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“Tell me and | forget. Teach me and | remember. Involve me and | learn.”

— Benjamin Franklin

“Give a man a fish and you feed him for a day; teach a man to fish and you feed him a

lifetime.”

— Laozi



Abstract

Wireless Power Transfer (WPT) is a promising solution to eliminate the dependence of
low-power devices on batteries and cables. WPT technologies, including electric field
coupling (EC-WPT), magnetic field coupling (MC-WPT), radio frequency (RF-WPT), laser
(L-WPT), and ultrasound (U-WPT), each have inherent limitations. EC-WPT, MC-WPT,
and U-WPT are restricted to short distances, L-WPT is limited by precise alignment,
while metal, water and biological tissues are harsh transmission environment for RF-
WPT. These constraints make powering devices in harsh environments, such as
underwater, underground, within metal enclosures, distributed over long distances, or
mobile, a significant challenge. Traditional battery-based, wired and independent WPT
solutions are often impractical due to high maintenance costs, accessibility issues, and

size limitations.

This study proposes a hybrid wireless power transmission system integrating RF-WPT and
U-WPT to establish a dual-path energy transfer framework in air and metallic
environments. The RF link enables long-range and omnidirectional energy transmission,
while the ultrasonic link supports power safe penetration through metal, water, and
biological tissues. However, integrating these two technologies is challenging due to
their fundamentally different transmission mechanisms, necessitating distinct circuit
architectures and components. This work develops a combined radio frequency and
ultrasonic wireless power transfer (CRFU-WPT) architecture, analyses the link loss
between RF and ultrasonic transmission, and establishes a power budgeting model for
various application scenarios. An experimental validation demonstrates the system’s
capability to power a low-power Bluetooth sensor through a 10 mm metal plate with 0

dBm input, achieving a conversion circuit efficiency of 39.7%.
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1 Introduction

Powering distributed sensors has long presented a significant challenge, especially in
environments where traditional power supply methods are impractical or inefficient[1,
2, 3, 4]. Conventional approaches, such as laying cables or using batteries, are often
unsuitable due to deployment constraints. Sensors used in fields like hydrology, biology,
environmental monitoring, smart buildings, and implanted medical devices are
frequently placed in harsh conditions, including underwater, underground, within
concrete structures, in low-temperature environments, or inside sealed metal
enclosures such as steel bridges, shipping containers, and pipelines[1, 5, 6, 7, 8, 9, 10,
11]. In these situations, conventional power solutions can be costly and are limited by
the short lifespan of batteries, which makes maintenance and replacement challenging

due to the sensors’ physical inaccessibility[12, 13, 14].

Wireless power transmission (WPT) has emerged as a promising alternative to
conventional methods[15, 16]. It eliminates the need for cables and batteries while
providing continuous and stable power delivery over extended periods[17]. This
technology addresses significant limitations related to battery lifespan and the high
costs associated with replacing batteries or installing cables, especially in remote or
hard-to-reach locations[18]. Several WPT methods have been developed, including
electric field coupling (EC-WPT), magnetic field coupling (MC-WPT), radio frequency
(RF-WPT), laser (L-WPT), and ultrasound (U-WPT). Each method has advantages;
however, many encounter challenges when powering sensors in metal-enclosed
environments[19]. EC-WPT, MC-WPT, RF-WPT, and L-WPT are particularly affected by
the shielding effects of conductive materials, which obstruct energy transmission
through metal barriers[20]. On the other hand, while U-WPT can penetrate metal, its
relatively short transmission range makes it unsuitable for long-distance power supply

applications[21, 22].

This project introduces a novel hybrid wireless power transfer system, termed Combined
Radio Frequency and Ultrasonic Wireless Power Transfer (CRFU-WPT), aimed at
addressing the inherent limitations of conventional WPT technologies in complex
environments. The CRFU-WPT system leverages the complementary characteristics of
radio frequency and ultrasonic energy transmission to enable robust, long-distance

wireless power delivery across diverse propagation media.



This design uses RF-WPT for its long-range, omnidirectional transmission capability in
open air, offering flexible deployment and reduced alignment constraints. Meanwhile,
U-WPT is incorporated to facilitate efficient power transfer through challenging
materials such as metals, water, biological tissues, and media, where electromagnetic
waves are typically subject to significant attenuation. The integration of these two
mechanisms allows for seamless energy delivery across air over long distances and dense
media to penetrate, ensuring continuous and reliable power flow to sensor nodes
deployed in electrically or physically isolated environments. Figure 1-1 illustrates the

conceptual structure and application of the CRFU-WPT system.
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Figure 1-1. lllustration of the CRFU-WPT system, which harvests electromagnetic energy and emits
it as ultrasonic waves (a) and its potential application scenarios in closed metal containers, steel
bridges, shipping containers and oil pipelines (b).

The CRFU-WPT system addresses the limitations of conventional single-mode WPT
technologies by integrating RF and ultrasonic transmission mechanisms into a unified
architecture. Specifically, it overcomes the short-range constraints inherent to EC-WPT,
MC-WPT, and U-WPT, as well as the barrier penetration issues commonly associated
with RF-WPT and L-WPT. Through this hybrid design, CRFU-WPT significantly extends
the effective operating range of wireless energy transmission and enhances the system’s

adaptability across diverse and challenging environments.



This architecture is particularly advantageous in industrial facilities (e.g., enclosed
metal tanks or pipelines), biomedical applications (e.g., implanted medical devices),

and large-scale distributed loT deployments in heterogeneous or dynamic terrains.

Furthermore, the CRFU-WPT system is compact and modular, facilitating seamless
integration with various sensor nodes. Its multifunctional capabilities support both
stationary and mobile sensing platforms. The system’s ability to deliver stable and
continuous power ensures long-term operational reliability, even under fluctuating

environmental conditions.

Key Contributions and Achievements:

o Development of the CRFU-WPT system architecture.

o Establishment of power transmission models for RF and ultrasonic links.
o Design and testing critical components in the conversion circuit.

e Proposal for a time-division power management.

o Demonstration of an application case study.

This thesis is divided into five main chapters. Chapter 1 introduces the research
background, motivation, and objectives of the project. It highlights the significance of
hybrid wireless power transfer and discusses the challenges and application prospects
of the proposed hybrid system. Chapter 2 provides a comprehensive review of existing
wireless power transfer technologies, comparing their working principles, performance
characteristics, application scenarios, and limitations. It also explores hybrid wireless
power transfer approaches, outlining their benefits and summarising key insights
relevant to system design. Chapter 3 presents the development of the CRFU-WPT
system, covering the overall system architecture, modelling, circuit design, and
hardware integration. This chapter establishes the theoretical and practical basis for
system implementation. Chapter 4 reports and analyses the experimental results. It
begins with individual modular tests of key subsystems, including the RF link, ultrasonic
link, and conversion circuits, followed by a full system evaluation based on a real-world
application case. Chapter 5 concludes the thesis by summarising the main research
findings, assessing the overall system performance, and proposing potential directions

for future development and optimisation.



2 Literature Review

With the widespread adoption of low-power devices, WPT has garnered significant
attention in recent decades for its potential to revolutionise power delivery in
distributed systems[23, 24, 25, 26]. Initially conceptualised by Nikola Tesla in the early
19th century, WPT has evolved into a multidisciplinary field with advancements in
various methods[24]. These include EC-WPT, MC-WPT, U-WPT, L-WPT, and RF-WPT,

each offering distinct advantages and facing specific limitations[27].

Hybrid systems that combine multiple technologies have been developed to address the
shortcomings of individual WPT methods. These hybrid WPT systems aim to leverage the
strengths of different approaches, achieving improved efficiency, adaptability, and

scalability across diverse operating environments[28].

Despite considerable progress, challenges such as energy conversion efficiency, power
density, and environmental adaptability remain critical research areas in WPT[20, 29].
Future developments are expected to enhance system efficiency, miniaturisation, and
scalability to meet the increasing demand for wireless power applications in healthcare,

smart cities, and industrial automation[18, 23, 30, 31].

The following sections will provide an in-depth overview of the primary WPT
technologies, discussing their advantages, limitations, and application scenarios.
Additionally, we will explore the current state of the art of hybrid WPT systems and

their role in addressing existing challenges.

2.1 WPT Category

WPT technologies can be classified in various ways, including by transmission
mechanism, transmission distance, and intended application. Among these,
classification based on the transmission mechanism is one of the most fundamental and
widely adopted approaches. In this discussion, WPT is categorised into five primary
types according to their transmission mechanisms: EC-WPT, MC-WPT, U-WPT, L-WPT,
and RF-WPT. The general physical mechanism of a typical WPT system is illustrated in
Figure 2-1, which provides a conceptual overview of the energy transmission process

from source to receiver.
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Figure 2-1. Mechanisms of typical WPT systems: EC-WPT (a), MC-WPT (b), U-WPT (c), L-WPT (d),
and RF-WPT (e).

Each category of WPT exhibits different characteristics in terms of operating frequency,
transmission distance, power level, and suitable applications. These differences
determine their suitability for various practical applications, ranging from consumer
electronics to industrial and biomedical systems. The following sections introduce the

basic working principles and typical applications of each WPT type in detail.



2.1.1 Electric Field Coupling Wireless Power Transfer

EC-WPT, also known as capacitive wireless power transfer (CPT), enables power transfer
without physical contact by utilising the electric field between conductive plates[32].
Characterised by its simple structure, lightweight design, and low cost, EC-WPT
transfers energy across a gap through capacitive coupling between two electrodes, the

transmitter and receiver, as shown in Figure 2-1 (a)[20].

EC-WPT operates by applying a high-frequency alternating current (AC) voltage to the
transmitting electrode, generating an oscillating electric field. The receiving electrode,
positioned opposite the transmitter, forms a capacitive coupling, enabling energy
transfer through displacement current. The efficiency of this transfer is determined by
the capacitance between the electrodes, which depends on factors such as electrode
surface area, gap distance, and the dielectric properties of the medium. The AC signal
is rectified and regulated at the receiving end to provide stable direct current (DC)

power to the load.

The main advantages of EC-WPT are its compact and lightweight design, achieved by
eliminating coils and magnetic components, and its simple structure, which reduces cost
and complexity[20]. It is also resistant to magnetic interference, making it suitable for
environments with strong magnetic fields[33]. However, EC-WPT has limitations,
including reduced efficiency with increased plate distance, low power transmission
capacity, sensitivity to environmental changes such as humidity, and the need for

careful insulation due to high operating voltages[20].

EC-WPT is widely used in low-power and short-distance applications, such as wearable
electronics, implantable medical devices, and charging stations for mobile devices and
sensors[19, 32]. It is also employed in industrial settings to power sensors or components
in rotating machinery, where direct access is impractical. M. Tamura et al. reported
using EC-WPT to deliver 100 mW of power to implanted medical devices with an
efficiency of approximately 35% [34]. This study highlights the suitability of EC-WPT for
low-power biomedical applications, particularly where compact and lightweight designs
are critical. In contrast, L. Yang et al. demonstrated the feasibility of a higher-power
application, achieving a 100 W underwater power supply[35]. This finding underscores
the adaptability of EC-WPT for environments where conventional wired connections are

impractical, such as subsea sensors or robotic systems. B. Luo et al. extended the scope
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of EC-WPT to mobile vehicles, reporting a system capable of transmitting 653 W of
power[36]. This study showcases the potential of EC-WPT in dynamic and high-power
scenarios, such as electric vehicle charging and autonomous mobility solutions.
Furthering the exploration of EC-WPT in aerial applications, C. Cai et al. proposed a
scheme to deliver 212.1 W of power to drones with a DC-DC efficiency of 82.5%[37].
This research emphasises the role of EC-WPT in enabling extended operational durations

for drones, particularly in industries like logistics, surveillance, and agriculture.
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Figure 2-2. EC-WPT application solutions in implantable devices (a), electric vehicles (b), and

UAV (c).
As shown in the Figure 2-2, existing studies collectively highlight the versatility and
scalability of EC-WPT, demonstrating its potential in a wide range of applications—from
low-power implantable medical devices to high-power systems such as electric buses
and unmanned aerial vehicles. These examples reflect the adaptability of EC-WPT to
both biomedical and transportation sectors. However, such applications are typically
restricted to short-range power transfer, with the effective transmission distance

generally limited to a few centimetres due to the nature of capacitive coupling.

2.1.2 Magnetic Field Coupling Wireless Power Transfer

MC-WPT is one of the most widely studied and implemented methods for wireless energy

transmission[32, 38]. This technology primarily relies on electromagnetic induction,

transferring energy between coils through a magnetic field, as shown in Figure 2-1 (b).
7



MC-WPT involves two main components: a transmitter coil and a receiver coil. The
transmitter coil is energised with an AC, generating a time-varying magnetic field. This
magnetic field induces an AC voltage in the receiver coil via mutual inductance. The
induced voltage is converted into DC through rectification circuits to power electronic
devices. Energy transfer efficiency depends on several factors, including the coupling
coefficient, operational frequency, and alignment between the transmitter and receiver
coils[39]. Strong coupling, typically achieved at close distances, enhances efficiency,

making this method particularly effective for short-range applications[40].

MC-WPT offers several advantages, including high efficiency at short ranges, mature
technological development, and safety due to the non-invasive nature of magnetic
fields[41]. Additionally, resonant coupling enables an extended range without
significant efficiency loss[42]. However, the technology faces challenges such as limited
transmission distance, sensitivity to alignment between the transmitter and receiver,
and potential electromagnetic interference (EMI) with nearby electronic devices[32, 41,
43, 44, 45]. Scaling up for high-power applications also introduces issues like heat
generation and the need for advanced cooling mechanisms, making it more complex for

such scenarios[46, 47].

MC-WPT is widely applied in consumer electronics for wireless charging of smartphones,
smartwatches, and portable devices, in the automotive industry for electric vehicle
charging, in the medical field for implantable and wearable devices, and in industrial
automation for powering sensors and machinery[23, 48, 49, 50, 51]. Z. Ziqi proposed a
solution for powering multiple devices in smart buildings, showcasing a system capable
of powering a 50 W LED TV at 300 kHz and a 5 W mobile phone charger at 127 kHz as
actual loads[52]. Similarly, X. Jin et al. demonstrated a 40 W WPT application for
powering sensors in a smart greenhouse, highlighting its suitability for precision
agriculture and environmental monitoring[53]. Y. Jia et al. reported an 800 W WPT
system with constant current (CC) output designed to effectively handle air gaps and
load variations, making it adaptable to fluctuating operational conditions[54]. In the
automotive sector, X. Liu et al. developed a high-power WPT system capable of
delivering 95.49 kW at an output voltage of 704 V, achieving a remarkable DC-DC

efficiency of 96% to support electric vehicle charging[55].



Mobile phone ...

(b)

The Sensor

= Plastic Cover
B (Receiving coil)

Coil
(Litz Wire)

Ferrites

» W x\lUﬂpnlUln
— e Ring

C o )<« Aluminium
(a) e —— Backing Plate

(c)

Figure 2-3. MC-WPT application solutions in electric vehicles (a), mobile phone and TV (b), and
intelligent greenhouse (c).

As shown in the Figure 2-3, these studies collectively underscore MC-WPT's versatility
and scalability, demonstrating its potential to meet the diverse power demands of
modern applications, from low-power devices in smart environments to high-power
systems for industrial and automotive use cases. However, its efficiency decreases
rapidly with distance, and performance is highly sensitive to coil alignment. Challenges
include energy losses due to nearby metals, heat generation in high-power applications,

and susceptibility to EMI.

2.1.3 Ultrasound Wireless Power Transfer

U-WPT is an innovative and non-electromagnetic technology that utilises acoustic waves
to transmit energy through air, water, or solid media[56]. Unlike conventional
electromagnetic-based methods, U-WPT leverages the mechanical vibrations of
ultrasonic waves to transfer energy, making it particularly suitable for environments
where EMI or shielding is a concern[57]. U-WPT converts electrical energy into ultrasonic
acoustic waves using a piezoelectric transducer. The transmitter generates high-
frequency sound waves (typically above 20 kHz) propagating through the medium. At
the receiver end, another piezoelectric transducer captures these waves and converts
the mechanical vibrations into electrical energy, as shown in Figure 2-1 (c). The energy
transfer efficiency depends on factors such as the medium's acoustic impedance, the

transducers’ alignment, and the operation frequency[58].
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U-WPT offers several advantages, including its ability to avoid electromagnetic
interference, making it suitable for sensitive environments like medical devices and
industrial sensors[59]. It is also highly versatile and capable of transmitting energy
through various media such as air, water, and solid materials while maintaining safety
for biological tissues when operating at appropriate power levels[60]. Additionally, the
directional nature of ultrasonic waves ensures localised energy transfer with minimal
unintended losses[61]. However, U-WPT faces challenges such as medium-dependent
efficiency, where performance decreases in less acoustically conducive environments
like air, and limited power capacity, as high-intensity ultrasonic waves may cause
heating or cavitation[62]. Precise alighment between the transmitter and receiver is
critical for effective energy transfer, particularly over long distances, and high-intensity
waves can generate acoustic noise or unwanted vibrations, potentially impacting user

comfort and system usability [63].

Due to its unique advantages, U-WPT is gaining traction in several specialised fields. As
shown in the Figure 2-4, in the medical sector, it is used to power implanted devices
such as pacemakers and biosensors, where non-invasive power delivery is critical [64].
Underwater applications include powering submersible sensors and communication
devices in aquatic environments [65]. In industrial settings, U-WPT is employed to
wirelessly power sensors and actuators in harsh environments where traditional wiring

is impractical [66].

Lamb wave Receiver
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Transmitter
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Figure 2-4. U-WPT application solutions in implantable devices (a), underwater (b), and metal
pipeline (c).
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Ultrasound wireless power transfer offers a promising alternative to conventional
electromagnetic-based systems, particularly in specialised environments with critical
EMI, biological safety, or medium compatibility. Despite its limitations, ongoing
research and development are poised to expand its applicability and performance in the

coming years.

2.1.4 Laser Wireless Power Transfer

L-WPT is an advanced technology that employs laser beams to transmit energy over long
distances. L-WPT enables precise and efficient energy delivery to remote locations [67,
68]. L-WPT operates by generating a focused laser beam from a transmitter directed
toward a photovoltaic (PV) cell or a similar optical receiver at the target location. The
PV cell absorbs the laser energy and converts it into electrical power, as shown in
Figure 2-1(d). The key factors influencing the efficiency of L-WPT include the
wavelength of the laser, the design of the PV cell, the alighment between the
transmitter and receiver, and environmental conditions such as atmospheric attenuation

and beam scattering [25, 69].

L-WPT offers several advantages, including its capability for long-distance energy
transmission with minimal losses, high power density suitable for demanding
applications, and precision energy delivery due to the directional nature of laser beams
[25, 70, 71, 72]. It is also immune to electromagnetic interference, making it ideal for
sensitive environments [73]. However, the technology faces significant challenges, such
as safety concerns from high-power laser beams, which can pose risks to human eyes
and skin, and efficiency reductions caused by atmospheric interference like fog, dust,
and rain [72, 73, 74, 75, 76]. Precise alighment between the transmitter and receiver
is critical for effective energy transfer, particularly over long distances, and the current
limitations in conversion efficiency at both the transmitter and receiver remain a hurdle
for widespread adoption[67, 68, 77, 78, 79].

Figure 2-5 shows the application of L-WPT in UAV, space applications and underwater
devices[80].
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Figure 2-5. L-WPT application solutions in UAV (a), space applications (b), and underwater
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L-WPT shows great potential across diverse fields. In space, it powers satellites, stations,
and lunar rovers, offering reliable, connection-free energy[81, 82]. On Earth, it extends
UAV flight times by providing mid-flight energy and supports remote sensing and
communication infrastructure, delivering power to otherwise inaccessible locations[83,
84, 85, 86].

2.1.5 Radio Frequency Wireless Power Transfer

RF-WPT is a versatile technology that offers broad applicability, flexibility, and
adaptability[87]. It can accommodate varying power requirements over different
distances[88]. This technology is commonly used to power loT devices, satellites, and
other low-power systems[89, 90, 91]. RF-WPT can also be customised or scaled to meet
specific application needs, including supporting various power levels, charging multiple
devices simultaneously, and enabling charging for devices in omnidirectional or irregular
motion[23, 92, 93, 94].

RF-WPT can transmit energy over longer distances than EC-WPT, MC-WPT, and U-WPT.
It converts electrical energy into radio frequency electromagnetic waves, which travel
through free space to reach the receiver. The receiver typically consists of an antenna,

an impedance-matching network, and a rectifier. These components work together to

12



capture RF energy and convert it into usable electrical power, as shown in Figure 2-1

(e).

RF-WPT leverages electromagnetic waves, typically operating within the microwave or
RF spectrum (ranging from MHz to GHz frequencies)[95]. The system consists of a
transmitter that generates high-frequency signals emitted as electromagnetic waves via
an antenna. These waves are transmitted through free space and received by a
dedicated antenna at the receiver end. The system depends on several factors to
maximise power transfer efficiency, including the design of high-gain directional
antennas, precise frequency tuning, and minimal signal attenuation over the
transmission path[96, 97, 98]. The captured RF energy is rectified and regulated to

provide stable DC power to the load.

RF-WPT powers loT sensors, wearables, satellites, remote monitors, and industrial
systems, offering reliable, long-distance, and maintenance-free energy transfer[30, 90,
92, 99, 100, 101]. L. Schulthess et al. demonstrated an RF energy conversion system for
micro loT, achieving over 30% total power conversion efficiency at -10 dBm input power
and a peak efficiency of 57% at 3 dBm, highlighting its suitability for loT sensors[102].
C. Ivo et al. proposed a simultaneous wireless information and power transmission
system for small mobile devices, transferring at least 6 dBm of power to a wearable
device using a 2 GHz signal for tracking individuals at 0.5 meters[103]. J. Tepper et al.
evaluated RF power transmission for low-power aircraft sensors, demonstrating a 28 mW
system covering a 20-seat area[104]. In biomedical applications, S. A. A. Shah et al.
developed an 82% maximum power conversion efficiency for implanted medical devices.
At the same time, M. A. Tanha introduced an antenna-based RF system delivering 20
mW of power to a neonatal lung function sensor at 19 cm [105, 106]. In space
applications, A. K. Shahjahan reviewed space-based wireless power transmission
technologies, and M. Preyansh explored space solar power satellites that convert solar
energy into microwaves for wireless transmission to Earth[107, 108]. These studies
highlight the versatility and scalability of RF-WPT across a wide range of applications,

from biomedical devices to aerospace technologies.

Figure 2-6 shows the application of RF-WPT in implantable devices, consumer

electronics, short-range and long-range applications[28, 109, 110, 111].
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RF-WPT offers significant benefits, including long-range capability, flexibility, and the
ability to power multiple devices simultaneously without requiring precise alignment
[112, 113, 114, 115]. Additionally, its integration with wireless communication systems
allows for concurrent energy and data transmission, making it highly adaptable to
modern technological demands [24, 114, 116]. However, the technology faces efficiency
limitations due to energy losses over long distances, strict spectrum regulations, and
challenges in mitigating EMI [117, 118, 119]. Furthermore, health and safety concerns
regarding prolonged exposure to high-power RF fields require strict adherence to
international standards [120, 121, 122, 123].

2.2 Comparison of WPT

WPT technology has made significant advancements, with the latest research
highlighting its potential to meet the diverse requirements of modern applications[124].
It is poised to address challenges across various fields, including consumer electronics,
healthcare, industrial automation, and space exploration[125]. Each method—EC-WPT,
MC-WPT, U-WPT, L-WPT, and RF-WPT—offers distinct advantages and limitations
tailored to specific use cases. Table 2-1 presents a detailed comparison of these

technologies, evaluating key metrics such as Power range, Transmission Range,
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Advantages, Limitations and application suitability. It provides a comprehensive

understanding of their operational constraints and ideal applications.

Table 2-1. Comparison table of WPT technologies

EC-WPT MC-WPT U-WPT L-WPT RF-WPT
Power range mW to KW mW to KW mW to W mW to KW mW to KW
Transmission
mm to cm mm to cm mm to m m to km m to km
Range
High efficiency, High efficiency, High biosafety, . .
s y s . y s y Long distances, Long distances,
Advantages Low cost, High power Metal ] . o o .
. . . . High directivity Omnidirectional
Light, flexibly density penetration
Shot distance, Shot distance, . . .
) o Shot distance, Point to point, L
o Potential Metal shielding, ) L Metal shielding,
Limitation o . High Sensitive to .
electric field Sensitive to . . Exposure risk
L attenuation atmospheric
hazards misalignment
Implantable  Mobile phones, Underwater and  Spacecraft, Mobile device,
Application medical, Wearables, implantable satellite solar Unmanned
Electric Vehicle Electric Vehicle equipment power station  aerial vehicle

Among WPT technologies, EC-WPT, MC-WPT, and U-WPT are primarily suited for short-
distance energy transmission. EC-WPT and MC-WPT can achieve power levels in the
range of several kilowatts with high transmission efficiency; however, they pose
potential risks associated with electric and magnetic field exposure. U-WPT, on the
other hand, offers superior safety and the ability to penetrate conductive materials such
as metal, water, and biological tissues. Still, its transmission efficiency is relatively low,

limiting its applicability for high-power scenarios.

For long-distance transmission, L-WPT and RF-WPT are more suitable. L-WPT is
characterised by its high directivity, which enables precise energy delivery to targeted
locations, while RF-WPT can transmit energy omnidirectionally depending on antenna
configurations. Nevertheless, both L-WPT and RF-WPT are constrained by metal

shielding effects and carry potential risks associated with energy exposure.

Each WPT technology exhibits distinct advantages and limitations, necessitating careful
consideration of the specific application requirements, environmental constraints, and

safety standards to optimise their performance and applicability.
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2.3 Hybrid WPT

Wireless power transfer technology overcomes the limitations of cables, providing an
innovative solution for powering mobile devices and distributed sensors[126]. However,
each WPT technology has advantages and disadvantages, leading to inherent application
limitations[127]. A hybrid wireless power supply, which integrates two or more WPT
technologies, seeks to combine the strengths of each while mitigating their
shortcomings[29]. By merging different WPT methods, hybrid systems address
challenges related to transmission distance, power levels, and environmental
adaptability. For example, combining RF-WPT with magnetic field coupling enables
medium-distance energy transmission while maintaining high efficiency for short-range
applications[128]. Similarly, hybrid systems can adapt dynamically to specific
application requirements and environmental conditions. In scenarios with obstacles, a
combination of U-WPT and L-WPT can facilitate energy transmission through obstacle
materials while supporting long-distance power delivery in open environments. This
flexibility allows hybrid systems to achieve effective long-distance wireless power

transmission, even with physical barriers[129].

Integrating EC-WPT and MC-WPT is a prominent research focus in the loT because it can
achieve efficient short-range charging and power coverage for various devices[130]. Due
to their similar circuit structure, the two have been widely studied[36, 131, 132].
Another promising combination is U-WPT and RF-WPT, particularly in sensor networks
and complex environments[133]. U-WPT provides energy transmission through obstacles
in this configuration, while RF-WPT ensures long-range, wide-area energy coverage.
Although direct studies on integrating U-WPT and RF-WPT remain limited, this
combination holds significant potential for applications requiring both metal

penetration and long-distance coverage.

While hybrid WPT technology presents a promising solution for addressing the diverse
demands of modern applications by combining the strengths of multiple transmission
methods, it also introduces several significant challenges. Effective coordination
between different transmission techniques necessitates the development of advanced
control algorithms to manage their operation seamlessly. Furthermore, hardware design
must ensure compatibility and integration among components such as antennas, sensors,

and receiving modules, which adds complexity to the system architecture.
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Hybrid WPT systems also tend to involve higher production costs and may exhibit
increased power consumption due to the concurrent use of multiple technologies.
Additionally, the lack of mature industry standards for hybrid WPT complicates system
interoperability and scalability. Further research is therefore required to enhance inter-
technology coordination, improve overall system efficiency, and establish standardised
protocols. Despite these challenges, hybrid WPT remains a critical direction for the
future development of wireless power systems. It offers the potential for improved
versatility, environmental adaptability, and application scope across industrial,

biomedical, and loT domains.

2.4 Summary

This chapter reviewed and compared key WPT technologies, including EC-WPT, MC-WPT,
U-WPT, L-WPT, and RF-WPT. Each technique offers distinct advantages in specific
domains but also faces inherent limitations that constrain broader applicability.EC-WPT
and MC-WPT are well-suited for short-range, high-efficiency power delivery, making
them ideal for wireless charging and near-field industrial applications. However, their
dependence on near-field coupling limits range and requires precise alignment. U-WPT
offers enhanced safety and effective penetration through conductive media such as
metal or tissue, though it suffers from high attenuation in air and relatively low
efficiency. In contrast, L-WPT and RF-WPT enable long-distance energy transfer, with
L-WPT excelling in directional delivery and RF-WPT in omnidirectional flexibility.
Nonetheless, both are limited by poor penetrability through metal and potential health

or regulatory concerns related to electromagnetic exposure.

This analysis highlights that no single WPT method can fully meet the diverse needs of
modern applications, particularly in environments involving structural barriers or
heterogeneous materials. To overcome these limitations, hybrid WPT approaches have
gained increasing attention. In particular, integrating RF and ultrasonic transmission
leverages the long-range flexibility of RF and the penetrative capability of ultrasound,
enabling robust energy delivery across varied media. Building on these findings, the next
chapter introduces the Combined Radio Frequency and Ultrasonic Wireless Power
Transfer (CRFU-WPT) system. This hybrid architecture is designed to enhance
adaptability and performance in complex environments, supporting reliable power

delivery for industrial, biomedical, and distributed sensor applications.
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3 The CRFU-WPT System

3.1 Introduction

The Combined Radio Frequency and Ultrasonic Wireless Power Transmission (CRFU-WPT)
system presents a promising solution by combining the strengths of RF-WPT and U-WPT.
This hybrid approach addresses the limitations of single-technology systems, allowing
for flexible, long-term, and stable power delivery to sensors. It eliminates the need for
physical wiring and reduces the impact of environmental factors, such as weather
conditions[133].

However, merging RF-WPT and U-WPT into a single hybrid system presents significant
challenges due to their fundamentally different operating principles. RF-WPT transmits
power using electromagnetic waves and operates at high frequencies with low power
density, making it ideal for long-range, low-power applications[103]. In contrast, U-WPT
utilises mechanical waves to transmit energy over short distances through high-density
media, achieving higher power output at lower frequencies[59]. These differing
operational mechanisms require careful system design to ensure compatibility between
both technologies, efficient energy transfer, and seamless integration within the CRFU-
WPT framework.

This chapter offers an in-depth analysis of the CRFU-WPT system'’s architecture, design
and assembly. It examines the RF link model, the ultrasonic link model, and the
conversion circuit, highlighting their unique characteristics and the essential
technologies needed for integration. Additionally, it explores key design strategies to
overcome the challenges posed by the differing operational requirements of RF-WPT
and U-WPT.

To support this integration, the chapter also investigates the energy flow within the
hybrid system, quantifying link losses to establish a clear relationship between energy
input and output. This systematic analysis lays the groundwork for optimising the CRFU-
WPT system's performance, ensuring reliable, efficient, and adaptable power delivery

across various challenging operational environments.

18



3.2 System Architecture

The proposed CRFU-WPT system architecture comprises three primary components: the
RF link, the ultrasonic link, and the hybrid energy converter (HEC). The RF link transmits
energy from the RF transmitter to the converter via the antenna. The converter harvests
RF energy and converts it into ultrasonic energy. The ultrasonic link is then transmitted

to the load through the ultrasonic piezoelectric transducer.

Figure 3-1 Illustrates the system's energy flow, depicting the complete pathway of
energy transmission from the RF transmitter to the load. This pathway comprises a series
of interconnected components, including the RF transmitting antenna, the RF receiving
antenna, the conversion circuit, the ultrasonic transmitting transducer, and the
ultrasonic receiving transducer. Each element ensures seamless and efficient energy

transmission throughout the system.

Ultrasonic

input power

(P3)

Figure 3-1. The system energy link consists of two parts: the input energy is transmitted through
the antenna in the RF link, and then the energy is converted into ultrasonic energy by the
conversion circuit and transmitted to the load through the transducer.

Figure 3-1 Illustrates the energy transmission process of the CRFU-WPT system. Initially,
input energy is transmitted through the air as electromagnetic energy via the antenna.
This energy is then converted into mechanical energy by the conversion circuit and
transmitted through the metal or water as an ultrasonic wave delivered to the load by

the piezoelectric transducer.

The system integrates both electromagnetic and mechanical energy in its operation.
The conversion circuit plays a central role by transforming electromagnetic energy into

mechanical energy. It consists of two primary components: the electromagnetic energy
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receiving end (RF energy collection) and the mechanical energy transmitting end
(ultrasonic energy transmission). Furthermore, the conversion circuit manages energy,

ensuring efficient system operation.

Therefore, the CRFU-WPT system comprises three main components: the RF link, the
ultrasonic link, and the HEC. Figure 3-2 provides a detailed depiction of the system'’s
architecture, showcasing the integration of the RF and ultrasonic links with the HEC. It
highlights the role of each component within the energy flow and its contribution to the

system’s overall functionality.

/ The hybrid energy converter \

Time-division

Power

(« Management / \
RF Couvlin Ultrasonic Ultrasonic
Transmitter Receiver . P . g Transmitter ’)) ((< Receiver
Circuit
(P1) K (P2) (P3) / (P4)

Power Transmission via antenna Power Transmission via transducer
The RF link K The Ultrasonic link

Figure 3-2. The CRFU-WPT system architecture. The orange block is the RF energy transfer link,
and the blue block is the ultrasonic energy transfer link, where the P1 and P2 are the power from
the transmitter and receiver of the antenna, and P3 and P4 are the power from the transmitter
and receiver of the transducer. The middle block is the converting coupling framework.

It is noteworthy that when both the ultrasonic link and RF link operate with high
efficiency, the power density of the ultrasonic link significantly exceeds that of the RF
link. Specifically, the HWPT power received by the RF receiving antenna is lower than
the driving power required for the piezoelectric transducer. Consequently, the design
of the power management circuit must carefully consider these distinct characteristics,
particularly the constraints imposed by power availability and system size. Given their
mismatched power densities, the primary challenge in developing the proposed hybrid
wireless power transmission system is the design of a practical coupling circuit for the
RF and ultrasonic links. Furthermore, due to the limited power input of the RF link,

incorporating a highly efficient power management system is essential.
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A HEC is designed to efficiently couple the RF and ultrasonic links, as illustrated in
Figure 3-3. The coupling circuit is tasked with harvesting RF energy within a range of 1
mW to 200 mW over an extended period and generating ultrasonic energy output
between 500 mW and 1000 mW over shorter intervals. To enhance the versatility of this
circuit across various applications, it is designed to adapt to different transmission
distances and media. This is accomplished by accommodating antennas that operate at
varying frequencies and transducers with differing frequency ranges. The coupling
circuit is highly adaptable, optimising the RF antenna and ultrasonic energy transducer
frequencies. These frequencies can be tuned within ranges of 1 MHz to 2.5 GHz for the
RF link and 10 kHz to 1 MHz for the ultrasonic link, respectively. This adaptability
ensures the circuit’s relevance across various operational scenarios, making it suitable

for diverse use cases.
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Figure 3-3. The CRFU-WPT system block diagram. The system including RF link, converter,
ultrasonic link, and ultrasonic receiver. It mainly includes a matching network, rectifier, charge
pump, oscillator, power amplifier, power management and ultrasonic receiver circuit.

The system comprises an RF link, an ultrasonic link, and a conversion circuit. The
conversion circuit performs multiple functions: receiving electromagnetic energy, which
includes input impedance matching, rectification, and voltage boosting; transmitting
mechanical energy through components such as an oscillator and a power amplifier; and
managing energy to coordinate the operation of the converter effectively. Additionally,
the corresponding ultrasonic energy receiving circuit converts ultrasonic energy into
stable electrical energy and supplies it to the load, ensuring reliable and consistent

power delivery.
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Given that RF energy transmission is subject to electromagnetic field exposure
limitations, the permissible input power for the RF link is inherently constrained [134].
In contrast, ultrasonic energy transmission (UET) typically requires high instantaneous
power at the transmitting transducer, resulting in a high-power density during
operation. A time-division-based energy management strategy has been developed to

reconcile this mismatch between low input power and high output demand.

The proposed energy management circuit serves two critical functions within the hybrid
converter. First, it transforms low-amplitude, continuous RF input into high-power
ultrasonic output by accumulating energy over time. Second, it provides an autonomous,
power-free control mechanism that governs energy storage and release without
requiring an external power supply. The circuit is designed to operate across a wide
input voltage range, ensuring compatibility with harvested energy's fluctuating and
intermittent nature. It can be flexibly configured to accommodate varying load
conditions. Importantly, the management circuit is engineered for ultra-low power

consumption to maximise system efficiency and energy utilisation.

In the time-division energy management scheme, RF energy is harvested and stored
during an idle phase, followed by a brief high-power discharge phase in which ultrasonic
energy is transmitted. Initially, the coupling interface to the ultrasonic transducer
remains disconnected to prevent energy leakage. During this phase, harvested RF energy
accumulates in a storage element, typically a supercapacitor. Once the stored energy
exceeds a predefined threshold, the circuit activates the coupling stage, allowing the
ultrasonic transducer to emit a high-power acoustic pulse for a short duration. The ratio
of the charging (off) time to the discharging (on) time is determined by the available
input power and the fixed output power required by the ultrasonic transmission stage.
This process repeats cyclically, enabling continuous conversion from low-level RF input

to be pulsed high-power ultrasonic output.

Similarly, due to the inherently low transmission efficiency of the UET link, the energy
received at the ultrasonic receiving end is limited. A corresponding time-division
mechanism is implemented on the receiver side to address this. By accumulating the
incoming acoustic energy and regulating its release based on the instantaneous power
demand of the load, the system ensures a stable and sufficient power supply despite

the limited energy harvested during each cycle.
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The energy accumulation process and the load switching on and off are shown in the

timing diagram in Figure 3-4.
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Figure 3-4. The timing diagram of the energy management circuit. When the energy collected in
the capacitor accumulates to the set value, an interrupt signal is issued, and the load is turned
on. When the energy does not meet the load power supply requirements, the interrupt signal
disappears, and the load is turned off.

Time-division energy management allows the system to operate efficiently by
dynamically regulating and distributing energy to subsequent stages, even under
constrained input conditions. This approach optimises energy utilisation by alternating
between energy accumulation and delivery phases, ensuring that each subsystem
receives sufficient power without exceeding available input limits. By intelligently
managing energy flow, the system can maintain stable performance, enhance reliability,
and adapt to varying load requirements. This makes it particularly suitable for

applications with intermittent or low-power energy sources.

3.2.1 The RF Link Model

RF-WPT utilises antennas to transmit energy over long distances through
electromagnetic waves in the air. Due to the nature of electromagnetic waves, RF
energy transmission enables extended transmission distances and flexible system
design. It can also be configured for directional or omnidirectional transmission
depending on specific application requirements. RF wireless energy transmission has
been extensively studied in fields such as medical devices, drones and the Internet of
Things (IoT) [103, 104, 106, 135, 136]This project leverages RF-WPT's advantages,
including its long-range transmission and flexible configuration, to achieve efficient

wireless energy transfer through the air.
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3.2.1.1 RF Link Principle and Structure

RF-WPT is a method that uses electromagnetic waves to transmit energy from a
transmitting antenna to a receiving antenna. It offers an efficient solution for wireless
power delivery, especially in scenarios requiring mobility, design flexibility, and low
power consumption. RF-WPT operation comprises four key stages: electromagnetic
energy emission, wave propagation, energy reception, and power conditioning and

storage. Each stage is described below.

Electromagnetic Energy Emission: In this stage, the transmitting antenna converts
electrical energy from a signal source into electromagnetic waves. The emitted energy
depends on frequency, directionality, polarisation, and output power. Antenna design
is vital in determining radiation efficiency and coupling with the surrounding

environment.

Electromagnetic Wave Propagation: The RF waves propagate through space at the
speed of light from the transmitter to the receiver. Along the way, energy is attenuated

due to distance, medium properties, and frequency-dependent losses.

Electromagnetic Energy Receive: The receiving antenna captures the transmitted RF

energy and converts it back into electrical energy, typically in AC form.

Energy Management and Storage: Energy management involves converting the AC
power received by the antenna into DC power through rectification, followed by
collection and accumulation to ensure a stable and continuous power supply for

subsequent circuits or loads.

Each stage of this process must be carefully designed to optimise efficiency, minimise

losses, and address environmental and operational constraints.

The energy flow of the RF link is shown in the Figure 3-5.

RF input Antenna Medium Antenna RF output
power (P1) (Transmitter) (Air) (Receiver) power (P2)

Figure 3-5. The RF link energy flow diagram.
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A complete RF-WPT system typically consists of the RF transmitter, RF receiver, and
power management that work together to achieve efficient energy transmission. Figure
3-6 shows the typical RF-WPT structure.

()
A
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enerator board matching matching voltage management
g network network multiplier and storage

Figure 3-6. The RF-WPT link structure diagram.

At the transmitting end, the RF transmitter comprises a signal generator, a power
amplifier, impedance matching equipment, and a transmitting antenna. The signal
generator produces RF signals, typically operating between MHz and GHz, while the
power amplifier amplifies the low-power RF signal to the necessary level for long-
distance transmission. The antenna then converts the electrical energy into RF
electromagnetic waves, with its design playing a crucial role in determining the signal's

directionality and effective transmission range.

On the receiving end, the RF receiver captures the transmitted RF electromagnetic
waves and converts them back into electrical energy. This is achieved through a
receiving antenna, which collaborates with the transmitting antenna to capture the RF
wave energy and deliver it to the receiving circuit. The captured RF signals are
converted into DC power by a rectifier circuit, commonly employing diode bridge
rectifiers or other RF rectifiers. Once converted, the electrical energy can be
immediately utilised or stored in a battery for later use. Effective energy management
is vital in distributing the received power to various loads, such as electronic devices
and sensors. The energy management circuit ensures minimal energy loss during
transmission and reception, thereby optimising the overall transmission efficiency of

the system.

This project leverages the advantages of RF long-distance energy transmission, which is
particularly well-suited for powering multiple small devices over large areas. This makes

it an ideal solution for loT and remote sensor applications.
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3.2.1.2 RF Link loss

RF link focuses on the energy loss from the driving source to the load, which will be
thoroughly discussed in relation to various application environments. These factors
include antennas of different sizes, resonant frequencies, and varying transmission

distances.

The primary losses in the RF link arise from electrical reflections, antenna losses, and
transmission losses. As the resonant frequency increases, the electrical impedance
matching in the system becomes increasingly complex. The losses observed in this study
are shown in Figure 3-7. The various components of the loss will be discussed below

based on the energy transfer path.
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Figure 3-7. Flow diagram of RF link transmission loss. RF link loss mainly includes electrical
loss, antenna loss, and medium loss.

A. RF Electrical Loss

Electrical loss refers to the return loss due to reflection when energy (in the form of an
electrical signal) reaches the antenna, which usually occurs at impedance mismatches

or discontinuities. Electrical loss is measured relatively and expressed by:

RF Electrical Loss (dB) = —101log(1 — |Ixrg|?), (3-1)
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where I,z is the RF reflection coefficient, and given by:

Ippe = 57—, (3'2)

where Zg, is the electrical impedance of the driver, which can be the impedance of the
signal generator or the receiver of the antenna. Z;, is the electrical impedance of the
load, which can be the impedance of the load or the transmitter of antenna. The
impedance values of the antenna, signal generator, and load can determine electrical

losses.

The impedance of an antenna is typically determined using the S-parameter (scattering
parameter), which characterises how RF signals behave when they encounter a network
or component, such as an antenna. The relationship between the S-parameter and the

impedance of the antenna can be expressed as follows:

1+ 541

Za=Zo7 g
11

(3-3)

Where Z, is the impedance of the antenna, Z, is the characteristic impedance of the
measurement system (usually 50 ohms or 75 ohms), S,; is the reflection coefficient,

which represents the ratio of reflected power to incident power at the antenna input.

This relationship allows for calculating the antenna impedance from the measured S-
parameter, enabling the analysis of the antenna's performance in matching and

efficiency.

B. Antenna Loss

Antenna loss refers to the energy the antenna loses during transmission or reception.
Due to material properties, design limitations, and environmental conditions, an
antenna typically cannot convert all electrical energy into electromagnetic energy or
vice versa, leading to less than 100% efficiency. This inefficiency results in a portion of
the energy being dissipated as heat or lost to other forms, reducing the overall

performance of the antenna.
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Antenna loss primarily arises from conductor loss and dielectric loss. Conductor loss
occurs due to the resistance of the antenna’s conductive material, which generates heat
as current flows through it, resulting in energy dissipation. This loss is particularly
pronounced in high-frequency applications, where surface currents concentrate on the
conductor's surface (known as the skin effect), further increasing loss. Dielectric loss
results when the antenna is embedded in or coated with dielectric materials—such as
plastic or rubber used for packaging. Certain dielectric materials absorb energy, leading

to dissipation and reduced efficiency.

Antenna loss directly impacts the antenna’s transmission and reception performance,
especially in low-power or long-distance energy transmission applications. Increased
antenna loss reduces energy transmission rates, limits transmission distances, and raises
energy consumption. Therefore, in antenna design and selection, materials, structure,
and environmental factors must be carefully considered to minimise loss and enhance

efficiency.

The definition of antenna loss is expressed as:

Radiated power)

antenna loss (dB) = —10log,,(n) = 10 logw( (3-4)

Input power

The antenna loss intuitively reflecting the impact on the antenna's overall energy
efficiency. This capability cannot be easily indicated by using common indicators such
as gain and beamwidth. Determining the antenna loss presents a significant challenge
due to the indirect nature of measuring radiated energy, which cannot be easily or
directly quantified. In practical settings, antenna loss factors are typically derived from
simulation models that incorporate details of the antenna’s structural design and
material properties. These simulations provide a theoretical estimation of loss based on
expected performance in ideal conditions, offering a baseline against which empirical
data can be compared. In practical applications, the antenna efficiency values provided
in commercial antenna datasheets can serve as a reference for estimating antenna
losses[137].

For RF-WPT applications, designing antennas with a minimal loss factor is a priority, as
even slight inefficiencies in energy conversion or radiation can significantly affect

overall system performance. The process of calculating antenna loss for RF-WPT systems
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involves conducting sampling tests to measure actual RF link loss across various
scenarios and comparing these empirical values to the theoretical values obtained from
simulations. This approach ensures that any deviation observed can be attributed to
practical inefficiencies in the antenna, environmental effects, or unexpected material

performance, rather than model inaccuracies alone.

Incorporating this empirical data, the antenna loss is then accounted for in the RF link
model, allowing for a more accurate prediction of energy transfer efficiency across the
link. This methodology enhances model precision and provides insights into the specific
factors impacting antenna performance, such as environmental conditions or wear on
materials. Consequently, this iterative process of simulation, testing, and model
adjustment allows for optimized design and performance adjustments, which are

essential for achieving reliable, high-efficiency RF-WPT in real-world applications.

Antenna gain is another critical parameter in RF-WPT, on the other hand, as it directly
impacts the system's transmission efficiency. Taking into account the gain of the

antenna, the loss of the antenna can be expressed as:

antenna loss (dB) = —10log,,(m) — G — Gg, (3-5)

Where G and Gy are the gains of the transmitting antenna and the receiving antenna.

High-gain antennas are particularly valuable in RF-WPT applications because increasing
gain is one of the most effective methods to improve energy transfer efficiency within
the constraints of antenna size and transmission power. However, high-gain antennas
come with a trade-off: they typically exhibit reduced directional range, concentrating
energy within a narrower beamwidth. This characteristic can limit the coverage area,
necessitating precise alignment between the transmitter and receiver for optimal

energy transfer.

In RF-WPT systems, achieving high gain often involves optimising the antenna’s design,
such as utilising phased arrays or parabolic reflectors, to increase directional focus.
While this improves energy transfer to targeted areas, it also necessitates careful design
considerations to ensure the system maintains the desired balance between high gain

and sufficient directional range.
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C. RF Path Loss

RF path loss represents the attenuation of RF energy as it travels from the transmitting
antenna to the receiving antenna, which is affected by factors such as transmission
distance, propagation environment, and obstacles along the path. This type of loss is a
critical consideration in RF link design, as it significantly impacts transmission coverage,

signal quality, and power budget requirements.

Path loss arises from several key factors, including medium loss and losses resulting from
interactions with obstacles, such as reflection, diffraction, and penetration. Dielectric
loss occurs as RF energy passes through materials with dielectric properties, which
absorb a portion of the energy and convert it to heat, diminishing the signal strength.
When RF waves encounter obstacles, the resulting reflection, diffraction, and
penetration losses further reduce signal intensity. Reflection occurs when waves bounce
off surfaces, potentially redirecting energy away from the receiving antenna; diffraction
involves bending around objects, causing partial signal loss; and penetration involves
energy passing through objects, which can significantly attenuate the signal depending

on the material's properties.

RF path loss can be categorized into two primary types based on the application
environment: indoor and outdoor path loss. Each has distinct characteristics due to

differing propagation conditions, obstacles, and attenuation factors.

It is worth noting that path loss in RF-WPT occurs under far-field conditions, which
correspond to distances beyond the Fraunhofer distance. The far-field, or Fraunhofer
region, is where the electromagnetic waves are sufficiently far from the source that
they appear as planar waves, enabling more predictable propagation characteristics.

The Fraunhofer distance, Dy, can be defined as:

Df -, (3'6)

where D is the largest dimension of the antenna (e.g., the diameter if circular), A is the

wavelength of the transmitted RF wave.
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Beyond the Fraunhofer distance, RF waves experience predictable attenuation, allowing
path loss to be modelled accurately. Next, indoor and outdoor path loss will be

discussed.

Indoor Path Loss: Indoor environments introduce complex propagation dynamics due to
walls, furniture, floors, and other structural obstacles that cause significant reflection,
diffraction, and scattering. Indoor path loss is often modelled using general formulas
from the ITU-R P.1238-12 model[138], which takes into account the type of building
materials, floor attenuation, and distance. The indoor loss expression can be

represented as:

PLindoor(dBld,f) = 10a loglo(d) + B + 10y loglo(f) , (3'7)

Where d is 3D direct distance between the transmitting and receiving stations (m), f is
operating frequency (GHz), a is coefficient associated with the increase of the basic
transmission loss with distance, B is coefficient associated with the offset value of the
basic transmission loss, y is coefficient associated with the increase of the basic

transmission loss with frequency.

The recommended coefficient values for indoor propagation environments are provided
in Table 3-1.

Table 3-1. Basic transmission loss coefficients

it D
Office 0.3-83.5 227 146 34.62 2.03
Corridor 0.3-83.5 2160  1.63 28.12 2.25
Industrial 0.62570.28 2102 2.34 24.62 2.06
Conference 0.625-82.0 2-21 1.61 28.82 2.37

lecture room

Outdoor Path Loss: Outdoor environments generally experience less multipath
reflection and diffraction compared to indoor environments, though factors such as
terrain, buildings, and atmospheric conditions still contribute to signal attenuation.

Outdoor path loss is often modelled using Site-general formulas from the ITU-R P.1411-
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12 model when no significant obstructions are present[139]. The outdoor loss expression

can be represented as:

PLoutdoor(dBld,f) = 10a loglo(d) + B + 10y lOg1o(f), (3-8)

Where: d is 3D direct distance between the transmitting and receiving stations (m), f
is operating frequency (GHz), a is the coefficient associated with the increase in the
basic transmission loss with distance, B is the coefficient associated with the offset
value of the basic transmission loss, v is coefficient associated with the increase of the

basic transmission loss with frequency.

The recommended values to be used for below-rooftop propagation in urban and

suburban environments are provided in Table 3-2

Table 3-2. Basic transmission loss coefficients for below-rooftop propagation

Type of Frequency Line of sight Distance

a
environment  range (GHz) Non-line-of-sight range (m) B Y

Urban high-rise, ) )

Suburban

Urban high-rise 0.8-82 Non-line-of-sight ~ 30-715  4.00 10.2 2.36

Urban low-rise/
10-73 Non-line-of-sight ~ 30-250 5.06 -4.68 2.02
Suburban

Residential 0.8-73 Non-line-of-sight ~ 30-170 3.01 18.8 2.07

In summary, the RF link loss is:

RF link loss (dB) = RF Electrical Loss + Antenna loss + RF path loss (3-9)

The proposed RF link model quantitatively analyses the RF energy transfer process by
systematically evaluating link losses, refining energy flow metrics, and predicting
energy output based on given input parameters. By assessing each component of link
loss, the model establishes a corresponding loss ratio, offering valuable insights into
how energy diminishes throughout transmission. Fine-tuning key RF link model

parameters—such as antenna characteristics, operational frequency, and the matching
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network configuration—enables the identification of optimal solutions aimed at
minimizing losses. This process enhances overall transmission efficiency and system

performance, making the model adaptable to diverse RF-WPT applications.

3.2.1.3 RF Link Energy Transmission Model

The energy transmission model outlines transferring energy from the input point P4 to
the output point P2. Different transmission models are applied depending on the specific
environment. This project primarily utilises two models: indoor transmission and
outdoor transmission. For indoor applications, the ITU-R P.1238 model is employed,
while the ITU-R P.1411 model is applied for outdoor scenario[138, 139].

The RF-WPT energy transmission model can be expressed as follows:

P, (dBm) = P;(dBm) — RF Link Loss (dB), (3-10)

where Pq is signal generator input power and P, is power management output power,
while the RF link loss is the total loss of the RF link, which has been discussed in the

previous section.

So, the RF-WPT energy transmission model can be expressed as follows:

P, (dBm) = P;(dBm) — ( RF Electrical Loss + Antenna loss + RF path loss)

[-10log(1 — |Irrel®)] 4+ [-10 logio(m) — Gr — Gg]
= P,(dBm) — (3-11)

+[10a log,o(d) + B + 10y log,o(f)]

It should be noted that antenna loss is often presented as antenna efficiency in some
commercial antenna datasheets. In such cases, attention should be paid to unit
consistency during calculations, particularly when converting between decibels (dB) and
percentage values. Additionally, the parameters that estimate RF path loss should be
appropriately selected based on the specific application environment. According to the
application, the indoor application environment mainly includes corridors, halls, offices,
and other environments with roof and wall reflections. The outdoor application

environment mainly includes rural, over rooftops, street, or canyon environments.
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3.2.1.4 RF Link Challenges and Technology Status

The RF link in wireless power transfer systems faces three primary challenges:
transmission efficiency, safety, and environmental adaptability. These aspects are
closely interrelated and significantly influence the system’s feasibility in real-world

applications.

The efficiency of RF energy transfer is mainly determined by the antenna’s performance,
the rectifier circuit, and environmental attenuation. Antenna design has seen
substantial advancements, including developing high-efficiency meta-surface
structures, broadband configurations, and high-gain directional antennas, collectively
improving coupling and radiative efficiency. However, the rectification stage remains a
bottleneck. Due to the typically low amplitude of received RF signals, the forward
voltage of diodes cannot be ignored; when input power falls below the diode's threshold,
rectification may not initiate. Additionally, the diode's cutoff frequency limits the
usable RF bandwidth, restricting performance at higher frequencies. Moreover,
electromagnetic wave propagation is inherently subject to free-space path loss, which
increases with frequency and distance. Environmental factors—such as physical
obstructions, atmospheric moisture, and cloud absorption—can further degrade signal
strength. To address these issues, this study classifies RF propagation models into indoor
and outdoor categories to better represent practical attenuation conditions in corridors,

offices, open areas, and urban canyons.

The long-term biological impact of RF exposure remains a critical concern, particularly
in densely populated areas where high-power transmission is required. While
international guidelines impose strict exposure limits, research on RF-WPT deployment
in industrial, unmanned, or enclosed environments remains limited. This work adopts a
directional transmission approach to reduce unnecessary radiation, ensure compliance

with safety standards, and minimise potential human exposure.

RF-WPT performance is susceptible to variations in deployment environments.
Challenges such as frequency interference, multipath propagation, and user density can
significantly impact system stability. The proposed system integrates multi-channel,
wide-bandwidth acquisition circuits to address this, enhancing its ability to adapt to
diverse and dynamic operating conditions. The design and implementation of these

circuits will be elaborated in the following section.
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3.2.2 The Ultrasonic Link Model

A crucial factor in U-WPT applications is understanding ultrasound propagation between
the transmitter and receiver, as transmission efficiency profoundly impacts system
design. Unlike RF links, ultrasonic links lack a reliable, broadly applicable model within
existing research. While various U-WPT models have been proposed, they often fall short
in precision or fail to apply universally across diverse environments and media. This
project develops a generalised link loss-based model for ultrasonic links to address these
limitations, incorporating factors such as medium properties, transmission distance, and
boundary effects. The following section will review the latest developments in U-WPT
modelling and provide a foundation for a link loss-based approach to enhance the

model’s universality and accuracy.

Wilt et al. [140] proposed a one-dimensional pressure transfer model to establish a
piezoelectric-based ultrasonic acoustic power channel model. This model constructs a
simple channel for energy transmission and verifies the excitation response. However,
it only considers the electrical domain, with insufficient discussion of the mechanical
domain, thus not fully demonstrating the energy transfer process. Du et al. [141]
developed a two-dimensional energy transfer model based on piezoelectric transducers'’
radial and axial directions, improving the accuracy of the equivalent circuit of
traditional piezoelectric transducers. Nonetheless, this model focuses on the
performance of ring-shaped piezoelectric transducers, whereas most applications utilise
circular plate transducers and do not demonstrate performance at various stages of
energy transfer. Mendonca et al. [142] demonstrated a modelling method for
Multiphysics networks in acoustic systems, including the transmission medium, distance,
and frequency range. Their model incorporates physical components in both the
acoustic and mechanical domains but only considers changes in resonant frequency
without addressing the resulting changes caused by variations in other physical
components across different applications. Jiao et al. [143] established a semi-analytical
model of ultrasonic power transfer, discussing the accuracy of the model and the
improvement in parameters. This model accounts for transducer and transmission
distances but only verifies performance in a metallic medium. As the medium changes,
the impedance of the transducer also changes, limiting the model’s applicability across
different media. Wu et al. [144] proposed and validated new equivalent circuit models

of piezoelectric and non-piezoelectric components, considering UET channel losses in
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underwater power transfer systems. They used two-port T parameters to describe the
UET channel, calculating input impedance, input power, and output power with the
proposed model. However, the parameters for each link loss model are difficult to

obtain or measure, and the model cannot show the losses in the system at each stage.

In response to the complexity and limitations of existing UET models, we propose a
straightforward transmission model based on extensive experimentation, which provides
an abstract representation of the ultrasonic energy transmission process, analysing and
predicting the energy transmission relationships within the system. It primarily
encompasses the system architecture, piezoelectric transducer model and transmission

model.

3.2.2.1 Ultrasonic Link Principle and Structure

U-WPT utilises ultrasonic waves to achieve wireless energy transmission. Unlike
traditional RF-based wireless power transfer, which employs electromagnetic waves, U-
WPT relies on acoustic waves operating in the ultrasonic frequency range, typically
above 20 kHz. This method is particularly effective in environments where RF signals
experience significant attenuation, such as underwater or conductive materials. Similar
to RF-WPT, the basic principle of U-WPT also includes four key processes: ultrasonic

energy emission, transmission, reception and energy management and storage.

Ultrasonic Energy Emission: Ultrasonic energy emission begins with a piezoelectric
transducer, which converts electrical energy from a signal generator into mechanical
energy. This process leverages piezoelectric materials that deform in response to an

oscillating electric field, generating high-frequency ultrasonic waves, which are

transmitted into the medium.

Ultrasonic Energy Transmission: Ultrasonic energy propagates from the transmitting
end of the transducer through a transmission medium to the receiving end. A notable
advantage of ultrasonic energy transmission is its ability to safely and effectively
penetrate various media, such as metal, water, body tissue, and concrete. This
characteristic makes ultrasonic transmission particularly suitable for applications where

traditional RF signals are ineffective due to high attenuation.
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Ultrasonic Energy Reception: Ultrasonic energy is captured by the receiver of the
piezoelectric transducer. The ultrasonic waves are converted back into electrical energy
through the inverse piezoelectric effect, typically alternating current. This stage

completes the acoustic-to-electrical energy conversion process.

Energy Management and Storage: Rectification subsequently converts the alternating
current generated at the receiving end into direct current. Energy management systems
ensure this energy's regulated and efficient storage in devices such as supercapacitors
or batteries. These storage units accumulate the harvested energy and provide a stable
and continuous power supply to the load, ensuring reliable operation even under

intermittent energy transmission conditions.

combines efficient acoustic-electrical energy conversion, targeted propagation through
suitable transmission media, and intelligent energy management to deliver reliable
wireless power. This approach is advantageous in environments were conductive
barriers, high attenuation, or regulatory constraints limit RF-based systems. By
leveraging the mechanical nature of ultrasonic waves, U-WPT provides a viable solution
for energy transmission through water, metals, or biological tissues—scenarios where

traditional electromagnetic methods are ineffective.

The energy flow of the ultrasonic link is shown in the Figure 3-8.

Transducer ihieghnm Transducer Ultratlsonic
output power
(Transmitter) (ng ;)r (Receiver) P (P}t))

Figure 3-8. The ultrasonic link energy flow diagram.

The U-WPT model proposed in this study focuses on the application of piezoelectric
transducers across various transmission media, with a primary emphasis on analysing
the relationship between input and output energy as it varies across different media
types and transmission distances [145]. Figure 3-9 illustrates the structure of the U-WPT

system.
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Figure 3-9. The U-WPT link structure for different transmission medium.

The UET model illustrates the conditions for maximum power transfer to the load. The
transmitter is powered by a signal source (P3) through an impedance matching network.
In an ultrasonic form, the energy propagates through a medium before being sensed by
the receiver. Another impedance matching network is often used between the receiver
and the load (P4).

3.2.2.2 Ultrasonic Link Loss

The ultrasonic link primarily investigates the energy losses from the driving source to
the load. Ultrasonic link losses are evaluated in different application environments,
considering electrical impedance mismatches, transducer size, resonant frequency,
transmission medium, acoustic impedance mismatches across media boundaries, varying
transmission distances, and wave interference (both constructive and destructive). Key
losses within an ultrasonic link include electrical reflections, acoustic reflections,
transducer inefficiencies, and dielectric transmission losses. As resonant frequencies
increase, achieving effective impedance matching for electrical and acoustic

components becomes increasingly challenging.

The losses observed in this study are illustrated in Figure 3-10. The individual

components of loss regarding energy transfer pathways are discussed below.
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Figure 3-10. Flow diagram of ultrasonic link transmission loss. Ultrasonic link loss mainly
includes electrical loss, transducer loss, acoustic loss and medium loss.

A. Electrical Loss

Electrical loss refers to the return loss due to reflection when energy (in the form of an
electrical signal) reaches the transducer, which usually occurs at impedance mismatches

or discontinuities. Electrical loss is measured relatively and expressed by:

Electrical Loss (dB) = —10log(1 — |Iy5|?), (3-12)

where I,z is the reflection coefficient, and given by:

ZE1 - ZEZ
I, = ——>=, (3-13)
T Zp+Zg,

where Zg, is the electrical impedance of the driver, which can be the impedance of the
signal generator or the transducer receiver. Zg, is the electrical impedance of the load,
which can be the impedance of the load or the transducer transmitter. Electrical losses
can be determined by the impedance values of the transducer, signal generator, and

load.
B. Transducer Loss

Losses in piezoelectric transducers mainly include dielectric loss, elastic loss, and

piezoelectric loss. These losses are characterized by the dielectric permittivity (B55),

elastic stiffness constant (C;), and piezoelectric stiffness constant (h;;). Accurately
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measuring these coefficients in practical applications is challenging. Thus, a simpler

method is used to express transducer loss.

In this study, energy is transferred through the medium as mechanical energy.
Therefore, the electromechanical coupling coefficient k?is a key metric for evaluating
transducer losses. The k? is closely related to the efficiency of energy conversion
between electrical and mechanical forms. Specifically, k? represents the ratio of
stored mechanical energy to input electrical energy, indicating conversion efficiency. It
also applies to the inverse scenario, representing the ratio of stored electrical energy

to input mechanical energy[146].

12— mechanical energy converted into electrical energy (3-14)
B input mechanical energy ’

Or

k2 __electrical energy converted into mechanical energy

: . ) (3-15)
input electrical energy

where k? is related to the vibration mode and shape of the transducer. When the
electric field is parallel to the direction of polarization, the induced strain is in the same
direction as the electric field. For discs and rods shaped transducers, k? can be

calculated as:

k2 =%]{—;tan[g<fn£nfm)], (3-16)

For transducers with other shapes, a general model is expressed as:

2 _ g2
kﬁff=f—" 2fm' (3-17)
f;

where f,, is minimum impedance frequency (resonance frequency), and f,, is maximum
impedance frequency (anti-resonance frequency). However, k? does not account for
dielectric losses or mechanical losses, nor recovery of unconverted energy. Therefore,

the transducer loss is modified as:

Transducer loss (dB) = —10log(k?). (3-18)
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C. Acoustic Loss

Acoustic loss primarily occurs at the boundaries where the transducer interfaces with
the transmission medium. The acoustic impedance of the transducer typically differs

from that of the transmission medium, resulting in boundary reflections.

Similar to electrical losses, the expression for acoustic boundary loss is governed by:
Acoustic Loss (dB) = —101log(1 — |I|?), (3-19)

Where I, is the reflection coefficient, defined as:

Zaz —Zn

=24
4 Zpy + Zyq

(3-20)

where Z,, and Z,, are the acoustic impedances of the transducer and the transmission

medium.
D. Ultrasonic Path Medium Loss

Ultrasonic path medium loss refers to the energy dissipation as ultrasonic waves
propagate from the transmitter to the receiver through a given medium. Since ultrasonic
links typically span only a few to several tens of centimetres, the receiver may operate
within both the near-field and far-field regions of the ultrasonic field. This dual-region
operation substantially complicates the analysis of dielectric loss, as propagation
characteristics and energy density differ markedly between these regions. Moreover,
the lack of a standardised model for energy transmission between ultrasonic transducers
further exacerbates the difficulty in accurately analysing and predicting energy transfer

from transmitter to receiver.

This project proposes an innovative methodology that leverages the reciprocal network
properties of ultrasonic transducers, employing acoustic pressure as an intermediate
variable to characterise energy transmission within the ultrasonic link. By adopting this
approach, the model effectively captures the bidirectional nature of energy transfer
between transmitter and receiver. The subsequent sections delineate the model
development process, progressing from the foundational transducer representation to a

comprehensive ultrasonic link energy transmission model. This development involves
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modelling the intrinsic properties of transducers, analysing their reciprocal
characteristics, and integrating pressure-based variables as mediators in the energy

transmission pathway.

Firstly, transducers play a critical role in the ultrasonic energy transmission system.
While some studies approximate the transducer emission as a point source, in practical
scenarios, the transducer radius is often comparable to the ultrasonic wavelength and
therefore cannot be neglected. Consequently, the transducer is modelled as an infinite
planar piston to more accurately represent its physical behaviour. When the transducer
features a rigid backing surface, it is further idealised as a boundless plane, as

illustrated in Figure 3-11.

/ Axial polarization
A 33-model
/]
/ [
Rigid body ] / —
/1 2 )))> Holder - ))) ))>
/ Holder
/j /
Transducer Transducer Transducer
Rigid body Medium
/ TS~ T
(a) (b) (©

Figure 3-11. Schematic diagram of application of infinite planar piston model. This diagram
exampled three different configurations for fixing the ultrasonic transducer. The transducer's
vibrating surface moves along the axis, emitting ultrasonic waves in one direction: Transducer
fixed on a rigid body (a), transducer fixed via holder on a rigid body (b), transducer directly
attached to the medium via holder (c).

This study investigates the relationship between energy transfer efficiency and
transmission distance in ultrasonic wireless power transfer systems across various
media. An analytical model based on the infinite plane piston acoustic theory was
developed to quantify medium-induced losses. This model characterises the energy
transmission from the transmitting transducer to the receiving transducer, accounting
for the acoustic properties of different propagation environments. Detailed derivations
and model formulations are provided in the appendices under the Transducer Ultrasonic
Infinite Plane Piston Acoustic Model. Although the classical circular piston acoustic

model in an infinite rigid baffle has been extensively studied by researchers such as
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Pierce[147], Bies and David[148], Kinesler et al[149], Meyer and Erwin[150], we propose
an improved model for analysing and calculating ultrasonic energy transmission loss in
different media. This model utilizes the reciprocal two-port network characteristics of

the transducer, with pressure as an intermediate variable.

As illustrated in Figure 3-12, when the transmitter input power is Pin, the pressure is p;
at observation point O located a distance r away. According to two-port reciprocity, if

the pressure at observation point O is p;, then the transducer’s output power is Pin.

Transmitter y Receiver

p1 pZ

V1 o) V2

Pin 9 > Pout

Z1 Z2

U1 Uz

Figure 3-12. The transmitter with radius a and impedance Z1 emits ultrasonic waves outwards,
driven by the input power Pin and voltage is V1. The emitted pressure is p1 and the amplitude of
surface vibration velocity is U1. The receiver with same radius and impedance is Z2. The pressure
at the receiver is p2, the amplitude of the surface vibration velocity is U2, the generated power is
Pout and voltage is V2. The piston lies in the x-y plane and vibrates vertically parallel to the z-
axis. The distance between the observation the point O and the centre of the piston is r, and the
angle between the z-axis is 0.

As the transducer is driven by a simple harmonic wave, it can be modelled as a collection

of small pulsating spheres. The equation governing the pulsating sphere model is:

U, = Ue/®t, (3-21)

where U, is the velocity at time t, and U is Initial amplitude. w is angular frequency,

which is w = 2nf, and f is the frequency.

According to acoustic theory, when the radius of the sphere is small enough compared

to the length of the distance, the pressure at the observation point O at time t is [151]:

43



1 1 .
p(r,t) = jpc~ U;e“wt—"”, (3-22)

where p is the pressure, p is the density of the medium material, c is the wave speed

in the medium, 1 is the wavelength, r is the distance between pulsating sphere and

observation point O, and k is the wave number, which is k = ? ,

Based on the transducer model shown as Figure 3-12, the total pressure p at observation

point O is obtained by integrating over the surface of the piston as follows [149]:

p= j_’OCk Uef(‘”t"")f

a 27T
d jko sin 6 cosy d ) 3-23
= o[ e v (3-23)

where a is the transducer radius.

The piston exhibits different behaviours in the near field and far field. In the far field,
the piston shows significant directionality. In contrast, the near-field pressure field
contains local maxima and minima, and the directionality is less pronounced. Therefore,

the far-field and near-field conditions will be discussed separately.

the condition for a point of observation in the far field and near field is:

2
a
r > fT (3-24)

Since this study focuses on the relationship between energy transmission and
transmission distance, the observation point is placed on the z-axis at a distance r.

Consequently, the relationship between pressure and transmission distance is as follows:

For far field,

Uka? Jfwe-b(rrazen)]

p=jpc——e (3-25)
For near field,
. k ks
p = j2pcUe’*tsin [E (\/rz +a?— r)] e Iz(Vri+atsr) (3-26)
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In an ideal free space without reflection or interference, energy decreases nonlinearly
as transmission distance increases. This behaviour is influenced by the material
properties and ultrasonic frequency. Figure 3-13 shows the pressure amplitude versus
distance in an ideal, reflection-free space. The demonstration model utilizes aluminium
medium, featuring a PZT-4 material transducer with a radius of 12.5 mm, driven at 10
dBm and 40 kHz.

pressure (Pa)

10 20 30
disrance (cm )

w -
40 0 % R\

Figure 3-13. The relationship between pressure amplitude and distance and time in an ideal free
space without reflection. The sound pressure amplitude decreases with distance due to medium
losses. Additionally, since the driving source is a sine wave, the sound pressure oscillates over
time as the frequency of source.

According to Figure 3-12, the expression of transducer power is:

VZ

P=—,
Zg

(3-27)

Where P and V are the power and voltage, for the transmitter, P and V are the input
power and input voltage, and for the receiver, P and V are the output power and output

voltage. Z; is the impedance real part of the transducer.
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According to the working characteristics of the transducer, the piezoelectric coefficient
(d33) of the transducer is introduced. The vibration speed of the medium is equated to

that of the transducer, giving the expression for U:

dS d(dzz xV
U= _ d(ds3 )

Tdt . dt (3-28)

where S is the displacement of the transducer’s surface, and V is the voltage applied to

the transducer.

In the UET system, the transducer's driving voltage is expressed as Vsin(wt), and thus,

the U is given by:
U=d33XVXa), (3'29)

Therefore, the transducer power is expressed as:

2

p—VZ—l( v ) (3-30)
T Zpy Zg\dszs X/ )

The power relationship between the transmitter and the receiver is:

Pin _@X(ﬂ)z,

= (3-31)
Pout ZEl UZ

where P,, is input power to the transmitter, P, is output power from receiver, Zg, is
the electrical impedance of the transducer transmitter. Zg, is the electrical impedance
of the transducer receiver. It is worth noting that the transducer in this part is
considered ideal, assuming no losses occur during energy conversion. This simplification
allows for a focus on the efficiency of other components within the system. While
transducer-specific conversion losses have been explored under transducer loss analysis.
This approach helps isolate areas for optimization and aligns theoretical model with

practical considerations that influence real-world performance.

Due to transmitter-receiver reciprocity, the relationship between surface vibration
velocities at distance r, based on the transmission model (3-25) and (3-26), is expressed

as:
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for far field,

U, 4r VrZtaZ
U_Z = WSLTLTBJZ( ratir- a) (3-32 )
for near field,
U ki
Ul = sm—csc [2 \/rz +a? — r)] elz(Vritat+r—a) (3-33)
2

The energy at the receiver is influenced by both transmission losses and interference.
Transmission interference arises from the superposition of ultrasound waves (mainly
longitudinal waves) between the transmitter and receiver within the medium.
Constructive and destructive interference occurs as the transmission distance varies.

Therefore, the pressure at the receiver is minimum at nodes and maximum at antinodes.

In free space, the positions of nodes and antinodes based on transmission distance and
wavelength are:

Nodes

1
r=2nx 1/1, (3-34)

Antinodes

1
r=02n+1)x Z/L (3-35)

where n is the number of the nodes and antinode.

In enclosed spaces, transmission interference arises from the receiver surface and
boundaries, leading to more complex results at the receiver. In UET systems, the

receiver should be positioned at an antinode to maximize received energy.

The relationship between the input energy at the transmitter, the output energy at the
receiver, and the transmission distance is established. This relationship is influenced by
both the transmission medium and transducer characteristics. Based on the energy
transmission model, once the transducer parameters are known, the energy transfer
behaviours across different media and transmission distances can be predicted. This
information is crucial for optimizing ultrasonic energy transmission systems and

designing effective power budgets.
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According to the ultrasonic link model, ultrasonic path medium loss is defined as:
For far field,

Ultrasonic Path Medium loss (dB) =

2
ZEZ ar (ka> ejg(mﬂ‘—a)] }' (3'36)

—101 —“x|l—sin=
0 Og{me kazsm >

For near field,

Ultrasonic Path Medium loss (dB) =

2
sin (k_a) csc <E (\/rz +a? — r)) ejg(mw_a)] ) (3-37)

Zg
—10log Z—x 5 >

E1

In summary, the ultrasonic path dielectric loss was determined through an in-depth
analysis of the transducer model and its energy transfer characteristics, with pressure
as the primary intermediate variable. This analysis is grounded in the piezoelectric
ceramic transducer model, which utilizes the infinite plane piston approach to capture
both near-field and far-field effects. This model effectively characterizes the
transducer’s pressure output across various transmission distances, with primary
influencing factors including the medium’s density, the speed of sound, the transducer’s

dimensions, and the surface vibration velocity.

Additionally, the transducer’s functionality as a reciprocal network plays a crucial role:
the transmitting transducer converts electrical energy into mechanical energy, while
the receiving transducer converts this mechanical energy back into electrical energy.
By studying the transducer’s pressure behaviour, the model clarifies the energy transfer
dynamics between these components. Consequently, this ultrasonic link model will
more accurately forecast energy transfer across diverse media and transducer
configurations, providing a valuable tool for optimizing ultrasonic energy transmission

systems.

In summary, the main losses of the ultrasonic link include electrical loss, transducer

loss, acoustic loss and path medium loss. They can be measured separately. By
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measuring, verifying and calibrating known parameters, a more accurate ultrasonic link

model can be obtained. Therefore, ultrasonic link loss can be expressed as follows:

Ultrasonic Link Loss (dB) = Electrical loss + Transducer loss

+Acoustic loss + Medium loss (3-38)

The proposed ultrasonic link model quantifies the ultrasonic energy transfer process by
analysing link losses, refining the energy flow, and assisting in predicting the energy
output based on the input. By examining the link losses, the corresponding loss ratio
can be determined. Adjusting ultrasonic link model parameters, including transducer
radius, frequency, and medium density, helps identify optimal solutions to minimise

losses and optimise the system.

3.2.2.3 Ultrasonic Link Energy Transmission Model

The energy transfer model investigates the relationship between the energy input at
the transmitter (P3) and the energy output at the receiver (P4). The U-WPT energy

transmission model can be expressed as follows:
P, (dBm) = P;(dBm) — Ultrasonic Link Loss (dB), (3-39)

where P3 is signal generator input power and P2 is power management output power,
while the RF link loss is the total loss of RF link, which has been discussed in the previous

section.
So, the U-WPT energy transmission model can be expressed as follows:

Electrical loss + Transducer loss
P, (dBm) = P;(dBm) — ( >
+Acoustic loss + Medium loss

= P;(dBm) + 10log(1 — |Iyg|?) + 10 log(k?) + 10 log (1 — |I4]?)

( 7 4 k Koz 2
10log {Z—sz k—;sin (761) e/l T2+a2+r_a)] } (far field)
E1l

+ < (3-40)

2
Z k k K s
10log Z—Ez X [sin (761) csc (E (\/rz +a? — r)) e/l T2+a2+r_a)] (near field)
E1
\
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The ultrasonic link energy transfer model effectively illustrates the process of ultrasonic
power transmission, enabling adaptability across various application environments and
energy requirements. By mapping out the specific parameters and losses involved, this
model serves as a valuable tool for guiding the design of ultrasonic links, allowing for
tailored adjustments that improve transmission efficiency and reliability. Consequently,
it aids in the precise configuration of ultrasonic systems to meet the demands of specific

operational contexts, thereby enhancing overall system performance.

3.2.2.4 Ultrasonic Link Challenges and Technology Status

Ultrasonic links transmit energy by propagating sound waves through air or solid
materials, making them particularly effective for underwater, indoor, and low-power
applications. Although U-WPT has shown high transmission efficiency and security in
specific contexts, it still encounters significant challenges. These include issues related
to transmission efficiency, distance, sensitivity to boundaries, directional limitations,

transducer efficiency and physical size, and security concerns.

In terms of transmission efficiency, ultrasonic energy, like electromagnetic waves,
undergoes significant attenuation as the transmission distance increases, especially in
air. Higher frequencies also lead to increased energy loss. Consequently, this project
employs electromagnetic waves for transmission in air and ultrasonic waves for metal

or water media.

For transmission distance, the project is primarily designed to power sensor platforms.
While the transmission range of U-WPT is inherently limited, the required distances
within the sensor platform’'s application environment—such as across metal plates—are

typically below 5 cm, making U-WPT suitable for this context.

Boundary sensitivity is another consideration, as changes in the ultrasonic link's medium
can significantly affect transmission. Shifts in medium alter the acoustic impedance,
and impedance discontinuities cause sound wave reflection, reducing transmission
efficiency. The primary boundary effect in this project arises at the interface between
the transducer and the transmission medium. To mitigate this, materials with similar
acoustic impedance are used, and the contact surfaces are polished to minimize

reflection.
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In terms of directionality, proper alignment of the transducer’s transmitter and receiver
is crucial. Optimal U-WPT transmission efficiency is achieved when the transmitter is
cantered on the receiver. To maintain alignment, this project employs a symmetrical

magnetic shoulder around the transducer.

For transducer efficiency and size, limitations arise from transducer manufacturing
capabilities. This project tested transducers of various materials and dimensions,

selecting those most suitable for the specific requirements.

Lastly, regarding safety considerations, current limitations of ultrasound primarily
involve concerns related to surface contact and auditory exposure. However, as this
system is designed to power low-power devices, the operating power remains well below
established safety thresholds—specifically, 3 W/cm? for surface intensity and 110 dB
(6.32 Pa) for acoustic pressure levels [152, 153, 154, 155]. This ensures the system

operates within safe bounds for both human interaction and long-term deployment.

3.2.3 Conversion Circuit

The conversion circuit is the central interface that integrates RF energy harvesting and
ultrasonic transducer driving circuits through a well-designed energy management
system. Its primary function is to convert electromagnetic energy, collected by the
receiving antenna in the RF link, into usable electrical energy. This harvested energy is
then regulated and directed by the energy management system to the ultrasonic
transducer driver, which subsequently drives the transducer to emit ultrasonic energy
in the ultrasonic link. Carefully coordinating energy flow between RF harvesting,
management, and ultrasonic driving ensures efficient energy conversion and delivery.
Figure 3-14 illustrates the energy flow within the converter, highlighting the conversion

process between energies.

Receiver of RF energy Power Transducer Transmitter
antenna (P2) harvesting management drive transducer(P3)

Figure 3-14. The converter energy flow diagram.
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Given the limited received electromagnetic energy and the high-power demand of the
ultrasonic transducer transmitter, the energy management circuit is tasked with
efficiently collecting, accumulating, storing, and switching the constrained
electromagnetic energy to the transducer driver. A time-sharing energy management
strategy is employed, where in electromagnetic energy collection and ultrasonic energy
transmission operate independently. In this approach, electromagnetic energy is
accumulated and stored over an extended period, while the transducer driver operates
intermittently for short durations to emit ultrasonic energy. This effectively resolves

the power mismatch between energy collection and ultrasonic transmission.

The energy management circuit performs multiple critical functions, including
collecting, rectifying, boosting, and storing electromagnetic energy within the RF link.
Simultaneously, it manages the conduction and disconnection of the transducer driver
to ensure seamless operation. Throughout this process, it is essential to maintain voltage
compatibility, implement over-voltage and over-current protection mechanisms, and
provide adjustable operation modes to adapt to diverse environmental conditions.
Figure 3-15 illustrates the converter’s structure, highlighting the function of the

converter and the integration of its core components.
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Figure 3-15. Schematic diagram of the converter structure. Its main function is to collect
electromagnetic energy and emit ultrasonic energy.

The primary function of the converter is to facilitate the transition from
electromagnetic energy collection to ultrasonic energy emission. It achieves this by
integrating three key subsystems: the RF energy harvesting subsystem, the energy
management subsystem, and the ultrasonic transducer driving subsystem. The interplay

of these subsystems within the converter ensures an efficient transition from
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electromagnetic energy harvesting to ultrasonic energy transmission, optimising
efficiency and reliability. Each subsystem plays a distinct role in the energy flow, which

will be discussed below.

3.2.3.1 RF Energy Harvesting

RF energy harvesting converts electromagnetic energy into AC via an antenna, followed
by a harvesting circuit that rectifies the AC into DC for subsequent use. This process
involves two critical components: the input impedance matching network and the
rectifier. The input impedance matching network is designed to minimise energy
reflection and maximise power transfer, with its design heavily influenced by the
operating frequency and bandwidth requirements. The rectifier, responsible for AC-to-
DC conversion, offers various implementation options, including diode-based rectifiers,
charge pumps, and active rectifiers employing MOSFETs. Each approach presents
distinct advantages and trade-offs, which must be considered based on the specific

application requirements.

A. Input Impedance Matching Network

Impedance matching is a fundamental aspect of RF wireless power transfer systems, as
it directly affects power transfer efficiency and system performance. An input
impedance matching network matches the impedance of the RF source to that of the
load, such as an antenna or rectifier, to maximise power transfer and minimise signal

reflections.

Even slight impedance mismatches in RF systems can lead to significant power losses
due to reflected signals. Proper impedance matching ensures that the maximum amount
of RF energy is delivered to the load, particularly at high frequencies. Moreover,
effective matching can broaden the operational bandwidth, enhance the performance

of broadband antennas and improve the frequency adaptability of the RF link.

Although signal-to-noise ratio and data integrity are not primary concerns in RF energy
transmission, impedance mismatches still result in energy reflections that reduce
overall transmission efficiency and may generate standing waves that degrade system

stability.
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Common types of impedance matching networks are L-type networks, m-type, T-type

networks, and transformer-based matching[156].

L-type Network: Simple and frequently used for single-frequency matching, this
network involves one inductor, and one capacitor arranged in various configurations to
achieve impedance matching. Due to its simplicity, it is most effective in narrowband

applications where minimal component use is advantageous.

m-type and T-type Networks: Composed of multiple reactive capacitors and inductors
components, m-type and T-type networks are ideal for achieving impedance matching
across a broader frequency range. These configurations offer greater design flexibility,
enabling effective impedance matching for wideband applications and more complex

impedance conditions.

Transformer-Based Matching: Utilizing RF transformers, these networks allow for
impedance transformation and are particularly beneficial in low-frequency RF
applications or when handling large impedance ratios. Transformer-based matching is
advantageous when precise impedance scaling is needed, such as in high-impedance

mismatch scenarios.

Figure 3-16 shows the common types of impedance matching networks, including low-
pass and high-pass types. Although there are also band-pass and band-stop matching
networks, they are combinations of the above networks. Each suited for specific
frequency ranges and design needs. Various impedance matching networks are available
for RF input impedance matching, allowing for flexible selection based on the specific
impedance of the signal source and antenna. Choosing an appropriate matching network
enables optimal power transfer and minimizes reflections, enhancing RF system

efficiency and performance.
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Figure 3-16. Common types of RF impedance matching networks: L-type networks (a), m-type (b),
T-type networks (c), and transformer-type network (d) [156].

B. Rectifier

RF rectifier and charge pump are crucial components in RF Energy Harvesting (RFEH)
systems, designed to convert the AC energy from an RF link into storable DC energy.
Since AC energy cannot be directly stored, a highly efficient rectifier circuit is essential
for effective energy harvesting, as it maximizes the usable power output. However, in
RF links, the received energy is often very low, which poses a limitation, especially for

diode-based rectifiers where the forward voltage is a significantly challenge.

In the context of this project, a detailed exploration of the RF rectifier’s operation,
essential performance metrics, and existing design structures will be presented. The
working principle will cover the AC-to-DC conversion mechanics, typically involving
diodes or other nonlinear components to rectify the signal. Key performance indicators

include rectification efficiency, sensitivity to low input power with the RF source.
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Additionally, we will list established rectifier configurations, such as single-stage, multi-
stage, and voltage-doubling architectures, which are each suited to different RFEH
requirements depending on input power levels and application needs. This analysis will
highlight the critical role of rectifier and charge pump design in ensuring effective RF

energy harvesting, especially under low-energy conditions in the receiving circuit.

RF rectifiers utilize nonlinear components, primarily rectifier diodes, to convert the AC
from the RF link into DC energy. The conversion process involves several key steps.
Initially, the receiving antenna captures RF energy, which is then transmitted to the
rectifier circuit through an impedance matching network, ensuring efficient energy
transfer. The RF AC signal is subsequently rectified by a diode or other nonlinear
component, converting it into pulsating DC energy. To achieve a stable DC voltage
output, a filtering component, typically a capacitor or inductor, smooths out these

pulsations.

If the input energy is high and the load power is low, and the output DC energy can
meet the load requirements, the collected energy can be directly output to the low-
power device through the current stabilizer. When the input energy is low and cannot
meet the load requirements, it needs to be stored in a capacitor or battery after energy
storage, accumulation and boosting, and then output to the load to meet the short-term

energy requirements of the device.

When the input energy is sufficiently high and the power demand of the load is low, the
output DC energy from the rectifier can be supplied directly to the low-power device
via a current stabilizer, allowing for continuous operation without the need for
additional storage. In this scenario, the energy transfer is straightforward, as the

incoming power meets or exceeds the device’s requirements.

Conversely, when the input energy is low and cannot directly fulfil the load’s power
needs, the harvested energy must be stored and managed more strategically. In such
cases, the energy is accumulated in a capacitor or battery. This stored energy may then
be boosted through a charge pump, ensuring that the necessary voltage level is met
before outputting to the load. This method provides a reliable power supply for devices
with intermittent or bursty power demands, allowing them to operate effectively even

when the input energy fluctuates.
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Various rectifier circuits have been developed for RF energy harvesting and wireless
power transfer, each tailored to specific power requirements and frequency ranges.
Selecting an appropriate circuit depends on factors such as input power level,
operational frequency, and desired output characteristics. The following are some of

the main types of rectifier circuits.

Half-wave Rectifier: The simplest configuration, using a single diode, suitable for low-

power and compact applications. The schematic diagram is shown in the Figure 3-17.
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Figure 3-17. The schematic of half-wave rectifier circuit.

Often used in low-power RF energy harvesting for small devices like sensors and micro-
powered electronics. In addition, some re-antennas usually use half-wave rectification.
The half-wave rectifier circuit, which operates with a single diode, benefits from a small
voltage drop across the diode. Its simplicity makes it suitable for integration within
array rectifier antennas, where multiple rectifier outputs can be combined in parallel.
However, as it only rectifies one half-cycle of the AC signal, the output is discontinuous,
leading to efficiency levels below 50%. This lower efficiency, along with the interrupted
DC output, limits its applicability in scenarios where a steady and high-efficiency DC

supply is required.

Full-wave rectifier: There are two main configurations: one uses a centre-tapped
transformer with two diodes, where each diode conducts during alternate cycles of the
AC input. This setup provides effective rectification but requires a centre-tapped
transformer, adding to size and cost. The other configuration, the bridge rectifier,
consists of four diodes arranged in a bridge that converts the entire AC waveform to DC
without needing a centre tap. This design is more compact and versatile, although it

introduces a slightly higher voltage drop across the diodes. A full-wave rectifier converts
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both positive and negative cycles of an AC signal into DC output, resulting in greater
efficiency and a smoother DC signal than half-wave rectification. The schematic diagram
is shown in the Figure 3-18 [157].

D1

Dli D2
AC L2 RL AC
+ + RL
L3 D3 ZS D4
D2

Dl_ =
é (a) é (b)

Figure 3-18. The schematic of full wave rectifier circuit. Transformer structure (a) and
transformer-less structure (b).

Full-wave rectifier circuits are commonly used in high-power applications due to their
ability to deliver stable output. The centre-tapped transformer design reduces the
voltage drop to a single diode; however, the physical size of the transformer can restrict
its use in space-constrained applications. In contrast, the full-bridge rectifier circuit is
compact and easily integrated, but it has a double diode voltage drop, which is
disadvantageous for RF links with low voltage input. This increased voltage drop
significantly limits the sensitivity of the RF energy harvesting circuit, making it less

effective in capturing low-power RF signals.

Frequency conversion rectifier: A frequency conversion rectifier works by converting
a high-frequency RF signal into a lower-frequency AC signal before rectifying it into DC.
This frequency reduction simplifies the rectification process, allowing for the use of
standard diodes rather than specialized, high-speed ones. By operating at a lower
frequency, the rectifier can leverage high-voltage diodes that are optimized for low-
frequency applications, eliminating the need to compromise between frequency and
output voltage. This approach is particularly beneficial for systems where stable high-

voltage output is needed without the complexity of managing high-frequency
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rectification constraints. Figure 3-19 shows the circuit structure of variable frequency

rectification.

&
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Figure 3-19. Schematic diagram of frequency conversion rectifier circuit structure

Frequency conversion rectification offers a way to overcome the frequency limitations
of the RF link by down converting high-frequency signals to a lower frequency, making
rectification easier. However, as illustrated in the schematic, this approach requires a
local oscillator to generate a mixing signal and then filters to isolate the high-frequency
energy for rectification. This setup introduces complexity by necessitating an external
oscillation source, and it also results in significant energy loss due to the discarded high-
frequency component. Consequently, while this technique can facilitate rectification at
reduced frequencies, it comes at the cost of lower overall efficiency in the energy

conversion process.

C. Charge Pump

A charge pump uses a series diode and capacitor network to gradually increase the input
voltage in a "stage” manner. Each stage of the charge pump increases the output voltage,
theoretically up to a multiple of the input voltage. The charge pump is fed by an RF
signal. As the input voltage increases alternately, the capacitors are charged in stages,
superimposing the voltage. The multiple of the output voltage depends specifically on
the number of stages in the circuit. However, as more stages are added, the voltage
drop and ripple increase. Figure 3-20 shows a Cockcroft-Walton (CW) charge pump and
a Dickson charge pump [158, 159].
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Figure 3-20. The schematic of charge pump circuit. Cockcroft—-Walton structure (a) and Dickson
structure (b).

Charge pumps are commonly applied in scenarios requiring very high output voltages,
but in low-input RF links, they are also utilized to increase voltage levels to satisfy load
requirements. However, the use of multiple diodes and capacitors in charge pumps
introduces the size limitation. besides, series the diodes increased diode voltage drop,
which reduce rectifier efficiency. Moreover, effective operation requires alternating
diode forward-biased and reverse-biased, which relies on efficient diode recovery
times. While Schottky diodes are typically chosen for their faster response, their
performance drops notably when frequencies exceed 1 GHz, resulting in lower forward
current and reverse voltage capabilities, which constrains high-voltage outputs.
Consequently, designing an effective charge pump requires carefully balancing

operating voltage and frequency to optimize performance.
D. Active Rectifier

Active rectifier replaces traditional diodes with active components, such as MOSFETSs,
achieving high rectification efficiency even at low input voltages. Active rectifiers offer
significantly higher efficiency and sensitivity than diode-based rectifiers due to their
lower forward voltage drop. This lower drop minimizes energy loss during rectification,
making active rectifiers especially advantageous in applications where efficiency and
sensitivity to low input power are critical. Schematic Figure 3-21 shows an active

rectifier based on a charge pump[159].
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Figure 3-21. The schematic diagram of an active rectifier circuit utilizing a charge pump.

Active rectifiers, by employing components like MOSFETs, significantly improve energy
conversion efficiency, making them well-suited for low-power RF energy harvesting and
wireless power transfer systems. However, MOSFETSs introduce some design challenges,
as they require precise control signals to operate effectively. For instance, to function
as a switch, the MOSFET's gate voltage must be driven by a clock signal that is typically
above 5V. Achieving this voltage requires either additional control circuits or external
power sources, which are often impractical and add complexity to RF energy harvesting

systems, where minimal power and simplicity are essential.

This constraint limits the effectiveness of active rectifiers in RF energy harvesting,
where available power is typically low, and complex control circuitry can reduce overall
efficiency. Therefore, while active rectifiers offer advantages in conversion efficiency,
balancing their operational requirements with system constraints remains a key

challenge.

The RF rectifier plays a central role in RFEH systems, converting RF energy into usable
DC power. Various rectifier designs are employed in RFEH, each with distinct limitations
that necessitate customisation based on specific load demands and application
conditions. The performance of diodes and other nonlinear components in RFEH remains

limited, affecting efficiency and sensitivity. However, as energy harvesting technology
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advances, the efficiency and applicability of these rectifiers are likely to improve,

broadening their potential for diverse applications.

In summary, the RFEH section typically consists of several key components: input

impedance matching, the rectifier circuit, and the charge pump.

The input impedance matching network is critical for maximising the energy transferred
from the RF source to the system. Various input impedance options have been discussed,
allowing for selecting an appropriate matching network based on the specific input
characteristics and design requirements. By optimising these components, the

efficiency and performance of the RFEH system can be significantly improved.

In RF rectifiers, key performance indicators include conversion efficiency, input
sensitivity, and output voltage. Conversion efficiency reflects how effectively RF energy
is transformed into DC power and is heavily influenced by input power levels, frequency,
and circuit design. With a fixed forward voltage, higher input power generally leads to
higher conversion efficiency, as more of the input energy is harnessed as output. Input
sensitivity, on the other hand, defines the minimum RF power required for the rectifier
to function, with greater sensitivity enabling operation in environments with low RF
power. This characteristic is essential for applications in energy-scarce environments,
where weak RF signals need to be captured efficiently. A high-sensitivity rectifier design
ensures the circuit remains responsive at lower input levels, thus widening its

application scope.

Output voltage is also a fundamental aspect, representing the stable DC level provided
by the rectifier under standard operating conditions. An efficient rectifier, potentially
with a charge pump, can deliver adequate DC output even when input power is low.
Since most loads have minimum voltage requirements, and as the load's power demand
increases, so does the necessary minimum input voltage. These performance indicators
collectively determine a rectifier's suitability, guiding both design and practical use in

RF energy harvesting applications.

3.2.3.2 Power Management

The energy management circuit developed for this project plays a pivotal role in

addressing the inherent challenges of RF energy harvesting and ultrasonic transmission.
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Specifically, the system must reconcile the disparity between the limited energy input
available from RFEH and the substantial power requirements of the ultrasonic
transmitter. This discrepancy arises because RFEH is inherently constrained by the need
to comply with electromagnetic exposure regulations and low power density at the
receiver end. In contrast, the ultrasonic transmitter demands significant energy output
to achieve the requisite power level for effective transmission and maintain a sufficient
communication distance. This necessitates the design of an efficient and intelligently

integrated energy management architecture.

The cornerstone of the energy management system is the boost converter, which
addresses the low voltage output of the RFEH rectification circuit. The rectified voltage
is typically insufficient to directly drive subsequent circuits or the ultrasonic transmitter.
By increasing this low and variable voltage to a higher, stabilised level, the boost
converter ensures that the energy is adequately conditioned for further processing. This
step is essential for bridging the mismatch between input energy levels and the power

requirements of the output stage.

Following the voltage conditioning, an energy storage module is integrated to
accommodate the intermittent and limited nature of the harvested energy. The energy
storage system, typically comprising capacitors or rechargeable batteries, accumulates
the harvested energy over time. This mechanism ensures that sufficient energy is
available to meet the periodic high-power demands of the ultrasonic transmitter.
Without this energy accumulation, the transmitter would not be able to sustain its

operation, compromising system reliability and efficiency.

A critical component of the energy management system is the voltage detection circuit,
which monitors the state of the energy storage module. This circuit determines whether
the stored energy has reached a sufficient threshold to enable the proper operation of
the ultrasonic transmitter. By doing so, it prevents premature or inefficient energy
release, ensuring that the transmitter operates within its designed power parameters.
This detection mechanism is integral to optimising the utilisation of harvested energy

and maintaining system efficiency.

To regulate the energy flow between the storage module and the ultrasonic transmitter,

a switching commutation is incorporated. This mechanism operates in conjunction with

the voltage detection circuit, connecting the energy storage to the transmitter only
63



when the stored energy surpasses the required operational threshold. Conversely, when
the stored energy falls below the threshold, the switch disconnects the transmitter,
preventing inefficient operation and potential system instability. This dynamic control
ensures that the transmitter receives energy only under optimal conditions, enhancing

overall system performance.

The energy management system is thus composed of four key components—boost
converter, energy storage, voltage detection circuit, and switching commutation —all
functioning in a coordinated manner to achieve efficient energy conversion and
utilisation. The architecture ensures that the ultrasonic transmitter is powered reliably

despite the constraints of limited and fluctuating input energy.

The overall structure of the energy management circuit is illustrated in Figure 3-22,
which elucidates the logical flow and interaction between its constituent components.
This design not only optimises the use of scarce energy harvested from RFEH but also
satisfies the high-power demands of ultrasonic transmission. The proposed system
represents a robust and scalable solution for applications requiring energy efficiency,

compactness, and reliable operation.

Boost Energy Voltage Switching

Converter Reservoir Detection Commutation
RF Ultrasonic

Link

Link

Figure 3-22. The structure of the energy management diagram

As shown in Figure 3-22, the energy management circuit must meet several key
requirements. The boost converter should efficiently handle low input voltages while
maximising conversion efficiency. The energy storage module must exhibit reliability
across multiple charge-discharge cycles with low internal resistance. The voltage
detection circuit should dynamically adjust to varying energy levels and consume
minimal power. Finally, the switching mechanism must be reliable and energy-efficient
to ensure effective delivery of stored energy to the load. Together, these components
enable efficient energy transfer from the RFEH input to the ultrasonic transmitter

output.
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A. Boost circuit

The energy obtained through RF energy harvesting is typically limited, resulting in a low
output voltage that is insufficient to power subsequent circuits directly. To address this,
a boost circuit is employed to step up the output voltage and ensure a stable supply for
downstream components, enabling them to operate efficiently under consistent
conditions. The following Figure 3-23 example illustrates a boost circuit design tailored
for RF energy harvesting applications, highlighting its functionality and effectiveness in

voltage regulation[160].
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Figure 3-23. The basic schematic of a boost converter.

The boost converter is designed to step up the input voltage to a higher output voltage,
using a combination of energy storage elements and controlled switching. The operation

is based on two key stages:

Switch-on Stage: During this stage, the MOSFET (denoted as M) is turned on, creating a
low-resistance path. Energy from the input voltage is stored in the inductor L, which
builds up a magnetic field. Simultaneously, the capacitor C provides energy to the load.
At this point, the diode D is reverse-biased, effectively isolating the load from the

inductor.

Switch-off Stage: When the MOSFET M is turned off, the inductor L releases the stored
energy as the magnetic field collapses. This creates an induced electromotive force that
combines with the input voltage. The diode D becomes forward biased, allowing the

combined voltage to charge the capacitor C and power the load.
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Through this alternating operation, the converter steps up the input voltage. The
relationship between the input voltage (Vin) and the output voltage (Vout) is

determined by the duty cycle (D) of the MOSFET switching and is expressed as:

(3-41)

Where: D is the duty cycle of the MOSFET (ratio of on-time to total switching period).

As D approaches 1, the output voltage Vout increases significantly, but practical
limitations such as switching losses and component tolerances must be considered, and

the main losses including.

Conduction Losses: These occur due to the resistive components in the circuit, such as
the inductor, MOSFET, and diode. The resistance and the current flowing through these
components result in heat dissipation. Minimising conduction losses involves selecting
components with lower resistance and optimising the circuit to reduce current flow,

particularly during low-power operation.

Switching Losses: Switching losses arise during the transition of the MOSFET between
on and off states. During these brief moments, both voltage and current overlap, leading
to energy loss. Factors influencing switching losses include the MOSFET's on-resistance,

drain-source voltage, and the frequency of operation.

Diode Reverse Recovery Losses: When the diode switches from conducting to blocking,
it undergoes a reverse recovery phase where current flows in the reverse direction
momentarily. This causes power losses. These can be minimised by using Schottky diodes
or other diodes with short reverse recovery times, which are particularly suited for high-

frequency applications.

Magnetic Core Losses: Inductors experience losses in their core material due to
alternating magnetic fields, resulting in heat generation. These losses depend on the
core material, operating frequency, and magnetic flux density. Selecting core materials
with low loss characteristics and designing inductors to operate at lower flux densities

can help reduce these losses.
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Capacitor Losses: The equivalent series resistance (ESR) of the capacitor introduces
losses as heat when current flows through it. This not only reduces the converter's
efficiency but may also impact the capacitor's lifespan. Using capacitors with lower ESR
ratings is an effective way to mitigate these losses, especially in high-current

applications.

The boost converter for this project is designed specifically for RFEH applications, where
maintaining efficiency and ensuring stable output voltage are critical. While energy
management circuits will process the output, the output voltage ripple must remain
within acceptable limits during design. Below is an introduction to the calculation of

the key components involved in the design:

The inductor plays a vital role in storing energy during the MOSFET conduction phase
and releasing it during the off phase. The inductance value L can be calculated using

the following equation:

_ Vip XD
fswll

(3-42)

Where: V;, is the input voltage. D is the duty cycle. f;,, is the switching frequency. Al,is
the desired peak-to-peak ripple current in the inductor, typically 20-40% of the average

inductor current.

The output capacitor reduces the ripple voltage and provides energy to the load during

the switching cycle. The capacitance C can be calculated using:

loye XD
=2 (3-43)
fswAVout
Where: I,,; is the load current. AV,,,; is the acceptable ripple voltage on the output.

Low-ESR capacitors, such as ceramic or tantalum types, are preferred to minimise losses

and ripple.

The diode must handle the peak current and reverse voltage of the converter. The peak

current rating /.4, and reverse voltage rating V.. ..s. are determined by:
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Using a Schottky diode is recommended for lower forward voltage drop and reduced

reverse recovery losses.

The MOSFET must support the peak current and voltage stresses in the circuit:

VDS = Vout
IDS = Ipeak (3'44‘)

Additionally, the MOSFET's on-resistance (Rps) should be minimised to reduce conduction

losses, and its gate charge should be low for efficient switching.

The output voltage ripple AV, depends on the inductor current ripple and capacitor
ESR:

AV, = Al X (ESR + (3-45)

o)
8fiy X C
Careful component selection ensures that the ripple remains within acceptable limits.

Once initial component values are calculated, the design may need iterative refinement
based on simulation or testing to optimise performance under the expected load and
input conditions. Special attention is paid to efficiency, ripple control, and thermal

management for the constrained energy source in RFEH applications.

In addition to designing a custom boost converter, commercial integrated boost
converter circuits were evaluated as alternatives for RFEH in this project. The Table 3-3
below summarises the performance characteristics of the selected integrated circuits

(ICs).

Table 3-3. Commercial ICs boost converter performance for RFEH.

Part Number Startup Voltage Input voltage Output voltage

(mV) (V) (V)
LTC3108 20 0.02-0.5 2.3-5.1
LTC3106 850 0.3-5.1 2.1-4.3
TPS61200 500 0.3-7 1.8-5.5
SPV1050 550 0.55-18 2.2-5.3
BQ25570 600 0.1-5.1 2.2-5.5

It is worth noting that the LTC3180 uses a 1:100 transformer, which results in low
startup voltage and input voltage.
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When selecting ICs for energy harvesting, preference should be given to those with the
lowest possible input voltage capability and an output voltage up to 5V, as this range
satisfies the operating conditions of most electronic components. It is also essential to
consider the startup voltage requirement of the ICs. While certain chips can function
with very low input voltages during operation, their startup voltages might be
significantly higher, which could limit their applicability in energy-constrained
environments. Table 3-3 summarises the most advanced ICs currently available for
energy harvesting applications. Commercial ICs provide efficient and compact

alternatives to custom designs.

The primary function of a boost converter in RFEH is to elevate the collected RF energy's
voltage to a level compatible with the output load, ensuring the load operates
effectively. While many commercial integrated boost converters demonstrate the
ability to function at exceptionally low input voltages, they typically necessitate a
higher startup voltage to initiate operation. Additionally, it is important to note that
while boost converters effectively increase the voltage, they do not augment the load
capacity under the constraints of limited input energy. As a result, the system’s
efficiency and stability require the incorporation of energy management strategies.
Energy management is critical for optimising system operation, balancing energy
distribution, and maintaining consistent functionality despite variations in harvested

energy.

B. Energy reservoir

Given that the input energy is lower than the required output energy, energy storage
becomes an essential component of the system. The selection of energy storage devices
must account for factors such as capacity, voltage range, maximum current handling,
and internal resistance. Currently, the two primary options for energy storage in such
applications are supercapacitors and batteries. The following sections will provide a
detailed comparison of these two solutions, focusing on their respective advantages and

limitations in the context of the project’s requirements.

Supercapacitors and batteries offer distinct advantages in energy storage, making them

suitable for different applications depending on the system requirements.

Supercapacitors are renowned for their high-power density, which can reach up to

10,000 W/kg. This characteristic, combined with their ability to charge and discharge
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rapidly—within seconds to minutes—makes them ideal for applications requiring
transient power, such as energy recovery systems and starting power for devices. Their
longevity is another significant advantage; with a cycle life exceeding 500,000 cycles,
they far surpass conventional batteries. Moreover, supercapacitors operate effectively
across a wide temperature range (-40 °C to 70 °C), making them highly suitable for
extreme environmental conditions. However, their low energy density (typically 1-10
Wh/kg) limits their capacity to store energy for extended periods. Additionally, they
exhibit a high self-discharge rate, which further restricts their use to short-term energy

storage applications.

Batteries, on the other hand, excel in energy density, offering 100-300 Wh/kg, which is
substantially higher than supercapacitors. This makes them suitable for long-term power
supply applications, such as portable electronics and electric vehicles. Their relatively
low self-discharge rate enhances their viability for such uses. However, batteries have
several limitations, including slower charge and discharge rates, a narrower operating
temperature range (-10 °C to 40 °C), and a shorter cycle life of 500 to 3,000 cycles.
Despite these drawbacks, batteries are a mature technology with well-established

manufacturing processes, making them cost-effective and widely accessible.

In practical energy storage systems, the combination of supercapacitors and batteries
often proves to be a more efficient solution. Supercapacitors can handle instantaneous
high-power demands, such as load surges, while batteries ensure continuous power
delivery over a prolonged duration. This hybrid approach leverages the strengths of both
technologies, enabling systems to meet diverse energy requirements effectively. The

Table 3-4 shows the performance of the two energy storage methods [161].

Table 3-4. Comparison of energy storage performance between supercapacitors and batteries

parameter

Supercapacitor

Battery

power density

Charge/Discharge time
cycle life

temperature range

Energy storage
efficiency

Self-discharge rate
Volume/Weight

1 to 10 Wh/kg

seconds to minutes
>500,000 times
-40°C to +70°C

>95%
20 to 40% per month
Large size, light weight
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100 to 300 Wh/kg
(lithium-ion batteries)

minutes to hours

500 to 3,000 times
-10°C to +40 °C
70-90%

1 to 5% per month
Small size, high weight



For this project, where both transient and sustained energy needs are critical, the
sensor applications of the operational demands and environmental constraints will guide
the selection or combination of these storage solutions to optimise efficiency and
reliability. The choice between batteries and supercapacitors largely depends on the
specific energy supply requirements and the nature of the application. For instance, in
scenarios where energy is supplied infrequently, such as in environmental monitoring
systems where the energy supply occurs once a day, batteries are a more suitable
option. The higher energy density of batteries allows them to store sufficient energy for
long-term use, ensuring that the system remains operational over extended periods
without frequent recharging. Additionally, their lower self-discharge rate and ability to
provide steady power over time make them ideal for such applications, where sustained

energy delivery is essential and intermittent charging is feasible.

Conversely, in applications where energy is supplied at shorter intervals, such as once
a minute, supercapacitors would be a more appropriate choice. Supercapacitors excel
in handling short bursts of high power, making them ideal for systems that require rapid
charge and discharge cycles. With their high-power density and fast charging
capabilities, supercapacitors are well-suited for situations where energy must be quickly
stored and released within short periods. Their ability to efficiently handle transient
loads ensures that the system can operate reliably in environments where frequent

energy inputs and outputs occur.

In summary, the selection between batteries and supercapacitors depends on the
operational characteristics of the energy supply and the specific demands of the
application, such as the frequency of energy input, the duration of energy storage,
operating environment temperature and the power requirements during operation. By
matching the energy storage solution to the application's needs, it is possible to optimize

performance and ensure long-term reliability.

C. Voltage Detection

Voltage detection is a critical component in the energy management of RFEH and

ultrasonic drive circuits. In this system, a fundamental challenge arises from the

mismatch between the input power of the RFEH and the power demand of the ultrasonic

drive. The RFEH unit typically generates low and intermittent power, while the

ultrasonic drive requires relatively high power over a short duration to operate
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effectively. To bridge this gap, an energy storage unit is introduced to accumulate
energy during the harvesting phase and release it rapidly when the ultrasonic drive is

active.

The operation of the energy storage unit necessitates precise monitoring to ensure
system efficiency and reliability. Specifically, the energy storage unit must determine
two key operational states: whether sufficient energy has been accumulated to meet
the power requirements of the ultrasonic drive, and when to stop energy delivery to the

ultrasonic drive.

Voltage is employed as the primary metric for energy management due to its capability
to represent the energy state of the storage unit and its simplicity in implementation.
For capacitors, voltage is directly proportional to the energy stored, while for batteries,
voltage can indirectly indicate the state of charge within a given range. This makes
voltage a versatile parameter that can serve as both an energy indicator and a control

signal.

By monitoring the voltage of the energy storage unit, the system can assess whether
sufficient energy has been accumulated to support the ultrasonic drive. Additionally,
voltage thresholds can be used to control the switching circuit, ensuring efficient energy
delivery to the load while avoiding over-discharge or under-utilisation of the energy

storage unit.

Furthermore, voltage provides real-time feedback on the system’s performance. It
reflects the efficiency of the RFEH during the charging phase and the effectiveness of
the energy delivery during the discharging phase. Consequently, voltage detection is
not only essential for operational control but also for system diagnostics and

optimisation.

The relationship between energy (E) and voltage (V) in the energy storage unit can be
expressed as follows:

For supercapacitor,

1
E = > C(VE-V$) (3-46)
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Where: E represents the stored energy (in joules, J), C is the capacitance (in farads, F)
of the energy storage unit, and V1 and V2 represent the lower and upper voltage (in
volts, V) thresholds of the energy storage unit, respectively, and additionally serve as
control signals for deactivating and activating the switching circuit.

For battery,

E=Q(V1—V,) (3-47)

Where: Q is the charge capacity of the battery (in ampere-hour, Ah)

Since capacitors and batteries express capacity in fundamentally different ways, their
analysis must be conducted separately. Capacitors typically specify capacity in terms of
farads (F), which relate to their ability to store charge, while batteries measure capacity
in ampere-hours (Ah), which reflect the amount of current they can supply over time.
In addition, capacity, the voltage also represents the relationship between the RFEH

input energy and the ultrasonic drive energy.

Assuming an idealised scenario where 100% of the input energy is transferred to the

output, the relationship between energy and voltage can be expressed as follows:

Prren X t1 = Pyitrasonic X tz (3-48)

Where: Pgppy is the input power from RFEH, Pyirasonic 1S the output power to drive

transducer, t; and t, are the RFEH accumulation time and transducer operation time.

So, the voltage relationship between input and output is:

for supercapacitor,

Vi —V{
Zg

1
> C(V¢—V3) = ty (3-49)

for battery,

t, (3-50)
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Where Z; is the impedance of the piezoelectric transducer loaded by the ultrasonic

driving circuit.

It is important to highlight that although the theoretical relationship between the

charging voltage and time for a capacitor and battery can be expressed as:

VC_V1>

t = RCpqln (VC_VZ

(3-51)

Where: R is equivalent internal resistance of the battery and supercapacitor (in ohm,
Q), C.q is the equivalent capacity of batteries and supercapacitors and V, is RFEH output

voltage.

In this project, however, the limited input power from the RFEH means that the charging
voltage cannot remain constant during the capacitor’s charging process. The input
energy varies with time due to fluctuations in harvested RF energy and the
characteristics of the energy harvesting circuit. As a result, the charging process
deviates from the standard exponential curve described above, becoming more complex

and requiring dynamic analysis to account for variable input power and charging rates.

This non-ideal charging behaviour has implications for the energy storage design. It
necessitates careful consideration of rated capacitance and the integration of energy
management systems to ensure that sufficient energy is accumulated to meet the

demands of the load, even under variable input conditions.

Voltage is used as a detection indicator of energy storage. Optimizing the voltage
detection range and the capacity of energy storage elements can ensure the efficient
operation of RFEH and ultrasonic drive. This optimisation strikes a balance between
efficiency and reliability, catering to the project's energy constraints and load

requirements.

Voltage detection circuits are tasked with monitoring the energy storage unit's voltage
levels to ensure that energy accumulation and delivery align with the system's
operational requirements. These circuits must be reliable, energy-efficient, and
capable of providing precise voltage sampling under varying conditions. Two primary

methods are employed for voltage detection: capacitor sampling and resistor sampling.
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Each method has distinct advantages and limitations, making them suitable for different
applications. Figure 3-24. Voltage detection of capacitor sampling and resistor sampling.
illustrates these two sampling techniques, which are used to effectively monitor the
voltage of capacitors and batteries. Proper selection of the sampling method ensures

accurate voltage detection and easy integration into the energy management circuit.

Figure 3-24. Voltage detection of capacitor sampling and resistor sampling.

The relationship between the output and input of capacitor sampling and resistor

sampling is:
Gy
Vour = mVin
R,
Vout = mvm (3-52)

Capacitor sampling and resistor sampling methods each have distinct advantages and

limitations, making them suitable for different applications in energy management.

Capacitor Sampling: This method is characterised by minimal output loss, particularly
advantageous in RFEH systems where input energy is scarce. The loss in capacitor
sampling arises from the ESR of the capacitor, which is typically very small, ensuring
high efficiency. Moreover, when the energy storage element discharges, the energy
stored in the sampling capacitor is also delivered to the load, further enhancing the
overall energy utilisation. However, capacitor sampling has limited driving capability,

as it primarily provides a voltage signal rather than significant current. Consequently,
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it is less suitable for driving components like thyristors but performs effectively when

paired with MOSFETs, which require minimal gate drive current.

Resistor Sampling: In contrast, resistor sampling exhibits strong load-driving
capabilities, making it better suited for applications requiring the operation of high-
current components. Despite this advantage, resistor sampling incurs energy losses as
heat due to the continuous flow of current through the resistor. Precision adjustable
resistors, however, offer greater flexibility for fine-tuning the output, allowing for easy
optimisation of the system's performance. This adjustability is less straightforward with

capacitors, as variable capacitors are typically more limited in availability and range.

Capacitor sampling is particularly well-suited for applications where high efficiency and
minimal energy losses are critical, such as in low-power systems like RFEH. In contrast,
resistor sampling is advantageous in situations requiring strong driving capabilities and
precise control of output adjustments. Balancing these trade-offs is essential to
achieving optimal performance and efficiency in the overall circuit design, ensuring the
energy management system aligns with the operational demands and constraints of the

application.

Another noteworthy voltage detection scheme is the use of Zener diodes for threshold
voltage detection, which is particularly suitable for energy management systems
operating at a specific target voltage. The Zener diode leverages its unique breakdown
characteristic to maintain a stable reference voltage when the input voltage exceeds
its breakdown voltage. This property allows it to act as a precise threshold detector in

the circuit.
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Figure 3-25. Typical Detection Circuit Using a Zener Diode and It’s |-V Curve
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As shown in Figure 3-25. Typical Detection Circuit Using a Zener Diode and It’s |-V Curve,
the typical circuit configuration includes a Zener diode connected in reverse bias across
the energy storage unit. The diode remains non-conductive until the input voltage
reaches its breakdown threshold, at which point it begins to conduct, providing a clear
signal for the switching circuit. The corresponding |-V curve illustrates this behaviour,
with negligible current flow below the breakdown voltage and a sharp increase once the

threshold is reached. Currently the output voltage is about 5V.

This method offers simplicity and reliability, particularly for applications where a fixed
voltage reference is required. However, its efficiency and adaptability may be limited
compared to other voltage detection techniques, especially in scenarios involving
varying input or output voltage conditions. Thus, while Zener diode detection is a robust
option for systems with stable operational voltages, careful consideration is needed to

determine its suitability in dynamic energy management environments.

The choice of voltage detection circuit depends on the system's priorities, such as
efficiency, precision, or driving capability. By integrating the appropriate voltage
detection circuit, the system can achieve effective energy management, balancing the

demands of RF energy harvesting and ultrasonic drive.

In summary, voltage detection in this project must carefully balance the voltage range
of the energy storage element based on the output power of the RFEH system and the
power requirements of the ultrasonic drive. This ensures that the detection range aligns
with both the energy harvesting capacity and the operational demands of the system.
Furthermore, the choice between capacitor sampling and resistor sampling depends on
the specific requirements of energy management. Capacitor sampling is ideal for
applications where high efficiency and minimal energy loss are critical, particularly in
low-power systems like RFEH. Conversely, resistor sampling is more suitable for
applications that require robust load-driving capabilities and precise output regulation,
making it the preferred option in scenarios demanding greater control and flexibility.
Zener diode detection is suitable for fixing threshold voltage or providing reference

voltage for energy management.

The next section will discuss the integration of voltage detection with switching circuits,
highlighting how these components work together to maintain efficient and reliable
system operation.
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D. Switching Commutation circuit

The switching circuit serves as the execution mechanism within the energy management
system, tasked with controlling the connection and disconnection of the ultrasonic drive
circuit. This dynamic switching is crucial in balancing energy flow between the system'’s
energy accumulation and energy utilisation phases, especially given the inherent energy
disparity where the input energy from the RFEH circuit is significantly lower than the

output energy required by the ultrasonic drive.

Voltage detection and switching circuits work in tandem to ensure efficient energy
management in RFEH systems with ultrasonic drive circuits. The switching circuit is the
executive mechanism responsible for regulating energy flow between the energy storage
unit and the ultrasonic drive. At the same time, voltage detection provides the critical

input signals determining the timing and conditions for switching operations.

During the energy accumulation phase, the switching circuit disconnects the ultrasonic
drive to minimise losses and maximise energy storage efficiency within the RFEH circuit.
By isolating the ultrasonic drive, this phase ensures that all harvested energy contributes

to charging the storage unit without unnecessary dissipation.

Once the energy storage unit reaches a sufficient charge level, the switching circuit
reconnects the ultrasonic drive, allowing the stored energy to power the transducer.
However, as the stored energy depletes during operation, the efficiency of the
ultrasonic drive diminishes. To maintain system efficiency and reliability, the switching
circuit must promptly disconnect the ultrasonic drive and reinitiate the energy

accumulation cycle.

This switching process requires precise voltage and energy monitoring to ensure
seamless transitions between energy accumulation and utilisation phases, minimising
system disruptions while optimising energy efficiency. The design of this circuit must
balance fast response times, low power consumption, and reliability to meet the

system'’s stringent performance requirements.

Therefore, careful consideration should be given to the appropriate design of the
switching voltage range. The selection of this range should account for the operational

requirements of the ultrasonic drive circuit. Specifically, the lower threshold must meet
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or exceed the minimum voltage required for proper functionality. In contrast, the upper
threshold must remain within the safe maximum voltage to avoid potential damage or

inefficiencies in the circuit.

In addition to ensuring the operational integrity of the ultrasonic drive, the switching
voltage range must also avoid the low-efficiency range of the energy storage unit. During
the charging phase, excessive voltage accumulation can reduce energy harvesting
efficiency due to mismatches in the energy storage and harvesting systems. Similarly,
operating within the low-efficiency range during discharging can lead to suboptimal

energy utilisation for the ultrasonic drive.

Figure 3-26. Schematic diagram of the charging and discharging process of an energy
storage. Illustrates the efficiency characteristics of the energy storage unit, identifying
both the high-efficiency and low-efficiency regions during charging and discharging. By
carefully selecting the switching voltage range, the system can ensure both efficient

energy harvesting and effective operation of the ultrasonic drive.
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Figure 3-26. Schematic diagram of the charging and discharging process of an energy storage.

During the charging process, as the voltage of the energy storage element increases,
the rate of voltage growth gradually decreases, leading to a reduction in the efficiency
of the RFEH system in transferring energy to the storage element. To quantify this, we
define the low-efficiency range of charging as the point where the voltage growth rate
drops below 0.3 V/s. To avoid this inefficiency, the maximum switching voltage during

the charging process must remain below the onset of this low-efficiency range.
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Similarly, during the discharging process, as the voltage within the energy storage
element decreases, the discharge rate slows, reducing the operational efficiency of the
ultrasonic drive. To maintain efficiency, the minimum switching voltage during the

discharge process must be set above the threshold of the low-efficiency discharge range.

By appropriately defining the voltage range for the switching circuit, the system ensures
that RFEH operates at peak efficiency during energy harvesting and that the ultrasonic
drive functions optimally during energy utilisation. Figure 3-27 Illustrates the high-
efficiency operational voltage range of the energy storage element under the regulation
of the switching circuit, ensuring a balance between efficiency and performance for
both the RFEH system and the ultrasonic drive. The operational voltage range is shown

after considering the minimum request for an ultrasonic driver.
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Figure 3-27. Schematic diagram of the voltage range for high efficiency operation of energy
storage unit (a), and the voltage range after considering the minimum voltage requirement for
ultrasonic drive (b).
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Furthermore, the efficiency of the energy storage unit can be improved by increasing
the charging voltage provided by the boost circuit in the RFEH system. This
enhancement allows for a higher energy accumulation rate within the storage unit.
Subsequently, precise voltage detection can be employed to regulate the output,
ensuring that energy delivery aligns with the operational requirements of the ultrasonic
drive circuit. Figure 3-28 Illustrates the voltage curve of the energy storage unit during
the charging process. It also highlights the output voltage range after incorporating the
constraints imposed by the ultrasonic drive voltage. The figure demonstrates how the
charging voltage and subsequent voltage control contribute to maintaining efficient

energy storage and release, thereby optimising the overall system performance.
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Figure 3-28. Schematic diagram of the voltage range for efficient operation after increasing the
charging voltage of the energy storage unit (a), and the voltage range after considering the
minimum voltage requirement for ultrasonic driving(b).

By comparing Figure 3-27(b) and Figure 3-27(b), it becomes evident that after increasing

the charging voltage of the energy storage unit, the charging rate is faster when the

voltage reaches the upper threshold of the voltage detection. This leads to improved
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charging efficiency. However, a higher charging voltage imposes greater demands on
the boost converter in the RFEH system. This challenge becomes particularly
pronounced when the input power of the RFEH is constrained, limiting the feasibility of
excessively high charging voltages. A balance between the charging rate and the output
voltage of the boost converter helps maintain the stable and efficient operation of both
the boost converter and the energy storage unit. This balance ensures that the energy
storage unit accumulates energy effectively without overburdening the boost converter,
particularly under limited input power conditions. Proper voltage regulation improves

the charging efficiency and supports the overall stability of system performance.

It is worth noting that Figure 3-27 and Figure 3-28 are intended solely to illustrate the
voltage ranges for high-efficiency charging and discharging of the energy storage
element, as well as the voltage range after considering the minimum operational
requirements of the ultrasonic drive. This schematic does not account for the power
dynamics of the RFEH and the ultrasonic drive. Consequently, the depicted charging and
discharging durations are not representative of real-time performance. In practical
operation, the charging process typically requires significantly more time than the
discharging process due to the disparity in power levels between RFEH input and

ultrasonic drive output.

In short, the selection of the control voltage for the switching circuit must integrate the
high efficiency charging and discharging ranges of the energy storage element with the
operational requirements of the ultrasonic drive. This ensures both optimal energy

management and reliable system performance.

Once the voltage range of the switch circuit is established based on the design
requirements, voltage detection operates alongside the switch circuit to maintain
functionality within the specified voltage range. This coordination ensures reliable

operation and supports the system’s overall efficiency.

Figure 3-29 Illustrates the operational mechanism of the switching circuit, showing how
voltage detection governs the transition between the charging and discharging states to

optimise energy utilisation and system stability.
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Figure 3-29. Schematic diagram of the switch circuit operation mechanism. Vy is the upper
threshold of the voltage range, and V. is the lower threshold of the voltage range. The switch is
controlled by a combination of voltage detection and a trigger.

The operational mechanism of the switching circuit is designed to facilitate effective
energy management and maintain stable output voltage control. When the voltage of
the energy storage unit reaches the upper threshold Vu the Vu switch is activated,
enabling energy transfer to the output. Concurrently, the V. switch, which has a lower
activation threshold than Vu, also turns on during this phase. As energy is discharged
and the voltage declines, the V4 switch deactivates once the voltage falls below its
upper threshold Vi. However, the V. switch remains engaged until the voltage further
decreases to its lower threshold V.. When the voltage drops below Vi, the V. switch
disconnects, thereby isolating the output from the energy storage unit. Although VL's
activation threshold is lower than VH's, its voltage detection is positioned downstream
of Vu in the circuit. This configuration ensures that V. is only activated in conjunction
with Vy but disconnects by V. trigger which maintains the output voltage within the
predefined range between V. and Vu. This coordinated mechanism is essential for
ensuring system stability and optimising the efficiency of energy storage and discharge

processes.

The operational mechanism of the switching circuit can be effectively illustrated using
a logic circuit representation. In this model, the voltage thresholds of V. and Vu are
treated as inputs, and the state of the output (Out) is the resulting logic value. When

the voltage exceeds the threshold of VL or Vu, the corresponding input is assigned a
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value of 1; conversely, when the voltage falls below the threshold, the input is assigned
a value of 0. Similarly, the output is designated as 1 when the circuit is active (turned

on) and 0 when it is inactive (turned off).

The logical operation of the switching circuit is summarised in Table 3-5, which defines

the relationships between the inputs (VL and Vi) and the output (Out).

Table 3-5. Switching circuit operation truth table

VL Vi Out
0 0 0
1 0 0
1 1 1
1 0 1
0 0 0

According to the results of the operation table, when the voltage reaches the upper
threshold Vy, the Out is activated, while Out is deactivated when the voltage falls below
the lower threshold V.. Following this operational truth table, the corresponding logic
circuit represents the logical relationships logical relationship is Out = (V, - Vy) +
(V,, - Vi - Out). The circuit diagram is illustrated in Figure 3-30, demonstrating how the
inputs VL and Vi interact to control Out, ensuring the system operates within the desired

voltage range.

Vi 0
Vu Out

Figure 3-30. Digital logic circuit diagram of switching.
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Based on the logical relationships described, a voltage-controlled switch circuit can be
realised by selecting appropriate components and integrating them with voltage

detection. Figure 3-31 shows one of the switching circuits.

R1

.

Figure 3-31. A voltage-controlled switching circuit based on the logical relationship.

Voltage-controlled switching circuits implemented with digital logic gates represent an
option for switch circuit design due to their precision and programmability. Well-known
SN7400 series and SN5400 series components can be selected. However, since the logic
gate is the transistor-transistor logic (TTL) voltage, implementing logic functions at this

voltage usually requires a stable power supply to operate effectively.

Given the limited power available in this project, alternative wide-voltage control
solutions are necessary to address the challenges posed by fluctuating input power.
These solutions must ensure reliable operation without relying on a dedicated stable
power source. Considering the wide voltage range, high noise immunity, and low static
power consumption characteristics of complementary metal-oxide-semiconductor
(CMOS) circuits, the next section will introduce three types of CMOS-based voltage-
controlled switch circuits: comparator-based switches, adjustable hysteresis triggers,
and dedicated voltage-controlled switch ICs. These voltage-controlled switches can be
configured to form a controller, as illustrated in Figure 3-29, facilitating reliable and
efficient energy management within the system. Each approach will be detailed with
respect to its design principles, operational characteristics, and advantages for energy-
constrained applications, focusing on their suitability for energy-efficient and low-

power systems.
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Comparator-based switch: The voltage comparator is a device that compares two
analogue input terminals and one output control terminal. In this project, the two input
terminals are connected to the voltage detection circuit and a reference voltage. The
reference voltage represents the switch voltage range's lower and upper threshold
values. The output of the comparator is connected to a MOSFET, which controls the
connection between the input and the output. This configuration enables precise
switching based on the detected voltage levels, ensuring efficient energy management.

The switching circuit of the voltage comparator is shown in the Figure 3-32.

| InEut> l iOutEut )
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Figure 3-32. Voltage controlled switching circuit based on voltage comparator.

One input terminal of the voltage comparator is connected to the voltage detection
point of the energy storage unit, while the other terminal is connected to the reference
voltage. The threshold voltages (V. and Vu) of the voltage-controlled switch are

determined based on the following relationship:

1
Vin = ——V, 3-53
The reference voltage V. is stable, which remains precision reference irrespective of

variations in the input voltage.

For this project, selecting a lower output voltage and a sufficiently low operating
current voltage reference device is essential, like MAX9060, REF35, and ADCMP380. A
low-voltage reference ensures that the switch can function effectively under low-

voltage conditions, enabling efficient operation even when the energy storage unit is
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minimally charged. Meanwhile, a low operating current reduces power consumption,

further supporting energy conservation objectives.

Adjustable hysteresis Schmitt trigger switch: The hysteresis characteristics of a
Schmitt trigger can serve as an effective control signal for the switch circuit, allowing
operation within a defined voltage range. This is achieved by incorporating a suitable
voltage detection circuit. However, traditional Schmitt triggers have fixed trigger
voltages, which limit their ability to adapt to specific project requirements, such as
setting customised threshold voltages for the energy storage unit. In contrast, the newly
developed adjustable hysteresis Schmitt trigger provides the flexibility to modify the
trigger voltage according to user-defined parameters[162]. Integrating the adjustable
Schmitt trigger with a voltage detection circuit makes it possible to define a tailored
threshold voltage range for the energy storage unit, thereby enhancing system
adaptability and precision. Figure 3-33 illustrates the hysteresis characteristics of both
the traditional fixed-voltage Schmitt trigger and the adjustable hysteresis Schmitt

trigger, highlighting the advantages of the latter in dynamic voltage management

applications.
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Figure 3-33. Schematic diagram of the voltage hysteresis characteristics of a traditional Schmitt
trigger (a) and the adjustable voltage hysteresis characteristics (b). By adjusting the setting voltage
V¢ to adjust the trigger voltage.

The adjustable hysteresis of the Schmitt trigger is tuned using a control voltage (Vc),
enabling linear adjustment of its threshold levels. This functionality facilitates the
customisation of the lower (Vi) and upper (Vu) threshold voltages to align with the

specific voltage adjustment range of the energy storage unit.
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A voltage-controlled switch circuit can be realised by integrating an adjustable
hysteresis Schmitt trigger with a voltage detection circuit. This configuration effectively
ensures that the energy storage unit operates within its optimal voltage range,

maintaining both efficiency and stability. The circuit design is illustrated in Figure 3-34.

R5 —
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Figure 3-34. Voltage controlled switching circuit based on adjustable hysteresis Schmitt trigger.

Low-power adjustable hysteresis Schmitt triggers have been extensively studied and
reported[162, 163, 164, 165]. When selecting a trigger for this project, it is crucial to
prioritise designs with minimal power consumption to align with the energy efficiency

requirements.

A voltage-controlled switch constructed using an adjustable hysteresis Schmitt trigger
enables precise voltage regulation tailored to specific project requirements.
Additionally, this approach simplifies the circuit design by requiring only a single

switching element, thereby reducing complexity and enhancing reliability.

Voltage-controlled switch ICs: voltage-controlled switch ICs are widely utilised in
analogue circuits due to their versatility and unique features. They are particularly
effective in routing, switching, and selecting analogue signals. In the "on" state, their
on-resistance (Ron) is typically very low, often just a few ohms, significantly reducing
energy losses during conduction. Conversely, they provide high input-output isolation in

the "off" state to prevent energy leakage effectively.

These switches support a broad voltage range, accommodating a few to tens of volts or
higher voltages. Additionally, they offer multi-channel configurations, including single-
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pole single-throw (SPST), single-pole double-throw (SPDT), and multi-pole multi-throw
(MPMT), making them suitable for various applications. Furthermore, their simple
control interface allows for straightforward operation, with switching controlled via
basic high and low signal levels. When combined with a voltage detection circuit,
voltage-controlled switches can provide efficient and reliable energy management, as
illustrated in Figure 3-35.
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Figure 3-35. Voltage controlled switching circuit based on SPST.

The input terminal connects to the voltage-controlled switch via the voltage detection
circuit, where switching actions are executed by comparing the input signal with the
switch's internal reference voltage. It is important to note that while some voltage-
controlled switch ICs include a built-in hysteresis function, this hysteresis voltage is
typically fixed and not adjustable. Consequently, achieving flexible and stable voltage
control requires designing a dual-control switch configuration, as depicted in Figure
3-29, to fulfil the energy management requirements effectively. To further support the
implementation, Table 3-6 presents a selection of switch ICs suitable for this project's

operational and efficiency criteria.

Table 3-6. Switch ICs for power management.

Supply Logic Logic ON-State Off-State
ICs Model Voltage High Low Resistance Leakage
Range (V)  Voltage (V) Voltage (V) Q) Current (nA)
TS5A3166  1.65-5.5 2.4 0.8 0.90 4.00
MAX4910 1.8-5.5 1.4 0.5 0.75 10.00
DG4157E 1.65-5.5 1.8 0.6 0.86 1.36
ADG821 1.8-5.5 2.0 0.8 0.50 0.01
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Switching ICs offer a wide operating voltage range with consistent and stable on/off
voltage thresholds. Their resistance is typically less than 1 ohm when in the on state,
effectively minimising energy losses. In the off state, the leakage current is extremely
low, which is advantageous for isolating the load and facilitating energy accumulation.
Additionally, switching ICs are compact in size, making them suitable for space-
constrained applications. However, the fixed parameters of these ICs may limit circuit

design flexibility, necessitating careful consideration during system integration.

In summary, various options are available for designing the switching commutation
circuit to concentrate energy and deliver it efficiently to the ultrasonic drive. The
design process begins with calculating the high-efficiency voltage range based on the
energy storage unit and the load characteristics of the ultrasonic drive. Next, the
control thresholds of the switch circuit are determined in alignment with this voltage
range. Finally, an appropriate voltage-controlled switch circuit is selected to ensure
optimal performance and energy management, considering the operating voltage range

and load current requirements.

3.2.3.3 Ultrasonic Transducer Driver

The driving of an ultrasonic transducer involves three key components: output
impedance matching, an ultrasonic oscillator, and a power amplifier. Output impedance
matching aligns the impedance of the transducer with that of the driving circuit,
minimising energy reflection and ensuring efficient energy transfer. The ultrasonic
oscillator generates a driving signal tuned to the transducer's resonant frequency. Due
to the narrow bandwidth of the transducer’s resonant frequency and its susceptibility
to drift caused by environmental changes, the oscillator’s frequency must be both
adjustable and highly accurate to maintain optimal performance. In addition to
precisely matching the transducer's operating frequency, the power amplifier must
deliver high-efficiency performance while operating within the specified voltage range.
This dual requirement ensures that the transducer is driven effectively without energy

loss or excessive power consumption.

A. Output Impedance Matching Network

Similar to RF links, ultrasonic links also rely on impedance matching networks to

optimize energy transmission and frequency adaptability. Although ultrasonic
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frequencies are lower than RF, the power levels are higher, making impedance
mismatches a significant source of ultrasonic output power loss. In ultrasonic links,
impedance matching primarily targets the interface between the ultrasonic oscillation
source and the transducer. Common impedance matching networks, similar to those

used in RF links, are illustrated in Figure 3-16.

B. Ultrasonic Oscillator

Ultrasonic oscillators are responsible for generating the drive signals for ultrasonic
transducers, with typical frequencies ranging from 20 kHz to 100 MHz. For efficient
energy transfer, the output frequency of the oscillator must align with the resonant
frequency of the transducer. However, the resonant frequency bandwidth of the
transducer is often very small, typically around 1 kHz, so the frequency of the ultrasonic
oscillator needs to be accurately matched to the transducer. Moreover, the resonant
frequency of the transducer can shift based on factors such as the application and the
properties of the transmission medium. When the transducer operates in different
environments, the interaction with the medium can cause the resonant frequency to
offset. Therefore, to ensure compatibility and maintain optimal performance, the
output frequency of the ultrasonic oscillator needs to be adjustable, allowing it to

accommodate these frequency variations.

Various oscillators can be used to drive ultrasonic transducers, each with unique
characteristics. These include RC (resistor-capacitor) oscillators, which rely on resistors
and capacitors to generate stable frequencies; LC oscillators, which use inductors and
capacitors and are well-suited for high-frequency applications; crystal oscillators,
known for their precision and stability due to the resonance of a quartz crystal;
transistor resonator, the switching function of the transistor is utilized to realize
alternating switching output oscillating waveform through positive feedback; and
integrated oscillators, which offer compact solutions with frequency stability and often
include adjustable output options. Each type of oscillator may be selected based on the
frequency stability, application requirements, and compatibility with the transducer.

The following sections will introduce and analyse these classic oscillators in detail.

RC Oscillators: One of the simplest oscillators in both design and structure, primarily

using an RC charging and discharging circuit to generate oscillations. This type of

oscillator can operate in various configurations, but its simplicity makes it ideal for
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applications where high waveform quality and frequency accuracy are not critical. Two
common implementations of RC oscillators are based on the Schmitt inverter and the
operational amplifier. These configurations are widely used in low-precision
applications due to their cost-effectiveness and straightforward design. The circuit

structure is shown in Figure 3-36 [166, 167].
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Figure 3-36. RC oscillator circuit based on Schmitt inverter and operational amplifier.

Schmitt inverters were initially developed as threshold-triggering components in digital
logic circuits, where their hysteresis characteristics enable them to respond predictably
to varying input signals. In RC oscillator applications, the charging and discharging
behaviour of the capacitor in an RC network determines the voltage thresholds that

trigger the Schmitt inverter, resulting in a stable square wave output.

Similarly, in RC oscillators based on operational amplifiers, the same charge-discharge
voltages are used as reference levels for voltage comparison. Positive feedback is
introduced to reinforce the output transitions, thereby sustaining stable oscillations. As
illustrated in Figure 3-37, the capacitor voltage V(C) undergoes periodic charging and

discharging cycles, which in turn generate the output waveform V(vo).

Both configurations use Schmitt inverters or operational amplifiers' inherent threshold
and feedback characteristics to ensure reliable and continuous waveform generation,

making them effective solutions for simple and low-power oscillator designs.
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Figure 3-37. The charging and discharging process of capacitor C and the output waveform of
the oscillator.

According to the charging and discharging process of Figure 3-36 and the circuit
structure of Figure 3-37, the output frequencies of the two RC oscillators are shown

below.

For the Schmitt inverter oscillator,

1
I =5693RC (3-54)
For the operational amplifier oscillator,
= ! 55
f - & (3' )

2RCln(1+ T )

RC oscillators come in various configurations, and we present only the most basic design.
In practical applications, additional considerations are necessary, such as power supply
stability, output amplitude control, frequency drift, and protective circuitry. Overall,
RC oscillators offer simplicity and compactness. However, they have limited
interference resistance and produce lower output frequencies compared to other

oscillators.

LC Oscillator: Traditional LC oscillators generate oscillatory waveforms through the
resonance of inductors and capacitors, combined with feedback amplification. With

advancements in transistor technology, LC oscillators now incorporate transistor-
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coupled resonances such as collector, emitter, and base resonances, in addition to
traditional LC resonance. We focus on the typical Hartley and Colpitts oscillator circuits,
illustrated in Figure 3-38 [168].

Vcc
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Figure 3-38. Typical Hartley and Colpitts oscillators

The widely used Hartley and Colpitts oscillators are RF signal generators and frequency
synthesizers due to their straightforward designs. In the Hartley oscillator, inductors
divide the voltage, and frequency adjustment is primarily achieved by varying
capacitance. Conversely, the Colpitts oscillator divides voltage with capacitors,
adjusting frequency mainly through changes in inductance. The resonant frequency for

both circuits can be calculated as follows:

For the Hartley oscillator,

1
S 3-56
= LoqC (3-56)

where L., is the equivalent inductance of the series inductors.

For the Colpitts oscillator,

1

= 3-57
4 21,/ CeqL ( )

where C,,is the equivalent capacitance of the series capacitors.
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These formulas provide the resonant frequency, facilitating precise adjustments in

applications requiring stable drive signals.

Crystal Oscillator: A crystal oscillator uses the precise mechanical vibrations of a quartz
crystal to produce a stable resonant signal, offering much greater frequency stability
than RC and LC oscillators and a high temperature coefficient, making it ideal for
applications requiring precise timing. While the frequency of a crystal oscillator can
technically be fine-tuned by adding a series inductor or a parallel capacitor, it is
typically designed as a fixed-frequency circuit due to its inherent accuracy and stability.
This stability, which results from the crystal’s consistent vibrational frequency, makes
crystal oscillators indispensable in applications such as clocks, communication systems,
and other devices needing reliable frequency standards. Figure 3-39 shows the symbol

and equivalent circuit of a quartz crystal oscillator [169].
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Figure 3-39. Quartz crystal electrical symbol and equivalent circuit.

Figure 3-39 illustrates the structure and equivalent circuit of a quartz crystal oscillator.
The physical structure relies on the quartz crystal’s mechanical vibrations to generate
stable oscillations. The equivalent circuit includes components that simulate the
crystal's electrical behaviour: an inductor (Ls), a capacitor (Cs), and a resistor (Rs),
which represent the crystal’s mass, compliance, and internal losses, respectively. These
elements form a series-resonant RLC circuit that, along with a parallel capacitor (Cp),
models the precise frequency control characteristic of the quartz crystal. When the very
small equivalent resistance is ignored, the oscillation frequency can be calculated by

the following formula.
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Series resonant frequency,

=— (3-58)
Js 2m,/LsCs

Parallel resonant frequency,

1

/ C,Cs
2m |Lg (Cp+Cs>

Oscillators based on crystal resonance come in a variety of structures, each catering to

fp = (3-59)

specific applications. Figure 3-40 shows examples of crystal oscillators based on Hartley
and Colpitts configurations, as well as oscillators constructed with inverting Schmitt

trigger circuits [169].

Vcc

Vo

Figure 3-40. Based on crystal Hartley, Colpitts and Schmitt trigger oscillators.
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Each oscillator design allows for the selection of a crystal suited to the desired output
frequency, with Hartley and Colpitts configurations particularly well-suited to RF
applications due to their stable output frequencies. These designs leverage the inherent

stability of crystal resonance to ensure a reliable and consistent output frequency.

On the other hand, oscillators based on Schmitt inverting flip-flops use the threshold-
switching characteristics of digital logic circuits to generate square waves, making them
especially valuable in digital applications where precise waveform shape and timing
consistency are crucial. Each type of oscillator offers unique benefits in terms of

frequency stability, output waveform, and flexibility across diverse circuit applications.

Transistor Oscillator: Transistor oscillators represent another type of RC and LC
oscillator, utilizing positive feedback to enable oscillation by switching the transistor on
and off. Figure 3-41 shows two common configurations, showcasing the essential role of

positive feedback in maintaining continuous oscillations in these circuits.

Figure 3-41. Mutual inductance oscillator and push-pull oscillator.

The output frequency of a transistor oscillator is determined by the input voltage and
the feedback components, typically inductance (L) and capacitance (C). The charge and
discharge cycle of the LC network controls the conduction and non-conduction states of
the transistor. As a result, the rate of charge and discharge dictates the oscillation
frequency. Mutual inductance oscillators are commonly used in switching power

supplies, where their efficient feedback mechanism is beneficial for stable power
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conversion. On the other hand, push-pull oscillators are often employed in low-
frequency, high-current applications such as lighting control, where their ability to drive

high currents with alternating phases is crucial.

Integrated Oscillator: Integrated oscillators are designed using ICs, which take
advantage of the inherent stability and simplicity of ICs to minimize the number of
external components required. These IC-based designs benefit from the inclusion of
protection circuits and feedback interfaces, which ensure the oscillator maintains a
stable frequency output even under conditions of input voltage fluctuations. This makes
integrated oscillators reliable for applications that require consistent performance
despite variations in supply conditions. Figure 3-42 shows three typical integrated
oscillator circuits and the corresponding calculations for adjusting their output
frequencies. These configurations offer a compact and efficient solution for frequency

generation in a variety of applications.
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Figure 3-42 (a). Schematic diagram of oscillator circuit based on NE555.

NE555 outputs an oscillating waveform by comparing the voltages of R1, R2 and C. Its

output frequency is as follows:

1.443

= CRT2Ry (3-60)
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Figure 3-42 (b). Schematic diagram of oscillator circuit based on AD7740.

AD7740 is a voltage-controlled oscillator, which adjusts the output frequency by

adjusting voltage of VIN. Its output frequency is as follows:

VIN
f =01fckin + 0.8 (V_ X fCLKIN) (3-61)
REF
V+ outr——= Vo
Ui
5V, -
_ ) |<Henp GRD >
Vcc
LTC6906
N DIV SET

Ra

Figure 3-42 (c). Schematic diagram of oscillator circuit based on LTC6906.

LTC6906 adjusts the output frequency through the adjustable resistor Ra. By changing

the DIV port, there are 3 frequency options. Its output frequency is as follows:
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3,DIV = OPEN 3-62
N R, (3-62)

1MHz /100k 10,DIV = Vcc
= x( ),N =
1,DIV = GND

Integrated oscillators are highly suitable for applications requiring stable output
waveforms. These oscillators are characterized by their simple structure and reliable

output, making them easy to implement and ensuring consistent performance.

A significant advantage of integrated oscillators is that their output frequency and
amplitude remain stable across a wide range of input voltages, guaranteeing dependable
operation under various conditions. This stability is especially critical in applications
such as clock generation, timing circuits, and signal processing, where predictable and

stable performance is essential.

Furthermore, integrated oscillators typically feature frequency adjustment formulas,
allowing users to easily modify the output frequency by adjusting external components
like resistors and capacitors. This flexibility eliminates the need for complex tuning,

making it simple to customize the oscillator to meet specific application requirements.

Integrated oscillators offer a compact, stable, and customizable solution for generating
precise frequencies. They can maintain performance across a wide voltage range, and
their simplicity and ease of adjustment make them easy for a broad range of electronic

applications.

In summary, RC oscillators, LC oscillators, crystal oscillators, and integrated oscillators
each offer distinct advantages and disadvantages for driving ultrasonic transducers. RC
oscillators are simple and cost-effective but have output frequency instability, making
them suitable for generating lower frequencies with reasonable stability. LC oscillators,
using inductors and capacitors, are better suited for higher frequencies and offer
improved stability, but the need for a stable input voltage also limits it. Crystal
oscillators provide exceptional precision and frequency stability by utilising the resonant
properties of quartz, making them ideal for applications that require accurate timing,
but the frequency adjustment range of the crystal oscillator is limited. Integrated
oscillators combine components in a compact package, often with adjustable frequency
outputs, allowing for greater flexibility in adapting to varying transducer requirements,
but the cost is higher. Each type of oscillator can thus be chosen based on the specific

needs for stability, frequency range, and application compatibility.
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C. Power Amplifier

The transmitting component for ultrasound is a piezoelectric ceramic transducer, which
typically has a high impedance, often ranging from tens to thousands of ohms. To
effectively transmit energy, the transducer's driving power must be substantial. While
the ultrasonic oscillators discussed above meet the frequency requirements for driving
the transducer, their output power is insufficient to drive the transducer to emit
ultrasound with the required energy levels for effective energy transmission. Thus, a

power amplifier (PA) is essential in the ultrasonic link to boost driving energy.

The driver selected for the ultrasonic transducer in this project must fulfil several
critical requirements. High efficiency is essential as the input energy is limited,
necessitating minimal energy losses to maximise power delivery to the transducer. This
ensures that the available energy is used optimally for ultrasonic wave generation. A
simple structure and compact size are also crucial because the driver needs to integrate
with the sensor. These characteristics help meet the physical constraints of the system
and facilitate ease of integration. Furthermore, strong applicability is required as the
input voltage varies significantly. The driver must exhibit stable performance across a
variable voltage range, ensuring consistent operation and reliable transducer driving
under the given conditions. These considerations are integral to selecting a suitable

driver topology for this project.

Power amplifiers come in various types; however, each has distinct characteristics
regarding output power, operating mode, efficiency, and frequency. Amplifiers are
categorized by "classes,” which indicate differences in circuit configuration and

operational mode. These include:

e Linear amplifiers: Class A, Class B, Class AB, and Class C.

e Switching amplifiers: Class D, Class E, Class F, and Class S.

e Speciality classes: Class G, Class H, Class J, Class T, linear variable gain, and

dynamic voltage PA.

We will explore these amplifiers in detail to determine the most suitable type for driving

the ultrasonic transducer effectively.
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Class A amplifiers: Class A PAs are the most common type of amplifier topology because
they use only one output switching transistor in the amplifier design. This single output
transistor is biased in the amplification region in the middle of the load line, so it never
enters the cutoff region or saturation region, allowing it to conduct current throughout
360 degrees of the input cycle. However, it is also because the output transistor of the
Class A PA is never "turned off", making it relatively lossy, which is one of its main

disadvantages.

Class A amplifiers have excellent linearity, high gain, and low signal distortion levels.
However, Class A amplifiers are rarely used in high-power amplifier applications. It is
often used for audio amplification and therefore used in high-fidelity audio designs.

Figure 3-43 is a typical circuit of Class A amplifier [170].
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Figure 3-43. The basic schematic of a Class A amplifier.

Class A amplifiers maintain high linearity and gain because their output stage is always
biased "on,"” meaning they constantly conduct current. This continuous base bias current
leads to constant power dissipation, making Class A amplifiers inherently inefficient,
with typical efficiency around 30%. This design results in significant heat generation,

limiting their suitability for high-power amplification.

Moreover, the high no-load current of Class A amplifiers demands a robust power supply
and signal source with adequate filtering to prevent hum and noise interference. Given

their inefficiency and tendency to overheat, Class A amplifiers are unsuitable for
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ultrasonic energy transmission applications, especially in cases like this project, where

input energy is limited.

Class B amplifiers: Class B PAs were developed to improve upon the efficiency and heat
management limitations of Class A amplifiers. They use a pair of complementary
transistors (either bipolar transistors or FETs) in a "push-pull” configuration, with each
transistor amplifying only half of the input waveform. This approach eliminates
quiescent current, as each transistor is off when not amplifying its respective half-cycle,
resulting in minimal DC power draw and significantly improved efficiency compared to

Class A amplifiers.

However, this efficiency boost comes at a cost: the need to switch transistors on and
off introduces crossover distortion, reducing linearity. Despite this drawback, the
enhanced efficiency of Class B amplifiers makes them suitable for higher power
applications where energy conservation is more critical than pristine signal fidelity.

Figure 3-44 is a typical circuit of Class B amplifier [170].

(tnput>

Figure 3-44. The basic schematic of a Class B amplifier.

In a Class B PA, as illustrated in Figure 3-44, operation relies on two complementary
transistors in a push-pull arrangement. When the input signal is positive, the positively
biased transistor Q1 is “on”, while the negatively biased transistor Q2 is “off”.

Conversely, when the input signal becomes negative, Q1 turns “off” while Q2 turns
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on”. Each transistor thus conducts only during its respective half-cycle of the input

signal. This alternation produces a full output waveform by combining the two halves.

However, due to a small voltage “dead zone” around the zero-crossing point (typically
-0.7V to +0.7V due to the transistor’s base-emitter threshold), parts of the waveform
around zero voltage are not accurately amplified. This leads to zero-crossing distortion,
or crossover distortion, as sections near the zero crossing are not fully reproduced. This
makes Class B amplifiers less suitable for precision signal applications, as the distortion

disrupts waveform integrity.

While Class B amplifiers achieve around 50% efficiency (higher than Class A), their
crossover distortion can be problematic for systems with sensitive frequency responses.
It is unfriendly for ultrasonic transducers with narrow resonance bandwidths. This

distortion introduces noise and reduces energy transfer efficiency.

Class AB amplifiers: To overcome the zero-crossover distortion inherent in Class B
amplifiers, the Class AB amplifier integrates the advantages of both Class A and Class B
configurations. A small bias current is introduced in a Class AB design to ensure that
both output transistors remain slightly conducting even when there is no input signal.
This eliminates the “dead zone” near the input waveform's zero-crossing point,

significantly reducing crossover distortion and enhancing output linearity.

The Class AB topology offers a balanced trade-off between the high linearity and low
distortion of Class A operation and the higher efficiency of Class B amplifiers. As a result,
Class AB amplifiers have become widely adopted in applications that demand both

fidelity and efficiency, such as audio amplification and ultrasonic transducer driving.

The Class AB amplifier produces a smooth and continuous output waveform with minimal
harmonic distortion by maintaining partial conduction across both transistors during the
entire input cycle. Additionally, it generates less heat than a pure Class A amplifier,
improving thermal performance and making it suitable for compact or thermally
constrained designs. Given its ability to deliver clean signal amplification with
reasonable power efficiency, the Class AB amplifier is a practical choice for ultrasonic
driving applications. Figure 3-45 illustrates a typical Class AB amplifier circuit

configuration [170].
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Figure 3-45. The basic schematic of a Class AB ampilifier.

In the Class AB amplifier, as shown in Figure 3-45, the transistors Q1 and Q2 are
positioned just at the edge of conduction using diodes D1, D2, and transistor Q3, which
applies a small bias voltage. This setup keeps Q1 and Q2 "on" for slightly more than half
of the input cycle, but still far from a full cycle, allowing each transistor to conduct for

a bit longer than in Class B but without staying on continuously like in Class A.

This small bias voltage—often provided through diodes or resistors—eliminates the zero-
crossover distortion present in Class B amplifiers while retaining higher efficiency than
Class A. Thus, Class AB amplifiers achieve a balanced performance between efficiency

and linearity, making them suitable for applications needing both.

While the Class AB amplifier's efficiency and linearity make it compatible with ultrasonic
frequency and power requirements, it does require a stable Vcc to maintain the precise
pre-bias needed to overcome crossover distortion. This need for a consistent power
supply is a constraint in energy-limited systems, such as this project, where the

available energy for maintaining a stable Vcc is restricted.

Class C amplifiers: Class C PAs offer the highest efficiency among linear amplifiers,
typically achieving around 80%, but they are limited in terms of input frequency. These
amplifiers operate by conducting for less than half of the input cycle, which reduces
the time transistors spend "on,"” thus minimizing power loss and boosting efficiency.
However, this design results in significant waveform distortion, meaning Class C

amplifiers are typically only used in high-frequency RF applications or fixed-frequency
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amplification where signal purity is not a primary concern. Moreover, Class C amplifiers
require a substantial bias voltage to operate, which demands a high-power oscillating
signal to initiate and maintain conduction. While this configuration optimizes power
efficiency, it is inherently unsuitable for low-frequency amplification due to its reliance
on high-frequency operation and the inability to produce a clean waveform at lower

frequencies. Figure 3-46 is a typical circuit of a Class C amplifier [170].

Ci Q
|InEut> I
RB
|InEut> {OutEut >
Figure 3-46. The basic schematic of a Class C amplifier.

In Class C amplifiers, as shown in Figure 3-46, the LC resonant circuit in the output stage
generates a sine wave output by tuning to the input frequency. This setup ensures
minimal distortion in the output waveform, provided that the input signal frequency
precisely matches the resonant frequency of the LC circuit. However, in transducer
drive applications, the resonant frequency of the transducer can shift depending on
environmental factors, making it difficult to maintain alignment with the fixed

frequency of the Class C amplifier.

This frequency mismatch poses a significant challenge, as even minor deviations
between the input signal and the LC resonant frequency can result in increased
distortion and reduced efficiency. Given the variability in the transducer’s resonant
frequency, achieving optimal performance with a Class C amplifier is challenging in
practical applications requiring adaptive frequency response, such as ultrasonic energy

transmission in dynamic environments.

Class D amplifiers: Class D amplifiers differ from traditional linear amplifiers by
utilising switching technology to achieve exceptionally high efficiency, making them

well-suited for applications requiring minimal energy loss and heat dissipation.
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Commonly used to drive speakers in audio systems, RF equipment, and efficient power
systems, Class D amplifiers operate by modulating the input signal into a series of pulses.
This modulation, often achieved through pulse-width modulation (PWM) or similar

techniques like pulse-density modulation, represents the amplitude of the input signal.

The transistors in Class D amplifiers, typically MOSFETs, act as electronic switches that
alternate between fully "on" and fully "off" states. This switching behaviour minimises
power dissipation because the transistors spend negligible time in transitional states
where both current and voltage are high. With efficiencies exceeding 90%, these
amplifiers generate much less heat compared to linear amplifiers, allowing for more

compact designs and simplified thermal management systems.

In addition, Class D amplifiers can handle high currents, making them capable of
delivering significant power to the load. Their operation at high switching frequencies,
often in the range of hundreds of kHz to several MHz, ensures accurate signal
reproduction and facilitates the use of smaller output filter components. Figure 3-47 is

a typical circuit of a Class D amplifier [170].

Vcc
Triangle-wave
AN —‘ M1

Vcc
Trpat> I—Tg " 3 Filter
- [y
[Input 1 [Output>

Figure 3-47. The basic schematic of a Class D amplifier.

Class D amplifiers combine the advantages of Class AB amplifiers, such as good linearity
and minimal board space requirements, with the added benefit of superior power
efficiency. These amplifiers are highly versatile and available in various configurations,

making them suitable for diverse applications.

In low-power portable devices, such as mobile phones and laptops, Class D amplifiers

are favoured for their ability to conserve battery life, meet compact board space
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requirements. In high-power applications, such as automotive audio systems and flat
panel displays, their efficiency minimises heat dissipation and reduces the need for

extensive thermal management.

Class D amplifiers are well-suited for driving ultrasonic transducers as they meet the
required frequency and power ranges. However, their implementation necessitates
additional components, such as trigger waveform generators and output filters, to
minimise noise and ensure a clean signal. While these components enhance

performance, they also increase the complexity of the transducer drive circuit design.

Class E amplifiers: Similar to Class D amplifiers, Class E amplifiers are also switching
amplifiers that utilise transistors, typically MOSFETSs, operating in fully "on" or fully "off"
states to minimise conduction and switching losses. However, the load networks in Class
E amplifiers are uniquely designed to optimise energy transfer by minimising switching
losses and efficiently redirecting energy from the transistor's shunt capacitances to the
load. This approach effectively eliminates the parasitic capacitance losses often
observed in Class D amplifiers. Additionally, Class E amplifiers employ passive networks
to remove the need for a trigger waveform generator, resulting in a simpler and more
compact circuit structure. This design not only reduces complexity but also enhances
efficiency, making Class E amplifiers particularly advantageous in applications where
space and power optimisation are critical. Figure 3-48 is a typical circuit of Class E
amplifier [170].
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Figure 3-48. The basic schematic of a Class E amplifier.

As illustrated in Figure 3-48, the Class E amplifier connects the load to the power source

through a series resonant circuit comprising L1 and C2. L2 functions as a choke,
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providing a path for the DC supply while blocking the AC input signal. C1, the shunt
capacitor of transistor M1, offsets the voltage and current of the input source. This
reduces switching losses and redirects the stored energy into the load, rather than

dissipating it as heat.

In theory, the Class E amplifier can achieve 100% efficiency because the transistor
ideally incurs no losses during operation. However, practical limitations arise because
the transistor cannot switch instantaneously between "on" and "off" states, leading to
some energy loss during transitions and thereby reducing overall efficiency. The Class E
amplifier is highly versatile, with output power ranging from a few watts to tens of
megawatts and operating frequencies spanning from a few kilohertz to several
gigahertz. Additionally, the DC supply Vcc provides energy without affecting the bias

voltage setting, simplifying the circuit design.

Given its capabilities, the Class E amplifier is well-suited for driving transducers,
offering sufficient output power, frequency adaptability, and compatibility with a wide
input voltage range. Its relatively simple circuit structure makes it a compelling option

for transducer driving circuits.

Class F amplifiers: Class F amplifiers are also switching amplifiers, primarily used in
high-power applications such as telecommunications, broadcasting, and satellite
communications. Like Class E amplifiers, Class F designs aim to minimise switching losses
by reducing the overlap between switching voltage and current. However, the

distinguishing feature of Class F lies in using harmonic tuning to optimise performance.

Harmonic tuning in Class F amplifiers tailors the amplitude and phase of specific
harmonic frequencies, enabling the output waveform to approximate a square wave.
This optimisation reduces power dissipation and improves efficiency. Achieving
effective harmonic tuning requires multiple tuning networks, which are crucial for

controlling the desired harmonics and suppressing unwanted ones.

The design complexity of these networks increases significantly at higher input
frequencies, as precise amplitude and phase adjustments are needed to achieve optimal
harmonic tuning. Conversely, at lower frequencies, the tuning network’s inductors must
be larger to achieve the same effect, leading to increased circuit size and potential

inefficiencies. Consequently, the operating frequency plays a critical role in the
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feasibility and design of Class F amplifiers. Figure 3-49 is a typical circuit of Class F
amplifier [170].
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Figure 3-49. The basic schematic of a Class F amplifier.

As shown in Figure 3-49, the Class F amplifier employs L2, C2, and L3, C3 as part of the
output tuning network, while L1 and C1 function as AC and DC blocking components.
The output tuning network ensures harmonic control to improve efficiency and output
power, and additional tuning stages may be incorporated based on specific design
requirements. These networks are critical for shaping the output waveform and

achieving the desired operating efficiency.

Theoretically, the efficiency of Class F amplifiers can reach 100% by optimally tuning
harmonic amplitudes and phases to reduce power dissipation. However, practical
implementations face inherent losses due to imperfect components and switching
dynamics, resulting in actual efficiencies typically exceeding 85%. This level of
performance makes Class F amplifiers highly suitable for applications demanding high

power and efficiency, such as RF communications and broadcasting.

Despite their advantages, the design complexity of Class F amplifiers is a significant
drawback. The need for multiple resonator networks and precise harmonic control
makes their implementation challenging, particularly for low-frequency or high-
frequency variable systems. These requirements increase the design overhead, size, and
difficulty in achieving optimal performance. Consequently, while Class F amplifiers
excel in high-power, fixed-frequency applications, they are less suitable for driving
ultrasonic transducer circuits due to the complexity of harmonic network design and the

variability of transducer resonance.
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Class S amplifiers: The Class S amplifier operates by performing switching amplification
after the input signal undergoes delta-sigma modulation. Its operation resembles that
of a Class B amplifier in that it uses a push-pull configuration, but the key distinction
lies in the use of delta-sigma modulation, which employs a very high sampling frequency
and a negative feedback loop for precise input signal encoding. This modulation
technique effectively filters out noise while enabling finer sampling of the input signal.
The encoded signal is passed through a low-pass filter to extract the desired PWM signal.
After amplification is demodulation. The demodulation process, typically involving
sigma-delta techniques, reconstructs the amplified waveform, reducing distortion and
enhancing fidelity. This encoding-amplification-decoding mechanism makes Class S
amplifiers highly efficient and capable of delivering high-quality output, leading some

researchers to classify them as linear amplifiers. Figure 3-50 is a typical circuit of Class

S amplifier [170].
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Figure 3-50. The basic schematic of a Class S amplifier.

As depicted in Figure 3-50, the circuit diagram of the Class S amplifier highlights its
essential components: modulation, switching amplification, and demodulation stages.
The switching amplification process ensures high efficiency and minimal power loss,
while the precise modulation and demodulation mechanisms enable the Class S amplifier

to achieve low distortion and superior fidelity.

These characteristics make the Class S amplifier particularly suitable for applications
demanding high efficiency and low distortion, such as high-fidelity audio systems and
specialised communication systems. Nevertheless, the inherent complexity of its

modulation and demodulation circuits presents a significant challenge for ultrasonic
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drive. This complexity limits its adoption in applications where simplicity and low cost

are primary considerations.

In addition to the power amplifiers discussed above, there are specialised amplifiers
such as Class G, Class H, Class J, Class T, linear variable gain amplifiers, and dynamic
voltage amplifiers. These amplifiers often serve niche applications or represent specific
amplifier topologies. However, given the requirements of the ultrasonic transducer
drive application and the constraints of this project, these specialised amplifiers are
not considered suitable for the design. As such, they are not introduced in detail in this

discussion.

In summary, power amplifiers come in various types, each offering distinct performance
characteristics. Linear amplifiers, such as Class A, Class B, and Class AB, provide
excellent signal fidelity but suffer from low efficiency. Class C amplifiers are the most
efficient among linear designs but are best suited for fixed-frequency applications due

to their limited frequency adaptability.

Switching amplifiers, known for their high efficiency, generally have lower signal fidelity
compared to linear amplifiers. Class D and Class S amplifiers can achieve better signal
restoration through high-frequency PWM techniques, but at the cost of increased design
complexity and circuit size. On the other hand, Class E and Class F amplifiers feature
simpler structures, rely on passive components, and accommodate wide input voltage
variations, making them suitable for applications with unstable input sources, but they
require accurate load feedback circuit design. Ultimately, the choice of amplifier should
align with the specific requirements of the transducer and application environment,

ensuring optimal performance and efficiency tailored to the given conditions.

3.2.3.4 Conversion Circuit Link Loss

The link loss of the conversion circuit refers to the energy loss from the RF energy input
to the ultrasonic energy output. This loss primarily arises from the key functional
modules of the circuit: the RF energy harvesting circuit (including input impedance
matching and rectifier), the power management circuit (comprising the boost circuit,
energy storage unit, voltage detection, and switching circuit), and the ultrasonic driving
circuit (including the local oscillator circuit, power amplifier, and output impedance

matching). Figure 3-51 illustrates the converter link loss.
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Figure 3-51. Flow diagram of converter link loss. It is including RFEH loss, transducer drive loss,
and energy management loss.

Given the diversity in circuit design approaches tailored to specific application
environments, the link loss in conversion circuits can vary significantly. Understanding
and quantifying this link loss makes it possible to analyse inefficiency sources, identify
underperforming modules, and establish a structured approach for optimising circuit
performance. Consequently, it is necessary to systematically examine the primary
sources of loss in each sub-circuit of the conversion circuit. This analysis aims to offer
a comprehensive perspective on the factors influencing overall efficiency and to inform

the development of effective design optimisation strategies.

In the RF energy harvesting circuit, the input impedance matching network typically
consists of inductors and capacitors, where energy losses arise from parasitic resistance,
dielectric dissipation, and resonance effects. Among these, mismatches in the resonant
frequency represent the primary source of loss, given the limited input energy available.
Consequently, the design of the impedance matching network should include a suitable

bandwidth to mitigate losses associated with frequency variations.

Energy loss is attributed mainly to the diodes for the rectifier circuit and charge pump.
These losses include the forward voltage drop, which dissipates energy as heat during
conduction (approximately 0.7 V for silicon diodes and 0.2-0.4 V for Schottky diodes),

and reverse recovery losses, which occur during the transition from conduction to
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blocking states. While Schottky diodes reduce reverse recovery losses compared to

conventional diodes, their performance can still be constrained at higher frequencies.

For charge pumps using CMOS technology, despite the low on-resistance of MOSFETSsS,
high-frequency operation increases switching losses, which scale with the operating
frequency. To address these issues, the selection of an appropriate RF frequency band
is essential for minimising energy losses and achieving efficient operation across the

various components of the energy harvesting circuit.

In energy management circuits, the primary sources of loss are the boost circuits and
switching circuits. These losses are similar to those in RF energy harvesting circuits and
include MOSFET conduction losses, diode forward voltage drops, and switching losses.
Consequently, the selection and design of components follow principles similar to those

used in RFEH circuits.

Where feasible, integrated circuit solutions are preferred due to their higher integration
and compact design, which often results in reduced energy losses. However, when using
IC-based solutions, it is important to carefully evaluate the supported voltage range and
any application-specific constraints to ensure compatibility with the overall system

design and operating requirements.

In ultrasonic drive circuits, losses in the impedance matching network are comparable
to those in RF energy harvesting circuits, involving parasitic resistances, dielectric
losses, and mismatched resonance losses. Like energy management circuits, IC-based
solutions are often preferred for the oscillator component due to their compact design

and efficiency.

However, the power amplifier within the ultrasonic drive circuit requires a higher
degree of frequency and impedance matched to ensure optimal performance. This
match is necessary because the amplifier must align with the specific characteristics of
the piezoelectric transducer, including its impedance and frequency response. The
appropriate power amplifier design selection should consider both the application
requirements and the performance parameters of the piezoelectric transducer to

achieve efficient energy transfer and minimal loss.
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In summary, the losses within the conversion circuit vary significantly due to the
diversity of design approaches and the specific requirements of different applications.
To systematically address these variations, the link loss of the conversion circuit is

expressed as:

Conversion loss (dBm) = RFEH Loss + Power Management Loss

+Ultrasonic Drive Loss, (3-63)

which provides a comprehensive framework for analysing energy transfer efficiency

across the circuit.

Given the complexity of circuit design and the diverse characteristics of component
parameters, the analysis of link loss within each subcircuit of the conversion circuit is
conducted by tracing the energy flow. This approach ensures that loss mechanisms at
each stage are accurately identified. The generalised loss expression for the subcircuits

is as follows:

l:’In
Xoss = 10 10g10 P, (3'64)
ut

Where: X, represents the loss in a particular sub-circuit, such as rectifier loss,
amplifier loss, oscillator loss, etc. P, is the input power to the sub-circuit, which is
sourced from the output of the previous stage. P,,; is the output power from the sub-

circuit, which is transferred to the next stage or to the load.

This expression highlights the direct relationship between the input and output power
of each sub-circuit and provides a clear framework and comparison parameter for
quantifying the loss in each individual stage of the conversion process. By minimizing

X1oss 1t is possible to improve the overall efficiency of the conversion circuit.

3.2.4 Overall Energy Flow Framework

The energy transmission process in the CRFU-WPT system consists of three sequential
stages. First, input power is transmitted via electromagnetic waves from the RF
transmitting antenna to the RF receiving antenna. The received RF energy is then
accumulated, regulated, and managed by the conversion circuit. In the next stage,

energy is transferred acoustically from the ultrasonic transmitting transducer to the
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receiving transducer through the propagation medium. Finally, the acoustic energy is
converted back into electrical form and delivered to the load by the receiving-side

circuitry.

Given that the system involves multiple forms of energy—electromagnetic, mechanical,
and electrical—the development of a unified and scalable energy transmission model is
inherently complex. To address this, the link loss method is adopted to formulate a
generalised energy transmission framework. This approach abstracts each stage in the
transmission path as a distinct link characterised by its associated loss, allowing the
overall model to remain modular. Modifications to system components (e.g. replacing a
transducer or altering circuit parameters) require only an update to the corresponding
link loss term, without affecting the structure of the model as a whole. This modularity

offers high flexibility and adaptability across different application scenarios.

As illustrated in Figure 3-1, which depicts the energy flow of the system, the main power
transfer path is from the input power (P;) to the output power (P,). The overall power

transfer relationship is therefore expressed as:

P, (dBm) = P,(dBm) — RF Link Loss (dB) — Conversion Loss(dB)

—Ultrasonic link Loss(dB), (3-65)

Each of the individual loss components—RF link loss, conversion loss, and ultrasonic link
loss—has been analysed in detail in the previous sections of this chapter. This framework
not only enables the performance evaluation of the current system but also facilitates
future scalability and design optimisation by isolating individual loss contributors.
Moreover, the link-based model provides a practical basis for power budgeting, allowing
for predictive analysis of power availability across different stages of the transmission

chain.

3.3 System Design

The design of an RFU-WPT system is an extensive and intricate task that involves
constructing a complete circuit structure based on the overall system framework. It also
necessitates the seamless coordination of all subsystems to ensure efficient operation.
This study considers diverse application scenarios and load requirements and discussed

the design and optimisation of key components within the subsystem.
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The system design process follows a structured methodology. Initially, a detailed power
budget is calculated for specific loads and application modes. Based on the energy flow
within the system, appropriate key components are selected. The compatibility of
voltage and current levels is then evaluated to facilitate the integration and assembly
of these components. Finally, an iterative approach is adopted to optimise the system

design.

Accordingly, this chapter is organised into three main sections, including power budget,

system components system assembly.

3.3.1 Power Budget

This project employs wireless energy transmission via RF and ultrasound to power
wireless sensors. At the outset of the design process, it is essential to establish a power
budget that reflects the sensor's application environment and energy requirements. The
power budget is primarily determined by the relationship between the output power

and the performance of the RF link, ultrasonic link, and conversion circuit.

e RF Link: The characteristics of the RF link are calculated using Figure 3-7 and

Equation 3-11.

e Ultrasonic Link: The parameters of the ultrasonic link are determined using
Figure 3-10 and Equation 3-40.

o Conversion Circuit: The conversion circuit can be designed in various
configurations based on application-specific requirements, and its losses are

quantified using Equation 3-64.
The overall input-output relationship of the system can be expressed as:
Pout = Pin — RFyoss — Ultrasonic,,ss — Conversion; s (3-66)

Here, P,,: represents the power to load, while P,,, is the power to transmitting antenna,

and losses accounts for the RF link, ultrasonic link, and conversion circuit.

Once the conversion circuit is finalised, the input power requirements will be influenced
by the transmission distances of the RF and ultrasonic links. Figure 3-52 shows a case to
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illustrate the relationship between these characteristics and the required input power.
Assuming a conversion circuit efficiency is 90% and a target output of 1 mW, the
antenna’s gain is 30 dBi and works at 2.4 GHz. The UET link transmission medium is

aluminium, and the transducer is PZT-8, which works at 40 kHz.

150

(=23
o

{45

o
o

40

35

Input Power (dBm)
w S
o o

»n
o

30

b
<o
(=23

1000
25

0.02 A - - 400 600

200
Ultrasonic Link (m) 0 0 RF Link (m) 2

Figure 3-52. Power budget diagram of input power versus transmission distance.

The power budget of the system is established according to application needs and
energy transfer models. This analysis aids in evaluating the antenna'’s output power and
the transmission ranges for both RF and ultrasound links. It is important to highlight that
the exposure risks associated with RF power and ultrasonic power must be carefully
evaluated. These risks should be addressed in accordance with the safety exposure
guidelines discussed in Chapter 3. This ensures that the wireless energy transmission
system operates within safe limits for human exposure while maintaining effective

power delivery to the wireless sensors.

3.3.2 System Components

The system design is also discussed in terms of three key components: the RF link, the
ultrasonic link, and the conversion circuit. The RF link primarily focuses on the selection
and optimisation of the antenna to ensure efficient energy harvesting and transmission.
The ultrasonic link centres on the piezoelectric transducer and the design of the

ultrasonic receiving circuit. The conversion circuit is configured following the schematic
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in Figure 3-3, ensuring effective integration of energy management and converter

functionalities.

3.3.2.1 Antenna

The selection and design of antennas for RF energy transmission require careful
consideration of multiple factors, including frequency, bandwidth, directivity,
polarization, size, and efficiency[171]. These parameters must be optimised to ensure
compliance with regulations and achieve efficient energy transfer while accommodating

the specific requirements of the project.

The frequency of operation is a critical parameter in antenna design and must first align
with regulatory restrictions. These restrictions are established by international and
national regulatory bodies, such as the International Telecommunication Union (ITU),
the Federal Communications Commission (FCC), and the European Telecommunications
Standards Institute (ETSI). Their primary objective is to prevent interference with
reserved frequency bands and to control power limits in license-free bands. For
instance, common license-free bands, including 433 MHz, 868 MHz, 915 MHz, and 2.4
GHz, typically impose stringent transmission power limits, such as a maximum
transmitter effective isotropic radiated power (EIRP) from FCC is 36 dBm. While these
bands are easily accessible, such power restrictions often constrain their suitability for
high-efficiency energy transmission. In addition, frequency selection influences
transmission distance and antenna size. Lower frequencies experience reduced
attenuation, making them more suitable for long-distance energy transfer; however,
they also require larger antenna designs, necessitating a trade-off between operational
range and physical dimensions. Although multi-band antennas have been widely
reported for RF energy harvesting applications, they are less appropriate for RF energy
transmission involving specific emission sources due to the challenges posed by
impedance matching and design complexity[172, 173, 174]. For this reason, single-band

antennas tailored to the chosen operational frequency are favoured in this project.

In terms of bandwidth, RF energy transmission primarily requires a tolerance to
frequency drift and adequate impedance matching. Excessively broad bandwidths are
unnecessary and may introduce inefficiencies, as the design focus is on maintaining

stable operation within a predefined frequency range.
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Directivity and polarization play pivotal roles in determining the flexibility and
efficiency of the antenna system[175]. High-gain antennas are particularly
advantageous for energy transmission, as they concentrate energy within a specific
direction, thereby enhancing efficiency. This makes them ideal for use as transmitting
antennas. On the other hand, low-gain antennas are better suited for receiving
applications due to their inherent flexibility, which is important when the precise
alignment of the receiving antenna cannot be guaranteed. Furthermore, in systems
employing a single transmitting antenna and multiple receiving antennas, multi-beam
transmitting antennas can significantly improve energy distribution [176]. To mitigate
power losses arising from polarization mismatches, circularly polarized antennas are

recommended, as they ensure compatibility across diverse deployment scenarios.

Antenna efficiency, a multifaceted performance metric, depends on design choices and
operational parameters. High-gain antennas, such as parabolic and horn antennas, are
often more efficient for applications requiring focused energy transmission.
Additionally, innovative designs, including resonant loop array antennas and Meta-
surface antennas, demonstrate excellent efficiency and are promising alternatives for
advanced applications[177]. Furthermore, the integration of RF lenses represents a
cutting-edge approach to improving transmission efficiency. RF lenses optimise the
phase and direction of RF waves, focusing energy directly onto the receiving antenna.
This reduces dispersion and enhances power density, as illustrated in Figure 3-53,

making them particularly beneficial in scenarios requiring precise energy delivery.
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Figure 3-53. Schematic diagram of improving RF energy transmission efficiency through lenses.
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Numerous studies have demonstrated that RF transmission efficiency can be
significantly enhanced through the use of lenses [178, 179, 180, 181]. These lenses
effectively focus and direct RF energy, reducing dispersion and improving energy density
at the receiving end. With the advancement of Meta-surface technology, the design and
fabrication of such lenses have become increasingly accessible. For instance, M. Zhong,
et al. reported the development of a lens capable of dynamically adjusting its focal
length and direction to meet specific application requirements [182]. This lens features
a straightforward design and structure, relying on a single-layer substrate. Despite its
simplicity, it has been shown to markedly improve RF transmission efficiency. The
adaptability of this lens to varying operational conditions highlights its potential for

integration into energy transmission systems.

Optimised antenna design and selection can be achieved by systematically evaluating
key factors such as frequency, bandwidth, directivity, polarization, and physical size.
This approach ensures compliance with regulatory standards while enhancing energy
transmission efficiency. Furthermore, emerging technologies, including Meta-surfaces
and RF lenses, offer promising avenues for significantly improving energy transmission

performance and deserve further exploration.

3.3.2.2 Transducer

The design and selection of piezoelectric transducers for ultrasonic energy transmission
require a comprehensive consideration of working modes, material properties,
operating frequency, and the specific requirements of the application environment. This
process ensures not only efficient energy transmission but also the fulfilment of
application-specific constraints. A systematic approach to transducer design involves
careful evaluation of the operating environment, resonant frequency selection, and

material characteristics to optimise performance.

The operational environment significantly influences the design requirements of the
transducer. Different mediums impose unique constraints on transducer functionality
and material compatibility. When ultrasonic energy is transmitted through water, the
transducer must be waterproof to prevent damage or loss of functionality. Furthermore,
the electrodes should not be exposed on the surface, as this could lead to corrosion or
energy dissipation due to water-induced electrical effects. The use of hermetically

sealed designs or protective coatings is essential to maintain durability and performance.
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For biomedical applications, where body tissue serves as the transmission medium, the
transducer must be fabricated using biocompatible materials to avoid adverse biological
reactions. Heavy metals and toxic substances must be avoided in the transducer's
composition. Additionally, the design must adhere to medical standards and ensure
minimal heat generation to avoid tissue damage. When the transmission medium is
metal, the acoustic impedance mismatch between the transducer and the medium
becomes a critical consideration. The use of transducers made from materials similar to
the metal medium can significantly improve acoustic impedance matching, thereby

reduce energy losses and enhance efficiency.

The selection of a suitable resonant frequency is a key design parameter in ultrasonic
transducers, as it directly affects transmission efficiency and distance. The frequency
must align with the characteristics of the medium: Lower frequencies are typically used
for long-distance energy transmission due to reduced attenuation in the medium. Higher
frequencies are preferable for applications requiring precise energy focusing but are
more susceptible to attenuation, limiting their effective range. Selecting the optimal
resonant frequency requires balancing these trade-offs while considering the acoustic

properties of the medium and the desired application outcomes.

The performance of piezoelectric transducers is intrinsically linked to the properties of
the materials used. High-performance transducers typically exhibit: Materials with low
internal energy losses are essential to maximise the conversion of electrical energy into
mechanical energy. A high electromechanical coupling coefficient ensures efficient
energy transfer between the electrical and mechanical domains, which is particularly
important for maintaining performance in demanding applications. Materials with high
piezoelectric coefficients generate larger mechanical displacements for a given electric

field, increasing the transducer’s effectiveness in energy transmission.

The selection and design of piezoelectric transducers are pivotal in achieving efficient
ultrasonic energy transmission. By carefully addressing environmental constraints,
optimising resonant frequency, and selecting high-performance materials, transducers
can be tailored to meet the specific demands of diverse applications. Such a rigorous
and systematic approach not only enhances transmission efficiency but also ensures

reliability and compatibility with the intended operational environment.
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3.3.2.3 Converter

The conversion circuit forms the core of this project, encompassing RF energy
harvesting, ultrasonic drive, and power management. Its design should be tailored to
the application environments of the RF and ultrasonic links, ensuring efficient energy
transfer while meeting the constraints imposed by various operating conditions. A
systematic design process considers the power budget, input power levels, and iterative
calculations to refine performance. Each subsystem within the conversion circuit

requires careful optimisation to achieve overall system efficiency and reliability.

A. RF Energy Harvesting

For harvesting and converting RF energy into usable electrical energy. Its primary

components include input impedance matching, rectifiers, and charge pumps.

The input impedance matching network: it plays a pivotal role in optimising energy
transfer by matching the antenna’s impedance to the subsequent stages of the circuit,
such as the rectifier or charge pump[183, 184]. This network is designed primarily based
on the operating frequency and impedance characteristics of the antenna. For single-
band antennas, the design process is relatively straightforward, as it involves matching
the impedance at a specific frequency. The task becomes significantly more complex
for multi-band antennas, where the impedance should be calculated and matched across
multiple frequency bands. This requires sophisticated design methodologies, often
involving iterative simulations and the use of tuneable or broadband matching
techniques to achieve acceptable performance across all targeted frequency ranges. In
addition to frequency considerations, the matching network must account for bandwidth
and voltage tolerance. Although RF energy transmission typically operates at a fixed
frequency, slight frequency drifts can occur due to environmental variations or system
imperfections. To address these drifts, the matching network must exhibit a degree of
tolerance to ensure stable and efficient energy transfer without requiring constant

recalibration.

To minimise energy losses, it is critical to use components with low equivalent series
resistance (ESR) in the matching network. However, such components often come with
lower voltage tolerance, posing a risk of breakdown under higher operating voltages. To

mitigate this, voltage redundancy must be incorporated into the design, ensuring the
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components can operate safely within their specified limits. Careful selection of
components, guided by thorough evaluation of their data sheet specifications, is
essential to achieve an optimal balance between performance, durability, and system
stability. By addressing these design considerations comprehensively, the input
impedance matching network can effectively enhance the efficiency and reliability of

the RF energy transmission system.

Rectifiers and Charge Pumps: Diodes play a pivotal role in the design of rectifiers and
charge pumps, with their characteristics significantly influencing the efficiency and
stability of the circuit. Diodes with low forward voltage are preferred for reducing the
startup voltage, enabling operation under low input energy conditions. Although there
is a significant amount of literature on low forward voltage diodes, commercially
available options with low voltage are still relatively scarce[185, 186, 187, 188].
Moreover, diodes with high reverse voltage are suitable for circuits requiring higher
operating voltage levels, ensuring reliable performance under demanding conditions. A
shorter recovery time allows diodes to function efficiently at higher operating
frequencies, a crucial consideration for high-frequency RFEH. While charge pumps can
amplify input signals and generate DC outputs, they inherently introduce instability into
the circuit. High gain in charge pumps tends to amplify even minor input fluctuations,
resulting in larger output variations. This instability not only increases the tolerance
requirements for circuit components but also heightens the risk of damage to sensitive
elements. Consequently, the design of charge pumps must carefully balance gain and
stability to ensure reliable operation. For applications where input energy levels are
sufficiently high to generate the required clock signal, active rectifiers present a
compelling alternative. These rectifiers provide superior rectification efficiency
compared to passive counterparts, owing to their ability to synchronise with the input
signal and minimise energy losses. However, their implementation requires additional
considerations, such as clock signal generation and control, which may influence the

overall circuit complexity.

B. Power Management

The energy management subsystem ensures the optimal utilisation of harvested energy.
Its key components include boost circuits, energy storage units, voltage detection, and

switch circuits[189].
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The boost circuit: it is responsible for elevating low input voltages to levels suitable for
powering the load or charging energy storage devices. Its design and selection are
guided by the output voltage and current requirements, as well as the characteristics

of the input energy source.

Modern boost circuits often rely on ICs, which offer mature, reliable, and compact
solutions for voltage conversion. These ICs typically integrate key functionalities, such
as switching transistors, feedback control loops, and protection mechanisms, thereby
simplifying the circuit design process. The choice of boost IC depends on the specific
application requirements, including the desired output voltage, load current, efficiency,

and input voltage range.

One of the primary considerations in the design of a boost circuit is the input voltage
level, particularly in scenarios where the input energy is limited or variable. For such
applications, low-startup-voltage ICs are highly desirable. These ICs are designed to
operate effectively even when the input voltage is minimal, enabling the system to
harvest and utilise energy from weak or intermittent sources. For instance, in wireless
energy transfer systems or energy-harvesting applications, the input voltage might
fluctuate significantly, and the boost circuit must be capable of maintaining stable
operation across these variations. The efficiency of the boost circuit is another critical
factor, particularly in energy-constrained environments. High-efficiency designs
minimise energy losses during the voltage conversion process, thereby maximising the
amount of power delivered to the load. This can be achieved through careful selection
of components, such as low-resistance inductors and high-efficiency diodes or
synchronous rectifiers, as well as optimising the operating frequency and control

algorithms of the boost IC.

The design and implementation of a boost circuit must balance multiple factors,
including startup voltage, efficiency, output stability, and thermal performance. By
selecting appropriate ICs and optimising the circuit parameters, it is possible to achieve
reliable and efficient voltage boosting for a wide range of applications, ensuring the

effective utilisation of available energy resources.

Energy storage: it provides a buffer for intermittent or variable power inputs, to ensure

consistent energy availability. The choice between energy storage technologies, such as
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supercapacitors and batteries, depends on the specific requirements of the application,

including charge-discharge frequency, load characteristics, and operational lifetime.

Supercapacitors are well-suited for applications requiring frequent charge and discharge
cycles, as they exhibit high cycle durability compared to traditional batteries. Their
ability to deliver high power density makes them ideal for applications with rapid energy
demands or high load frequencies. Moreover, supercapacitors can operate effectively
across a wide voltage range, offering flexibility in energy management systems.
However, their relatively low energy density compared to batteries limits their utility
in scenarios requiring extended energy supply durations. Supercapacitors are often
employed in conjunction with batteries to balance power delivery and energy capacity,
leveraging the strengths of both technologies. Batteries, on the other hand, are better
suited for applications with lower charge-discharge frequencies and where energy
density is a priority. They provide a stable and reliable energy source over longer periods,
making them ideal for applications where energy demand is steady or predictable.
However, batteries typically have a limited number of charge-discharge cycles
compared to supercapacitors, and their performance can degrade over time, especially

under high-load or high-temperature conditions.

The integration of energy storage systems into the overall design requires careful
consideration of parameters such as charging voltage, current, and efficiency. For
instance, the charging circuit must be designed to match the characteristics of the
selected energy storage device, ensuring optimal performance without overcharging or
excessive energy losses. Additionally, thermal management is critical for both
supercapacitors and batteries to prevent overheating and ensure longevity. The choice
between supercapacitors and batteries depends on the application's specific
requirements. While supercapacitors excel in high-frequency-charging and discharging,
high-power-demand scenarios, batteries are more suitable for sustained energy delivery
over time. A hybrid approach, combining both technologies, can often provide an
optimal balance of power and energy capacity, enhancing the performance and

reliability of the energy storage subsystem.

Voltage detection: it is providing control signal for switching circuit in management
systems, ensuring the proper monitoring and regulation of voltage levels to maintain

system stability and protect components from damage. The choice of voltage detection
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method depends on the trade-offs between efficiency, drive capability, and design

complexity, which vary depending on the application requirements.

Capacitive sampling is a highly efficient method that utilises the charge-discharge
properties of capacitors to measure voltage. This approach introduces minimal energy
loss, making it well-suited for low-power systems where efficiency is a priority. However,
capacitive sampling has limited drive strength, which can restrict its use in applications
requiring significant current to drive subsequent stages of the circuit. This limitation
may necessitate additional amplification stages to achieve the desired signal strength,
slightly increasing system complexity. Resistive sampling, on the other hand, provides
robust drive capability by directly dividing the input voltage using resistive elements.
This method is straightforward to implement and capable of handling higher power
demands, making it a reliable choice for systems requiring strong signal driving.
However, resistive sampling is inherently less efficient than capacitive sampling, as it
introduces continuous power losses proportional to the current passing through the
resistive network. These losses can be mitigated by carefully selecting high-resistance
values, but this approach may reduce the dynamic response speed of the system. Zener
diodes offer a simple and reliable method for voltage detection, operating within a fixed
voltage range determined by their breakdown voltage. Zener diodes are highly stable
and capable of providing precise voltage thresholds. However, their fixed detection
range limits flexibility, making them less suitable for applications with varying voltage
requirements. Additionally, the current passing through the Zener diode during
operation contributes to energy losses, which must be accounted for in power-sensitive

systems.

In practical applications, the selection of a voltage detection method depends on the
system'’s specific needs. For instance, low-power applications may favour capacitive
sampling for its efficiency, while high-current or dynamic systems may opt for resistive
sampling despite its higher losses. Zener diodes are often used in fixed-voltage
applications where simplicity and precision are key priorities. To achieve optimal
performance, voltage detection is often integrated into a broader energy management
strategy, combining the strengths of multiple methods. For example, capacitive
sampling might be used for continuous monitoring, with Zener diodes providing

protection against voltage spikes. Such an integrated approach ensures accurate and

127



efficient voltage regulation while meeting the diverse demands of modern energy

systems.

Switching Circuit: Its primary function is to regulate the connection and disconnection
between energy storage unit and ultrasonic transducer drive, ensuring that energy
accumulation is optimised while minimising subsequent circuit losses. This control is

essential for achieving high overall efficiency in the system.

Efficient operation requires precise control over the charging and discharging processes
of the energy storage unit to keep it within a high-efficiency range. Various control
methods can be employed to achieve this, depending on the design requirements and
application constraints. Voltage comparators and adjustable hysteresis Schmitt triggers
provide flexible design options, allowing for customised control thresholds and adaptive
performance. These components can be tailored to respond to specific voltage

conditions, enabling efficient energy management.

On the other hand, switching ICs offer stable and straightforward operation within a
fixed voltage range. They are particularly suitable for applications where simplicity and
reliability are prioritised over customisation. By leveraging these switching control

methods, the circuit ensures efficient energy transfer and utilisation.

C. Ultrasonic Transducer Drive

The ultrasonic transducer drive subsystem comprises three key components: an

oscillator, a power amplifier, and an output impedance matching network.

The output impedance matching network: it is responsible for optimally matching the
output of the power amplifier to the piezoelectric transducer, facilitating efficient
energy transfer while minimising reflection and power losses. However, its design is
inherently more complex compared to the input impedance matching networks used in
RF systems. This complexity arises from the inherent variability of the transducer's
resonant frequency and impedance, which are influenced by environmental factors. For
instance, variations in the depth of the transducer submerged in water can significantly
alter its impedance and resonant frequency, necessitating adjustments to the matching
network. To address these challenges, site-specific impedance data must be collected

under actual operating conditions to inform the design of the output impedance
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matching network. This data allows for the creation of a tailored network capable of
adapting to environmental changes while maintaining efficient energy transfer. The
design process often involves iterative calculations and simulations to ensure
compatibility with the transducer’s dynamic impedance characteristics and resonant
frequency shifts. By accounting for these factors, the output impedance matching
network can ensure reliable and efficient operation across a range of environmental

conditions.

The oscillator: providing the drive sighal required to excite the piezoelectric transducer
at its resonant frequency. This resonance ensures efficient energy conversion and

transmission, as it aligns the electrical and mechanical oscillations of the system.

Several types of oscillators are commonly used in this context, each with unique
characteristics and advantages. RC (resistor-capacitor) and LC (inductor-capacitor)
oscillators are highly versatile, offering the ability to fine-tune the output frequency by
adjusting variable capacitors and inductors. This flexibility makes them particularly
suitable for applications requiring adaptable or precise frequency settings. However,
their stability can be sensitive to environmental changes, and they may require periodic
recalibration to maintain performance. Crystal oscillators, on the other hand, are
renowned for their exceptional frequency stability. They generate signals based on the
natural resonance of a quartz crystal, which is minimally affected by temperature and
aging. This stability makes them ideal for applications where a consistent frequency is
paramount. However, their frequency is fixed to the natural resonance of the crystal,
allowing only limited fine-tuning. IC-based oscillators combine compactness and ease of
design, offering integrated solutions that are particularly useful for applications with
stringent space or complexity constraints. Despite their simplicity, IC-based oscillators
typically operate within a limited frequency range, necessitating careful selection to

ensure compatibility with the transducer’s resonant frequency.

Choosing the appropriate oscillator involves balancing these considerations against the
specific requirements of the application. For example, systems requiring flexibility
might benefit from RC or LC oscillators, while those prioritizing stability could favour
crystal oscillators. In space-constrained designs, IC-based oscillators may be the most
practical choice. Ultimately, the oscillator must be precisely matched to the resonant
frequency of the piezoelectric transducer to maximise efficiency and maintain system

performance.
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Power amplifiers: amplifying the oscillator's signal to a level sufficient to drive the
piezoelectric transducer effectively. The choice of power amplifier is critical, as it

directly affects the efficiency, signal quality, and overall performance of the system.

Linear amplifiers are a traditional choice for driving piezoelectric transducers due to
their ability to produce high-quality, distortion-free signals across a wide frequency
range. These amplifiers are well-suited for applications where maintaining the fidelity
of the drive signal is paramount, such as in sensitive ultrasonic systems. However, their
efficiency tends to be low, especially at higher power levels, as a significant portion of
the input power is dissipated as heat. This characteristic makes linear amplifiers more
appropriate for systems where input power is abundant or where thermal management
can be effectively implemented. In contrast, switching amplifiers, particularly Class E
and Class F designs, are highly efficient and are increasingly favoured for ultrasonic
energy transmission applications. These amplifiers achieve high efficiency by operating
in a switching mode, where transistors act as on/off switches, minimising energy loss
during operation. Class E and Class F amplifiers are notable for their ability to amplify
high-frequency signals using passive components without requiring external pulse-width
modulation (PWM) signals, simplifying their operation. Despite their advantages, the
design of switching amplifiers presents unique challenges. Accurate modelling and
precise calculations are necessary to ensure that the amplifier's output frequency
matches the resonant frequency of the transducer. The use of high-quality, tightly
specified components is also essential to minimise losses and maintain frequency
accuracy. For example, variations in the characteristics of inductors and capacitors can
introduce deviations in the output frequency, potentially reducing the amplifier's

efficiency and effectiveness.

Selecting the appropriate power amplifier for an ultrasonic system involves a careful
trade-off between efficiency and signal quality, guided by the specific requirements of
the application. For low-power, high-precision systems, linear amplifiers may still be
preferred. However, for energy-focused applications where efficiency is paramount,
switching amplifiers such as Class E and Class F provide a compelling solution, provided

their design challenges can be addressed.

In summary, the design of the conversion circuit is a multifaceted process that
necessitates a thorough evaluation of power levels, application-specific needs, and

environmental conditions. Each subsystem (RF energy acquisition, ultrasonic drive, and
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energy management) demands tailored designs to optimise efficiency and minimise
losses. Through iterative optimisation and the careful selection of components, the
conversion circuit can deliver robust performance and high reliability, effectively

adapting to diverse application scenarios and operational challenges.

3.3.2.4 Ultrasonic Energy Receiving and Load

The ultrasonic energy receiving circuit is part of the ultrasonic link. This circuit exhibits
similarities to its RF energy receiving, incorporating fundamental components such as
input impedance matching and rectification. However, a distinguishing factor is the
significantly lower operating frequency of ultrasonic link compared to RF link. This
difference necessitates adjustments in circuit design while maintaining the shared
objective of minimising losses and maximising efficiency. The principles guiding the
design of RF energy receiving circuits can provide valuable insights for ultrasonic circuits,
with appropriate modifications to account for the frequency characteristics and specific

application requirements of ultrasonic energy transfer.

One of the key challenges in ultrasonic energy receiving arises from the discontinuous
of ultrasonic energy transmission. This discontinuity directly affects the energy supply
at the receiving end, necessitating the design of platform capable of accommodating
interruptions. To address this, sensors integrated with ultrasonic energy receivers
should either possess power-off storage capabilities or operate intermittently, aligning
their activity with the availability of energy. For instance, sensors might perform low-
frequency operations such as temperature measurements at hourly intervals or longer,

depending on the energy availability.

To further mitigate the effects of discontinuous energy supply, energy management
strategies, similar to conversion circuits, can be implemented at the receiving end. By
integrating energy storage unit, such as capacitors or batteries, the intermittent energy
harvested from ultrasonic transmission can be cached. This stored energy can then be
utilised to power the load in a regulated, low-power mode, enabling sustained operation
even under interrupted supply conditions. However, this approach imposes stringent
constraints on the power consumption of the load, which should be sufficiently low to

ensure the practicality of the system. Table 3-7 provides examples of low-power sensors.
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Table 3-7. Examples of Low Power Sensors

Model Type Voltage Sampling Average power Typlcgl
range rate consumption Applications
X7F202  Radarsensor  1.8-3.3V  2100/s 100 uW Presence
detection
Ms1089  TemPerature 4 g3 6v  1/min 50 NW Environmental
sensor monitoring
MS8891A Capacitive sensor 1.8-4.5V 2/s 1.3 uW Hgman t?ody
etection
BMA400  Accelerometer 1.2-3.6 V 25/s 26 uW Alarm system
BMP280  Pressure sensor 1.2-3.6V 1/s 4.5 uWw Weather forecast

It is worth noting that although the average power consumption of the sensors shown is
very low, auxiliary circuits including data reading and storage circuits and data
transmission circuits are required to ensure sensor operation, which requires additional

energy.

3.4 System Assembly

System assembly comprehensively integrates all hybrid wireless energy transmission
system components into a compact and coherent structure. This process is not merely
a physical arrangement of parts, but a critical phase that ensures functional
compatibility, electrical integrity, and system-level performance. Effective assembly
enables smooth energy transfer across different subsystems, laying the foundation for

system stability and efficiency.

A key consideration in the assembly process is aligning electrical characteristics,
particularly the input and output voltage and current ranges of interconnected
components. For example, the rectifier's output voltage must fall within the acceptable
input range of the subsequent power management or energy storage module.
Mismatches in these parameters can lead to electrical stress, component failure, or
inefficient operation. Therefore, precise electrical matching is essential to safeguard

system reliability and maintain optimal power transfer efficiency.
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Given that each subsystem offers multiple configuration options, the assembly stage
provides the flexibility to tailor component selection and matching based on specific
application requirements and operating modes. This modularity allows the system to be

adapted for various use cases while maintaining high efficiency and performance.

Due to the inherently limited power in wireless energy transmission systems, the
assembly process must prioritise low power consumption and high conversion efficiency.
These considerations are essential to supporting long-distance transmission, ensuring

stable energy delivery, and providing sufficient power for the target application.

Figure 3-54 presents an overview of the system’s primary components, illustrating the
key parameters, energy flow directions, and optional configurations involved in the
assembly. This schematic serves as a framework for understanding the functional
relationships between subsystems and guiding the design of a robust and efficient

wireless energy transmission platform.

In addition to the core components, the system must integrate auxiliary protection
circuits, such as overvoltage and overcurrent safeguards. These protective features are
critical for preventing damage caused by transient electrical events or configuration

mismatches during operation.

The intended application environment and energy transmission characteristics should
inform component selection. For example, in the ultrasonic energy transfer (UET) link,
the energy management unit at the receiving end may be omitted if the load operates
synchronously with the inherently discontinuous energy supply, which eliminates the
need for intermediate energy storage or voltage regulation, simplifying the system

design and reducing losses.

Overall, this flexible and modular approach to system assembly ensures that the final
configuration can be optimised for performance, reliability, and cost-effectiveness
across various application scenarios. By addressing core operational needs and necessary
protective measures, the assembly process forms a solid foundation for deploying

practical and scalable wireless energy transmission systems.
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3.The CRFU-WPT System
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3.5 Summary

This chapter presents the design and implementation of the CRFU-WPT system. The
proposed system aims to address the limitations of single-mode WPT by integrating the
complementary strengths of RF and ultrasonic energy transmission pathways within a

unified and adaptive architecture.

The system architecture was developed around three core modules: the RF link, the
conversion circuit, and the ultrasonic link. Each module was modelled and analysed
individually using a link loss approach, enabling the quantification of energy dissipation
across the transmission chain. This modular modelling strategy supports a precise system
performance evaluation and facilitates scalability, optimisation, and predictive power

budgeting.

The system design process followed reverse energy flow logic, beginning with the load
requirements and tracing backwards to determine the specifications of the ultrasonic
and RF transmission stages. This method ensures that all components—from ultrasonic
drivers to RF transmitters—are aligned with the power demand of the end application.
Particular attention was given to sub-circuit design, energy management integration,

and parameter compatibility across transmission domains.

During the assembly phase, practical integration considerations such as overvoltage and
overcurrent protection, frequency band regulations, and RF exposure limits were
addressed to ensure operational safety and reliability. The compact, modular structure
of the system enhances its adaptability for diverse applications, including industrial
monitoring in metal enclosures, biomedical implants, and distributed sensor networks

operating in structurally or electromagnetically challenging environments.

Overall, the CRFU-WPT system demonstrates a robust and scalable solution for wireless
energy transfer in heterogeneous and constrained settings. The systematic design
framework established in this chapter lays the groundwork for further development,
enabling both near-term prototyping and future enhancements in control algorithms,

miniaturisation, and energy efficiency.
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4 System Test Result and Discussion

4.1 Introduction

The CRFU-WPT system is a hybrid wireless power transfer architecture integrating RF-
WPT and U-WPT technologies. This chapter comprehensively evaluates the system'’s
performance through a series of targeted experiments and analyses. The testing process
focuses on validating the theoretical models and assessing the functional efficiency of
the core subsystems.

First, the RF link tests are conducted to verify the electromagnetic energy transmission
model. These experiments analyse the link performance under varying environmental
conditions, quantify loss mechanisms, and identify dominant factors affecting
transmission efficiency. Based on the findings, strategies for minimising RF link losses

are proposed.

Next, the ultrasonic link tests evaluate the accuracy of the acoustic energy transmission
model. The experiments investigate transmission losses across different propagation
media and transducer configurations, highlighting critical factors such as acoustic
impedance mismatches, attenuation, and transducer performance. Corresponding
mitigation techniques are suggested to improve link reliability and power transfer

efficiency.

Subsequently, the conversion circuit tests examine the performance of key functional
modules, including the rectifier, boost converter, conversion controller, oscillator, and
power amplifier. These modules are assessed according to the system architecture to
ensure that they collectively support stable and efficient energy conversion throughout

the transmission pathway.

Finally, a practical case study is presented, in which the CRFU-WPT system is deployed
to wirelessly power a Bluetooth Low Energy (BLE) device. This application scenario
demonstrates the system’s real-world feasibility, stability, and adaptability for low-

power wireless sensor networks.
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4.2 RF Link Test

RF link testing primarily involves validating the energy transfer model of the RF link and

analysing the effects of different frequencies and gain levels.

Due to the inability to replicate long-distance outdoor transmission conditions in the
laboratory, the RF link test is conducted in two environments: an anechoic chamber and
a corridor. To accommodate the size and portability requirements of the test antenna,
a wideband antenna with a frequency range of 8-12 GHz is used to evaluate the
performance of the RF link across various frequencies and gain levels. The test setup is

illustrated in Figure 4-1.

Y

Signal -] Spectrum
| Generator Analyser
'd ™

Network |
Analyser

Figure 4-1. Schematic diagram of RF link test including transmitting antenna and receiving
antenna, signal generator, network analyser and spectrum analyser. The test environment is an
anechoic chamber and corridor.

When testing in a darkroom, plug in a network analyser. When testing in a hallway, plug

in a signal generator and a spectrum analyser.

4.2.1 The RF Link Experimental Setup

Experimental tests were conducted in two distinct environments to validate the RF link
transmission model: an anechoic chamber and a typical indoor corridor. These tests
assessed the model's accuracy under controlled and reflective conditions. The

experimental setup used for both scenarios is illustrated in Figure 4-2.
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Figure 4-2. The RF link test setup diagram is in an anechoic chamber experiment (a) and in a
corridor experiment (b).

Figure 4-2 illustrates the RF link test setup, showcasing two distinct experimental
environments: the anechoic chamber and a corridor. The anechoic chamber experiment
provides a controlled environment with minimal electromagnetic interference and
reflections, enabling accurate assessment of RF signal propagation, power transmission
efficiency, and antenna performance. In contrast, the corridor experiment simulates a
real-world scenario with reflective surfaces and environmental interferences, providing
insights into the system’'s performance under practical conditions. This dual-
environment approach ensures a comprehensive evaluation of the RF link, balancing

ideal conditions with realistic application scenarios.

For the convenience of testing, the antenna uses a wide bandwidth dual-ridged horn
antenna (PowerLOG® 70180). The transmitting antenna is powered by the signal
generator (Agilent Technologies Model E8257D), while the receiving antenna'’s output is
connected to a spectrum analyser (Agilent Technologies Model HP/E4404B). A network
analyser (Agilent Technologies Model E8362B) is used to detect the centre frequency
and reflection coefficient. Since the antenna, signal generator, network analyser and
spectrum analyser with the50-ohm impedance ports, no impedance matching network

is required. Table 4-1 is the antenna frequency test points and the corresponding gains.
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Table 4-1. Antenna test point frequency and gain.

Test point Frequency (GHz) Gain (dBi)
1 2.0 7.8
2 2.5 8.4
3 3.0 9.8
4 3.5 9.6
5 4.0 10.2

In the anechoic chamber, antennas were positioned at both ends to gather data on the
impact of different frequencies and gain levels on the RF link. In the corridor, antennas
were placed at varying distances to evaluate the effect of distance on the RF link

performance.

4.2.2 The RF Link Result

The RF link was evaluated through experimental measurements conducted in an
anechoic chamber and a corridor environment, using a wide-bandwidth antenna to
validate the RF transmission model and investigate the relationship between input and
output power. In the anechoic chamber, the power relationship was analysed across a
range of frequencies to eliminate the influence of environmental reflections and isolate
intrinsic link characteristics. In the corridor setup, measurements focused on assessing
the effect of transmission distance on power performance, accounting for multipath
propagation and environmental attenuation. These tests provided comprehensive

insight into RF link behaviour under controlled and realistic conditions.

First, based on the experimental setup, the S-parameters of the test antenna are
characterised to evaluate its performance. These parameters, particularly the
reflection coefficient (S11), provide crucial insights into the antenna’s impedance
matching and transmission characteristics. Analysing the S-parameters to assess the
efficiency and compatibility of the antenna within the RF link model, ensuring accurate
correlation between experimental results and theoretical predictions. Figure 4-3 shows

the reflection coefficient results of the antenna.
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Figure 4-3. The S-parameter results of the antenna, particularly within the 2 to 4 GHz frequency
range selected for the experimental setup.

Since the test antenna is a wideband design, the 2-4 GHz frequency band was selected
for the anechoic chamber experiment. The 511 results indicate that the antenna
achieves a reflection coefficient of less than -15 dB across this range, signifying
excellent impedance matching. This level of performance ensures minimal power
reflection, which is essential for accurate testing and reliable energy transfer in the RF

link model.

The energy transmission performance of the antenna across different frequencies was
evaluated in an anechoic chamber, with the results presented in Table 4-2. These
measurements demonstrate the relationship between frequency and transmitted power,

providing the effect of different frequencies on energy transmission.

Table 4-2. RF link loss test results in an anechoic chamber

Test Frequency Model value Test value Error
point (GHz) (dB) (dB) (dB)
1 2.0 34.96 36.77 1 81
2 2.5 35.64 37.48 1 84
3 3.0 34.51 36.37 1.86
4 3.5 36.26 38.11 185
5 4.0 36.37 38.17 1.80

Where: the model value is calculated using the RF link outdoor suburban model.
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Due to limitations in laboratory conditions, an anechoic chamber was used to emulate
an open-field environment for testing the RF link loss across a range of frequencies. The
measured RF link loss values were consistently higher than those predicted by the
theoretical model; however, the deviations remained small and exhibited a stable
trend. This indicates that the measured data reliably follow the theoretical prediction

regarding trend and variation.

The primary source of the discrepancy is attributed to a systematic error arising from
the difference between the nominal antenna gain specified in the datasheet and the
actual gain observed in the experimental setup. Additionally, as antenna gain varies
with frequency, removing the gain factor from the analysis reveals a clear trend: RF link
loss increases with frequency. This observation is in agreement with the theoretical
expectations described by Equations (3-7) and (3-8), further validating the model’s

predictive capability.

The antenna was positioned in a corridor to simulate an indoor application environment,
and the RF link loss at 2.5 GHz was evaluated over varying transmission distances up to
10 metres. This setup aimed to assess the performance of the RF link under conditions
representative of indoor environments. The measured link loss as a function of

transmission distance is presented in Figure 4-4.
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Figure 4-4. Comparison between modelled and measured RF link loss values over distance in an
indoor corridor environment. The blue curve represents the theoretical model values, while red
crosses indicate the corresponding measured values.

As shown in the figure, the RF link loss increases with distance, but the rate of increase

gradually decreases as the distance grows. The measured data points closely follow the
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theoretical predictions of the indoor corridor model, with only minor deviations. These
discrepancies can be primarily attributed to environmental factors such as wall
reflectivity variations and objects along the corridor, which introduce additional

multipath effects.

Despite these minor differences, the overall alignment between the experimental
results and the model validates the applicability of the corridor-based RF link model for
predicting path loss in similar indoor settings. Consequently, the model offers a reliable
foundation for system-level design and performance estimation in constrained indoor

environments.

4.2.3 Optimal Energy Transfer and Reduction of Loss

Optimal RF energy transfer and loss mitigation are essential for maximising energy
efficiency in wireless power transfer (WPT) systems. Several key factors influence RF
energy transfer performance, including impedance matching, antenna gain, operating

frequency, and spatial configuration.

Impedance matching ensures maximum power transfer between the transmitter and
receiver. According to the RF link model (Equation 3-1), proper impedance matching
minimises the reflection coefficient, thereby reducing electrical losses. In the presented
setup, the tested antenna and the signal source are designed with an impedance of 50
ohms, ensuring effective impedance matching and thus reducing reflection-related
inefficiencies. Antenna gain also plays a vital role in efficient RF energy transmission.
High-gain antennas, particularly those capable of beamforming, can concentrate the
radiated energy in a specific direction, reducing link loss as described in Equation 3-5.
This directional focus improves energy delivery efficiency and mitigates unnecessary
radiation in undesired directions. Operating frequency must be selected carefully, as it
directly affects propagation characteristics and link loss. While higher frequencies can
support smaller antennas and wider bandwidths, they also result in increased path loss,
as indicated by Equations 3-7 and 3-8. Thus, frequency selection involves a trade-off
between system miniaturisation and transmission efficiency. In addition to these
parameters, reducing the physical distance between the transmitting and receiving
antennas and employing directional antennas can further enhance energy concentration

and minimise propagation losses.
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In summary, achieving efficient RF energy transfer and minimising associated losses
requires a holistic approach combining precise impedance matching, strategic antenna
selection, frequency optimisation, and spatial alignment. These measures improve

system performance and reliable power delivery in RF-based WPT applications.

4.3 Ultrasonic Link Test

Ultrasonic link testing primarily involves validating the energy transmission model of the
ultrasonic link and assessing the effects of different transducers and transmission media

on its performance.

The ultrasonic energy transmission model was benchmarked by investigating the effects
of transducers with different frequencies and sizes on energy transmission. The
transmission media tested include three materials with significant density differences:

air, water, and 6082 aluminium alloy. The test setup is illustrated in Figure 4-5.
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Figure 4-5. Experimental setup for U-WPT performance evaluation across different transmission
media (air, water, and metal).

U-WPT system test including signal generator, impedance matching networks, transmit
transducer (T), transmission medium (air, water or metal), receive transducer (R), and
spectrum analyser (from left to right). An impedance analyser and a spectrum analyser
are used to measure the input and output impedance of the T and R transducers,

respectively. An oscilloscope is used to monitor the input voltage.
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4.3.1 The Ultrasonic Link Experimental Setup

Experimental tests were carried out to validate the UET model and the corresponding
transmission framework developed in this study. The experimental system and setup are
illustrated in Figure 4-6, showing the key components and configurations used to assess
model accuracy under practical operating conditions. These tests aimed to confirm
theoretical predictions and evaluate the system's performance across different media

and transmission distances.
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Figure 4-6. Experimental setups for verifying the transmission model for three different scenarios
air (a), under water (b), and metal (c).

An AFG-21005 function generator and a WA301 power amplifier were used to drive the
transducer transmitter. The amplifier had a maximum output peak-to-peak voltage of
30V and an output impedance of 50 Q. The output voltage of the transducer in different
media was monitored using an HP-54600B oscilloscope. The resonant frequency and
impedance of the transducer in various media were measured using an Agilent 4294A
impedance analyser. Additionally, an HP-E4404B spectrum analyser, with a 50 Q input

impedance, was employed to measure the output power from the receiving transducer.
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Table 4-3 shows the parameters required for the test system [190].

Table 4-3. The parameters used in the UET test.

Material Parameters Unit Value
density kg/m3 1.29
Air sound velocity m/s 343
acoustic impedance 10°xkg/m? s 0.0034
density kg/m?3 997
Water sound velocity m/s 1497
acoustic impedance 10°xkg/m? s 1.49
density kg/m3 2700
Aluminium sound velocity m/s 6420
acoustic impedance 10°xkg/m?s 17.33
frequency kHz 40
Transducer A diameter mm 18
acoustic impedance 109xkg/m? s 30.8
frequency kHz 33
Transducer B diameter mm 25
acoustic impedance 10°xkg/m? s 30.8

Two types of ultrasonic transducers were used for testing: transducer A is
MCUSD18A40S09RS-30C from Multicomp, and transducer B is 328ET/R250 from Pro-Wave
Electronic Co., Ltd.

Transducer A was used both as a transmitter and receiver (T/R), while transducer B
operated as an independent transmitter (T) and receiver (R). The transducer is rigidly
mounted to the test platform via a 3D-printed bracket to ensure compliance with the
infinite plane piston model for the transducer. A linear translation stage (LTS) rail from
Thorlabs, Inc. was used to vary the distance between the transmitting and receiving

transducers.

The transmission media examined in this study included air, water, and 6082 aluminium
alloy. For air, the testing distance ranged from 0 mm to 290 mm with a step size of 0.1
mm. Since the wavelength of a 40 kHz ultrasonic wave in air is about 8.58mm,
considering the reflection of 1/4 wavelength, the test step is set to 0.1mm to accurately
capture sound waves' reflection and interference results. It controls the movement of

the transducer, and its minimum repeatable incremental movement is 4 pm.

The same distance range was tested in water, but with a step size of 1 mm. For
aluminium, due to the challenges associated with modifying the metal's thickness and
the actual requirements of metal penetration applications, the tests were conducted at
fixed distances of 5 mm, 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm.
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4.3.2 The UET Link Loss Measurement
4.3.2.1 For Electrical Loss

Electrical losses arise from impedance mismatches between the driving source and the
ultrasonic transducer, based on the electrical reflection model. The test procedure
includes measuring the transducer's impedance in various application environments and
the driver circuit. The driving source, consisting of a signal generator and power
amplifier, is set with a standard impedance of 50 ohms. Notably, the impedance of the
transducer varies with changes in the application environment. Therefore, the first step
is to measure the transducer's impedance under different environmental conditions. The
impedance responses of two ultrasonic transducers were tested in three transmission
media. Impedance is mainly influenced by the pressure exerted on the transducer's
surface by the transmission medium: in air and water, this pressure varies with height,
while in the metallic medium, it is affected by the force exerted on both ends of the

transducer.

Given that changes in atmospheric pressure are minimal and difficult to measure in the
laboratory, the experiment focused on the impedance variation in water and aluminium
mediums. The pressure on the transducer's surface was altered by adjusting the depth

of the transducer in water and by adjusting the force applied in the aluminium medium.

4.3.2.2 For Transducer Loss

Using the transducer impedance test results, the resonant frequency (fm) and anti-
resonant frequency (f,), were identified, and the electromechanical coupling
coefficient (k3). was calculated using the equation (3-18). To measure transducer
losses, the transmitting and receiving ends were directly connected to create a medium-
free energy transmission channel. The correction factors for transducer losses were
determined by comparing the transmitted and received energy, while accounting for

electrical losses.

4.3.2.3 For Acoustic Loss

Acoustic loss, primarily boundary loss. It can be calculated using equation (3-19)

according to the material parameters, including density, acoustic velocity, and acoustic
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impedance. Since the transducer's packaging is made of aluminium, its acoustic

parameters match those of aluminium.

4.3.2.4 For Medium Loss

Medium loss was measured by varying the transmission distance, following the
transmission models in equations (3-36, 3-37), or by analysing the relationship between
transmitted and received power. As medium loss is influenced by constructive and
destructive interference, this test was combined with transmission distance analysis.
The test distances and step sizes were set according to the wavelength of ultrasonic

waves in different media.

4.3.3 The Ultrasonic Link Result

This section presents the UET results comparing model predictions with experimental
observations. The UET models were validated in different media and with two

piezoelectric transducers (A and B).

4.3.4 Impedance Variations Across Medium

While the transducer's impedance remains stable in air, its characteristics change
significantly when used in different environments. Figure 4-7 and Figure 4-8 illustrate
the impedance characteristics of transducer A(T/R) and transducer B(T) and B(R) in

various media.
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Figure 4-7. The impedance characteristics of transducers A for air (a), water (b), and aluminium(c).
The air test condition was set at the laboratory ambient atmospheric pressure and 25 °C. For water,
the transducer was submerged at depths of 10 mm, 50 mm, 100 mm, 150 mm, and 200 mm,
respectively. For aluminium, the pressure applied at both ends of the transducer, with values of 1

N,2N, 3N, 4N, and 5 N, respectively.

18,000

15,000 r

12,000 |

0
[
[
(e

Impedance (Ohm)
o
el
g

“UJ
]
=]
=]

Er -
eI
T

SRS B(R)

B(T)

™ -

30 35
Frequency (kHz)

148




- = = = B(T) depth 10 mm
91000 ................ B(T) depth 50 mm |
= = = = B(T) depth 100 mm
= = = = B(T) depth 150 mm
B(T) depth 200 mm
B(R) depth 10 mm
B(R) depth 50 mm
B(R) depth 100 mm
B(R) depth 150 mm
B(R) depth 200 mm'|

~J

ol
o]
e
T
1
1
1
|

L
]
]
=]

Impedance (Ohm)

3,000

13000 1 1 1 1
18 19 20 21 22

Frequency (kHz)

' [ T T Transducer B(T) force IN
e Transducer B(T) force 2N

6,600 Transducer B(T) force 3N
"""""""""" Transducer B(T) force 4N
e Transducer B(T) foree SN
= = = = Transducer B(R) force IN
- = = = Transducer B(R) force 2N
Transducer B(R) force 3N

= = = = Transducer B(R) force 4N
- = = = Transducer B(R) force 5N

B

-

=N

o]

<
T

Impedance (Ohm)

o
=)}
=)
=

600 1 1 1 1
31 34 37 40 43

Frequency (kHz)

Figure 4-8. The impedance characteristics of transducers B for air (a), water (b), and aluminium
(c). The air test condition was set at the laboratory ambient atmospheric pressure and 25 °C. For
water, the transducer was submerged at depths of 10 mm, 50 mm, 100 mm, 150 mm, and 200 mm,
respectively. For aluminium, the pressure applied at both ends of the transducer, with values of
1N,2N,3N,4N, and 5 N, respectively.

The resonant frequency and impedance of the transducer change based on the
environment, influenced by the pressure on the transducer surface. For air, this
pressure is governed by atmospheric conditions, while for water, it depends on
immersion depth, and for metal, it is influenced by the applied force. The result for the

impedance of transducer significant variations was observed in water and aluminium.
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For air Figure 4-7 (a), Figure 4-8 (a) show the performance of the transducer under
laboratory conditions. In practical applications, the condition that affects atmospheric
pressure is altitude. Since altitude cannot be significantly changed in the laboratory,

only the test results under laboratory conditions are shown.

For water, Figure 4-7 (b) and Figure 4-8 (b)show the performance of the transducer
underwater. Increasing depth decreases the transducer’s resonant frequency, increases
its minimum impedance, and decreases its maximum impedance. Environmental
changes can cause frequency and impedance mismatches, which in turn impact both

electrical and transducer losses in the link.

For aluminium, Figure 4-7 (c) and Figure 4-8 (c) show the performance of the transducer
attached to aluminium. Increasing the force on the transducer significantly raises its
resonant frequency, slightly increases the minimum impedance, and markedly reduces
the maximum impedance. Similarly, changes in the application environment alter the
transducer’s resonant frequency and impedance, leading to variations in both electrical

and transducer losses in the link.

Overall, for transducers operating under different environmental conditions, calculating
the losses individually based on the model improves its accuracy compared to models
that do not account for link loss. In addition, the results also show that in order to
ensure the matching of the frequency and impedance of the system, it is necessary to
adjust the frequency and impedance matching network of the driving source according
to the resonant frequency and impedance of the actual application, rather than relying

on a driving source with a fixed frequency and fixed impedance matching network.

4.3.5 The UET Link Loss

Table 4-4 presents the calculated electrical, transducer, and acoustic losses for the
transmitting and receiving transducers under specific conditions, including a 150 mm
water depth and a 5 N preload on the aluminium interface. These values are based on
the system model and verified by impedance measurements. Electrical loss results from
circuit dissipation and impedance mismatch. Transducer loss is due to inefficiencies in
electromechanical conversion, while acoustic loss represents the attenuation of

ultrasonic waves during transmission through the medium.
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Table 4-4. Link losses of different media.

. Water Aluminium

Loss(dB) Transducer Air (Depth = 150 mm) (Force = 5 N)
Electrical B (T) 5.19 11.49 5.65
Loss B (R) 15.54 10.27 18.86

A (T/R) 4.88 9.21 4.37
Transduc B (T) 10.33 6.20 11.37
er Loss B (R) 9.79 7.89 10.13

A (T/R) 11.25 8.10 10.22
Acoustic B (T) 33.55 5.35 0.35
loss B (R) 33.55 5.35 0.35

A (T/R) 33.55 5.35 0.35

Note: The driving source and load impedance were set to 50 Q). Water tests were
conducted at a depth of 150 mm, while a force of 5 N was applied in the aluminium

tests.

In a fixed application environment, the system’s three losses remain constant. Electrical
loss is primarily determined by the impedance of both the signal source and the
transducer. When the application environment changes, variations in electrical loss
occur due to changes in the transducer’s impedance. For example, the transducer’s
impedance experiences greater fluctuations underwater than when applied to
aluminium. As a result, the electrical loss underwater is more pronounced than that
observed with aluminium, especially when compared to the loss in air. While the
inherent transducer loss of the transducer is governed by its performance
characteristics, environmental factors still influence the magnitude of these losses. For
instance, the transducer’s loss differs between air and water, though the variation is

relatively small.

Conversely, acoustic losses vary significantly across different transmission media, such
as air, water, and aluminium, primarily due to their vastly different acoustic
impedances. Acoustic impedance increases with the density and sound velocity of the
medium, resulting in higher transmission efficiency in denser materials. While coupling
agents are commonly used in ultrasonic applications to minimise impedance
mismatches, they also contribute to energy dissipation in ultrasonic energy transmission
(UET) systems, such as heat. Additionally, surface irregularities or imperfections at the
transducer-metal interface can create air gaps, further increasing acoustic losses

beyond theoretical estimates.
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In an idealised free-field environment without reflections or interference, the
transmitted energy decreases nonlinearly with increasing distance. This attenuation is
strongly influenced by the medium’s acoustic properties and the operating frequency of
the ultrasonic signal.

In practical applications, reflections are inevitable, even in an anechoic chamber. These
reflections introduce interference, as illustrated in Figure 4-9, which shows the
predicted and measured results of received power across three different media at

various distances.
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Figure 4-9. Transducer energy transmission test results for three transmission media: (a) air, (b)
water, and (c) metal. In the setup, the transmitter is fixed at one end and driven by a 20 dBm
source. Meanwhile, the receiver is fixed on the other end and connected to a spectrum analyser.
The results were recorded by sampling at different transmission distances.

As the transmission distance increases, the energy received by the transducer
decreases, aligning with the model. However, interference causes energy fluctuations

with peaks and troughs.

In the air, reflections from the receiver’s surface generate interference at 1/4
wavelength intervals. The predicted values from the model align well with the
experimental results. However, for transducer A, when the transmission distance is less
than 29 mm, the transmission operates in the near field, resulting in a larger discrepancy
between the predicted and measured values. At transmission distances exceeding 200
mm, the measured values fall below the predicted values, primarily due to the reduced
energy received. Similarly, for transducer B, when the transmission distance is less than
47 mm, the near-field effect causes a significant error between the test and predicted
values. For distances greater than 250 mm, the measured values are lower than the

predicted values, again attributed to low received energy.

In water, when the transmission distance is less than approximately 16 mm, the system
operates in the near field. In water, the ultrasonic wavelength of transducer A is 61.8

mm, and that of transducer B is 82.4 mm. However, the test water tank is limited in
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size, measuring only 370 x 160 x 220 mm, resulting in significant energy reflections from
the tank walls. These reflections lead to multiple wave interferences, causing irregular
peaks and troughs. As the receiver approaches the water tank wall, the reflected energy
increases, introducing significant errors in the test results, particularly when the
transmission distance exceeds 200 mm. The discrepancies between the test and
predicted values are primarily constrained by the limited size of the water tank, but

the overall trend is in line with expectations.

In aluminium alloys, the model employs a correction factor to correct errors resulting
from metal surface roughness and air gaps. Moreover, due to the short transmission
distance in the metal medium and the high energy levels at the receiver, the difference

between the measured and predicted values is minimal.

The model’s predicted trends align with the measured trends across all three media. In
order to quantitatively evaluate the models, an error analysis is performed. The error
analysis technique is a mean relative average error. The average error can be calculated

as:

N 2
1 Xpi — XSi)
= [T (22255 ) « 100, 4-1
¢ (Nz ( X, (4-1)

i=1

in which, Xg; is the experimental value, and X; is predicted simulation value. N is the
number of elements. It is worth noting that the calculated average error value is decided
by the effective test range for different media. For air, transducer A’s calculated range
is from 29 mm to 200 mm, and transducer B's calculated range is from 47 mm to 250
mm. For water, the calculated range is from 21 mm to 200 mm, and transducer B's
calculated range is from 20 mm to 200 mm. For aluminium, only six points were

calculated.

Error analysis was performed for all the results presented in this section. The purpose
is to quantitatively validate the models by calculating the percentage error between
experimental and theoretical results, providing a clear metric for evaluating the

proposed method. The summarized error analysis is shown in Table 4-5
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Table 4-5. Error analysis for different media.

Medium Transducer Average Error
Air A 2.54%

B 3.11%

A 27.37%
Water B 19.68%
Aluminium A 1.12%

B 1.76%

For both air and aluminium, the average error remains below 3.2%. However, in the
water, the error is higher, primarily due to constraints in the testing environment. The
water tank used for the experiment was insufficiently large, resulting in multiple
reflections of the ultrasonic waves off the tank walls, which interfered with the results.
Utilizing a larger tank would reduce wall interference, thus decreasing the model's

error.

4.3.6 Optimal Energy Transfer and Loss Mitigation

Maximising energy transfer efficiency is a central objective in ultrasonic energy
transmission systems. Ideally, the ultrasonic transducer should be positioned at a
resonant peak where energy transfer is most efficient. However, in metal-enclosed or
constrained environments, the physical positioning of the transducer is often limited. In
such cases, frequency tuning becomes a practical and effective strategy, as the location
of the peak is wavelength-dependent and can be adjusted by selecting appropriate

operating frequencies.

An in-depth analysis of link losses across the UET system reveals several key strategies

for loss mitigation and performance optimisation:

Electrical losses can be effectively reduced through the design of impedance-matching
networks or the careful selection of components with matched impedances, as
described by Equation 3-11. Proper matching ensures maximum power transfer between
electrical subsystems and minimises reflection and dissipation[191]. The intrinsic
material and structural properties of the transducer primarily influence transducer
losses. High electromechanical coupling coefficients (high k?) and wide-bandwidth
transducers allow for greater tolerance to resonance shifts that may occur in varying
environmental conditions. This adaptability helps maintain efficient operation even
when minor detuning occurs, as Equations 3-17 and 3-18 indicate. Acoustic losses can
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be mitigated by improving acoustic matching between the transducer and the medium.
As shown in Equation 3-19, better acoustic impedance matching reduces reflections at
interfaces and enables more effective energy transfer through the medium. Medium
losses are highly dependent on the physical and material characteristics of the
propagation path. According to Equations 3-36 and 3-37, both the transducer’s size and
operating frequency influence losses. Selecting a transducer with suitable dimensions
and frequency based on the specific application environment can significantly reduce

these losses.

In summary, this study developed a comprehensive UET system model that tracks energy
flow from the input source to the load. By systematically analysing the loss mechanisms
along the transmission path, strategies were identified for minimising inefficiencies and
enhancing performance. The model's predictions were validated under various
application scenarios, demonstrating its utility in guiding practical UET system design

and optimisation.

The proposed model was compared to related work. In this regard, applications are
considered. The comparison factors are analysed, such as transfer media materials,
transmission distance, frequency range, and errors. The average error was calculated
based on the comparison of the model with the measured results. The comparison is
described in Table 4-6 [140, 141, 142, 144, 192].

Table 4-6. Comparison with related works.

Work Medium Distance Frequency Error
[139] Stainless steel74.8 mm 4 MHz
[140] Alumina 50 mm 97-300 kHz  1.59-3.64%,
ceramic
. 738 kHz 10.2-10.6%,
(141) Aluminium 100 mm, 200 mm 1040 kHz 5 0-7.6%
Steel 100 mm, 200 mm 738 kHz 6.1-6.9%
[143] Aluminium 1.5 mm 0.35-1.96 MHz 1.14-2.67%
[177] Aluminium 50 mm 656-978 kHz ~ 21%
Air 0-290 mm 2.54-3.11%
Present work Water 0-290 mm 19-42 kHz 19.68-27.37%
Aluminium  0-35 mm 1.12-1.76%
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This model not only compares performance across different transmission media but also
analyses transmission distance continuously rather than at discrete points. Additionally,
the model accounts for variations in frequency and impedance of the transducer under
different application conditions. The model demonstrates an error margin of less than
3.2% for air and metal media. Although the error is higher for water, this discrepancy is
attributed to the testing conditions. Using a larger water tank for testing could reduce

wall interference, thereby decreasing the error.

4.4 Conversion Circuit Test

The conversion circuit is responsible for harvesting RF energy, storing it, and
subsequently transferring it to the ultrasonic transducer drive circuit through energy
management to enable ultrasonic energy emission. To suit different application
environments, various design solutions are available for the conversion circuit. For
testing purposes, the circuit was designed and evaluated based on its functional
modules, including the rectifier circuit, boost circuit, switching circuit, oscillator, and
power amplifier. Detailed information on the circuit schematic and the layout of the
evaluation board is presented in the appendix under Evaluation PCB. This modular
approach facilitates systematic testing and optimisation of individual components to

ensure overall performance and reliability.

4.4.1 Rectifier Circuit

The rectifier circuit was evaluated using two configurations: a full-wave rectifier and a
charge pump. The full-wave rectifier employed a dual-diode design, while the charge
pump utilised a Dickson structure with a gain of 9 to achieve higher voltage output from
RF energy. A key challenge in the design was selecting rectifier diodes suitable for high
frequency operation, as high-frequency rectification requires diodes with short reverse
recovery times. Despite the availability of diodes for high-voltage applications, options
for high-frequency rectification are limited. moreover, reverse recovery time is often
omitted from the data sheets of many Schottky diodes, necessitating empirical
evaluation. Four diodes commonly used in RF energy harvesting (SMS7630, BAT6302,
1PS765B17, and BAS140W) were selected for testing. The main parameters of the diode

are shown in Table 4-7.
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Table 4-7. Parameters of the four kinds of Schottky diodes

Parameter SMS7630  BAT6302 1PS76SB17 BAS140W  Unit
Breakdown voltage 2 3 4 40 \'
Forward current If 50 100 30 120 mA
Forward voltage VF  60-120 190-300 300-600 250-1000 mV
Reverse current Ir 5 10 2 1 HA
Diode capacitance 0.38 0.65 1 3 pF

The test conditions included an RF input power of 10 dBm and a load resistance of 100

KQ. The rectifier circuit's output performance under these conditions is presented in

Figure 4-10, providing a comparative analysis of the diodes' effectiveness in high-

frequency RF energy harvesting.
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Figure 4-10. Rectifier circuit diode test results for full-wave rectifier (a) and Dickson charge pump

(b).
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The performance of different diodes in rectifier circuits varies considerably under
identical input conditions, primarily due to differences in their forward voltage drop
and breakdown voltage. A lower forward voltage drop typically yields a higher output
voltage; however, diodes exhibiting low forward voltage drops often have
correspondingly low breakdown voltages. This trade-off constrains the rectifier's input
voltage range. Although RF energy harvesting systems generally operate within a limited
input range, diodes with low breakdown voltages limit the rectifier's capacity to handle

higher input power levels, rendering them less suitable for high-power applications.

In the case of the full-wave rectifier, simulated output voltages for the tested diodes
were 868 mV, 616 mV, 661 mV, and 813 mV, respectively. Experimental results showed
a decline in output voltage with increasing frequency. Across a frequency range of
0.01 GHz to 2 GHz, the measured output voltages of SM57630, BAT6302, and 1PS765B17
aligned well with simulation results up to approximately 1.3 GHz, beyond which
deviations became apparent. In contrast, the output from BAS140W began to diverge
from the simulation at frequencies above 0.5 GHz. These discrepancies are primarily
attributed to the reverse recovery time of the diodes, which significantly affects
rectification performance at higher frequencies. When the input frequency exceeds a
diode's cutoff frequency, its ability to block current effectively diminishes due to

limitations associated with junction capacitance.

The simulated output voltages for the charge pump configuration were 5,463 mV,
4,653 mV, 3,663 mV, and 3,573 mV, respectively. Experimental observations indicated
that SMS7630 maintained an output voltage near the simulated value up to 0.5 GHz, but
it dropped below 5V at frequencies above 0.6 GHz. BAT6302 exhibited consistency with
simulation results up to 0.5 GHz, followed by a gradual reduction in output voltage
beyond 1 GHz. The performance of 1P576SB17 and BAS140W followed a similar trend to
that of SMS7630. BAT6302 demonstrated the most robust performance among the tested

diodes at higher frequencies.

In application scenarios, full-wave rectifiers are commonly employed in systems
requiring stable and low-ripple DC output from AC or RF input, especially where the
available input voltage is moderate and power levels are limited. Their relatively simple
design and high efficiency at low to mid frequencies make them well-suited for compact

and energy-constrained systems, such as low-power sensors or biomedical implants.
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Charge pumps, on the other hand, are advantageous in applications that require voltage
multiplication without the use of inductors. This makes them especially attractive for
fully integrated circuit (IC) designs and high-voltage generation from low-voltage inputs.
They are particularly effective when compact size, scalability, and on-chip integration
are critical, though their efficiency can decrease at higher frequencies due to parasitic

capacitances and switching losses.

These findings highlight that rectifier performance is frequency-dependent and strongly
influenced by the reverse recovery time of the diode. For optimal rectifier performance,
diodes with high cutoff frequencies should be selected. Moreover, a balance between
breakdown voltage and cutoff frequency is necessary to ensure the rectifier's reliability

and suitability for the intended application.

4.4.2 Boost Circuit

The boost circuit is responsible for increasing the voltage of collected RF energy to a
level suitable for storage and subsequent use by downstream circuits. For this study,
two mature ICs, the LTC3108 and the BQ25570, were selected for testing. The primary
objectives of the tests were to evaluate the relationship between input and output

voltages for each IC and to assess their efficiency under various operating conditions.

These tests aimed to determine the suitability of these ICs for RF energy harvesting
applications, focusing on their ability to maintain high efficiency and stable voltage
conversion over a wide input voltage range. The results provide insights into the
performance characteristics of the boost circuits and their adaptability to different RF

energy harvesting scenarios. The test results are shown in Figure 4-11.
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Figure 4-11. Boost circuit output test results for BQ25570 (a) and LTC3108 (b).

The test results of the boost circuit indicate that the BQ25570 has a startup voltage of
800 mV, whereas the LTC3108 exhibits a significantly lower startup voltage. When
paired with a 1:100 transformer, the LTC3108 can start at 30 mV, while with a 1:20
transformer, the startup voltage increases to 70 mV. However, BQ25570 supports a
wider input voltage range, reaching up to 5.5V, whereas LTC3108 has a maximum input

voltage of only 0.5 V.

These findings highlight the trade-off between startup voltage and input voltage range
in boost module selection. Modules with ultra-low startup voltages typically have a
restricted input voltage range, while those capable of handling higher input voltages
often require a higher startup voltage. Therefore, selecting an appropriate boost
module must be based on the specific RF energy input conditions in the intended
application environment, ensuring compatibility with both startup constraints and

operational voltage ranges.

4.4.3 Switching Circuit

The switch circuit is designed to control the activation and deactivation of the ultrasonic
drive circuit. When integrated with a voltage sampling circuit, it facilitates energy
management by regulating the flow of energy. For this study, the ADG821 was selected

as the switching element. The circuit's performance was tested in conjunction with a
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resistor-based voltage sampling system to monitor its charging and discharging

behaviours with a 2 F supercapacitor.

The tests aimed to evaluate the switching efficiency and stability of the circuit under
different operational conditions. Key observations included the circuit's ability to
transition between states and its overall energy management efficiency. The test results

are shown in Figure 4-12.
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Figure 4-12. Switching circuit test results.

After the actual circuit test, the actual test result shows that the efficiency is 71.2% to

a 1 kQ resistor.

4.4.4 Oscillator

The oscillator functions as the signal source for the ultrasonic transducer, generating a
stable excitation signal tuned to match the transducer's resonant frequency. In this
study, several oscillator types were considered, each suited to different application
scenarios. For experimental validation, the LTC6906 was selected due to its flexibility

and compatibility with the operating frequency requirements of various transducers.

The oscillator’s performance was assessed by examining the characteristics of its output
waveform and evaluating its operational efficiency. Key metrics included signal
stability, frequency precision, and the oscillator’s ability to maintain consistent output
under load. These factors are critical to ensuring effective energy transfer and reliable

system operation. The corresponding test results are presented in Figure 4-13.
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4.System Test Result and Discussion

Figure 4-13. Oscillator Test Results.

The test results indicate that the oscillator produces a stable and consistent output
waveform, with minimal frequency drift over time. Additionally, the output frequency
is easily adjustable across a wide range, allowing for precise tuning to match the
resonant frequency of different ultrasonic transducers. This tunability and stability are
critical for ensuring efficient energy transfer and reliable system performance in various

application scenarios.

4.4.5 Power Amplifier

The power amplifier elevates the oscillator’s output signal to a power level sufficient
to drive the ultrasonic transducer effectively. Among the various available amplifier
topologies, a Class E amplifier was selected for this study due to its high efficiency, low
switching losses, and well-established suitability for ultrasonic energy transmission

applications.

The amplifier was designed to deliver an output power of 200 mW at an operating
frequency of 40 kHz, powered by a 5 V supply. The component parameters were
calculated based on the standard Class E amplifier design methodology to ensure
optimal performance. These calculations considered key factors such as load
impedance, operating frequency, quality factor (Q), and target efficiency. The selected
component values were carefully matched to the electrical characteristics of the
ultrasonic transducer, thereby maximising the system’'s overall energy conversion

efficiency.
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The detailed derivation and values of the circuit components used in the Class E

amplifier design are presented below.

Vcc
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(4-2)

Where: R, is the represents the impedance of the load transducer at its resonant
frequency, determining how the amplifier interfaces with the transducer. Vcc is the
driving voltage supplied to the circuit. Vo refers to the saturation voltage of the MOSFET
(M1), P denotes the output power, set at 200 mW in this design. f is the output
frequency, which matches the transducer's resonant frequency of 40 kHz. Q, is the
quality factor, typically chosen around 5 for this application to balance bandwidth and
efficiency.C;, C,, L, are the resonant components that define the Class E amplifier's
operation, tuned to achieve zero-voltage switching and optimal energy transfer.L, is
the DC isolation inductor, selected to provide effective isolation while supporting the
required driving current. For this design, a 10 mH inductor was chosen to meet these

criteria.

Each parameter was carefully selected and calculated to ensure efficient energy
transfer, minimal signal distortion, and reliable operation under the specified
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conditions. This design provides a robust foundation for driving the ultrasonic transducer

effectively. The circuit output is as follows Figure 4-14.
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Figure 4-14. Class E power amplifier output test results

Testing involved verifying the amplifier’s output power, efficiency, and signal fidelity
to ensure compatibility with the ultrasonic transducer and adherence to the design

specifications.

4.5 System Case

According to the system components, a system capable of penetrating 5 mm metal
plates to enable a hybrid wireless power supply for BLE devices was designed. For testing
convenience, the signal generator replaced the RF input source in the RF link, and the
RF input power was adjusted to simulate varying RF transmission distances. The RF
rectifier circuit employs a diode full-wave rectification configuration, while the boost
circuit is implemented using LTC3108. The energy storage element in the conversion
circuit consists of a 1.5 F supercapacitor, and the energy management circuit utilizes
an SPST ADG16112 IC switch controller with resistor sampling. The oscillator also
employs LTC6906 IC, and the power amplifier circuit is configured using a Class E
topology. The transducer, made of PZT-8 material, is firmly secured with a 3D-printed
bracket to ensure stability during operation. For further details regarding the transducer

holder, refer to the Transducer Holder appendix.
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The ultrasonic receiving circuit mirrors the RF acquisition circuit and utilizes a diode
full-wave rectifier and an IC booster. The supercapacitor in the receiving circuit has a
capacity of 2.2 F, ensuring sufficient power supply time to complete Bluetooth
connection establishment and data reading tests. The Figure 4-15 illustrates the test

system diagram.
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Figure 4-15. A system case test diagram that can penetrate 5 mm metal plates to facilitate a hybrid
wireless power supply for BLE devices. The system provides 1 minute of operational runtime for
the BLE device after an energy accumulation period of 136 minutes. Temperature data was
successfully transmitted and read via the Bluetooth connection with the mobile phone receiver.

The following Table 4-8 is shown the system case test main parameters of experimental

settings.

Table 4-8. Main parameters of experimental settings

Components Model Components Model
RF signal Agilent E8257D Oscillator LTC6906
generator
Rectifier diode SMS7630 Power amplifier Class E
Booster LTC3108 Transducer PZT-8
Converter Ca KR-5R5V155-R Ultrasonic 80-FTOH225ZF
P (1.5 F) receiver Cap (2.2 F)
Power ADG1612 Load AVR BLE loT Node
management

The core component of the CRFU-WPT system is the conversion circuit, which is
responsible for collecting electromagnetic energy and utilizing the antenna to drive the
ultrasonic transducer to emit mechanical energy. Due to the limited energy that can be
harvested through long-distance wireless transmission while adhering to safe RF

exposure limits, the collected energy is insufficient to directly power the ultrasonic
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transmitter. Thus, incorporating an efficient energy management circuit is critical for

managing the limited energy effectively.

This design employs a time-sharing energy management strategy, where RF energy is
accumulated over an extended period and then released to the ultrasonic drive circuit
in a short burst to sustain system operation. By configuring the operating voltage range,
the energy management circuit automatically controls the accumulation time (charging
duration) and release time (discharge duration). Figure 4-16 illustrates the operating
status of the power management within the conversion circuit under a 3 dBm RF energy

input.

Figure 4-16. The operating status of the energy management circuit under 3dBm RF energy input.
The yellow line is the supercapacitor voltage, and the blue line is the ultrasonic drive circuit
voltage.

The operational results of the energy management circuit demonstrate that during the
energy accumulation phase, the ultrasonic driving circuit is deactivated to minimize
losses. Once sufficient energy is accumulated to meet the driving requirements, the
ultrasonic driving circuit is reactivated. By cycling this process, the system effectively
achieves coupling between the RF link and the ultrasonic link. The charging time varies
based on the RF input power and is automatically regulated by the energy management
circuit. When the ultrasonic drive circuit is switched on, the voltage is slightly smaller

than the capacitor voltage, which is due to the loss of the conversion circuit.

Similarly, the ultrasonic receiving circuit encounters challenges with insufficient input
power when the transmission distance of the ultrasonic link is extended. To address this,
the ultrasonic receiving circuit can also implement time-sharing energy management to

ensure the reliable operation of the load. Figure 4-17 illustrates the power management
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operation of the conversion circuit and the ultrasonic receiving circuit under a 0 dBm

RF input in the system configuration.
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Figure 4-17. Conversion circuit (a) and ultrasonic receiving circuit (b) power management
operating voltage test results.

According to the test waveforms shown in Figure 4-17Figure 4-17. Conversion circuit (a)
and ultrasonic receiving circuit (b) power management operating voltage test results.,
the power management results demonstrate effective energy accumulation and transfer

between different subsystems. The following observations can be made.

In Figure 4-17 (a), the conversion circuit processes the rectified RF energy, which is then
amplified and stored in a capacitor via a two-stage boost converter. During the charging
phase, the capacitor voltage Vcp increases steadily. Once the voltage reaches the
predefined threshold of 12 V, the energy management circuit switches to drive the
ultrasonic transmission stage, resulting in a rapid voltage drop during the discharge

phase. The observed charge-to-discharge time ratio in this process is about 17:1.

In Figure 4-17 (b), the ultrasonic receiving circuit exhibits a shorter energy cycle. Owing
to the relatively higher voltage received through ultrasonic transmission, the capacitor

charges more quickly, yielding a charge-to-discharge time ratio of approximately 8:1.
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These results confirm the system’s capability for time-division control and energy
accumulation, supporting sustained power delivery in low-power applications. Under
conditions of 0 dBm input power and a BLE load of approximately 3 mW, the system
achieves a charge-to-discharge time ratio of 136 to 1. The overall system efficiency
under these conditions is 2.21%, with the primary losses attributed to the transducer
and ultrasonic link. In the following section, the efficiency of the conversion circuit is

analysed based on the established ultrasonic transmission model.

The impedance results of the transducer in the system are shown in Figure 4-18.
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Figure 4-18. The impedance characteristics of transducers for system.

According to the ultrasonic link model (Equation 3-40), the electrical loss (Equation 3-
11), transducer loss (Equation 3-18), acoustic loss (Equation 3-19), and dielectric loss
(Equations 3-36 and 3-37) are calculated respectively. The evaluation board has been
designed with electrical impedance matching based on the transducer's impedance, and
the transducer material is consistent with the dielectric medium. Therefore, electrical
and acoustic losses are calculated under ideal matching conditions. The primary source
of ultrasonic link loss is the transducer loss and medium loss, which can be calculated

as follows:

. . loss (dB) = —10 log(k?) = T 44.82 . [n(44.82 - 39.86)} — 456
ransducer loss = og(k?) = 23986 M| 3 39.86 -
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and the 5mm aluminium alloy transmission medium loss can be calculated using the

following equation:

Z 4r kay kmraz 2
Medium loss (dB) = —10log{—2 x |[— sin (—) el r2+a2+r_a)] =3.43
Zg,  lka? 2

Where: Z;, is the electrical impedance of the driver circuit, Zg, is the electrical

impedance of the transducer, for ideal matching, Z;, = Zz,, k is the wave number,

2nf _ 2mx39860

0 39.01, r is transmission distance, which is 0.005 m, a

calculated as k =

is the radius of transducer, equal to 0.015 m.

Under these conditions, the calculated medium loss is approximately 3.43 dB. Based on
the calculated transducer loss, medium loss, and the ultrasonic receiver circuit power
management ratio of 8:1 for the 3 mW to the load, the output power of the conversion
circuit is determined to be approximately 6.75 mW. Given the 17:1 ratio observed in

the conversion circuit, its efficiency can be estimated as:

P, 6.75
Concerter = —101log = log (—) =4.01
Pout 17

For conversion circuit efficiency is:

6.75

4.6 Summary

The system tests cover the RF link, ultrasonic link, and conversion circuit, following the
overall system architecture. The RF link test validates the RF energy transmission model,
measures link losses, and explores ways to improve transmission efficiency. The
ultrasonic link test verifies the proposed transmission model, compares transducer
performance across different media, and analyses loss factors affecting the link. The
conversion circuit test evaluates the performance of key sub-circuits and demonstrates
a practical application case. Designed to meet specific application needs, the
conversion circuit ensures efficient operation. By combining the RF and ultrasonic
transmission models, the system enables flexible matching across various distances.
Together, these tests offer a comprehensive understanding of the performance,

limitations, and optimisation potential of the hybrid wireless power transfer system.
170



5 Conclusion and Future Work

WPT overcomes the limitations of cables and batteries, offering an innovative power
supply method. Hybrid WPT, by integrating two distinct WPT technologies, mitigates
the limitations of individual approaches, enabling reliable power delivery to sensors in
challenging environments such as underwater, underground, and enclosed metal
structures. This study introduces a novel CRFU-WPT system that combines RF-WPT and
U-WPT, achieving both long-distance wireless energy transmission and safe penetration
through metal, water, and biological tissues. The system architecture is

comprehensively described, including the RF link, ultrasonic link, and conversion circuit.

Based on link loss analysis, an energy transmission relationship is established, allowing
for precise power budgeting tailored to specific applications. This facilitates the
optimisation of RF transmission distances, ultrasonic transmission distances, and
conversion circuit configurations. The study presents two RF energy transmission models,
one for indoor applications and another for outdoor environments, while the ultrasonic
energy transmission model accounts for multiple influencing factors. Due to the absence
of a standardised model for ultrasonic WPT, this research develops a customised energy
transmission model based on different transmission media and transducers, providing a

unified calculation formula.

Given the energy disparity between RF and ultrasonic links, this study proposes a
specialised conversion circuit that integrates RF and ultrasound, detailing its
implementation, including RF energy harvesting, energy management, and ultrasonic
emission. A key innovation of this project is the development of a time-sharing energy
management solution. By efficiently accumulating limited RF energy and employing
ultrasonic drive switching control, the system minimises energy conversion losses,
seamlessly connecting the RF and ultrasonic links. This integration harnesses the
advantages of both WPT methods, offering a groundbreaking solution for wireless power

supply in harsh environments.

Different application environments necessitate varying circuit design strategies. This
study explores multiple advanced design solutions structured according to modular
architecture. Additionally, it provides a blueprint for conversion circuit design, allowing
customisation of functional modules to meet diverse application requirements and
optimise hybrid WPT system performance.
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Finally, a practical system case is demonstrated, successfully penetrating a 5 mm metal
plate and powering a low-power Bluetooth device with a 0 dBm RF input. The system
achieves different wireless transmission distances at varying power levels, and the
energy management system autonomously regulates ultrasonic emission, ensuring stable
operation even with fluctuating RF energy inputs. This research paves the way for the
further development and optimisation of hybrid WPT systems for real-world applications

in challenging environments.

Future research will focus on integrating the hybrid WPT system with sensor application
platforms to develop more advanced and user-friendly solutions. This integration aims
to enhance the system’s practicality, enabling seamless implementation in real-world
scenarios across various industries such as environmental monitoring, healthcare, and

industrial automation.

Additionally, further application testing will be conducted to assess the system's
performance under diverse operating conditions. This includes outdoor long-distance
energy transmission experiments to evaluate the feasibility of powering remote and
mobile devices over extended ranges. Unstable input testing will be performed to
analyse the system’s adaptability to fluctuating power sources, ensuring robust
operation in environments with variable energy availability. Moreover, extreme
environmental condition testing will be carried out to examine the system’s resilience
in challenging settings, such as high humidity, extreme temperatures, and highly
conductive or obstructive media. Furthermore, the tests to enhance system
performance will explore various approaches, such as RF prisms, meta-surface antenna
combinations, piezoelectric transducers made from novel materials, and integrating
advanced components in the conversion circuits. These may include ultra-low forward

voltage diodes, start-up voltage boost converters, and wide voltage range switching ICs.

The hybrid WPT system can be further optimised through these advancements to
enhance its efficiency, reliability, and adaptability for a wide range of practical
applications. Future work will also explore improvements in system miniaturisation,
energy management strategies, and compliance with industry standards to facilitate

widespread adoption and commercialisation.
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Appendices

This appendix contains the basic formulas for U-WPT, used to fabricate and test the

evaluation board and transducer holder developed during this work.
Transducer Ultrasonic Infinite Plane Piston Acoustic Model
The transducer mode is equivalent to a pair of piston models.

Before the circular piston model, we need to understand the pulsating sphere model.
This is because we can see that the circular piston is composed of infinite pulsating

spheres. The equation for the pulsating sphere is:

U, = uoej(a)t—kr)

The movement of the sphere is sinusoidal.

The pressure at r is:

A piwt—kr)
r

p(r,t) =

Where:
r is distance from the centre.
A is determined by an appropriate boundary condition.

K is the wave number, defined as:

_27t_a)

y) c

The pulsating sphere model is similar to a spring system. In the pulsating sphere model,

the impedance of the system is defined as:



Where:
F is the force.
U is the particle velocity.

For a plane wave:

For a spherical wave:

Where:
p is the density of medium.
c is the wave speed.

In the pulsating sphere:

p(r,£) = 2 oot
r

So, boundary conditions A is:
A = pcUr cos 0,.e (kT +6r)

For distances greater than r, the pressure at a of the sphere is:

a .
p(r, t) = pcC U (;) CcoS Hael(wt—k(r—a)+9a)
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When the radius of the sphere is small enough compared to the wavelength

(@ close to %):

p(r,t) = pcU (%) cosgej(wt_k(r_a)%)

11 .
— ipcU= = j(wt—kr)
JPEETTE
Yy
7
V1 | . O
1+r." ________________
Er (| E r"‘
Pin I:
x
21
U

For the axial piston system, where ¢ € (0,a), the pressure of area S is:

11 .

Axial pressure:

p = jpek Uej(wt—kr)J

a 21
O'dO'f ejkasinecosd) dl/)
2nr 0 0 ’
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