. Therefore, restrictions are imposed based on the specific absorption

rate (SAR), which is a measure of the amount of power absorbed by biological tissue [8, 43].
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For uncontrolled exposure of the general public, these restrictions limit the average SAR of the
entire body to 0.08 W/kg and the localized SAR, defined as the average power absorbed by a
1 g tissue sample, to 1.6 W/kg.

In practical wireless power systems operating in the near-field, SAR significantly varies
depending on the operating conditions (e.g., input power, power transfer efficiency) [20, 43].
Thereby, safety can not be generally defined based on just the core components of wireless
power. The peripherals, total system architecture, and usage scenario need to be collectively
understood in practicality. Following the SAR evaluations conducted for many commercial
electronics, the safety evaluations in this thesis assess the maximum power levels compliant

with regulatory guidelines in many typical example cases.

2.3 Communication via backscatter/load-modulation

Typical wireless power transfer systems require communication links for covering broader
needs. Example usages of these links are feeding-back power demands, bidding power within
multiple receivers, collecting sensor data, and sending control packets. Sharing the wireless
power channel for communication is often used [44-46, 24, 21]. This approach exposes
benefits such as reducing hardware cost because it can share the antennas and front-end
circuits; furthermore, it can leverage backscatter/load-modulation techniques, which don’t
require equipping active radio transmitters in the distributed nodes. Besides, as it shares
the same channel, it is guaranteed that the link is available whenever wireless power is; this
prevents situations in which the power supply can not start because the communication link is
not established.

Backscatter and load-modulation enable nodes to communicate in a ‘“‘semi-passive”
manner. In a backscatter/load-modulation-based communication system, an external source
generates the carrier, and the data transmitter modulates this carrier by changing the
phase/amplitude of the reflection. The term backscatter is used for far-field systems, and
load-modulation is used for near-field systems. We can understand this process as the external
source is “off-loading” the energy-hungry, carrier generation routine from the distributed node
devices with limited power. This off-loading allows each node to communicate with minimum
energy consumption, expanding the battery lifetime of nodes; it is essential to effectively use
energy because they tend to have tight battery capacity limitations.

This technology is practically used in passive RFIDs and NFC tags. Compared to
active radio transmitters (i.e., Bluetooth, Wi-Fi, Zigbee, etc.) which use local oscillators
for generating the carrier, backscatter/load-modulation techniques have the promise for
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magnitudes of lower energy consumption. I should also remark that these schemes reuse the
spectrum when configured on the wireless power transfer frequency band. I consider these two
factors essential for future IoT systems because the power consumption is vital and the general

depletion of the spectrum.

2.4 Internet of things (IoT)

Internet of Things (IoT) is a computing paradigm, which distributes cooperated computation
devices for seamlessly and adaptively assisting real-world activities via computation
technology. Beyond this vision, computation devices would assimilate with the environment
and become indistinguishable from everyday objects, leading to a world in which computation
naturally permeates various physical spaces without the users noticing [2].

IoT systems work by collecting data via numerous distributed sensors, aggregating these
data using the networked computers, and collectively offering feedback via distributed end
effectors. By linking various real-world contexts via the digital domain in such a manner,
these systems promise to make industrial systems more efficient and provide people a more
natural way to interact with computing systems [47].

As IoT systems develop, the number of connected computation devices working as
interfaces, sensors, and actuators will increase. These devices are typically driven by small
batteries, which need manual maintenance and strictly limits the computation burden it can
handle. Although battery technologies and low-power circuit technologies are advancing,
computation and communication demands are also increasing. Besides, many fundamentally
energy-hungry functions such as actuation and high-precision sensing still exist. Furthermore,
physical prototyping tools (e.g., Arduino, Raspberry Pi), which consumes extra power for
enhancing usability, proved to be useful for long-tale development. Thus, the need to remotely
empower the distributed computation devices is rising, and the IoT paradigm’s development

strongly motivates my vision of ubiquitous wireless power transfer.



Chapter 3

Multimode quasistatic cavity resonators

for wireless power transfer

For transmitting high power levels without harming people, magnetic resonance coupling,
which transmits power between a pair of coil-based resonators, has been explored [9-
12, 14-18] (figure 3.1(a)). However, the rapid decrease in field intensity with increasing
distances limits the power transfer range of this approach to approximately the coils’ diameter;
furthermore, asymmetric systems, such as those comprising a large transmitter and a small
receiver, exhibit low efficiency owing to insufficient coupling [16]. In contrast, instead of
using coil-based resonators, quasistatic cavity resonance (QSCR) uses a room-scale cavity with
a central pole and inserted lumped capacitors [20, P2]. This generates a 3-D magnetic field
distribution via the widely distributed surface current (figure 3.1(b)). Unlike ordinary cavity
resonators [39, 40], the electric field, which mainly interferes with biological tissue, is confined
within the lumped capacitors. However, the field distribution of QSCR is non-uniform and
drops in a large area within the room; consequently, there are large portions of the volume

where power delivery is inefficient.

3.1 The concept of multimode quasistatic cavity resonance

In this chapter, I reveal that efficient power transfer over a larger volume could be achieved
by extending QSCR to multimode structures. Furthermore, I show that, by leveraging
multi-directional surface current, two unique and widely distributed magnetic field patterns
can be generated, which sufficiently cover the entire volume when used together. Using
these field patterns, power could be efficiently delivered throughout a constructed test room

with dimensions of 3 m X 3 m X 2 m. This approach, termed multimode quasistatic cavity
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Figure 3.1 Overview of the concept of multimode quasistatic cavity resonance (multimode
QSCR). (a) Conceptual diagrams of wireless power transfer via typical coil-based resonators,
which exhibit low efficiency in asymmetric systems (such as those with a large transmitter and
a small receiver); (b) quasistatic cavity resonance, which involves areas where efficient power
transfer does not occur; and (c) multimode-quasistatic cavity resonance, which enables highly
efficient and safe wireless transfer of high amounts of power through large volumes by utilizing
the generated multiple magnetic field patterns. I omitted the conductive sheets at the front in
(b) and (c) for visibility.

resonance (multimode QSCR), uses a resonant structure composed of conductive surfaces and
lumped capacitors to accommodate multiple resonant modes with mutually unique patterns
of the oscillating surface current (figure 3.1(c)). This differentiates our approach from
previous magnetoquasistatic methods, which only support a single current and magnetic field
distribution (figure 3.1(a) and (b)).

The proposed approach can selectively generate magnetic field patterns based on the input
tone of the external drive coil, which is inductively coupled with the transmitter resonator.
Thereafter, the receivers positioned within the range of the generated magnetic field are
powered (figure 3.2). As the generated field patterns complement the null zones of each
other, the entire volume can be covered efficiently. This cannot be achieved by using either
mode alone. Moreover, simulations show that our room-scale resonator can safely deliver over
50 W of power to devices as small as 1/5000 of the powering range (see Methods A for details
regarding range and scaling). Furthermore, I show that by leveraging the repertoire of existing
resonant modes, the obstructive central conductive pole, which was necessary for the previous
QSCR, can be omitted, while still maintaining a large power delivery range. Finally, stand
lights, fans, and smartphones were wirelessly powered in a furnished room to demonstrate the
feasibility of the proposed technology in typical living spaces.
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Figure 3.2 Fundamental system diagram of the studied wireless power transfer system. the
room-wide multimode QSCR was stimulated via an external drive coil (figure 3.4(b)). The
receiver used in the latter experiments is composed of a high-Q receiver coil and a loop coil
for impedance adjustment connected to the load (see figure 3.4(a)).

3.2 Structure of the room-scale resonator

Surface conductors such as aluminum sheets naturally support current distributions along
various directions. However, methods of accommodating multiple high-quality (Q) factor
resonant modes, where each mode generates a magnetic field pattern that covers mutually
different large portions of the volume, remain unclear. As the proposed approach is based on
magnetoquasistatic fields, resonance can be understood as the condition under which magnetic
energy, possessed by the widely distributed current, and electrical energy, confined in the
lumped capacitors, are balanced. Therefore, the arrangement of the conductive surfaces that
generate the widely distributed magnetic field patterns and the effective insertion of the lumped
capacitors within the assumed current loops are primary criteria for designing the structure.
Accordingly, I designed a room-scale resonant structure that accommodates the two widely
distributed current patterns shown in figure 3.1(c). One current pattern is mainly distributed
near the center of the room (i.e., at the pole), whereas the other is distributed near the edges (i.e.,
the walls of the structure); I assumed that this distribution would compose unique magnetic
field patterns that would cover the null zones of each other. An overview of the designed
room-scale resonator that enables these current flows and a photograph of the constructed
wireless power transfer system are shown in figure 3.3(a) and (b). Refer to Methods A for
the covered powering range and the construction details. This room-scale resonant structure is
composed of (i) an aluminium box with the corners cut off and capacitive lumped elements
inserted at the center of each wall, and (ii) a conductive pole with an inserted capacitive
element. This structure accommodates two resonant modes that possess unique current

distribution and magnetic field patterns, as shown in figure 3.5(c—f). I termed these two modes
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Figure 3.3 The structure and construction of the room-scale resonator. (a) Structure overview
and (b) implementation of the room-scale wireless power transfer system based on multimode
QSCR (see Methods A for construction details).

as the pole independent (PI) mode and the pole dependent (PD) mode based on the following
observations. When the PI mode is excited, current only flows through the walls, ceiling, and
floor and generates an intense magnetic field distribution near the walls. Conversely, the PD
mode induces a current that flows through the central pole, which generates a magnetic field
that circulates around the pole and is most intense near the central pole. These two modes yield
magnetic field distributions that cover the weak areas of each mode. Therefore, by multiplexing
these resonant modes, an intense magnetic field permeating a larger volume than that covered
by either mode alone can be achieved; thus, high-efficiency power delivery throughout the
volume can be achieved. For the PI mode, the current and magnetic field intensity decrease to
zero near the center of the room. Therefore, the presence of the central pole does not affect
this mode. Consequently, wireless power transfer over a large portion of the volume is enabled
even when the central conductive pole is omitted.

3.3 Analyses and tuning of resonant frequencies

Although the resonant frequency of typical LC resonators can be tuned using lumped
capacitors, the widely used expression for the resonant frequency of an LC tank is not directly
applicable to the multimode QSCR. For the proposed resonator, it is difficult to define the
inductance L because the current is widely distributed over the surfaces without converging

to a single port and four independent current loops that do not intersect exist within each
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Figure 3.4 Coil resonators used in the measurements, (a) receiver coil and (b) drive coil.

current distribution (figure 3.5 and figure 3.6). Furthermore, relevant regulations regarding the
safety of wireless power transfer, such as the Federal Communications Commission” s (FCC’
s) regulations, restrict the frequency of exposed electromagnetic fields and the operating
frequencies of such systems. Therefore, the following analysis is performed to independently
tune each resonant frequency of the structure to predefined values. For tuning the resonant
frequency of each mode, wpy and wpp, the structure is assumed to have an equivalent inductance
L. Thus, the resonant frequency is determined using the conventional expression for an LC
tank, i.e., wyg = 1/ \/E, whereas the capacitance C is set by using discrete capacitors with
known values. Analytical expressions for the remaining parameter, equivalent inductance L,
are difficult to derive, as mentioned above. Hence, to subvert manual calculation, I developed
an approach based on the finite element method (FEM) for computing the inductance of a
structure with a fixed geometry.

Under both modes, the surface current, Jg, does not cross the Jg = 0 boundaries shown
in figure 3.5(a) and (c). Therefore, the total current can be analyzed as a combination of
four independent current loops flowing through the unit cells shown in figure 3.6, which are
coupled with each other. Thus, owing to the symmetry of the structure, the magnetic energy
corresponding to a unit current loop, @,,;, should be equal to a quarter of the total energy
in the entire volume. If we solve the eigenmodes using FEM simulations involving known
capacitance values and a fixed structure, we can then use the software to evaluate the current
in a unit loop, I,;;, and the total magnetic energy of the structure, a. On dividing « by four,

we can obtain ;.
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Figure 3.5 Magnetic field and current of the multimode-quasistatic cavity resonator. (a) and
(b) show the current distribution and magnetic field distribution of the pole independent (PI)
mode. (c) and (d) show the current distribution and magnetic field distribution of the pole

dependent (PD) mode, respectively. The Jg = 0 boundary, where current never flows through,
is overlaid for later analysis.

Finally, I determined the equivalent inductance by noting that the energy stored in an
inductor (a unit cell) is a/4 = wy,; = Leqlfnit/Z, where a and [, are obtained from
the simulations. After computing L, the desired resonant frequency can be determined by

calculating the discrete capacitance, C, from the following expression:

Wy = —— = (3.1)
L,C * -
2Iunit

Considering the capacitor positions and current paths shown in figure 3.3 and figure 3.5, the

capacitance inserted in the unit current loops of the PD and PI modes can be calculated as
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Figure 3.6 Unit structure (i.e., unit current loop) used for the analysis of the resonant frequency.
This image is a quarter of the whole structure.

shown below by applying fundamental circuit analysis:

C,G, 32

D7 ac, + 4G, '
C

Cpp = % (3.3)

Using these expressions together with equation 3.1, the two resonant frequencies can be tuned
independently. The resonant frequencies of the PD mode, fpp, and the PI mode, fp;, are set
to 1.20 MHz and 1.34 MHz, respectively, through the process described above. The quality
factors of each mode, measured via previous methods [48], were 1230 (PD mode) and 615 (PI

mode).

3.4 Evaluation of power transfer efficiency

Next, I determine the power transfer efficiency between the 3 m X 3 m X 2 m room-scale
resonator and the 150 mm X 150 mm receiver through simulations and measurements. The
receiver is as small as 1/5000 of the powering range (see Methods A for details regarding the
range and scaling); this can be considered as a highly asymmetric configuration (such as one
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Figure 3.7 The setup and coordinates used for evaluating the power transfer efficiency. I
partially omitted the conductor sheets for visibility. I altered the drive coil positions depending
on the excited resonant mode. The parameters r; and r, indicate the distance from the center
of the room. e, and €, , are the unit vectors along the +x direction and x + y direction,
respectively.

y

involving a large transmitter and a small receiver) used in typical coil-based wireless power
transfer systems (figure 3.1(a)), which suffer from insufficient coupling. The power transfer
efficiency throughout the volume was determined based on the coupled mode theory by using
the measured Q factors and the simulated coupling coefficients [20, 39, 49] (see Methods C for
details). In addition, to confirm these results, efficiency measurements based on the measured
S-parameters were conducted at the extracted positions [50] (see Methods D for details). For
the receiver, [ used a six-turn, 150 mm X 150 mm square coil with a series capacitor connected
to tune the resonance frequency, as shown in figure 3.4(a). The Q factor of this receiver was
236. In the measurements, an external drive coil, shown in figure 3.4(b), was used to stimulate
the resonant modes of the room-scale resonator. In both the coupled mode theory-based
evaluations and the S-parameter-based evaluations, the value of load impedance is assumed to
be one that maximises the power transfer efficiency; this is a reasonable and typical assumption
considering the development of maximum efficiency point tracking methods [18]. Evaluations

based on the coupled mode theory revealed that the proposed approach achieved an efficiency
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Figure 3.8 The input impedance of the drive coil. (a) PD mode and (b) PI mode.

exceeding 50% in 98.0% of the room volume by multiplexing the PI and PD modes based
on the receiver position. Moreover, power transfer efficiency was greater than 37.1% at any
position within the room volume. This analysis also revealed that the PD mode alone, which
closely resembles the mode in the previous QSCR [P3], can achieve an efficiency exceeding
50% in only 57.5% of the room volume, and its efficiency decreases to 1% near the walls.
These results show that the proposed approach covers the entire volume of the room, even
though the PD mode alone (resembling the previous method) only covers approximately half
of the room (considering positions where the efficiency exceeds 50%). Figure 3.9(a)-(e) show
the simulated efficiencies along the z = 0 and y = 0 planes. When only the PI mode is
used (i.e., when the central conductive pole is omitted), an efficiency exceeding 50% could
be obtained in 52.4% of the room volume. Overall, these results indicate the following: (i)
by leveraging multiple resonant modes (i.e., magnetic field patterns), a significantly larger
portion of the volume could be covered, as compared to that covered by either mode alone;
(i1) the power transfer range successively forms a 3-D volume, and the transfer efficiency has a
limited dependence on z-coordinates; and (iii) the resonant modes’ repertoire allows omission
of the central pole, which was essential for previous approaches, while still covering a large
portion of the room.

Lastly, I measured the power transfer efficiency at extracted positions within the room
volume to confirm these results based on the coupled mode theory; this measurement was
based on the .S-parameters obtained by two-port measurements using a vector network analyser
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Figure 3.9 Evaluation of the power transfer efficiency. Efficiencies when I placed the receiver
on the z = 0 plane (see figure 3.7) using the (a) pole independent (PI) mode, (b) pole dependent
(PD) mode, and (c) both modes. The power transfer efficiencies when I placed the receiver on
the y = 0O plane using the (d) PI mode and (e) PD mode. (f) shows the simulated and measured
power transfer efficiency when I placed the receiver on line (i) (see figure 3.7). (g) shows the
simulated and measured efficiencies when I placed the receiver on line (ii) (see figure 3.7).
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Table 3.1 The simulated transfer efficiency over the entire volume.

‘ PD mode PImode Dual mode

Maximum efficiency 94.3 % 76.5% 94.3%
Minimum efficiency 1.0 % 1.7% 37.1%
Average efficiency 50.4% 46.7% 60.6%

Positions with over 50% efficiency | 57.5% 52.4% 98.0%

(VNA). Line (i) and line (i1) in figure 3.7 depict the positions where the receiver was located
for this measurement. As shown in figure 3.7, the drive coil was placed such that it efficiently
coupled with the magnetic field patterns of the corresponding resonant mode. Figure 3.8 shows
the input impedance seen from these drive coils. Figure 3.9(f) and (g) presents a comparison of
the power transfer efficiency determined using the measured .S-parameters and that determined
based on the coupled mode theory. The validity of the coupled mode theory-based analysis
conducted across the entire room volume was proved by the good agreement between these
results. I note as a limitation that in this initial work, the receiver coil needs to be orientated
orthogonally with the ambient magnetic field to obtain the maximum efficiency at each point;
as a simple countermeasure, receiver coils can gain orientation insensitivity by combining

multiple orthogonal coils [51, 52].

3.5 Modeling the magnetic field

As explained in Methods C, the computation of coupling coefficients require (i) the volume
integral of the magnetic field energy confined, and (ii) the surface integral of the magnetic
flux captured by the receiver. Because electromagnetic field calculation using finite element
methods require a large computation burden, I offer an approximate, yet analytic model of
the magnetic field in the following (see Methods E for details for field extraction and current

modeling):

Hpole,x(;:) + Hwall,x,l(;:) + Hwall,x,2(;:)
Hpp(F) = | Hpole y () + Hypa 1 () + Hyyp 5 2(F) (3.4)
0
_Hwall,x,l (;:) + Hwall,x,2(7)
Hp (M) = Hyaya ) = Hyanyo @ | (3-5)
0




3.5 Modeling the magnetic field

28

a
15 —— Approximate model
FEM Simulation
10 |
3
< st
Q
=
S 05 10 15 20
r,(m)
-5 r
0t
c
05 10 15 20
r,(m)
10 F
£
<
= 20 [
o
T
30 |
—— Approximate model
40 | ¢ FEM Simulation

[H] (db (A/my))

o

[H| (db (A/m))

10

-20 +

10 |

-20 +

=30 +

—— Approximate model
FEM Simulation

N

-10 +

15 20
r,(m)

OI.5 1I.O 1I.5 2I.0

—— Approximate model
FEM Simulation

Figure 3.10 Validation of the approximate magnetic field model. These figures show the
analytical model and the FEM simulation values of magnetic field intensity on the lines (i)
and (i1) shown in figure 3.7. (a) shows the magnetic field amplitude of the PD mode on line
(). (b) shows the magnetic field amplitude of the PD mode on line (i1). (c) shows the magnetic
field amplitude of the PI mode on line (i). (d) shows the magnetic field amplitude of the PI

mode on line (ii).

using the following expressions:

dI, 11

H 151 (F) =

m=0 n=0

o 2. Z Z (=1)"*! . arctan

X

v+ (=D"w

(=D"pw

2 (3.6)

2
(-1 18 pwy

1
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Hoyo 5 2(F) = — (=D"log |1+
2= 5 2 4(x+7)

dly  8pwy
Hpope (F) = TR
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Ad ¢ d

Figure 3.11 Simulation setup for evaluating safety based on specific absorption rate (SAR).
This image shows the side view of the human anatomical model used in SAR evaluations and
its placement within the room-scale transmitter resonator. I moved the human model along the
x-axis in the evaluations.

(=D"pw
dIO 1 1 + T
Hwall,y,l(?) = E -2 Z Z (—l)m - arctan w (39)
m=0 n=0 X+
2
1
dI, (—1)"8pwx
H, F) = — (=1)"log |1+
wall.y.2 4z mzzo( 4 (x2 + y2) + (=1)"4w(y — px) + (1 + p?) w?
(3.10)
dly 8pwy
Hpole,x(?) = E : 2 N y2 (311)
dly, 8pwx
H, =1 maia 3.12
pole,y(?) Ar X2+ y2 ( )

Figure 3.10 compares these derived formulas with FEM-simulation values, which indicates that
the fields are successfully modeled with small errors. By using these equations, the integral
in equation 3.19 and 3.20 can be calculated with small computation burden, which enables the

quick estimation of coupling coefficient .
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3.6 Safety

For deploying wireless power transfer in public environments, it is necessary to evaluate
how the exposed electromagnetic (EM) field affects people present within the charging
coverage of the system. As measures for safety, the FCC and the Institute of Electrical
and Electronics Engineers (IEEE) have adopted guidelines regarding EM field exposure [42].
These guidelines primarily focus on preventing localised heat stress and full-body heating at
frequencies exceeding 100 kHz [42, 8]. Therefore, basic restrictions are imposed based on
the specific absorption rate (SAR), which is a measure of the amount of power absorbed by
biological tissue [8, 43]. The following analysis considers the compliance with restrictions on
uncontrolled exposure of the general public, which limit the average SAR of the entire body
to 0.08 W/kg and the localized SAR, defined as the average power absorbed by a 1 g tissue
sample, to 1.6 W/kg.

The SAR is dependent on the input power and the power transfer efficiency[20, 43].
For instance, if the system is driven under non-loaded (i.e., zero-efficiency) conditions,
exposure levels tend to reach the regulatory limits even with a low input power, compared
to high-efficiency conditions. This is because an increase in the power transfer efficiency
increases the proportion of power delivered to the receiver; consequently, the proportion of
reactive energy stored in the room-scale resonator decreases. As discussed in the previous
section, the proposed system achieves a power transfer efficiency exceeding 50% in most (over
98%) of the room volume. Therefore, for subsequent analyses regarding safety, the input power
at which the SAR reaches regulatory thresholds when the system operates at a power transfer
efficiency of 50% was evaluated in order to determine a conservative threshold.

I conducted simulations of in-body SAR using Hyperworks FEKO, which is an EM
solver that supports method of moments and FEM hybrid simulations; surroundings of the
human body model were analyzed via FEM, which can calculate the SAR without a loss in
accuracy within domains considerably smaller than the wavelength [8]. For the simulations,
a 1.88 m full-body anatomical model comprising each tissue component annotated with its
electromagnetic properties and mass was employed. This model was placed on three positions
along the line between the center of the room and its walls (figure 3.11). Additionally, two
resonant modes were considered; thus, a total of six configurations were investigated.

The obtained maximum input power values for the abovementioned configurations are
shown in figure 3.12. For every configuration, the threshold of localised SAR was reached
earlier than the threshold of the whole-body average SAR. As these results are based on a power
transfer efficiency of 50%, the power delivered to the load is half of the input power. The input
power threshold is greater than 100 W for all the tested configurations, and the results suggest
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Figure 3.13 The SAR distribution when the input power reached the exposure limits.

that the input power can be increased further if people are appropriately positioned or restricted
from certain areas. To provide a graphical representation of heat stress, the distribution of SAR
at the threshold of input power is shown in figure 3.13. Here, O dB corresponds to the threshold

for localised SAR (1.6 W/kg), whereas -23 dB corresponds to the threshold for average SAR
(0.08 W/kg).
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Floor lamp

Figure 3.14 Demonstration of room-scale wireless power transfer in a living environment. I
only used the pole independent (PI) mode for this demonstration. (a) shows an overview of
the room; (b) shows a wirelessly powered light bulb (included inside the floor lamp in a),
smartphone, and portable fan; (c) shows the wireless charging of a smartphone in the air; and
(d) shows a wirelessly powered portable fan. I augmented these devices using simple wireless
power transfer receivers, consisting of a receiver resonator, loop coil, full-bridge rectifier, and
a linear voltage regulator. Figure 3.15) shows the details of these augmented devices.
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Receiver coil

Receiver coll

Figure 3.15 The electronics are augmented with wireless power receivers. (a) The light bulb
in the floor lamp, fan, and the back of a smartphone. The receivers are composed of a receiver
resonator, a loop coil for impedance tuning, a full-bridge rectifier, an LDO, and the load (i.e.,
the empowered device).

3.7 Demonstration of wireless power transfer in living

environments

To demonstrate the applicability of the proposed approach in daily life, the constructed
wireless power room was furnished with typical devices such as floor lamps and smartphones.
Figure 3.14 shows a photograph of the fully functional wireless power transfer room, where
the central conductive pole is omitted and only the PI mode is used. The labelled devices were
augmented with wireless power transfer receivers (figure 3.15). As shown in figure 3.14(a),
the proposed technology enables seamless untethering of numerous electronic devices without

interfering with conventional lifestyles.

3.8 Summary

In this chapter, multimode QSCR, which enables highly efficient and safe wireless
transfer of large amounts of power within 3-D volumes, is presented. Analyses and
measurements revealed that, by leveraging the multi-directional and widely distributed surface
currents, efficient power transfer could be achieved throughout the room, unlike previous
magnetoquasistatic wireless power methods, which were unable to cover the entire room. In
addition, by using the repertoire of available resonant modes, the central pole, which was
essential in previous approaches, could be omitted, while maintaining efficient power delivery
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Table 3.2 Comparison with the previous quasistatic cavity resonator (QSCR).

Previous approach Proposed approach

QSCR Multimode QSCR Multimode QSCR
(Single mode) (Dual mode) (P mode)

Interaction with dielectrics

(e.g. human, daily objects)

Full volume coverage
Only near room-centre Full volume Only near the walls

Need for the X X v
central conductive pole Necessary Necessary Non-necessary

over a large portion of the room. The advantage of this method compared to the previous
approach is summarized in table 3.2.

As the proposed approach uses magnetoquasistatic fields, room dimensions and receiver
sizes can be flexibly determined, independently of the operating wavelength, by adjusting
the values of the lumped capacitors. Another important benefit of using magnetoquasistatic
fields is that the existence of everyday objects does not affect system operation significantly;
simulations supporting this statement is provided in Methods H. Given the flexibility in
system dimensions and the robustness to interference caused by external objects, the proposed
technology is expected to be widely applicable in a wide range of scenarios, including charging
cabinets, wireless charging rooms, and untethered factories.

Methods

A Construction details and the charging area

The dimensions of the constructed multimode QSCR-based wireless power transfer test room
were 3m X 3 m X 2m. Figure 3.16 shows the charging area in this room. The room dimensions
were determined based on the largest space I could find. Although the resonant structure has
an octagonal shape, the charging volume is rectangular. Therefore, a rectangular room can be
created using walls, a floor, and a ceiling within the charging area, as shown in figure 3.16;
the images in figure 3.14 were obtained in this manner. The relation between receiver size



3.8 Summary 35

1 Charging area
R e

Figure 3.16 Considered charging area.

(figure 3.4(a), 150 mm X 150 mm square coil) and the charging area was obtained as follows:

(Length of one side of the receiver)’ : room volume (3.13)
=0.15m? : 18 m’ (3.14)
=1 : 5000 (3.15)

Figure 3.17 shows the abstracted blueprint of the room. The room was constructed by
first building a framework using typical aluminium frames; thereafter, 1100 aluminium alloy
panels were bolted over these frames, which served as the conductive body of the wall, floor,
and ceiling. The central pole was composed of C1220T copper alloy pipes and C1100 copper
alloy plates, connected via braze welding. The lumped capacitors were bolted to the structure,
as shown in figure 3.18, using custom printed circuit boards containing electrodes with an
immersion gold surface finish. The panels composing the structure were carefully connected
to ensure that high conductivity is maintained. The bottom half and top half of the structure
need to be isolated, therefore I used Bakelite boards for good insulation while maintaining
sufficient structural strength (figure 3.19). As shown in figure 3.3(b), the floor of the structure
was lifted by approximately 200 mm for faciltating construction and to alleviate the effect of
coupling with the building floor. The test room was built using ordinary hardware and tools;
special construction techniques were not required.

For the demonstration of the furnished room (figure 3.14), I covered the ceiling and

walls of the room with light-weight styrene boards to provide the appearance of an actual
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Figure 3.17 Blueprint of the implemented room-scale resonator (abstract).

room. In addition, the floor was covered with PVC flooring material. I placed the walls
and floor materials along the charging area shown in figure 3.16 to form a rectangular room
volume. Ordinary pieces of furniture were also placed within the room to further highlight
the applicability of wireless power transfer in daily environments. Based on measurements
of the quality factor and the resonant frequency of the room-scale resonator, these furnishing
materials, as well as the people present within the room, did not significantly affect the system;
thus, the conductive body of the resonant structure can be covered without affecting system

performance, which is an advantage of this approach.
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Figure 3.18 The mounting of the capacitors and how conductivity is maintained. (a) and (b)
show the capacitors mounted in the pole and the wall. (c) shows the printed circuit boards used
in (a) and (b). (d) shows the welded connection between the central pole and the floor/ceiling.
(e) shows the connections of the edges of the structure. I used firm metallic plates to maintain
uniform mechanical pressure and high-conductivity. (f) shows the outer view of the room-scale
resonator. I bolted the aluminum sheets on the external aluminum frames.
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Figure 3.19 Details of the insulation within the structure and the inner view of the room. (a)
and (b) show how I insulated the structure’s bottom half and top half. T used Bakelite boards
for good insulation while maintaining sufficient structural strength. (c) and (d) show the inner
view of the room. (c) with and (d) without the central pole implemented.
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B FEM simulations for determining eigenmodes of the structure

For extracting the eigenmodes of the structure, eigenfrequency analyses were conducted using
the FEM-based electromagnetic field solver, COMSOL Multiphysics (RF module). I obtained
the resonant frequencies, current distributions, and magnetic fields of the resonant modes
through these simulations. As experimental values of the quality factor are typically lower
than the simulated values, I used the measured quality factor for the efficiency and safety

evaluations.

C Evaluating efficiency based on the coupled mode theory

The three parameters required to determine the transmission efficiency between coupled
resonators are the quality factor of the transmitter, quality factor of the receiver, and
the coupling coefficient between the transmitter and the receiver. For the coupled mode
theory-based analysis, the following expression of the transfer efficiency between two coupled

resonators with identical frequencies was used [20, 49]:

X

M = - (3.16)
<1 + m>
4= 4Q1Q22|K| (3.17)
@

Here, O, O,, k, and w, represent the quality factor of the transmitter (room-scale resonator),
quality factor of the receiver, coupling rate between the transmitter and receiver, and angular
resonant frequency of the two resonators, respectively. This expression yields the transfer
efficiency when the load is tuned to a value that maximises efficiency. This is reasonable
considering the development of maximum efficiency point tracking methods [50]. Measured
values of the quality factor were used because it is difficult to obtain accurate values through
simulations; meanwhile, FEM simulations were used to extract the coupling rate k. The

coupling rate k¥ was extracted through the following equations [39, 20]:

\/5 p

= V2 (3.18)
4 \/Lza

a=///@-ﬁ2dv (3.19)
L, 2

ﬁ=//,uof1-ﬁdA (3.20)
A
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Here, a is the total magnetic energy stored in the room, and f is the flux intersecting the
receiver. In the abovementioned expressions, V is the entire volume of the room, # is the unit
normal vector of the receiver surface, wy, is the resonant frequency of the QSCR, A is the area
enclosed by the receiver, and L, is the receiver inductance.

For determining efficiency based on the coupled mode theory, the center of the receiver
resonator was placed at 50 mm interval grid points within the volume of the room. The
expression of the considered range of receiver positions (i.e., coordinates of the center of the

receiver) is as follows:

max (x|, |y]) < 1.4m (3.21)
0.lm<|z]<14m (3.22)

I excluded a small region around the pole to accommodate the finite size of the receiver. As
the cross-sections of the room and the receiver resonator differed by a factor of approximately
500, I assumed that the magnetic flux penetrating the receiver resonator was uniform.
The efficiency calculated under this assumption was in good agreement with the measured
efficiency. The orientation of the receiver resonator was set such that it maximises the power
transfer efficiency at each position (i.e., all the magnetic fluxes were normal to the coil).

D Evaluating efficiency based on two-port measurements

The measured efficiency, #,,,,,, Was extracted using .S-parameters measured by a VNA using

the following expression from literature [50]:

Mo = K = VK2 =1 (3.23)

1= 181> = |Snl>+ 1515, — S2,|?
K = 11 22 . 11222 12 (3.24)
2|8,

Similar to the expression for determining efficiency using the coupling mode theory, this
expression also yields the transfer efficiency when the load is tuned to a value that maximises
efficiency; this is reasonable and typical considering the development of maximum efficiency
point tracking methods [18, 50, 53]. For each mode, the drive coil was placed at the positions
shown in figure 3.7. Moreover, the receiver resonator was placed at the series of positions
represented by lines (i) and (ii) in figure 3.7, with orientations that maximised the penetrating
magnetic fluxes. For these evaluations, I used the receiver coil and the drive coil shown in
figure 3.4.
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Figure 3.20 Approximate modeling of the multimode QSCR current. This model assumes
uniform current elements that flow in —co < z < 4+00. (a) PI mode and (b) PD mode.

E Extraction of the approximate magnetic field formulation

Figure 3.20 shows the model used for extracting the approximate formulation. Because the
magnetic field obtained by simulations and measurements did not have z-direction components,
I modeled the multimode QSCR structure by assuming uniform current elements that flow in
—00 Lz < +o00.

Magnetic field ﬁline(7 = (x,),z)) generated by current element di, on roo=

(x',y',2"),—c0 <z < +oois,

: -(=)
= dioho d x=x | (3.25)
T (=X (=) 0
Next, by assuming x" = w/2 (wall position),
di -(=")
0 LoHo
Hype = A x-wi2 |. (3.26)
27 ((x — w22 + (y — y')?) 0
Integrating Hy, . over —w/2 < y' < w/2 (wall width) gives,
. wpl2 .
Hyana = Hijpedy’ (3.27)

—wpl2
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—log |1+ Spwy
digsg (14 p2) w? — dw(x + py) + 4 (x2 +)?)
= -2 —pw —2 3.28
4r —2arctan lw — 2 arctan [M] (5.28)
w—2x w—2x
0
In the same way,
- 2 2
—2arctan [ pw xl + arctan pw T °x
di w—2y w—2y
7 loHo
wallB = 3| _log |1 - Spux (3.29)
(14 p2) w? —dw(—px + y) + 4 (x2 + y2)
0
Spwy
log |1 -
R digsg (1+p?) w? +4w(x + py) + 4 (x2 + y?2)
H = - 2 2 3.30
wall.C dn —2arctan —pwly + 2arctan |22 + oy (3:50)
w+2x w+ 2x
0
2 arctan L_zx — 2 arctan pw——2x
_ w+2y w+2y
T digpg 8
HWB.H,D - l 1 pwx ) (3.31)
4r og |1+
(1+p?) w? —dw(px — y) + 4 (x2 +y?2)
0
can be derived. Because the pole current is equal to the total wall current,
wpl2
Lo = 4/ diydy (3.32)
—wpl2
= 4wpdi. (3.33)
Thus the magnetic field generated by the central pole can be calculated as the following:
H 10 = 4wpHjjp, (3.34)
. -y
di
= dwp oo | . (3.35)
2 (x2 + yz) 0
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Figure 3.21 Wall opening size and the quality factor. (a) The considered setup. (b) The quality
factors when the opening size is varied.

Finally, considering the current direction on each wall and the central conductive pole,

Hypp = Hyope + Hyana + Hyan g + Hyanc + Hyanp (3.36)
Hpy = Hyyya — Hyang + Hyanc — Hyanp- (3.37)

Simplifying this expression gives equations 3.4 and 3.5

F Varying the opening size

Before defining the size of the wall’s opening, I observed how this opening size affects systems
characteristics. The wall width proportion p in figure 3.21 (a) was varied from 0.3 to 0.7 with
an interval of 0.1. Note that (i) [ used the geometry of the previous quasistatic cavity resonator
(49 m X 49 m X 2.3 m) for comparing the results with [20], and (ii) evaluations are based
on simulations, which only consider copper-loss of the fundamental components, and does not
consider losses that occur due to non-ideal setups (e.g., contact resistance, resistance of the
soldering, loss of capacitors, etc.).

The monitored figure of merit was the simulated Q-factors of each mode, which are
presented in figure 3.21(b). The Q-factor of the PD mode was approximately constant,
indicating that the QSCR operation can be extended to non-enclosed structures. On the other
hand, the Q-factor drops for the PI mode with longer walls; however, the distribution of
the magnetic field intensity of each mode (figure 3.22) also changes with varied p, which

subsequently alters the coverage of where power transfer efficiency is high. Therefore, it is
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Figure 3.22 The magnetic field (top view) of each mode with different opening sizes. Refer to
figure 3.21 (a) for the definition of wall width proportion p.

also necessary to consider the coverage in the selection of p. In both cases, the magnetic fields

were approximately uniform in the z-direction.

G Power sources

In the initial experiments, I drove the room-scale wireless power systems using a 50 Q linear
power source. As many peripherals for measurements exist in 50 Q systems, this setup is
convenient for experiments. Meanwhile, as this system works in the MHz frequencies, many
studies use switching power sources (e.g., class-D amplifier, class-E amplifier) for enhancing
the system efficiency. These sources typically have higher efficiency, leading to smaller power
losses and removing the exaggerated cooling systems.

To this end, I operated the room-scale demonstrations (figure 3.14) using class-D amplifiers
with two different setups shown in figure 3.23. Figure 3.23(a) shows the setup using
lab equipment and off-the-shelf development boards. Figure 3.23(b) these functionalities
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DC power source Microcontroller
Ig clock signals) (for control and monitoring)

To general
AC adapters

Custol gned power source
(integrating DC power, clock generater,
class-D amplifier, and other peripherals)

Class-D amplifier (EPC-§065)

Figure 3.23 Power sources I used in the demonstrations. (a) A setup using off-the-shelf
equipment. (b) The required elements integrated into a single printed circuit board (PCB).

integrated into a single printed circuit board (PCB) for exhibiting that the power sources can

be minimized to below 100 mm.

H Interaction with foreign objects

Typical examples of foreign substances that could affect wireless powering systems could be
classified into dielectrics, ferromagnetic, and conductors. Qualitatively thinking, dielectrics do
not significantly interact with the magnetic field. Contrary, large ferromagnetics usually doesn’t
exist in the environment. Thus in this section, I discuss the undesired interaction between the
room-scale wireless charging channel and foreign metallic objects present in the powering
range.

As a fundamental premise, the QSCR-based systems studied in this chapter generates
a quasistatic field distribution, not a far-field propagating wave. Therefore, interference in
the form of multi-path, which typically affects microwave-based communication (e.g., Wi-Fi,
cellular, Bluetooth) do not occur in this system. The QSCR chamber operates in the deep
sub-wavelength region. The ~1 MHz carrier wavelength is approximately 300 m in free space,
whereas the room’s size is 3 m; this means the magnetic field distribution is effectively “static”.
The magnetic field does not beam from one point to another, nor is it pointed at the target.
Instead, the current flows through the walls, floor, and ceiling. This current generates the field
at all points within the cavity volume. Thus, if I place a metallic object in the QSCR room, the

magnetic field will form around the object instead of penetrating it.
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Figure 3.24 (a) Simulation setup for evaluating the effect of foreign metallic objects within

(b) The magnetic field in the proximity of the aluminum plate (/ = 400mm).

the powering range. I placed an aluminum sheet with a side length / between the wall and

the pole.

(c-f) The performance change when the aluminum plate size is varied; (c) resonant frequency,

(d) variation rate of resonant frequency, (e) quality factor, and (f) variation rate of quality

factor.
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To observe this effect, I evaluated the magnetic channel’s characteristic when a metallic
sheet is present within the channel. Figure 3.24 (a) shows the COMSOL simulation model of
the QSCR room with an obstructive aluminum sheet placed halfway from the pole to the wall
with the worst-orientation. I used a square aluminum sheet with a side length / and a thickness
of 10 mm.

Figure 3.24 (b) shows the magnetic field occurring around the metallic sheet with sheet
size | = 40 mm using the pole independent (PI) mode. This figure shows that the magnetic
field generated by the QSCR room forms around the metallic sheet’s boundary condition
with the magnetic flux “flowing” around it. Figure 3.24 (c) shows the variation of resonant
frequency f..s;, with increasing / and Figure 3.24 (d) shows the ratio of this variation of
resonant frequency in a normalized form. Note that f.( is the resonant frequency when
the aluminum sheet is not present. Generally, these graphs show an increase in resonance
frequency with increasing /. We can qualitatively understand that the blocked magnetic field
subsequently decreases the magnetic energy confined in the cavity and the effective inductance,
leading to the increase in resonant frequency due to the relationship of equation 3.1. The
frequency only shifts ~1% when a 1000 mm square aluminum sheet exists, which can be easily
dealt via dynamic impedance tuning mechanisms [9].

Figure 3.24 (e) shows the variation of quality factor Q; with increasing / and Figure 3.24 (f)
shows the ratio of this variation of Q-factor in a normalized form. Note that Qy is the resonant
frequency when the aluminum sheet is not present. These figures show that the quality factor
significantly decreases in the pole dependent (PD) mode and slightly increases for the pole
independent (PT) mode. The factors attributing to the decrease is the additional copper loss and
the reduction in inductance. Meanwhile, the factor attributing to the increase in quality factor
is the increased resonant frequency. The figures 3.24 (e,f) indicate that the dominant factors
within these candidates differ, resulting in a non-uniform trend. As shown in equation 3.9, this
variation in quality factor alters the power transfer efficiency.

Figure 3.25 (a—1) shows the magnetic field when I placed the obstructive aluminum sheet for
attaining a visual understanding. These figures show the magnetic field distribution (top view)
with arrows indicating direction and color showing the field strength’s magnitude. Moreover,
the overall magnetic field distribution, which directly correlates to power transfer, is generally
unaffected by the aluminum sheet’s presence. In contrast, the region in proximity of the sheet
experiences a decay in field intensity. These distributions and figure 3.24(c-f) indicate that
mobile-scale (<300 mm) devices hardly affect the systems’ performance. As this obstructive
grows to the size of a furniture (~1 m) and inhabit a significant portion of the space between

the pole and the wall, it will begin to block the flux like a Faraday cage. This interference alters
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Figure 3.25 The top view of the simulated magnetic field with foreign aluminum sheets. The

simulation model in figure 3.24. (PD: Pole dependent; PI: Pole independent)
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the QSCR room’s behavior, changing the resonant frequency, the Q-factor, and the magnetic

field distribution in the sheet’s proximity.



Chapter 4

Room-wide wireless power and
communication via quasistatic cavity

resonance

Current IoT systems suffer from a lack of access to energy sources, and this drawback
will further expose as the devices increase along with the development of this technology.
The concept of wireless power can overcome this problem and in fact, the advancement in
semiconductor technology and microwave power delivery succeeded in deploying battery-less
computation devices (e.g., RFID) in public. However, the microwave power transfer, which
these systems leverage, only supports micro-Watt order power delivery within a few meters
in line-of-sight conditions [24, 54]. These are magnitudes below the desired power levels in
most IoT nodes. Thus, these devices’ functions are limited to returning fixed IDs or driving
low-power microcontroller units (MCU) with primitive sensors in around a meter range.
Besides, QSCR technology has three vital benefits for driving indoor IoT systems using
ubiquitously deployed nodes, which were not collectively available with former techniques:
(1) the capability for transmitting several ten Watts of power to small footprint receivers, (ii) a
room-scale powering range including out-of-sight areas, and (iii) the minimum interference
with external objects and people. Thereby, this chapter demonstrates how we can empower [oT
nodes using quasistatic cavity resonators (QSCR). Furthermore, I offer guidelines for designing
hardware front-ends of power delivery and low-power communication that rides on the QSCR

channel (figure 4.1 and figure 4.2).
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Chapter 5

Wide-area wireless power delivery to
pebble-sized devices via hierarchical

resonators

Wireless power transfer via magnetic resonant coupling, which can safely deliver high power
levels without interacting with daily objects, have been intensely explored for powering
IoT devices operating in various environments [13, 59]. However, we still need strong
coupling between the transmitter/receiver pair for efficient power delivery (i.e., a large
portion of magnetic flux generated by the transmitter has to flow through the receiver
for efficient powering). This feature introduces the following requirements: (a) The
transmitter/receiver pair is placed close and is well aligned, and (b) the transmitter/receiver
pair has a similar form factor [60]. Recently presented technologies such as quasistatic
cavity resonance (QSCR) demonstrated that we could mitigate this requirement in coupling by
composing high quality-factor (i.e., low loss) transmitters that generate nearly uniform fields
within large-scale volumes [20, P3]. These approaches enabled efficient (over 50%) power
delivery to mobile (~100 mm) devices within room-scale volumes. However, when we scale
down the devices to pebble-scale (~10 mm) for ubiquitous deployment, the decreased coupling
results in the rapid degradation of the power supply link (i.e., below 1% efficiency).
Hypothetically, we can efficiently link pebble-scale devices with large-scale wireless
power transfer systems by selectively focusing the magnetic field to where small devices are.
However, in contrast to far-field studies in which beamforming approaches are established [61,
23], focusing the magnetic field in 3-D volumes is still an unsolved issue. Thus in this paper,
I present wireless power transfer via hierarchical resonators that focuses the magnetic field

to where the small devices operate by introducing intermediate relay modules. Theoretical
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Wide range‘magnetic field emitted
from the large-scale transmitter

Figure 5.1 The concept of the proposed approach—wireless power transfer via hierarchical
resonators—. (a) The overview of the entire system, in which the transmitter emits
a wide-range magnetic field via the current flowing through the surrounding metallic
wall/floor/ceiling [20, P3, P2]. (b) A magnified view of (a), which shows the magnetic field
“focused” to where the small receivers are.

studies of coupled resonators present that coupled oscillators can passively pass down
energy [49]. This effect is often used in wireless power transfer systems composed of
homogeneous elements such as 2-D transmitter arrays (i.e., a 2-D surface densely packed with
transmitters) [62, 63, P10, 64]. Inspired by these studies, I leverage this phenomenon to bridge
highly asymmetric elements that otherwise can not be efficiently connected. Our relay modules
receive energy via the magnetic field emitted by the large-scale transmitter, which is composed
of walls and floor made with conductive sheets, and re-emits it in the surroundings of itself (see
figure 5.1 [20, P2, P3]). Because the relay module locally-generates the re-emitted field, it is
narrowly focused nearby the module; thus, nearby small receivers gain access to the transmitter
via this focused field.

While this approach requires a nearby relay module, it is much easier to deploy these
low-cost, low-power, maintenance-free modules than to distribute active wireless chargers
everywhere, requiring power supplies and expensive RF amplifiers. Because the large-scale
transmitter generates the source magnetic field, this relay module (i) only consumes a small
portion of power for state transition, (ii)does not need facilities for actively emitting magnetic
fields, and (iii) can be used with general large-scale inductive transmitters. Because many
small devices operate nearby mid-scale objects, where I can embed relay modules, there are
many potential usage scenarios for this approach. For instance, by deploying pebble-sized
sensors within industrial spaces (e.g., vegetable cultivation factories [65], production lines,

clean-rooms) and embedding relay modules within ubiquitous objects (e.g., trays, tables,
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Figure 5.2 The relationship between the transmitter, relay, and receiver in the proposed
approach. Q represents each component’s quality factor, whereas k represents the coupling
coefficient between components.

racks), we can precisely monitor local environmental parameters for efficient production at
long-term.

To summarize, the contributions of this study are as follows:

e Proposal of wireless power transfer via hierarchical resonators, which efficiently bridges
the gap between wide-area inductive systems and small (~10 mm) sensor nodes.

Theoretical analysis of the proposed hierarchical link.

Design and prototype implementation of the receiver module and relay module.

Performance evaluation with small receivers placed within air and water.

Demonstration of power delivery in significantly asymmetric inductive systems.

5.1 The concept of hierarchical resonators

In this approach, I premise transmitters that satisfy the following requirement:

e The transmitter generates a nearly uniform magnetic field distribution in wide ranges

compared to the receiver device dimension.

e The transmitter has a high quality factor.



5.1 The concept of hierarchical resonators 78

R

4

—_— O
O

¢

| I

Transmitter L, L Receiver |::| R

Figure 5.3 The circuit diagram of typical wireless power transfer via magnetic resonance

coupling systems, composed by a pair of inductively coupled LC resonators. Vi, Z;,, Ry

represent the source voltage, source impedance, and load. L, C, and R are the coil’s inductance,
the lumped capacitors’ capacitance, and copper loss, respectively.

Applicable transmitters are useful for empowering receivers in the scale of mobile
devices (~100 mm), which can capture a sufficient amount of flux with itself’s dimension.
However, smaller “pebble-sized” receivers can not directly capture a sufficient amount of
flux, which results in small coupling and low power transfer efficiency. Consequently, it is
needed to enhance the flux near the receivers, or in other words, “focus” the field to where the
receivers are. My approach uses a relay module in the proximity of receivers that capture the
surrounding magnetic field and re-emits an oscillating magnetic field nearby itself. Because
the magnetic field’s source is the transmitter, a passive coil-based resonator can achieve the
relay effect. Therefore this module only requires a small amount of power (which the system
can also seamlessly supply from the transmitter via the wireless power transfer system) for
turning ON/OFF the relay effect using switches. In the remainder of this section, I provide a
theoretical backbone and a graphical representation of the proposed method to offer the basic
understandings of the proposed method.

Theoretical background

While this relay module plays a similar role as “lenses”, which focuses the propagating waves
through the controlled boundary of diffraction index, this system works in the near-field
domain; therefore, the underlying physics is different. Our analysis begins with the following
expression of power transfer efficiency between coupled oscillators, which is often used to
analyze wireless power transfer systems based on magnetic resonance coupling. In this section,

I explain why hierarchical links (figure 5.2) can enhance power transfer efficiency by a mixture
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Figure 5.4 The relationship between the kQ-product k;,4/0;Q, and power transfer
efficiency (see equation 5.3). This figure illustrates the operation point of each approach
to offer an intuitive understanding of the proposed method and the challenge for efficiently
powering pebble-sized sensors. The red arrow represents the loss that occurs in the power
transfer between the relay to the receiver. (WPT: wireless power transfer.)

of circuit theory and coupling mode theory, which are both standard tools for analyzing relevant
power transfer systems.

The two fundamental parameters that define the power transfer efficiency between two
coupled resonators (i.e., the transmitter and receiver) are the following: (i) The transmitter
and receiver’s quality factor (i.e., ratio of the peak energy stored in the resonator in a cycle of
oscillation to the energy lost per radian of the cycle), and (ii) coupling coefficient, which in
this study is equivalent to the amount of flux generated by the transmitter that intersects with
the receiver (see figure 5.1(a)). For reference, the quality factor of series LC R resonators (see

figure 5.3) are known to be the follows:

L
QLCR == a)% (51)
1
Wy = —— (5.2)
’ VLC

L is the coil’s inductance, C is capacitance, and R is series resistance (i.e., copper loss). By
using the quality factor of the transmitter and receiver, Q;, O,, and the coupling coefficient

between the resonator pair, k 5, the transmission efficiency of inductively coupled systems is
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Figure 5.5 The magnetic field distribution with and without the relay module. The input
power is consistent for all three plots. (a) shows the 3-D model of the transmitter used in
this analysis, which is presented in chapter 3. As described in chapter 3, conductive sheets,
which accommodate the oscillating current, are placed in the surrounding of the powered
volume. I inserted lumped capacitors within these sheets to enable an operation resembling a
coil resonator (i.e., magnetic field is exposed and the electric field is confined in the lumped
capacitors). This transmitter generates a magnetic field parallel to the floor. (b-d) shows the
top view of the magnetic field distribution. (b) is the original magnetic field distribution, which
is strong near the walls of the room and decays as it approaches the center (refer to the PI mode
of [P3] for the detailed distribution.) (c) and (d) shows the field when I turned ON each relay

coil. We can see that the relay modules successfully amplify the magnetic field in the proximity
of itself.
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known to be as follows:

k1,010,
Mo, = (5.3)

2
<1 +4/1 +ki2Q1Q2>

Note that this #,,,, 1s the maximum efficiency obtainable from this resonator pair under

optimum loading conditions. This system does not obtain this exact maximum value; therefore,
I will proceed with this discussion by treating this equation as a trend, while it is not a rigorous
solution.

Equation 5.3 shows that kl,z\/m is the figure of merit (FOM) for transfer efficiency.
Based on methods developed in prior work, the coupling coefficient, k, ,, can be expressed as
follows, using the total peak magnetic field within the volume, a, and the flux penetrating the

dimension of the receiver, f [39]:

B
2L2a

p= // poH, - 7i dAQ (5.5
/// ( |H1|2>
o= dVv (5.6)

H 1> Lo, py, V', and A, represent the magnetic field generated by the transmitter, the inductance

ki, = 5.4)

of coil receiver, the permeability of vacuum, the total volume, and the area enclosed by the coil
receiver, respectively. In highly asymmetric systems (i.e., the transmitter is much larger than
the receiver), we can treat the magnetic flux penetrating the receiver to be uniform; under
this condition, k; ,, #, and the face vector of the area enclosed by the receiver f_fz satisfy the
following relationship.

k1,20<ﬂ0<ﬁ1 '122=H1A2C0592 (57)

0, is the angular misalignment between the face vector of the receiver 22 and the local magnetic
flux H |- From equation 5.7, k , is proportional to the field intensity and the area enclosed by
the receiver coil.

The relationship of efficiency and the kQ-product k1,2@ is plotted in figure 5.4(b).
This figure shows that while in the high kQ (over 1) domain, efficiency slowly decays with
decreasing kQ, a rapid decay occurs in the smaller kQ (below 1) part. This curve also



5.2 Visualization of focused field 82

_______ Optional ______
/\ /_\ H H H ] —»
Impedance % é Impedance . '| Battery Li-Po | To load
{ tuning tuning Rectifier '|  charger battery |! LDO
| | I . L F
Transmitter Receiver
Control signal
ADC . . Power
Envelope Microcontroller unit supply
detector (Arduino 33 BLE)
e 7
o Battery Li-Po
Rectifier charger battery LDO
7 7 7 7

Relay

Figure 5.6 The system diagram of the transmitter-relay-receiver link.

indicates that although prior work [20, P2, P3] achieved power transfer with around 50%
efficiency using mobile (~100 mm) receivers, the efficiency will significantly drop with
smaller receivers (~10 mm). Our proposed method’s fundamental idea is to ride on the channel
composed between the large-scale transmitter and mid-scale relay module; thereby, cushion
the size difference between the transmitter and receiver. We can qualitatively understand this
idea as riding on the mid-efficiency zone (around 1 < kQ < 5) of the “kQ vs. efficiency
plot” twice, instead of attempting direct power transfer on the extremely low-efficiency region
(k < 1) of the curve. I plotted a conceptual trace of this procedure in figure 5.4 as “wireless
power transfer (WPT) to pebble devices via relay”, whereas the red arrow expresses the loss
occurring from the power transfer between the relay and receiver. This analysis omits the
coupling between the transmitter and receiver, which is reasonable for the considered scale

difference. However, I note that this omitting would be invalid for significantly larger receivers.

5.2 Visualization of focused field

This section offers an intuitive understanding of the proposed method by visualizing the
modified magnetic field using the hierarchical approach. For the visualization software, I used
Hyperworks FEKO, an electromagnetic field solver based on the method of moments (MoM).
Figure 5.5(a) shows the 3-D model of the room-scale transmitter, built based on the theory

developed in [P3]. Although this resonator can generate two sets of magnetic fields, I solely
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(a) can be transformed into (b), using Thevenin’s theorem. Vi, Z;,, and R, are source

voltage, source impedance, and the copper loss of the relay. Z,; shows the impedance value
controllable from the relay module.

used the PI mode (resonant frequency: 1.35 MHz) throughout this study. I can see that the
original field distribution is more intense near the room walls, and it monotonically decays as
it reaches the center of the structure. Also, as described in [P3], the generated magnetic field is
parallel to the floor. Note that although I use this transmitter for demonstration, this approach
is not specific to this structure.

Figure 5.5(b) shows the magnetic field when both relays are OFF. This distribution
corresponds to the magnetic field initially generated and shows a nearly uniform distribution.
Figure 5.5(c) and d show the field patterns when relay 1 and relay 2 are ON, respectively. When
the relay module is active, it gathers energy from ambient fields and re-emits it in the proximity
of itself. The input power of all three plots in figure 5.5(b-d) are the same. Furthermore, when
an active relay module exists within the room, the original field’s field intensity decreases. This

decrease shows that the relay is absorbing the energy from the room via ambient fields.
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Figure 5.9 The measurement setup. (a) The room-scale transmitter used for measurements
and demonstration (chapter 3). The metal sheets surrounding the volume accommodate an
oscillating current in resonant conditions and generate a three-dimensional magnetic field
within the cavity. Power is input via the drive coil, which works as an impedance tuning
network that mediates the power source and the room-scale transmitter. The presented method
is independent of the transmitter itself. (b) The inner view of the transmitter. Note that |
furnished the cavity to hide the metal sheets behind the wall/floor/ceiling. (c,d) Zoom view of
(b), which shows the setup of the relay and receiver when the receiver is (c¢) in air and (d) in
water. I defined relative coordinates based on the relay position for measurements, as shown
in (¢). I omitted the y’-axis because it is 0 throughout the study.
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5.3 System design and implementation

Next, I proceed to the system design that achieves the basic principles presented in the previous
sections. Figure 5.6 shows the functional diagram of the most simple implementation. The
main operation procedure for power delivery is the follows:

1. A power input (sine wave) matching the wide-range transmitter’s resonant frequency is

input.
2. The wide-range transmitter oscillates and generates a widely distributed magnetic field.
3. The relay module receives energy via the ambient oscillating magnetic field
4. The relay module re-emits the magnetic field in the proximity of itself.

5. The pebble-sized devices equipped with receivers receive energy through this focused
magnetic field.

This approach is compliant with any wide-range inductive transmitters fulfilling the
requirements presented in section 5.1. Therefore the design of the transmitter itself is out
of the scope of this chapter. For the evaluation and demonstration later in this chapter, I will

use the 3 m X 3 m X 2 m room-scale resonator developed in chapter 3.

Relay module

Figure 5.6(a) shows the developed relay module. It consists of a microcontroller unit (MCU)
with integrated BLE SoC (Arduino nano 33 BLE), an active envelope detector, a power
harvester, mechanical latched relays, a Li-Po battery, and a 150 mm, 6-turn square coil
fabricated with ¢2 mm copper wire. The peak detector can detect the external magnetic field’s
amplitudes and the ADC (in the MCU) reads out this value. Based on this read-out value,
the MCU controls the mechanical relays’ states to choose whether the relay effect is activated.
Because this module equips a BLE SoC, they can cooperate with other relay modules when
multiple relay modules exist (see section 5.7). I also note that this module needs power only
when transiting between the states because I used latched (bi-stable) mechanical relays. This
relay module equips a battery for running the minimum active operations, which can also be
charged by the wireless power transfer system. Thus, this module can operate without manual
maintenance. The power harvester that takes care of charging the relay module consists of a

full-bridge rectifier, an LDO, and a battery charger.
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Table 5.1 Circuit parameters used in measurements

O1x | Oretay | Lielay | Qrx | Lrx | Crxp | Crxs
540 | 202 [ 13.6pH | 53 | 1.8 pH | 7.2nF | 570 pF

Although this relay coil can adopt complex control schemes, I maximize the re-emitted
magnetic field’s amplitude in unloaded conditions in this chapter. Figure 5.8 shows a simplified
circuit model of the system, and the controllable parameter within this circuit model is
impedance Z,4;. Note that if the receiver consumes power (e.g., charges itself.), this impedance
Z,q; expresses the received energy. Because the magnetic field in proximity of the receiver
in unloaded

will increase with current I, I simply maximize this current, whereas [,

elay> relay

conditions can be expressed as follows:

Ir elay,unloaded = Veq (5 8)
e Rrelay + Zeq + Zadj

Assuming Z,, is real as typical resonators under resonant conditions are, it is obvious
that minimizing Z,q; will maximize the current, therefore I defined Z,4; as a short circuit.

Alternative designs of the relay module is also presented in section 5.7.

Receiver module

Figure 5.6(c) shows the implemented receiver module. The module consists of a 20 mm,
10-turn receiver coil fabricated with ¢1 mm copper wire, an impedance tuning circuit, and
a power receiver. The received energy can be either used for charging an appended battery or
directly powering sensor devices. The battery charger and the battery are optional. Therefore,
battery-less applications can exclude these components. I built the impedance tuning circuit
using lumped capacitors, and I explain the details of this tuning in section 5.4. The power
harvester consists of a full-bridge rectifier, a linear battery charger, and an LDO for 3.3 V
output for driving connected devices. The module does not include any fundamentally large
components. Therefore, I can miniaturize the module size to the coil’s footprint through
additional engineering effort (see section 5.7).
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Figure 5.10 The measured power transfer efficiency when the position of the receiver is
varied. The baseline in each plot refers to the efficiency when the relay module is not present.
(a) Efficiency plot when I moved the receiver in the air. (b) Efficiency plot when I moved the
receiver in water.

5.4 Evaluation of power transfer efficinecy

In this section, I first conduct a set of measurements. Then I demonstrate the battery-less
operation of a microcontroller board and wireless charging of a Li-Po battery, using the
modules developed in section 5.3. In this evaluation, I conducted two types of measurements:
(1) two-port measurements and (ii) DC-to-DC measurements. Two-port measurement evaluates
the pure characteristics of the transmission line, or in other words, the performance in
AC-to-AC. I conducted this series of measurements using a vector network analyzer (VNA).
In addition to two-port measurements, which gives a fundamental understanding of the
channel, I conducted DC-to-DC measurements. DC-to-DC measurement reveals the presented
approach’s end-to-end performance, including the loss of the power amplifiers and rectifiers.
I note that the optimization of power conversion circuits is out of this chapter’s scope; thus, I
built conversion circuits with off-the-shelf components.

This approach can be developed on general wide-range inductive transmitters fulfilling the
requirements presented in section 5.1. As for this study, I conducted the evaluations using a
3 m X 3 m X 2 mroom-scale transmitter, developed in chapter 3 (see figure 5.9(a,b)). Although
the referred room-scale transmitter possesses two resonant modes, I solely used the PI mode
with the resonant frequency of 1.35 MHz. I input power to the room-scale transmitter through
a drive coil, which I can treat as an impedance tuning network [20, P2, P3]. When I input
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Figure 5.11 Efficiency plot when I moved the relay. kQ refers to the kQ-product between the
relay and the transmitter, which denotes the relay position in this study. The baseline in each
plot refers to the efficiency when the relay module is not present.

a tone corresponding to the resonant frequency of the room-scale transmitter, the transmitter
generates a magnetic field that permeates the room volume (figure 5.5(b)).

The placements of the relay and receiver module in the system affect these evaluations’
results; however, defining position based on the raw coordinate will give a solution specific
to the transmitter. To explore the fundamental characteristics of this approach, 1 denoted
the position of the relay module using the kQ-product between the transmitter and relay,
k1x relay v/ O1xPrelay- Note that in near-field systems, the coupling coefficient represents the
interaction between the two components. Meanwhile, quality factors are position-independent;
therefore, it is reasonable to use the kQ-factor as the relay position in this analysis. As for
the receiver position, I used the relative coordinates based on the relay’s placement because |
omitted the direct coupling between the transmitter and receiver, as discussed in section 5.1.
Figure 5.9(c) shows this relative coordinate (x’, y’, z").

As for the relay coil, I used a 150 mm, 6 turn coil, which follows the receivers used in
prior work [20, P3]. Through these studies, I can see that the kQ-product between this size
coil and the transmitter is over 3 (i.e., efficiency is over ~50%) in most positions with perfect
angular alignment. Because the kQ-product degrades as the angle gets misaligned, I consider
1 < krxrelay VVOTxOrelay < 3 as a typical range of relay placement. Table 5.1 shows the
QO-factors and inductance of the used transmitter, relay, and receiver. I tuned the resonant

frequencies of these modules to 1.35 MHz, corresponding to the room-scale transmitter.
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Figure 5.12 The power transfer efficiency #,,,,, when multiple relay-receiver pairs exist in the
large scale transmitter’s operating range. kQi(i = 1,2) refers to the kQ-product between the
i-th relay and the transmitter. I conducted the measurement for each ON/OFF state of the
relays.

Note that I omitted the transmitter’s inductance because it can not be defined using typical

expressions of inductance [P3].

Two-port measurements (AC-to-AC)

I measured the power transfer efficiency to investigate the effect of critical design parameters.

Methods A present the detailed methods for extracting efficiency.

RX position, embedded medium, and transfer efficiency #,,,,

Figure 5.10(a,b) shows the measured power transfer efficiency when the receiver position is
varied from 50 mm to 200 mm. These two plots showed the measurement results when 1|
placed the receiver (a) in free-space or (b) in still-water. Each plot shows results with O or
50 mm misalignment in the z-axis direction. The baseline shows the efficiency when there are
no relay modules. Therefore, it corresponds to the efficiency of direct power transfer from the
transmitter to the receiver. In this baseline measurement, barely any change in efficiency was
observed with position variations in the range of 0 < x < 200 mm; thus, the baseline efficiency
shows the efficiency when I placed the receiver on (x’, y’, z’) = (0,0, 0). From these two plots,
we can find the following:

e The transfer efficiency significantly improves when I use the relay module.

e The hierarchical link can send the same degree of power to devices placed in water.
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Figure 5.13 Measurements of DC-to-DC power transfer. (a) The receiver circuit used for

measurements. Table 5.1 shows the circuit parameters. (b) The output power and DC-to-DC
efficiency when the input power is varied.

e 50 mm misalignment (z-axis direction) introduces a small efficiency loss.

o The efficiency exponentially decays with increasing distance from the relay.

Relay position and transfer efficiency #,,,,

Figure 5.11 shows the measured power transfer efficiency when the relay
position (i.e., kQ-product between the transmitter and relay) is varied within the
range of 1 < Krxrelayy/OrxOrelay < 3. The positions of the receivers were fixed to
(x',y',z") = (100,0,0) mm in these measurements. The baseline plot corresponds to the
power transfer efficiency with no relay; I fixed the receivers at (x’,y’, z") = (100, 0,0) mm in
these measurements too. These figures show that the baseline’s efficiency also increases with
increasing kQ-product; this is because the transmitter field intensity and higher kQ-product
here positively correlate. From this plot, I can find the following:

e The transfer efficiency significantly increases in every position by using this approach.

o The transfer efficiency increases with the increased kQ-product between the transmitter
and relay.

e The rise of transfer efficiency is steeper with the relay introduced.



5.4 Evaluation of power transfer efficinecy 91

LED indicator

-
‘ Rl
— \ -
ator for ch&rg\ing %

Figure 5.14 Demonstration of DC-to-DC power transfer. (a) Power delivery to a battery-less
computation device. (b) Power delivery to a wireless battery charger (1 cell, 50 mA). Note that
(a,b) uses the modules I developed in section 5.3.
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Next, I evaluated the efficiency when multiple sets of a relay and a receiver exist within the
transmitter’s powering range. The results of these measurements are shown in figure 5.12,
whereas kQ1 and kQ2 represent the Ky rejay v/O1xOrelay Value between the transmitter and
each relay. I selected the kQ value pairs for observing the interference between (a) relays
with the same degree of coupling with the transmitter, (b) relays with the small difference
of coupling with the transmitter, and (c) relays with a large difference of coupling with the
transmitter. I measured the S-parameter between the transmitter and the receiver, with the

other receiver terminated with a 50  RF load. These figures indicate the following:

e The transfer efficiency degrades when both relays are ON, compared to the configuration
where the relay associated with the measured receiver is solely ON.

e As the coupling difference between the transmitter and each relay becomes large, this
trend accelerates. The receiver associated with the small kQ relay receives significantly

small power when both relays are ON.

In addition to these confirmed trends, these results suggest that we can enhance the total power
transfer efficiency (i.e., proportion of total delivered power within input power) by activating

multiple relays and powering multiple receivers at once. I will discuss this topic in section 5.7.
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End-to-end measurement (DC-to-DC)

Next, I proceed to the measurement of end-to-end power transfer efficiency. This efficiency
refers to the proportion of power delivered to the 100 € DC load connected to the
receiver within the power input from the DC power source. The relay was placed so the
krx relay V/OTX Orelay 15 2, Whereas the positions of the receivers were fixed to (x',)’,z") =
(100,0,0) mm. I built a matching circuit to maximize transfer efficiency under these
conditions, which resulted in a network shown in figure 5.13(a). Table 5.1 provides the circuit
parameters in this network. For the transmitter side, I used a DC power source (Keysight
E36312A) for inputting power to a high-frequency ZVS (zero voltage switching) class-D
power amplifier development board (EPC9065). The output of this amplifier was input to
the room-scale transmitter via the drive coil. I note that I treated the DC input of the amplifier
as the system’s DC power input. [ omitted the clock source’s power consumption and the
logic power supply because these are not essential for evaluating the system performance.
As for received power, I measured the power supplied to R 4 in figure 5.13(a) using a
digital multimeter (Keysight 34410A). Figure 5.13(b) presents the measured output power
and end-to-end efficiency with varied input power. The power transfer efficiency was around
5% and power levels up to approximately 500 mW, which can afford driving a broad range
of sophisticated devices. This figure also shows degradation in efficiency from AC-to-AC
efficiency (around 8%). However, this loss is in a reasonable range, considering the loss of the
power amplifier and rectifier. Different from 50 € systems, it is challenging to isolate each

stage’s loss in DC-to-DC evaluation; thus, I will not investigate this topic in-depth.

5.5 Demonstration of wirelessly powering pebble-sized

devices

Finally, I demonstrate power delivery to a (a) pebble-sized battery-less device and a
(b) pebble-sized battery charger. Figure 5.14(a) shows a pebble-sized battery-less device and
figure 5.14(b) shows a 50 mA battery charger, both driven through the developed modules (see
figure 5.7). One large benefit of pulling up these power transfer systems’ power levels is that
we can use non-power optimized devices (i.e., Arduino, Raspberry Pi, sensor sub-modules.)
for prototyping. This advancement enables us to use low-cost and easy prototyping tools to

develop and test applications where we can not manually charge devices frequently.
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Figure 5.15 (a) A photo of a vegetable cultivation factory, which I envision as a motivating
application. (b) A sketch of a relay module embedded within a tray, which manages the
seedlings. By introducing a wide-range wireless powering system in the factory room and
using these modified trays, power gets efficiently delivered to embedded small devices within
the system’s range.

5.6 Potential applications

We have acknowledged the need for untethering small-sized devices for a long time.
However, previous attempts usually fall into approaches that drive these devices in a strictly
limed area [66, 67, 17]. This approach needs to place or embed a relay module nearby.
However, it is much easier to integrate these stand-alone, maintenance-free relay modules
than deploy wireless charging facilities requiring wires and power amplifiers. Besides, we
place many small devices nearby larger objects, where we can embed these modules. For
instance, one of my motivating applications is powering sensor devices deployed in vegetable
cultivation factories (see figure 5.15(a)), which manage seedlings in units of trays [65].
Cultivation under controlled factory environments has a promise for efficiently and stably
producing vegetables. However, the challenge in finding optimal environmental parameters
for cultivating each vegetable is limiting the advancement of this emerging agriculture. A
sophisticated, continuous, and non-destructive sensing system that monitors numerous local
environments is highly desired in this technical field. However, the power supply issue exists
as a bottleneck. By leveraging the tray to embed these relay modules, we can develop high-spec
and non-destructive sensing systems without batteries’ strict limitations (see figure 5.15(b)).
Furthermore, we can deploy useful sensing devices, such as cameras, formerly non-affordable

due to the limited power capacity.
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Figure 5.16 Frequency plot of forward voltage gain |S,;| from the transmitter input to the
pebble-sized receiver. 1 executed this measurement using the matching circuit shown in
figure 5.13(a); therefore, it was not strictly impedance matched with 50 Q.

5.7 Discussion

Communication via the hierarchical link

Wireless communication on the developed inductive link will enable communication robust
to ambient lossy dielectric mediums (i.e., where electromagnetic waves can not efficiently
propagate). These domains include water, soil, and biological tissue. Therefore, extending
the studied approach to data communication should benefit sensor devices operating in such
inaccessible environments.

Figure 5.16 shows The frequency plot of forward voltage gain |.S,,l, revealing over 10 kHz
half voltage bandwidth. Thus is likely that I can build wireless communication systems
on this link. To be more specific, applying load-modulation communication approaches or
appending active RF front-ends will enable inductive communication at a wide range. A
previous study establishes a 10 kHz on-off keying (OOK) load-modulation communication
system on a similar channel [P2]. These systems will work in the same principle as near-field
communication (NFC) protocols. I note that regulations, in Japan only, permits experiments
using a sine wave input and prohibits the emission of modulated signals, including backscatter
or load-modulation communication. Therefore, I could not conduct experiments to examine
this issue. I note that although this regulatory limitation becomes a problem in public spaces, it
could be feasible in controlled environments, such as industrial spaces, by attaining regulatory

permission.
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Safety

Guidelines for electromagnetic field exposure are used for evaluating the safety of these
wireless systems. For instance, the Federal Communications Commission (FCC) and the
Institute of Electrical and Electronics Engineers (IEEE) have issued guidelines of EM field
exposure [43]. In the frequency bands above 100 kHz, preventing localized heat stress and
full-body heating is the main interest of these guidelines. Therefore, these guidelines offer
basic restrictions based on specific absorption rate (SAR), which is the amount of power getting
absorbed in biological tissue. The guideline for uncontrolled exposure for the general public,
which is the most conservative guideline, limits the whole-body average SAR is limited to
0.08 W/kg. Besides, localized SAR, defined as the average SAR over a 1 g tissue sample, is
restricted to 1.6 W/kg.

The work presented in chapter 3 conducted safety evaluations using full-body anatomical
models, which show that we can safely transmit over a hundred Watts. Furthermore, as shown
in figure 5.5(c,d), this approach has control over the locations where the electromagnetic field
is focused. This distribution indicates that by detecting proximity users and gathering the field
when no one is nearby, this system can safely deliver a larger amount of power than systems

developed in chapter 3.

Optimizing systems with multiple relay modules

Measurements in section 5.4 showed that when multiple relays exist within the range of the
transmitter, they interfere with each other. A straightforward solution to detour this interference
is to activate one relay at a time. We can use the BLE SoC on the relay modules to activate them
based on the control packets sent from a central control unit by simple firmware modifications
of the developed module.

As a clue for further improvement, we can observe that the sum of the harvested power
in figure 5.12(a) in the (ON, ON) state is higher than any relay turned ON alone. This trend
suggests that [ can increase the total efficiency (i.e., sum of the power delivered to the receivers
over total power input) by powering multiple receivers at once. Besides, figure 5.12(c) shows
that the relay/receiver pair with smaller coupling gets significantly affected when we turn on
multiple relays. One necessary research direction is to develop charging protocols, which can
achieve the following collectively: (a) power transfer with high total efficiency and (b) meeting
the real-time needs of power at each node.

I also note that I did not consider the time-slots for charging the relays in this study.

The relay modules only consume power when it changes the state of the mechanical relays.
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Figure 5.17 Circuit diagram of a relay module with two coils resonators. This alternative
implementation works under the same principle as the relay module presented in figure 5.6.

Furthermore, the large footprint enables easy charging from the large-scale transmitter. Thus, a
possible straightforward operation would be to start receiving power when the battery capacity
falls under a pre-defined threshold. However, this causes a pause in power delivery to the
receiver because the absorbed energy appears in the Z,; in figure 5.8. Thereby the re-emitted
field will be decreased when the relay gets charged. Therefore, possible future research
directions are the following: (a) defining a protocol that detects the receiver’s power needs
and the relay and allocates optimized time-slots for the charging of each or (b) re-designing
the relay hardware so the system can simultaneously charge the relay and receiver.

More layers in the hierarchical architecture

Our hierarchical architecture defined three layers, which consist of the transmitter, relay, and
receiver. However, it is worth investigating the addition of more layers. I assume that more
layers would enable cushioning a much more significant size difference between receiver
size and charging range. For instance, we could charge a dust-scale sensor node within a
factory-scale charging system. Still, there should be an inevitable trade-off because each
appended layer will expose copper loss. Further investigation and optimizing systems with

more than four layers should be another exciting direction for future work.

Miniaturization of the modules

As figure 5.6 shows, the components integrated into this control board all made of common
electronic parts. Therefore, we can deploy the components except for the battery and the BLE
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Figure 5.18 Example of the primitives that relay modules with multiple resonators can achieve.
(a) Converting the field direction, (b) making a 3-D field on a smaller scale by using Helmholtz
coils, and (c) intensively focusing the field by varying the scales of the two coils.

SoC onto a single IC through extensive engineering effort. We can also omit batteries if the
device only wakes up when the system emits a magnetic field nearby. This way, the battery

can also be omitted, which will enable further miniaturization of the sensor devices.

Beyond focusing

This chapter discussed using hierarchical links for “focusing” the ambient magnetic fields on
the relays’ proximity. Abstractly, we can understand this operation that the relays are converting
the room-generated field to a field receivable by the end devices. This section discusses how
the technology of hierarchical resonance can further manipulate the field in this conversion.
Figure 5.8 shows a simple alternative configuration with two coils; this design uses different
coils for receiving and re-emitting magnetic fields. This design and the design presented in
figure 5.6 operates under the same principle presented in section 5.1. Furthermore, the module
I developed can adapt to both designs by modifying the firmware. For instance, this architecture
can achieve the following primitives shown in figure 5.18(a-c) by leveraging the freedom of
relative coil position and form-factor: (a) converting the field direction, (b) making a 3-D field
on a smaller scale by using Helmholtz coils, and (c) intensively focusing the field by varying the
scales of the two coils. Furthermore, we can dynamically switch ON/OFF this manipulation
and switch between multiple primitives as long as the hardware is embedded beforehand.
Figure 5.19 demonstrates the bending of the fields (figure 5.18(a)) in a scenario where the
receiver’s orientation is misaligned with the room-generated field (this is noted as a limitation in

chapter 3). We need to stand up the smartphone for efficiently coupling with the external field.
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Figure 5.19 Demonstration of converting the “physically defined field” to an “affordance
defined field” in an ad-hoc manner. This demonstration is based on the primitive shown in
figure 5.18(a). (a) Placement of the relay module within the shelf. (b) The phone can’t receive
power when the relay is OFF. (b) The phone can receive power when the relay is ON.

However, considering the shelves’ affordance, we usually don’t place smartphones in such
ways; thus, the smartphone doesn’t get charged (figure 5.19(b)). Figure 5.19(c) demonstrates
turning ON the embedded relay module, which converts the direction of the magnetic field in
the direction where the “naturally” placed smartphone can receive power.

As I described in chapters 1-3, efficiently generating a room-scale magnetic field
is generally a challenge because it conflicts with the governing physics of near-field
electromagnetics. Thus at the current state of this technology, the magnetic field still
needs to be designed with priority given to physical limitations for achieving high-efficiency.
Meanwhile, the environment’s affordance usually defines the device’s placement (i.e., the
needed magnetic field). The mismatch in these “physically defined field” and “affordance
defined field” often cause inconveniences. Hierarchical resonance shows a way to mitigate
this mismatch by converting the “physically defined field” to an “affordance defined field” in
an ad-hoc manner. Further exploration and systematization of this conversion is a promising

direction of future development of hierarchical resonance.

5.8 Summary

I introduced wireless power transfer via hierarchical resonators, which efficiently bridges
highly asymmetric transmitter/receiver links by selectively focusing the ambient magnetic
field. We can build this hierarchical link on general large-scale inductive transmitters by

placing low-cost, low-power, maintenance-free relay modules within the powering range. I
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showed that the technique could efficiently and robustly connect pebble-sized sensors, which
we could not empower using large-scale transmitters. Furthermore, I demonstrated 500 mW
power delivery to pebble-sized (20 mm) devices. These magnitudes higher transferable power
levels than other methods will grant access to new sensor modalities, drastically extend the
lifetime of devices, and lower the threshold for developing sensor systems due to the mitigated

power restriction.

Methods

A Extracting power transfer efficiency

For two-port measurements, [ used a vector network analyzer (Keysight FieldFox) for obtaining
the .S-parameter matrix (i.e., scattering matrix). I processed these obtained parameters to
evaluate the power transfer efficiency. I calculated the efficiency, #,,,,, from the following
formula, which corresponds to the maximum power transfer efficiency of a given two port
network [50].

X
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Here, rZ = re{Z} and iZ = im{Z}. Z is the Z-parameter matrix, converted from

the measured S-parameter matrix. The power transfer efficiency of two-port networks is
dependent on the load impedance. Therefore, the system can reach this efficiency #,,,,
when the connected load impedance is a particular optimum impedance value. The power
usage of applications define the load impedance (i.e., the operating voltage and current) Thus,
methods using impedance tuning networks [68], switching voltage converters [69, 18], and
4-coil systems [9], have been presented to convert the application-defined load impedance
value to this optimum value. In the latter DC-to-DC evaluations and demonstrations, I used
an impedance tuning network for this operation. Furthermore, the development of power
conversion technologies made the use of maximum efficiency #,,,, defined by equation 5.9
practical.



Chapter 6
Conclusion and future work

In this thesis, I explored the fundamental physics, system design, and implementation of
cavity-inspired, magnetoquasistatic wireless power technologies for drastically extending the
powering range of high-power wireless power transfer techniques. This advancement granted
distributed electronic devices with seamless access to large amounts of energy. Beyond this
vision, people would not have to care about power cords and battery capacity, sensor systems
would work forever without maintenance, and power outlets would no longer constrain the
layout of electrical equipment. Furthermore, the removal or minimization of batteries will
allow previously non-available form-factors and enable operation in various areas where prior
devices can not access.

An important novelty of the technologies I introduced is that they leverage the magnetic
field, which is robust and safe. Compared to other wireless power approaches, such as
microwave, electronic, light, etc., the magnetic field interacts less with biological tissue and
daily objects. This feature makes these approaches safe for the human body and less affected
by ambient objects. Besides, such systems’ resonant frequency is free tunable independently
with the system dimensions. We can freely define the resonant frequency and structure size
by tuning the capacitor values’. This feature enhances utility compared to former cavity-based
methods, in which the dimension of the system strictly defines the resonant frequency. Thus,
we can install these systems in various sized spaces and situations while keeping the operation
frequency compliant with regulations.

These technologies have the promise to empower computation without affecting or
negatively changing our lifestyles with these benefits achieved collectively. In the rest of this

chapter, I will describe future research directions beyond this thesis.
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6.1 Facilitating the system deployment

The technologies studied in this thesis are still emerging; therefore, I mostly focused on basic
physics and the fundamental system design. As the theory governing this technique develops,
interest should shift into more comprehensive system designs.

An exciting direction for future work in this domain is facilitating system deployment.
I built the prototype demonstration systems out of standard aluminum frames, aluminum
sheets, and copper components, which worked well for prototyping. Besides, it will be
beneficial to facilitate system deployment by riding on former construction techniques. For
instance, by implementing the whole system leveraging the area within the drywall, wallpaper,
or conductive paint, ordinary construction procedures could form the transmitter structure.
Integrating the emerging construction-scale 3-D printing could also be another exciting
direction.

The underlying challenges are the lack of conductivity of the existing materials and
connection methods. The conductivity of existing paint and 3-D printable substrates is still
not high enough to attain the high-quality factor (i.e., low loss) required for high-efficiency
power transfer. Embedding copper sheets or metal nets within wallpaper or drywall is an
alternative method, which will not suffer from material conductivity. However, a technical
challenge exists in maintaining the low-resistance contacts with other compositions since it is
difficult to build large structures out of bulk. As this domain is interdisciplinary, cooperation
between electrical and other (e.g., material science, structure, etc.) is needed to overcome this

challenge.

6.2 Deploying in other shapes

I assumed rectangular rooms as the target volume in this study since many rooms are
rectangular (excluding openings). This assumption also simplified the analysis and system
design. Meanwhile, walls, ceilings, and floors exist in many places, including vehicles, rooms,
boxes, trains, machines, etc. Suppose we can deploy the presented technologies in many other
shapes. In that case, we could leverage such structures for embedding cavity-inspired wireless
power transfer systems. This advancement will offer people a wireless powering experience
without any (explicit) dedicated structures. For instance, this will enable scenarios such as
the car’s shell working as an invisible wireless power transmitter, which unnoticeably powers

devices located within the vehicle.
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Figure 6.1 Two-dimensional wireless power transfer systems that we developed. Note that
I excluded these studies from this thesis’s scope. (a) A cuttable wireless power transfer
sheet [P11]. (b) A reconfigurable wireless power surface that we can introduce by arranging
panel-shaped modules [P10]. (c) A receiver array designed using genetic algorithm, which
prevents the significant drop of efficiency throughout the wireless powering surface [P5, P23].

From the engineering perspective, this design process differs from the presented studies
because there would be nearly no symmetry. As the structures become more geometrically
complex, the designing process would be too difficult to handle by heuristic design. Therefore,
a promising direction of future work is to establish computational design techniques to analyze
and optimize the transmitter structure based on the intended charging volume and the shell for

embedding.

6.3 Integrating with other technologies

This thesis pushed up the trade-off curve between “deliverable power levels” and “powering
range,” however, this trade-off still apparently exists. Thereby, it is unlikely that this technology
covers every application, at least for the near future. For instance, the two-dimensional systems
we developed lack in powering range compared to the three-dimensional approaches developed
in this thesis (figure 6.1). However, suppose the surface is the primary domain of interest.
In that case, these 2-D approaches could be more efficient and capable of delivering higher
power levels (e.g., over hundreds of Watts). Thus, it would be interesting to explore system
architectures that seamlessly integrate 2-D and 3-D wireless powering systems.

Furthermore, microwaves and optical techniques are much less efficient, and the
power-levels are magnitudes lower than this thesis’s approaches in indoor setups. However,
they can be more effective when it is challenging to deploy current cavity-inspired approaches.
Such conditions include situations when the operating distance is more extended and in outdoor

environments.



6.4 Designing peripheral circuits for specific applications 103

Apparently, there is still no one-covers-all technology in the wireless power transfer field.
Thereby, the integration of various charging systems should be another exciting topic to
explore. Suppose the receivers equip several types of receivers (e.g., optical and inductive)
and autonomously changes the charging mode depending on the situation (e.g., indoor/outdoor,
line-of-sight/non-line-of-sight, high-power/low-power). In that case, the operation range could
further expand than any other technology alone. For enabling such systems, we need to
investigate the integration at both physical level (e.g., interference between the technologies)

and systems level (e.g., protocols for determining the appropriate technology).

6.4 Designing peripheral circuits for specific applications

Because most of this study focused on enhancing the link efficiency between the
transmitter/receiver pair, I did not optimize peripheral circuits’ efficiency. Such non-optimized
portions include the power amplifier, rectifier, DC-DC converters, battery managers, etc.
Besides, I did not implement any dynamic impedance tuning approaches for maximum
efficiency point tracking.

I regard the obtained performance satisfactory for many IoT applications, such as
empowering mobiles and sensor nodes. However, if significantly higher power-levels need
to be transmitted (e.g., charging electric vehicles), it would be necessary to optimize these

peripheral circuits and aim for the upper edge of efficiency [70, 71].

6.5 Electromagnetic compatibility (EMC)

Any system that exposes oscillating electromagnetic fields can affect electronic devices within
the operation range. Examples of this effect include appending noises to electrical or even
damage components. Thereby, EMC/EMI is usually controlled via standards such as the
CISPR standard determined by the International Electrotechnical Commission (IEC) [72].
Because wireless power transfer systems generally emit higher power levels than typical
communication systems, EMC/EMI has been a general concern for such technologies.
However, the testing of EMC/EMI is highly application-specific. Thereby, I leave the detailed
exploration of this term for future work and only provide the electrical field intensity in the
room’s proximity for attaining a quantitative understanding. Figure 6.2 shows the electrical
field intensity around the room-scale wireless power transfer system presented in Chapter 3.
These figures show that the electrical field is concentrated near the lumped capacitors and
eventually decays with increasing distance. Thus, one counterpart is to optimize the capacitive



6.6 Unlocking new device modalities 104

0dB

-50 dB

-100 dB

-150 dB

-200 dB

Figure 6.2 The electrical field density inside and outside of the multimode QSCR. Note
that these distributions only show relative values. (a) Pole dependent (PD) mode. (b) Pole
independent (PI) mode.

lumped elements’ positions for controlling the exposed areas. Furthermore, it would be
interesting to distribute the lumped capacitors across the current trace to decrease each
capacitor’s voltage stress [73]. This distributed placement should subsequently suppress the
electric field amplitude exposed near each capacitor.

6.6 Unlocking new device modalities

Untethering power cords will subtract cables associated with users and change the design and
modalities of devices. For instance, batteries are the most space/weight consuming component
in many electronics. Thereby, the elimination or even the reduction of battery size will lead to
drastic changes in the design of ongoing electronic devices.

Furthermore, speculatively thinking, such technologies have a promise to be a unique
power source for devices that can not equip batteries. Some instances of these devices
are flexible electronics, stretchable electronics [74], and small electronics [75], which the
unique form factor does not allow equipping rigid and bulky batteries. In laboratory
setups, these devices are often powered by external and wired power sources (because most
studies consider the power supply out of scope), which significantly limits practicality.
As a primitive proof of concept Figure. 6.3 demonstrates these technologies’ capability

for empowering flexible, film-type devices. Besides, reliable power sources that can
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Figure 6.3 Powering an LED array implemented on a flexible substrate.

drive numerous particle scale devices will work as a backbone of futuristic computing
concepts, such as smart dust [32] and programmable matter [75], by solving the critical
bottleneck of power distribution. Thereby we proposed a concept of “wirelessly cooperated”
shape-changing computing particles [P12] (Figure 6.4) for seamlessly empowering clusters
of unrecognizably small computers woven into everyday artifacts. We proposed integrating
wireless communication [76] and powering technologies into millimeter-scale IC chips for
achieving computers that we can directly and naturally manipulate as we interact with clay.

We can extend such discussions to robotics, which often requires numerous actuating and
sensing functionalities integrated into various form factors. As an example of “excluding”
electrical systems, previous work demonstrated an utterly soft robot powered by chemical
reaction controlled with a microfluidic logic [77]. However, the utility of such non-electronic
approaches is limited because it lacks means for communication, precise control, complex
processing abilities, and speed.

We previously demonstrated wirelessly driven soft-robotics in two-dimensional setups.
In this work, we connected the actuators that cause locomotion to wireless power receivers
sensitive to different frequency bands. External wireless power transmitters can remotely and
selectively drive these actuators [P6, P8]. This demonstration showed the proof of concept
for off-loading the power source to the external of the robotic form factor (which holds the
robotics’ softness).

Another expected innovation is extending the operating range of devices to fields where
it is difficult to reach with wires. Examples of these domains are underwater, within solids,
biological tissue, in air, etc. As the technologies developed in this thesis are relatively less
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Figure 6.4 The concept of wirelessly cooperated shape-changing computing particles [P12].
This concept will seamlessly empower clusters of unrecognizably small computers woven into
everyday artifacts via wireless power and communication among millimeter-scale IC chips.
Such technology would lead to computers that we can directly and naturally manipulate as we
interact with clay.

affected by the external environment, it has the promise of empowering devices operating in
such domains. For instance, balloon robots, or drones in general, maneuver using actuators,
typically powered by batteries since wiring in the air is usually infeasible. However, as the
payload of these devices is limited, the loadable battery capacity and the flight time is strictly
limited. To investigate proof of concept for this instance, we explored a wireless powered
balloon robot’s design. Therefore, we delivered a pilot study on wirelessly powering balloon
robots [P43], which indicated that power could be delivered to floating drones using realistic
setups.

A critical finding from these works is that the powering performance and the receiver’s
form-factor are highly-dependent. Wider (i.e., heavier) conductive patterns usually deliver a
higher quality factor (Q). Besides, a larger receiver area typically results in a larger coupling
coefficient (k). However, the exclusion of batteries and continuous power supply in remote
conditions is a unique and convenient benefit. Thereby offering analysis tools and protocols

for investigating these pros and cons should be a promising future work direction.

6.7 Contributions from the applied physics perspective

Up to now, this thesis has discussed the electrical engineering and application perspective of
wireless power technologies. Meanwhile, wireless power transfer is an interdisciplinary field,

which is intensely engaged with applied physics [59]. Thus in this last section, I will provide
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Figure 6.5 Wirelessly powered soft robotic caterpillar [P8]. We drove the shape memory
alloys (SMAs) remotely and selectively for generating locomotion. (a) 3D model of the soft
robotic caterpillar with integrated wireless power receiver coils. (b) The two receiver coils
attributed to each shape memory alloy (SMA) actuator. (c) Photograph of the assembled
wirelessly powered soft robotic caterpillar. (d) The underside of the soft robotic caterpillar
showing the two assembled SMAs. (e) Mechanism for generating locomotion.

a perspective on the positioning and contribution of this thesis’s technologies in the domain of
applied physics. My discussion starts by briefly positioning existing wireless power transfer
approaches based on figure 6.6.

Existing similar technologies and easy-to-use analysis techniques worked as a driving
force for developing many wireless power transfer technologies. For instance, inductive
coupling approaches are inspired by transformers, and we often use lumped circuit models
for analysis [16]. This approach rides on the magnetoquasistatic domain of Maxwell’s
equations, which leads to little interference with dielectrics (e.g., biological tissue, everyday
objects, furniture) [7]. Besides, approaches leveraging radiated electromagnetic waves
(e.g., microwave, laser) ride on the technical body of communication technologies. Mature
engineering tools such as wave physics and the Friis transmission equation have helped develop
this approach [4].

The introduction of magnetic resonance coupling has significantly enlarged the overlap
between wireless power transfer and applied physics [13]. We can understand this technology
as a “resonant” version of inductive coupling techniques because we can formulate most of

this technique’s features using lumped circuit analysis [10]. Importantly, this also revealed
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Figure 6.6 Wireless power transfer technologies organized from the physics perspective.
(QSCR: quasistatic cavity resonance; WPT: wireless power transfer)

that we could treat the inductively coupled resonators as general oscillators, which are usually
analyzed by coupled-mode theory [49]. This advancement also triggered the development
of another domain which uses classic resonators (e.g., cavity resonators) for wireless power
transfer for attaining properties that coil resonators don’t possess [39, 78]. Although these
techniques often require the calculation of Maxwell’s equations, most of these techniques use
structures that can be solved analytically, such as highly symmetric ones.

Now, let’s focus on the undeveloped domain with no original technology nor easy-to-use
analysis tools. Although this domain is apparently challenging to use, recent advances indicate
that this area could offer superior and unique characteristics, which we could not achieve using
the realms with established analysis techniques or similar technologies. One technology in
this domain is mid-field wireless power transfer, which uses electromagnetic fields between
the far-field and near-field domain [25]. This approach actively leverages the interaction
with the surrounding dielectrics to focus energy on the implanted devices much smaller than
the wavelength; this shows magnitudes higher performance than other approaches riding on
well-known approximations in such situations.

This undeveloped domain strongly engages with the technologies developed in this thesis.
This domain formerly included quasistatic cavity resonance [20]; however, the formulation
in chapter 4 linked this technology with circuit theory, which partially pulled this technology
into the domain where engineering becomes relatively easy. The multimode quasistatic cavity
resonance (chapter 3) is an exploration outside of the umbrella of well-known analysis tools

leading to a unique performance that we could not reach otherwise (e.g., full-volume coverage).
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Furthermore, we can understand hierarchical resonance (chapter 5) as a fusion of these unique
room-scale systems and ordinary coil-based resonators. By bridging these two domains, we
demonstrated custom-designing the field distributions of quasistatic cavity resonance, which
was previously difficult because of the lack of accessible engineering tools.

In summary, the 3-D wireless power primitives developed in this thesis are additional proof
of the potential for leveraging the “undeveloped” zone for wireless power applications, and it
encourages the further exploration of this domain. Furthermore, it indicates the importance
of developing system-level technologies that bridge different technological domains, which 1

discussed in section 6.3.
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