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Abstract

Implantable medical devices, especially brain implants, show great promise for applications
such as epilepsy detection, Parkinson’s disease regulation, and brain—computer interfaces. How-
ever, battery-based power supplies suffer from degradation, surgical replacement risks, and
limited compatibility with miniaturization, motivating wireless power transfer (WPT) as a
promising alternative. Among various approaches, ultrasonic WPT is particularly attractive
due to its strong penetration capability, no electromagnetic interference, and favorable safety
profile. This thesis presents the design and implementation of a high-efficiency receiver (RX)
circuit for ultrasonic WPT applications, with a focus on biomedical implants. Several rec-
tifier topologies are investigated. Although the current-mode rectifier (CMR) demonstrates
promising characteristics, its performance is significantly limited in ultrasonic WPT due to the
low quality factor of the transducer. Consequently, the cross-coupled rectifier is ultimately se-
lected for its simplicity and superior conversion efficiency. A boost converter is integrated to
further increase the rectified voltage, with its duty cycle serving as the sole tunable parameter
for impedance matching. Based on the maximum power transfer theorem, an adapted perturb
and observe (P&O) maximum power point tracking (MPPT) algorithm is developed to dynami-
cally adjust the duty cycle, thereby achieving automatic impedance matching and maximizing
the power delivered to the load. The start-up issue is resolved through the implementation
of a maximum-voltage selector, ensuring stable operation from system initialization. Simula-
tion results demonstrate a peak overall system efficiency of 83.55%, with the cross-coupled
rectifier and boost converter achieving efficiencies of 91.55% and 91.26%, respectively. The
proposed system maintains high efficiency under varying load and input conditions, validat-
ing its feasibility for reliable and efficient power delivery in ultrasonic WPT systems for brain

implants.
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Chapter 1

Introduction

1.1 Background

With the rapid development of medical diagnostic and monitoring technologies, the focus of
research in the field of medical engineering is gradually shifting toward intelligent, integrated
healthcare systems [1, 2]. In this trend, implantable medical sensors and devices have become
a hot topic of research due to their unique advantages: they can enable long-term dynamic
monitoring of conditions such as chronic diseases and neurodegenerative diseases while op-
timizing treatment plans through precise data feedback, significantly reducing the costs of
repetitive examinations and hospitalizations. Especially in the field of brain implants, such
devices demonstrate revolutionary potential in applications such as epilepsy warning, Parkin-

son’s disease regulation, and brain-computer interfaces.

Figure 1.1: Brain implants [3]
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However, the widespread adoption of implantable devices still faces core challenges, partic-
ularly the limitations of power supply systems. Traditional battery-powered systems have
two major bottlenecks. On one hand, the unpredictable state of the battery after implantation,
caused by nonlinear degradation, the influence of the in vivo environment, and the difficulty
of accurately monitoring residual capacity, may lead to sudden voltage drops or unexpected
failures, posing a critical risk to device reliability and patient safety. On the other hand, reg-
ular surgical battery replacements increase cumulative health risks such as infection, tissue
damage, and procedural complications. In addition, the contradiction between the demand for
miniaturization of future brain implants and the volume of high-capacity batteries has become
increasingly evident. Device miniaturization is key to improving biocompatibility and reduc-
ing rejection reactions, but it also forces researchers to abandon high-power energy storage

solutions.

(© (d)

Figure 1.2: Applications of WPT: (a) Implantable Medical Devices(IMDs)[4]. (b) Smartphone wireless
charging. (c) electric vehicle wireless charging[5] (d)Drones wireless charging

To overcome this challenge, wireless power transfer (WPT) technology has emerged as a fo-
cal point of interdisciplinary research in recent years. This technology enables charging of
implanted devices via an external energy transmission device, thereby completely eliminat-
ing the constraints of battery life. Patients no longer need to endure the risks associated with
repeated surgeries. Current research is delving into areas such as energy transmission effi-
ciency, safety of deep tissue penetration, and adaptive charging regulation. It is foreseeable

that the maturation of WPT technology will drive implantable medical devices from passive
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treatment” toward “smart health management,” ultimately becoming a core pillar of future per-
sonalized healthcare systems. In addition to the medical field, WPT is also widely used in

wireless charging for electric vehicles, mobile phones, and drones.

1.2 WPT System

The basic block of a WPT system is shown in Figure 1.3, which consists of two parts: the
transmitter (TX) and the receiver (RX), while the former is placed outside and the latter is
located inside the human body. At the transmitter, the power supply provides input power, and
the power converter converts the power into a form suitable for wireless transmission. The
receiver receives the wireless power through an appropriate receiving device (such as a coil or
piezoelectric transducer) and converts it into usable power through a power converter for use
by the load.

; L \ - \
1 TX System m RX System !
1 L !
1 L !
1| Power Supply Power Converter X ! RX Power Converter Load 1
1 ] [ ] | L I | I [ !
1 L !
1 w I
1 L !
LY I

Figure 1.3: Block of WPT system

Based on its operating principle and application requirements, WPT technology can be catego-
rized into five types: inductive-based, capacitive-based, radio frequency(RF), and ultrasonic-
based WPT.

1. Inductive-based WPT: Inductive-based WPT is one of the most commonly used WPT
technologies, relying on the principle of electromagnetic induction. In this system, an
alternating current in the transmitter coil generates a time-varying magnetic field, which
induces a voltage in the nearby receiver coil—thus enabling wireless energy transfer.
This method also has some limitations. The power transfer distance is very short, and
the efficiency drops significantly if the transmitter and receiver coils are not properly
aligned. Nevertheless, due to its reliable operation, ease of implementation, and safety,

inductive WPT remains widely used [6, 7].

2. Capacitive-based WPT: Capacitive-based WPT utilizes high-frequency electric field

coupling between metal plates to achieve wireless power transmission. Its core principle
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involves creating a displacement current path between the transmitter and receiver plates
through an alternating electric field. Compared to inductive-based systems, capacitive-
based WPT offers advantages such as simple structure, insensitivity to metallic environ-
ments, and cheaper cost. However, it has a significant limitation: the distance between
TX and RX must be short enough [8, 9].

3. Radio Frequency WPT: RF WPT utilizes electromagnetic waves, particularly those in
the radio frequency band (several hundred MHz to several GHz), to transmit electrical
energy through the air or other media. The primary advantage of this technology is its
ability to efficiently transmit energy over long distances, making it suitable for applica-
tions requiring long-range wireless power supply. However, the efficiency of RF WPT
is generally lower than that of inductive coupling, and there is significant energy atten-
uation in human tissue. Therefore, biological safety must be considered, particularly
the potential risks associated with prolonged exposure to high-intensity microwave ra-
diation. To ensure human safety, RF WPT systems typically incorporate appropriate
frequency, power, and safety limits in their design and comply with relevant electro-

magnetic radiation standards.

4. Optical WPT: Optical WPT utilizes electromagnetic waves in the optical spectrum (typi-
cally in the near-infrared band, such as 780-870 nm) to transmit electrical energy through
air or transparent media in the form of highly directional light beams. Its core advantage
lies in enabling highly efficient wireless power supply over long distances (ranging from
tens of meters to kilometers), making it particularly suitable for specific scenarios such
as space and underwater environments; however, the end-to-end energy conversion ef-
ficiency of this technology (typically 10-20%) remains significantly lower than that of
short-range magnetic coupling technologies. Additionally, it poses risks of severe en-
ergy attenuation and thermal effects when penetrating biological tissues, necessitating
strict control of eye safety risks. System design must strictly adhere to international
safety standards such as the maximum permissible exposure (MPE) and ensure biolog-
ical safety through mechanisms such as active beam interruption, dynamic power regu-
lation, and reflection avoidance strategies.

5. Ultrasonic-based WPT: Ultrasonic WPT technology is a relatively novel method of
wireless power supply that utilizes the propagation of ultrasonic waves through human
tissue to achieve power transmission. This technology employs an ultrasonic transmitter
to convert electrical energy into ultrasonic signals, which then pass through biological
tissue. At the receiving end, an ultrasonic receiver converts these signals back into elec-
trical energy. Compared to traditional electromagnetic wave wireless transmission meth-

ods, ultrasonic WPT offers several advantages. First, ultrasonic waves have short wave-
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lengths and deep penetration capabilities, enabling them to penetrate conductive materi-
als that are opaque to electromagnetic waves, making them suitable for more complex
biological environments. Additionally, this technology does not produce electromag-
netic radiation, thus posing no harm to the human body and causing no electromagnetic

interference (EMI), ensuring high biological safety.

WPT
| |
Non-
Electromagnetic on .
electromagnetic
|
| | |
Inductive- Capacitive- Radio Ootical Ultrasonic-
based based frequency P based

Figure 1.4: Classification of WPT

The following Table 1.1 summarizes the key advantages and disadvantages of each WPT tech-
nology. For WPT systems used in brain implants, several critical requirements must be met to
ensure their effectiveness and safety. First, the system must prioritize safety, avoiding harm-
ful electromagnetic radiation and ensuring that the specific absorption rate (SAR) complies
with international safety standards to prevent any potential harm to human tissues [10]. Simi-
larly, ultrasound and optical power transfer are also subject to strict safety limits, as excessive
acoustic or light energy may damage neural tissue. Secondly, the system must possess good
penetration capabilities, allowing energy to pass effectively through the skull and brain tissue,
ensuring the deep delivery of power [11]. Additionally, the system needs to be compact and
non-invasive, minimizing interference with surrounding tissues while fitting within the small
constraints of brain implants [12]. Lastly, the system must be efficient in power transmission,
providing sufficient energy to the implant while avoiding excessive heat generation, which

could damage sensitive brain tissue.

Ultrasonic-based WPT is considered a promising approach for brain implants because it relies
on acoustic rather than electromagnetic energy, thereby eliminating electromagnetic radiation
concerns and minimizing interference with other devices. It also exhibits strong penetration
and good directionality, which enable effective transcranial energy delivery. Furthermore,

when operated within established acoustic safety limits, ultrasonic WPT demonstrates high
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Table 1.1: Advantages and Disadvantages of Different WPT Systems

WPT System Advantages Disadvantages
Inductive-based WPT Reliable, safe Short range, misalignment reduces efficiency
Capacitive-based WPT Simple, low cost Short range, low efficiency
RF WPT Long-range, efficient energy transfer ~Health risks, low efficiency, energy attenuation in tissue
Optical WPT Long-range, high directionality Low efficiency, attenuation and heating in tissue
Ultrasonic-based WPT Safe, deep tissue penetration, no EMI Limited efficiency

biocompatibility and a favorable safety profile, making it a strong candidate for medical im-
plant applications.

The scope of this study is limited to the design and optimization of the RX circuit in the WPT
system. Based on the technical boundaries of the research objectives, all subsequent discus-
sions will focus on RX modules. It should be noted that uplink system components such as the
transmitter topology, excitation source design, and electromagnetic field coupling characteris-

tics are not within the scope of this study and will therefore not be discussed in detail.

1.3 Ultrasonic Receiver

The process of receiving and converting ultrasonic energy is a key factor affecting the overall
efficiency of the ultrasonic WPT system. The ultrasonic receiver transducer is a core compo-
nent developed in this context. It primarily uses piezoelectric materials to convert ultrasonic
energy passing through tissue into electrical energy to power devices inside the body. Fig-

ure 1.5 shows the working principle of piezoelectric material.

Force

AN

Metal
plate Piezoelectric material

Force ’ ‘

Figure 1.5: Schematic of the working principle of piezoelectric material power generation under force

To accurately describe the electrical response of piezoelectric elements at operating frequen-
cies, equivalent circuits are typically used for modeling. The Butterworth-Van Dyke (BVD)
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model is one of the most widely used modeling methods today [13, 14].

As depicted in Figure 1.6, the model consists of two parallel branches: one containing a shunt
capacitor C, and the other comprising a series RLC circuit formed by a resistor R, a capacitor
(1, and an inductor L;. The right branch is also called the electrical branch, it consists of a
capacitor Cj representing the static capacitance of the quartz crystal and associated parasitics.
The left branch, referred to as the motional branch, includes a series combination of Ry, L1,

and C'1, which models the electromechanical dynamics and acoustic resonances of the system.

Motional|

C, |Electrical
Branch

Branch

Figure 1.6: BVD model of piezoelectric material

This BVD model is commonly used to describe the behavior of piezoelectric resonators operat-
ing in the vicinity of their resonance frequency. The values of the equivalent circuit elements
are determined by the transducer’s width w, thickness d, and the intrinsic properties of the
piezoelectric material. These properties include the relative permittivity 23, the electrome-
chanical coupling coefficient k33, the acoustic impedance of the material Z., and the acoustic
loading impedances on the front and back surfaces, denoted by Zr and Zp, respectively. As
described in [15], under the assumption of a rectangular transducer, the expressions for the

circuit components are obtained as follows:

2

w
Co = oe33 (1 - k§3) 0 (1.1)
= ——— 9 1.2
L, ! (1.3)

- Ar? f2.C1

C
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1 Zp+Zp

R p—
Y8k f.Co Ze

(1.4)

Here, f,. denotes the short-circuit resonance frequency, and v represents the acoustic velocity
of the piezoelectric material. The open-circuit resonance frequency f,. is determined by the

material’s sound velocity and thickness ¢, and is given by:

foe=— (1.5)

The relationship between the short-circuit and open-circuit resonance frequencies is expressed

as:

8k2
Je /1= =3 foc (1.6)

™

-f'SC . .-fOC

100 F

Impedance (kQ)
o

ﬁlnductive Band |
09 10 11 12 13
Frequency (MHz)

L
1 N
0.8

Figure 1.7: Inductive band [15]

The open-circuit resonance frequency f,. corresponds to the frequency at which the output
voltage reaches its maximum as the load resistance approaches infinity. Conversely, the short-
circuit resonance frequency f,. is the frequency at which the output current becomes maxi-
mum as the load resistance approaches zero. When the operating frequency of the ultrasonic
receiver falls between the short-circuit resonance frequency f,. and the open-circuit resonance

frequency f,., the device exhibits an inductive impedance characteristic. This frequency range
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is known as the inductive band (IB) [15]. As shown in Figure 1.7, the green region represents

the IB region, where the reactance is positive.

1.4 Research Question

The main research question: How could maximum power transfer be achieved for brain

implants?

Question 1: Which wireless power transfer method is most suitable for brain implants?
Question 2:How to choose the rectifier and DC-DC converter?

Question 3:What MPPT algorithms are suitable for brain implants?

Question 4:How can the MPPT algorithm be implemented in the circuit design?

1.5 Thesis Outline

In Chapter 1, the background of the thesis is presented, followed by an overview of the clas-
sification of WPT systems. The advantages and disadvantages of various WPT systems are

analyzed, which leads to the selection of ultrasonic WPT.

In Chapter 2, various topologies of WPT systems reported in the literature are introduced,

providing examples and insights for selecting appropriate system architectures.

In Chapter 3, the current-mode rectifier is introduced in detail. It is promising due to various

advantages. However, it is not suitable for ultrasonic WPT.

In Chapter 4, an analysis of various rectifier topologies and DC-DC converters, as well as
conventional MPPT techniques used in WPT systems, is presented. This chapter also details

the overall system design.
In chapter 5, the PCB design of the receiver circuit is presented.

In Chapter 6, the thesis is concluded, and the contributions of the work are summarized. Ad-

ditionally, directions for future work are discussed.



Chapter 2
Literature Review

In[16], a far-field microwave WPT system was demonstrated, featuring a retrodirective phased
array transmitter and a receiver equipped with an impedance-matched antenna array and a full-
bridge Schottky diode rectifier. The rectifier performs RF-to-DC conversion, followed by a
low-pass filter to deliver a stable DC supply to the load. Through careful impedance network
optimization, the system achieved a conversion efficiency of 75%—-86% across varying load
conditions, maintaining high performance even under elevated input power. However, the
efficiency exhibits a noticeable drop at lower input power levels, primarily due to the threshold

voltage and loss characteristics of the full-bridge diodes.

In%put C; L, R
L
= "L A
B To [
—C;
| - I Diode
Ul '

CZ L2

Matching DC T-Type Bridge  Voltage
Network  Block Filter Diode  Regulator

Figure 2.1: A receiver using full bridge rectifier [16]

In [17], a 13.56MHz reconfigurable resonant regulating (1) rectifier with 1X/2X mode was
proposed. This architecture can give a stable output without implementing an LDO or a DC-
DC converter. The schematic of the R rectifier is shown in Figure 2.2(a). It has four switches:
Mpy,Mpo,Mp1, and Myo. Except for Mps, all other switches are active and controlled by

comparators. This configuration significantly reduces the voltage drop compared to a full

10
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bridge rectifier. It has two working modes: 1X mode and 2X mode.
* 1X Mode

— Sy and S; are turned on. Ss3, Sy and S5 are turned off. Work as a full bridge rectifier

* 2X Mode
— 57 and S are turned off. S3, S and S5 are turned on. Work as a voltage doubler.

1X and 2X modes can accommodate different load and coupling conditions. When the dis-
tance between coils is short or coupling conditions are favorable, the rectifier can meet output
voltage requirements using the 1X mode; however, when the distance between coils increases
or load demands grow, the rectifier must switch to the 2X mode to maintain stable output volt-
age by increasing the output voltage level. The mode switch is based on the error between the
secondary-side output voltage and the target voltage, controlled by the local pulse width mod-
ulation (PWM) loop. The PWM controller detects the difference between the output voltage
and the reference voltage, and achieves precise voltage regulation by adjusting the duty cycle
of the rectifier between 1X and 2X modes.

—r 5 a
Startup|
02X 5%« 2X _./1 S, -3 P: VOUT
1
v Do | |
i : -
IPIT | T ____ J
VAC_D (css
Vac:o 2X

1—_153l '
=3
>

11
1
(g
N

Mode$ =
(a)
fl Vour ; Vour
; Mpy 2 Mp, gl. Mpy ZXE"HMPZ ."J__L
v 1X v 1X
ig_ | 2x - | 2
EVAC+ | | Vac+ | |
s i R e
__1Xmode ;i 2Xmode ¥
(b) ()

Figure 2.2: (a) Schematic of R? rectifier; (b) 1X mode of R? rectifier; (c) 2X mode of R? rectifier [17]

In [18], a cross-coupled rectifier structure is employed, as illustrated in Figure 2.3. The topol-

ogy comprises two pairs of cross-connected transistors and incorporates an active threshold
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voltage (V3,) compensation mechanism. This mechanism dynamically adjusts the gate bias
of the MOS transistors connected to the diodes via differential signals, thereby reducing on-
resistance during forward bias and suppressing leakage current during reverse bias, resulting

in a significant improvement in power conversion efficiency (PCE).

During the negative half-cycle of V, the complementary node V3 simultaneously rises to a
positive voltage, applying a forward-enhancing gate bias to M1, which substantially reduces
its conduction resistance. At the same time, Mp, turns on due to the negative voltage at V,
creating a low-resistance path for current flow. Conversely, during the positive half-cycle of
Vx, Myo and Mp; conduct, forming a complementary conduction path. This symmetrical
operation ensures balanced charge transfer in both half-cycles, maintaining continuous power
delivery and leveraging the efficiency benefits of active V};, compensation. As a result, the
rectifier achieves a reported PCE of 67.5% at 953 MHz with an input power of -12.5 dBm.

Voo
®n I T
.1J_ _Ljvl’_ _—IT ;CS R,

’
’

Figure 2.3: Schematic of cross-coupled rectifier [18]

When the TX and RX coils are far apart or weakly coupled as is often the case in implanted
devices, voltage-mode (VM) receivers become inefficient because they fail to gather sufficient
energy to complete each charging cycle. To address this issue, [19] proposed a current mode
rectifier(CMR). This rectifier enhances energy efficiency by alternating between two distinct
operating phases. In the build-up phase, the switch controlled by ®,14—., 1s turned on, while
the switch controlled by ®j,4rging remains off, forming an LC tank circuit. During this phase,
energy accumulates within the LC tank over several resonance cycles. Once sufficient energy
is stored, the system transitions to the charging phase: ®,14—vp 1 opened and @ cpqpging 18
closed, enabling the energy stored in the LC tank to be transferred efficiently to the battery.

This architecture can not only perform rectification but also boost the voltage.
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Figure 2.4: Working principle of current mode rectifier [19]

The intelligent mode-switching criteria are realized by the efficient power-extracting controller
(EPEC). The working concept of EPEC is shown in Figure 2.5. By adaptively adjusting the
build-up and charging durations based on the resonant voltage and current, EPEC ensures that

both reach zero at switch-off, thereby achieving full energy transfer without residual loss.
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Similar to the CMR, a voltage doubler (VD) can simultaneously perform rectification and

Figure 2.5: Concept of EPEC [19]
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voltage boosting. In [20], a highly efficient 13.56 MHz CMOS inductive-based WPT system
specifically tailored for IMDs was proposed. The received alternating current (AC) signal
is first rectified into a direct current (DC) signal via a VD, after which it undergoes further
processing through low dropout regulators (LDOs) to minimize ripple. The schematic of the
system is shown in Figure 2.6. The system is designed to deliver an output current of 20 mA
for IMDs, employing a spiral-shaped inductive coil combined with a ferrite core to enhance
efficiency and reduce spatial requirements. Experimental results demonstrate that the inductive

coil achieves a transmission efficiency of 76.3% at the resonant frequency of 13.56 MHz.

H
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Doubler ' — —
Rectifier I
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(AC/DC

'
convertor) —:—b Reference-Voltage

LSS [ SR S, mma] s 4
Inductive link: Power r:agulator
Near field coils

Figure 2.6: Inductive-based WPT with voltage doubler + LDO [20]

To further optimize power conversion efficiency (PCE), [20] designs a CMOS power regulator
comprising an active VD and multiple LDOs. The schematic of VD is shown in Figure 2.7.
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Figure 2.7: Schematic of VD [20]
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Figure 2.8: Schematic of delay compensation comparator [20]

Traditional diodes, due to their high forward voltage drop and reverse current, can significantly
reduce system efficiency. To address this issue, the VD employs an active diode, which can
significantly reduce the forward voltage drop. However, the operation of the active diode relies
on comparator control. Due to the limited speed of the comparator, there may be cases where
the diode fails to turn on or off in a timely manner during conduction or blocking, leading to
reverse current or system instability. To handle this, the VD design utilizes a delay compensa-
tion comparator, which uses SR latches and delay units to compensate for the turn-on/turn-off
delay of power MOSFETs. The detailed implementation of the delay compensation compara-
tor is shown in Figure 2.8. Dynamic body voltage control can connect the body terminal of
the power MOSFET to the appropriate potential automatically to eliminate body effects and
substrate leakage. The voltage limiter can restrict the rectified voltage Vzgc to 2.5 V in case

the input voltage is too large. The system can achieve 85% peak PCE.

While the above studies contribute to the understanding of WPT RX architectures, they are
generally not tailored for ultrasonic WPT. To address this, several RX designs dedicated to
ultrasonic WPT have been proposed, as discussed in the following.

In [21], a millimeter-scale implantable medical device based on an ultrasound power supply
and a hybrid bidirectional data link was developed, with the system architecture shown in
Figure 2.9.
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Figure 2.9: Two-path power recovery circuit[21]

Ultrasonic energy is converted into AC by a PZT piezoelectric receiver with dimensions of 1
mm X 1 mm x 1.4 mm. This AC is then rectified by an active full-wave rectifier to generate a
DC voltage V1 with an input range of 0.6—1.2 'V, achieving a measured voltage conversion
efficiency of 97.5%. The schematic of the active rectifier is shown in Figure 2.10 (a). This
voltage is subsequently boosted to Voo by a 30 MHz high-frequency voltage multiplier, as
illustrated in Figure 2.10(b), with a simulated efficiency of 88%. Finally, an LDO regulator,
as shown in Figure 2.10, outputs a 1.0 V DC rail, which can support a maximum load of 100

#W while maintaining a static current of 3.2 pA.
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Figure 2.10: Power recovery circuit in main path (a) active rectifier; (b) voltage doubler; (c) LDO. [21]

To overcome the capacitor size limitations imposed by the low input frequency of 1 MHz, a
dual-path hybrid architecture is employed: the main path architecture is specifically designed
for a 100 W load, integrating a rectifier, voltage doubler, and LDO; the auxiliary path gener-

ates a measured voltage of 0.69 V Vpc a4y x via the push-pull voltage doubler, supplying power



17

to the bias circuit and 30 MHz ring oscillator to ensure low-power startup. The key innovation
in the rectifier design lies in the reuse of PMOS diode comparators for ultrasonic envelope

detection, generating precise 2 ns pulse width trigger signals to directly drive the uplink.

In [22], a millimeter-scale implantable neural stimulation device based on an ultrasound power

supply and a hybrid data link was proposed, with the system architecture shown in Figure 2.11.
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Figure 2.11: Ultrasonic receiver with power recovery and data link [22]

The piezoelectric receiver receives 1 MHz ultrasonic energy and downlink data signals through
its dual-ended inputs Va1 and Vaeoo. The power recovery and reference voltage generation
module converts the AC signal into a 15 V high voltage Vppy to power the off-chip energy
storage capacitor C'sror, while generating a 1.8 V low voltage V; po to power the digital cir-
cuits and producing the reference current / . The clock generation module extracts the clock
signal from the ultrasonic carrier, instructing the data recovery module to parse the downlink
commands. The finite state machine configures the parameters of the current digital-to-analog
converter (DAC) based on the commands. The system supports selecting any two out of four
stimulation sites for output, driving electrodes and LEDs via an H-bridge driver to interface
with peripheral nerves, thereby achieving programmable current stimulation. The entire IC
chip integrates ultrasonic power supply, data processing, and neural stimulation functions, uti-

lizing a dual-power supply architecture with a 15 V high-voltage Vppy anda 1.8 V Vi po.

The detailed power recovery circuit is shown in Figure 2.12. The operating principle can be
divided into three main stages: energy conversion, voltage boosting, and voltage regulating.
In the energy conversion stage, the piezoelectric receiver first converts the AC signal from
the Va1 and Voo differential inputs into a DC voltage Vzpor via an active rectifier. This
DC voltage then enters the voltage-boosting stage, where it is boosted through a three-stage
charge pump. The switching operation of the charge pump is precisely controlled by the C'LK
clock signal, ultimately establishing a stable output Vi on the storage capacitor C'sror. The

clock generation section employs a current-limited ring oscillator structure, whose oscillation
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frequency is precisely regulated by Vzgp generated by the bandgap reference circuit. The
resulting complementary clock signals C'LK and C' LK B are shaped by inverters and buffers
to provide high-quality clock drive for the system. In the voltage regulating stage, an LDO
converts the high voltage into a stable low-voltage power supply to give supply to subsequent

circuits.
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Figure 2.12: Schematic of power recovery circuit and reference generation [22]

In [23], an ultrasonic wireless power transfer system for deep tissue implants is proposed, fea-
turing a single-chip integrated power extraction circuit with innovative designs in the voltage
detectors and charge pump. The system employs a two-stage energy extraction architecture,
as shown in Figure 2.13 (a). The first stage is a passive rectifier based on a two-stage Dickson
charge pump, capable of autonomous startup from a 48 mV peak AC input, and optimized for

charge transfer using low-threshold transistors. The second stage is an active two-stage charge

pump.

Voltage detector VD1 continuously monitors the voltage across the output capacitor V-, using
a current comparator-based architecture. When Vo, exceeds 0.42 V, VD1 outputs a high signal
to activate the charge pump; when Vo, falls below 0.38 V, it outputs a low signal to deactivate
the pump. This enables precise control of pump operation with an ultra-low quiescent current
of only 8.8 nA. Concurrently, voltage detector VD2 dynamically monitors the output capacitor
voltage Vi of the charge pump. When Vi exceeds 1 V, switch SW1 is closed to deliver
power to the load; when V- drops below 0.8 V, SW1 opens to halt power delivery and allow
energy accumulation. The operation of this logic is shown in Figure 2.13 (b).

By employing dual-threshold hysteresis control (0.8 V-1 V), the system enables on-demand
energy allocation. As aresult, the total power consumption is maintained below 130 nW during
a 7.9 uW short pulse output.
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Figure 2.13: (a) Power extraction circuit with dickson charge pumps (b) its operation [23]

Based on the above literature review, commonly used rectifier structures include voltage dou-

blers, active rectifiers, cross-coupled rectifiers, current-mode rectifiers, and Dickson charge

pumps. For stabilizing the rectified DC voltage, the most common approach is to use an LDO;

however, an LDO can only step the DC voltage down. Some studies employ Dickson charge

pumps to boost the DC voltage, but their efficiency is generally low. Among them, the current-

mode rectifier emerges as a promising candidate because it enables simultaneous rectification

and voltage boosting. Therefore, the next chapter is devoted to a detailed discussion of current-

mode rectifier design and its advantages.



Chapter 3

Current Mode Rectifier

CMRs have attracted increasing attention as an alternative to conventional voltage-mode recti-
fiers, since they can simultaneously perform rectification and voltage boosting without being
constrained by threshold voltage limitations. These features make CMRs a promising candi-
date for efficient power transfer, particularly in applications such as ultrasonic WPT systems
where both high efficiency and compact integration are critical. This chapter introduces the
operating principle of the CMR, highlights its key advantages over traditional approaches, and
presents a theoretical circuit analysis. Furthermore, simulations are conducted to evaluate the

performance of the CMR and verify its suitability for ultrasonic systems.

3.1 Operation of Current Mode Rectifier

SW C:L RL

BRAAL

Figure 3.1: Schematic of current mode rectifier with inductive link

Figure 3.1 illustrates the schematic of a CMR with an inductive power link. On the receiver
side, the circuit consists of an L(' tank, a switch (ST), and a diode (D). The load voltage V7,

20
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is developed across a load composed of a capacitor (C) and a resistor (Ry). Vg is the voltage

across Lo and Ry, Vp is the voltage on Dy, iy is the current in Ls.
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Figure 3.2: Key waveforms of current mode rectifier
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The operation of the current-mode rectifier (CMR) can be divided into three distinct regions,
as illustrated in Figure 3.2. During Region RE1 (#; < t < t;), the switch (SW) remains closed
over multiple power carrier cycles, allowing the high-Q LC tank circuit to accumulate energy
from the inductive link. A critical transition occurs at ¢, when the inductor current 77 reaches
its optimal value, signaling the onset of Region RE2 (t; < t < ¢5). At this precise moment—
when the capacitor voltage Vo crosses zero and all energy is stored in Ly, ST opens to deliver
the stored energy to the load within a short duration. Region RE3 (¢, < t < t3) begins when
172 decays to zero. During this period, SW remains open until ¢3, resulting in a total switch-off
time of Tt = t3 — ¢y = 0.257},, where T}, is the power carrier period. The cycle recommences

at t3, when SW closes again to initiate a new energy transfer phase.

It is important to highlight the dynamic behavior of Vy. At time ¢, V5 is zero, and the only
discharge path for L, is through diode D;. However, Vi quickly rises to exceed Vp + V7,
where V) is the voltage drop on D;. This structure enables high voltage conversion efficiency,
as the peak Vz does not need to surpass V7, and L, is working as a current source. The reso-
nant behavior is primarily governed by region RF1, since regions RE2 and RE3 are of short
duration—during which L, resonates in parallel with C';, and R, and C7, is much larger than

(5. As a result, their contribution to the overall quality factor () is negligible.

The high sensitivity of CMRs enables the detection of ultra-low-power signals, rendering them
particularly suitable for energy-constrained applications such as IMDs. Unlike conventional
voltage-mode rectifiers, CMRs facilitate direct energy transfer, thereby avoiding the need for
multi-stage conversion processes, minimizing energy loss, and improving overall power con-
version efficiency. Furthermore, CMRs eliminate the requirement for complex compensation
networks and additional voltage regulation circuitry, which contributes to reduced system com-
plexity. Notably, their operation is not constrained by the threshold voltage, further enhancing
their applicability[24]. These advantages collectively make CMRs a highly promising solution
for IMD applications.

3.2 Theoretical Analysis

The two operating modes of the CMR receiver model are illustrated in Fig. 3.3. In the first
mode, shown in Fig. 3.3a, the switch ST is closed, allowing energy to accumulate in the L, C’
tank. In the second mode, shown in Fig. 3.3b, the switch SW is open, and the stored energy

is delivered to the load through diode D,, which also serves to block reverse current.

Because the duration of RE1 is significantly longer than that of RE2 and RE'3, the L,(C5 tank
in the CMR can be regarded as operating at resonance. Consequently, the steady-state values

of 775 can be determined using the RE1 circuit model shown in Figure 3.3a. According to
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(a) CMR in RE1 with closed SW (b) CMR in RE?2 and RE3 with open SW
Figure 3.3: Two modes of CMR
Kirchhoft’s voltage law, we could get the equation below.
( . + jwpLo + Ry + st) irg — Vrx =0 3.1
J prQ

Where R, is the resistance of ST when it is closed. w, = 27/T, = 2nf,. Vgx is the
amplitude of the receiving voltage.

Maximizing Vzx while minimizing Ry + Rgy leads to a maximum 775, which in turn allows

Vp, to reach its highest possible value.

Since ('}, is typically selected to be sufficiently large to minimize voltage ripple across Ry, the

impedance of the load can be reasonably neglected.
The transient ¢, of Figure 3.3a can be found from the equation below.

dips(t) 1

Vix (1) = L —
rx(t) = L dt +02

/ ira(t) dt + (Ro + Ryw)iza(t) (3.2)

The solution of the equation above for ¢y < t < ¢; can be written as this:

iga(t) = e [A} cos(wa(t — to)) + Agsin(wq(t — to))] — Assin(w,y(t —tg))  (3.3)

Where o = —32;—;;“”, Wy = L2102 — a2. To get A; and A,, we need initial conditions of i7.

Ajs can be found from particular solution (3.1). So A, As and A3 can be expressed as

Ay =iy (to) =0 (3.4)

AQ _ (—VCQ(tQ)/LQ — OzA1 + Agwp) (35)

Wq
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Vrx
Ay = —BX
7 Ry + R,

Where Vo () denotes the initial voltage on C, at the beginning of each cycle, implying that

(3.6)

Vea(to) = Vioo(ts). To maximize iy, it is necessary to maximize Az. So we need larger Vi x

and smaller Ry + Rgyy.

During the period ¢y < t < t;, only C}f, charges Ry, so V;, slowly decreases as shown in

Figure3.2. The decreased amout AVp g can be expressed as:
—Tswt+Tory
AVDEC = VL (to) (1 —e ELCL ) (37)

where Ty, = 7 and Ty = 0.257),.

The transient ¢, of Figure 3.3b can be found from the equation below.

dizs(t 1 ) 1 . )
Vrx(t) = Vp = Ly 210 + = /ZLZ(t) dt + — [ ir2(t)dt + (Ry + Rp)ira(t) (3.8)
dt C2 CL

Where R is the resistance of diode D;. The solution of (3.8) can be written as below:

iro(t) = Be® 1) cos (wy(t — t1) — 6) + As cos (w,(t — 1y (3.9
p
where
Vrx
Ag e —
>~ Ry+Rp’
dips(t , 2
L;f U o (igalty) — Ag) ‘ ,
B = + (ir2(t1) — As)7,
Wd
digs(tr)

— (iL2<t1) — Ag)
0 = tan ™" dt y
wq (ira(t1) — As)

Ifusing 775 in equation (3.3), the time ¢, at which i, in (3.9) reaches zero can be approximated

by the following expression:
T/2—0

Wq

tg—tlz

(3.10)

During RE2, when iy, is nonzero and the L,C5 resonant tank is connected to the load, the
inductor L transfers energy to the parallel combination of C'y, and R;. As a result, the voltage

V1 increases due to the energy released from L, into C';. The voltage increment AV;yc,
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illustrated in Figure 3.2, can be calculated using the following integral expression:

to - t
AViye = / “é( ) gt (3.11)
t L

1

RE3 is deliberately introduced with a duration of t3 — t; = Ti,5¢ = 0.257), to guarantee that
the inductor L, fully discharges its energy into the capacitor C',. This approach eliminates the

need to detect the zero-crossing point of i, thereby reducing sensing complexity.

Based on (3.7) and (3.11), V}, decreases during RE'1 and increases during RE2 in each switch-
ing cycle, as illustrated in Figure 3.2. Therefore, the final value of 1}, can be obtained from:

n

Vi(t =nTw) =Y [AVine(i) — AVpge(i)] (3.12)

=1

At resonance, L, resonates with C; and is effectively canceled out. Therefore, the power
transfer efficiency (PTE) of the CMR can be calculated as

2
pri— Dow _ VilR (3.13)

Preceived (VRX/\/§)2 /R2

3.3 Difference Between Ultrasonic Receiver and Inductive

Receiver

For inductive receivers employing a CMR, the receiver inductor typically has an inductance in
the range of several microhenries, and the quality factor () is often greater than 30 [25, 26, 27].
A large inductance enables the LC' tank to store more magnetic energy during each switching
cycle, which can be subsequently transferred to the load. Meanwhile, a high quality factor
() indicates lower resistive losses, meaning that a smaller proportion of the stored energy is
dissipated as heat in the coil resistance and associated parasitics. These characteristics—high
inductance and high ()—are desirable in wireless power transfer systems because they enhance
the system’s energy efficiency and voltage gain. Specifically, a higher () results in a sharper
resonance peak, which improves power transfer capability and selectivity, while the increased
energy storage of the inductor supports stronger coupling and more stable operation under load

variations.

For ultrasonic receivers, operating within the IB is advantageous, as the transducer can effec-
tively behave like an inductor in inductive power transfer systems. This enables the integration

of an external capacitor to form a resonant tank circuit, thereby enhancing energy transfer ef-
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ficiency.

Although the impedance appears inductive within this band, the equivalent inductance is typ-
ically quite small—on the order of several hundred nanohenries. Unlike inductive coils used
in conventional wireless power transfer systems, ultrasonic transducers do not store energy
magnetically. Instead, their impedance characteristics are predominantly determined by their

mechanical structure and piezoelectric material properties.

Figure 3.4 shows the measured impedance of a specific PZT ultrasonic receiver. At an oper-
ating frequency of 4.6 MHz, the input impedance is approximately 50 + 722.5 €2, indicating a
predominantly resistive characteristic with a relatively small inductive component. To achieve
resonance, a compensation capacitor is required to form an LC' tank with the equivalent induc-

tance Lcq, which can be calculated as
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Figure 3.4: Impedance measurement result of ultrasonic receiver at 4.6 MHz

The required series capacitor for resonance at this frequency is:

1 1
C2rfXe 2w x 4.6 x 106 x 22.5

~ 1.54nF (3.15)
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The quality factor () of the resulting resonant circuit is given by:

1 /L 1 [779x10-5
@= RV 50V isaxi0s U (3.16)

The combination of small inductance and relatively high input resistance results in a low quality
factor for ultrasonic receivers—significantly lower than that of conventional inductive coils.
This inherently weak resonance poses challenges for achieving high power transfer efficiency

using CMR technique.
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Figure 3.5: Simulation result of CMR using a PZT transducer

Based on the above calculations, a CMR circuit was implemented and tested through simula-

tion. The number of accumulating cycles is set as 20. The simulation results are presented in
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Figure 3.5. It can be observed that the inductor current ;5 remains nearly constant and does
not increase as expected with the CMR configuration. This behavior is primarily attributed to
the small inductance, which limits the amount of energy that can be stored in the LC' tank, and

the relatively large resistance, which leads to significant energy dissipation during each cycle.

One common approach to improving the quality factor () is to increase the value of the induc-
tor. Theoretically, a higher inductance allows for greater energy storage, leading to a higher
(. However, since the impedance characteristics are intrinsic to the transducer, altering the
inductance effectively requires modifying the transducer itself. To emulate the behavior of
a different transducer with higher inductance and same resistance, a extra inductor was con-
nected to the transducer.
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Figure 3.6: Simulation result of CMR with 100x inductance
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The simulation result for a case where the inductance is increased by a factor of 100 is shown
in Figure 3.6. Through (3.16), we can know now the () is around 45, so this LC' tank can
restore much energy. However from simulation result, the output voltage doesn’t get boosted

as expected.
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Figure 3.7: Simulation result of CMR with 0.1€2 resistor

Another approach to improving power transfer efficiency is to reduce the resistance of the ultra-
sonic receiver, thereby increasing the maximum inductor current. However, since resistance
is an intrinsic property of the receiver, it cannot be easily modified in practice. A simulation
was performed in which the receiver resistance was set to 0.1 Q instead of its actual value
of 50 Q. The result, shown in Figure 3.7, illustrates the impact of reduced resistance on cir-

cuit performance. It should be noted, however, that the theoretical available power, given by
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P, = V.2 /8R (where V. is the amplitude of the AC input and R is the source resistance),
also increases as the source resistance decreases. Therefore, with the same input amplitude, a
lower source resistance leads to a larger available power, making the higher voltage observed

at the load reasonable.

Due to the large source resistance and small inductance of the PZT ultrasonic transducer, its
quality factor at the resonant frequency of 4.6 MHz is extremely low, i.e., below unity. This
indicates that the accumulated power is smaller than the power loss, rendering CMR unsuitable
for direct application in PZT ultrasonic transducers. Although increasing the inductance could
theoretically improve the quality factor at the same resonant frequency, this approach fails to
provide the expected performance. Similarly, reducing the resistance may offer a theoretical
benefit, but the intrinsic resistance of the transducer cannot be practically modified. Therefore,
alternative solutions such as voltage-mode rectifiers and DC-DC converters are explored in
the following section.



Chapter 4
System Design

Figure 4.1 illustrates the block diagram of the ultrasonic receiver system. Based on the impedance
characteristics shown in Figure 3.4 and the advantages of operating the transducer in the IB
region, the receiver is modeled as an AC voltage source in series with a resistor and an inductor.
The system consists of two main power conversion stages. First, the received AC voltage is
rectified by an AC/DC converter to produce a DC voltage. This DC voltage is then processed
by a DC/DC converter, which makes it to the desired output level. Finally, an output capacitor

C';, ensures voltage stability.

AC/DC DC/DC A

Figure 4.1: Blocks of ultrasonic RX working in IB

4.1 Rectifier

Rectifiers are essential for ensuring reliable and efficient operation of various on-chip analog

and digital components, especially in energy-constrained environments.

4.1.1 Half Wave Rectifier

The half-wave rectifier is one of the most fundamental configurations employed in AC to DC

power conversion. It operates by permitting current to flow through the load during only one

31



41. Rectifier 32

half-cycle of the input alternating voltage, effectively blocking the other half. This unidirec-

tional conduction is achieved using a single diode.

In the standard configuration, one terminal of the AC voltage source is grounded, and the other
terminal is connected in series with the anode of a diode. During the positive half-cycle of the
AC input—when the instantaneous potential of the non-grounded terminal (V) exceeds that
of the grounded terminal (V;x2)—the diode becomes forward-biased once V;y1) surpasses the
output DC voltage (Vo). Under this condition, the diode conducts, and current is delivered

to the load, resulting in a pulsating DC voltage at the output.

Conversely, during the negative half-cycle—when V;y1 < V;yo—the diode is reverse-biased,
and no current flows through the load. Thus, the rectifier delivers energy to the load only

during alternate half-cycles of the AC waveform.

However, the topology inherently exhibits poor power conversion efficiency and pronounced

output voltage ripple, owing to its utilization of only a single half cycle of the AC input.

VOUT

Dl
Vi J_ ‘ ‘
C, ==R, veed N
I/INZ T

Figure 4.2: Schematic of half wave rectifier

4.1.2 Full Wave Rectifier

To overcome the limitations of the half-wave rectifier, the full-wave rectifier was introduced.
This fundamental topology converts an AC input into a DC output by utilizing both the positive
and negative half-cycles of the AC waveform, thereby achieving higher power-conversion

efficiency and significantly reduced output-voltage ripple.

Full Bridge Rectifier

A full bridge rectifier is a commonly used full wave rectifier. As shown in Figure 4.3, the full-
bridge rectifier consists of four diodes, a load capacitor, and a load resistor. It can convert a
AC voltage to a DC voltage. The capacitor serves to minimize the ripple in the output voltage,
thereby improving voltage stability. Nevertheless, the significant forward voltage drop across
the diodes leads to reduced conversion efficiency. In addition, the presence of a threshold

voltage prevents the rectifier from functioning properly under low input voltage conditions.
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Figure 4.3: Schematic of full bridge rectifier

A full-wave rectifier can supply current to the load during both the positive and negative halves
of the AC voltage cycle, whereas a half-wave rectifier only conducts during one half-cycle.
Therefore, under the same load conditions, the charging time interval of a full-wave rectifier
is only half that of a half-wave rectifier. Under the same load current and output capacitor
conditions, the output voltage ripple amplitude of a half-wave rectifier is approximately twice
that of a full-wave rectifier. This is because the charging frequency of a half-wave rectifier
is lower, resulting in a greater drop in capacitor voltage. Additionally, the peak pulse current
flowing through the diode in a half-wave rectifier is approximately twice that of a full-wave
rectifier. Higher peak currents not only increase the electrical stress on the components but

also lead to greater conduction losses.

Active rectifier

To minimize voltage drop, an active diode configuration can be utilized. This circuit typi-
cally consists of a comparator and a MOSFET, where the comparator continuously monitors
the drain and source terminals of the MOSFET and accordingly controls its conduction state,
thereby achieving a low forward voltage drop. The active rectifier builds upon the concept of
active diodes and comprises a pair of cross-coupled PMOS transistors, along with two NMOS
transistors that are driven by comparators. The schematic diagram of the active rectifier is

presented in Figure 4.4.

The operating principle of an active full-wave rectifier can be interpreted as follows. Consider
an AC cycle in which the voltage input V4 is decreasing while V¢ is increasing. When
the condition Vaco — Vac1 > |Vrup| is satisfied, where Vi p denotes the threshold voltage
of PMOS transistors Mp; and M ps, transistor Mp; is activated, thereby pulling Vo to the
DC output level:Vaco = Vpe. As Vaeor continues to drop below the ground potential (0 V),
the comparator CMP1 detects this transition and switches on NMOS transistor My, allowing
the AC source to supply current /5 that charges the output node V. This process persists

until V47 reaches its minimum and begins to increase again. Once V41 > 0,the comparator
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CMP1 turns off My, thereby completing one half-cycle of the full-wave rectification process.
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Figure 4.4: Schematic of active rectifier

During the subsequent half-cycle of the AC input, the complementary half of the rectifier
circuit operates in an similar manner. By substituting the conventional four-diode full-wave
rectifier with a set of active power transistors, the voltage conversion ratio can be significantly

improved, particularly under low input amplitude conditions.

Nevertheless, when the circuit operates at high frequencies, performance degradation may oc-
cur due to the inherent propagation delay of the comparator and gate driver stages. As revealed
in the simulated waveforms of / 4.1, reverse current is observed if the power transistors are not
promptly turned off when V41 or Voo rises above ground. This delay-induced conduction
leads to efficiency losses, increased power dissipation, and potential reliability issues, thereby

underscoring the need for high-speed control circuitry in high-frequency rectification systems.

To mitigate the adverse effects of propagation delay, delay compensation techniques can be
introduced to minimize the duration of unwanted conduction. However, the effectiveness of
such compensation strategies is highly sensitive to the layout. Parasitic capacitances, intercon-
nect mismatches, and signal routing irregularities introduced at the layout level can distort the

timing characteristics, potentially offsetting or degrading the accuracy of delay compensation.
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Figure 4.5: Simulation results of active rectifier

To evaluate the performance of the active rectifier, simulations were carried out using a source
impedance identical to that shown in Figure 3.4, i.e., 50 + j22.5 ). The circuit was imple-
mented in TSMC 65-nm CMOS technology, with both the NMOS and PMOS transistors sized
equivalently at 4.8 mm/0.26 yum. The input signal was a sinusoidal waveform with an am-
plitude of 1.5 V. The load only has a capacitor of 10 nF. The simulation results of the active
rectifier are shown in Figure 4.5. In this simulation, an ideal comparator is used to generate the
switching signals. Although a small amount of reverse current is still observed, its magnitude

remains negligible, indicating effective rectification performance.

Cross-coupled Rectifier

Another type of rectifier is the cross-coupled rectifier [28], whose schematic is shown in Fig-
ure 4.6. This configuration consists of a pair of cross-coupled NMOS transistors and a pair of
cross-coupled PMOS transistors. Its operation can be described as follows: when the differen-
tial input satisfies Viy. > Viny_ + Vi, the NMOS transistor My, and the PMOS transistor
Mp; are turned on, establishing a current path from V;y through Mp, to charge the output
capacitor C', and then returning to V;y_ via My»o. In this manner, the high-frequency AC
signal is effectively rectified into a DC output voltage V. Simultaneously, My, and Mps

remain off due to insufficient gate-to-source voltage.
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Figure 4.6: Schematic of cross-coupled rectifier

When the input polarity reverses, i.e., V;y_ > Viny. + Viy, the conduction roles are inverted:
My and M ps turn on, allowing current to flow from V;y_ through Mp, to the output, and
then return to V;y, through My,. By alternating conduction in this way, the cross-coupled

topology enables efficient, passive synchronous rectification.

An additional advantage of this topology is its inherent active threshold voltage cancellation
scheme: thanks to the cross-coupled differential configuration, the effective threshold voltage
Vi, of the transistors can be dynamically minimized during forward conduction, thereby reduc-
ing the turn-on resistance, while it can be increased during reverse bias, suppressing reverse
leakage. This mechanism enhances both power conversion efficiency and minimum input
voltage that can be rectified [29].

However, similar to other rectifier circuits that use diode-connected MOS transistors, the cross-
coupled rectifier suffers from poor startup performance when the amplitude of the input signal
is lower than the threshold voltage of the MOS transistors. This limitation arises because the
static bias voltage required for MOS conduction in the cross-coupled configuration is internally
generated during rectifier operation, which prevents the circuit from initiating conduction un-

der low input amplitudes [18].

To further evaluate rectifier performance, simulations were conducted for the cross-coupled
rectifier using the same operating conditions and parameters as those applied in the active
rectifier case. As shown in the simulation results, the reverse current behavior of the cross-

coupled rectifier closely resembles that of the active rectifier.
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Figure 4.7: Simulation results of cross-coupled rectifier

However, it should be emphasized that the active rectifier simulations employed an ideal com-
parator, which does not account for the non-idealities typically present in practical implemen-
tations. As a result, the actual reverse current in a real-world active rectifier is expected to be

larger than that observed in the simulation.

Taking into account both the comparable performance and the simpler control requirements,

the cross-coupled rectifier is selected as the preferred solution for this design.

Voltage Doubler

In addition to the rectifier topologies discussed above, another circuit capable of simultane-
ously achieving rectification and voltage boosting is the voltage doubler. Voltage doublers are
typically categorized into two types: half-wave and full-wave configurations. Among them,
the full-wave voltage doubler is more widely adopted in practical applications due to its abil-
ity to deliver a more stable output voltage with reduced ripple. Consequently, the following

discussion will focus exclusively on the full-wave voltage doubler.
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Figure 4.8: Schematic of full wave voltage doubler

The full wave voltage doubler represents a symmetrical configuration that can be regarded as
the combination of two half-wave rectifier stages. By adding an additional diode and capacitor

to the output of a standard half-wave rectifier, the output voltage can be effectively increased.

During the positive half-cycle of the input sinusoidal voltage(V;n1 > Vino), capacitor C
charges through diode D,. Conversely, during the negative half-cycle(V;n1 < Vin2), capac-
itor C charges through diode D,. Because the two capacitors are connected in series at the
output, their voltages add together, producing an output voltage that theoretically reaches ap-

proximately 2Vy.

The voltage doubler circuit offers several advantages, including a simple topology, a VCR of
two, and the ability to simultaneously perform rectification and voltage boosting. However, it
provides only a fixed output voltage. Moreover, achieving high efficiency typically requires
the use of active diodes. While active diodes can improve performance, they also introduce

additional problems, as discussed in detail in the section Active Rectifier.

4.2 DC-DC Converter

In this project, the desired output voltage is higher than the input voltage, necessitating voltage
boosting. Among various DC-DC converter topologies, the boost converter was selected to

fulfill this requirement.

One of the key reasons for not using a switched-capacitor DC-DC converter lies in its funda-
mental limitation: the voltage conversion ratio is discrete and fixed, typically determined by the

network topology [30]. In contrast, inductor-based converters—such as the boost converter—
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enable continuous adjustment of the voltage conversion ratio through tuning the duty cycle,

making them significantly more suitable for applications requiring fine-grained control.

In this design, the DC-DC converter not only serves to boost voltage but more critically, acts
as an impedance matching element. Achieving precise impedance transformation requires the
ability to continuously adjust the converter’s VCR. This continuous tunability is inherently

supported by inductor-based converters, but not by switched-capacitor types.

In a conventional boost converter topology, a single switch and a diode are employed to alter-
nate the conduction paths. However, the diode introduces a relatively high forward voltage
drop, leading to considerable conduction losses and reduced overall efficiency [31]. To ad-
dress this issue, the diode can be replaced with an active diode, which reduces the voltage drop
and improves conduction efficiency. Nonetheless, this modification introduces the risk of si-
multaneous conduction between the MOSFET and the active diode. As discussed in Section
Active Rectifier, due to the comparator delay inherent in the active diode circuit, conduction
may begin earlier than intended. This timing mismatch can lead to shoot-through currents,

ultimately degrading the overall efficiency.

An alternative and more efficient approach involves replacing the active diode with a dedicated
MOSFET switch and driving both the high-side and low-side switches using a non-overlapping
signal generator. This circuit produces two complementary gate signals that are inherently
separated by a dead-time interval. As a result, it prevents shoot-through without the need
for comparators or complex timing logic, simplifying the control structure and reducing on-
chip circuit complexity while still achieving high efficiency. This dual-switch boost converter

configuration is also commonly referred to as a synchronous boost converter [32].

(2) (b)

Figure 4.9: Schematic of a synchronous boost converter: (a) Phase 1, SW7 is on and SWj is off; (b) Phase 2,
SW1 is off and ST, is on.

Figure 4.9 illustrates the two operational phases of a synchronous boost converter. During
Phase 1, depicted in Figure 4.9a, the voltage across the inductor equals the input voltage V;,,,

and this phase lasts for a time interval known as the on-time, ¢,,. In Phase 2, shown in Fig-
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ure 4.9b, the voltage across the inductor becomes V,,,; — Vj,, corresponding to the off-time
duration, ¢,5. The boost converter’s behavior can be described using the volt-second balance
principle, which relies on the steady-state condition. This principle asserts that, for a stable
operation, the average voltage across the inductor over a complete switching cycle must be

zero; otherwise, the inductor current would increase without bound.

In a synchronous boost converter operating under steady-state conditions, the volt-second bal-
ance principle ensures that the average voltage across the inductor over one full switching cycle

is zero. Mathematically, this is expressed as
Vp-T =0, (4.1)

where V7, is the average voltage across the inductor over a switching period 7' = t,,, + toff-
During the on-time ¢,,,, as shown in Figure 4.9a,the switch is closed, and the inductor is directly
connected to the input voltage V;,,, so the voltage across the inductor is V,,. During the off-time
toff, as shown in Figure 4.9b, the switch is open, and the inductor voltage becomes V;;, — Voz.
Applying the volt-second balance yields

‘/i : ton + (V; - ‘/out) : toff = 0. (42)
Rearranging this expression allows us to isolate the input-output voltage relationship:
V; 'ton: (‘/out_v;; ) 'toff- (43)

Dividing both sides by V;,, - t,¢5 gives

Lout ,—2 l
pu— .4
V; toff ’ ( )

and since the duty cycle D is defined as the ratio of the on-time to the total period, i.e., D =
ton/T, it follows that t,;; = T'(1 — D). Substituting this into the equation results in
‘/out 1

This final expression represents the VCR of an ideal boost converter in continuous conduction
mode (CCM).

Beyond the voltage conversion characteristics, the current behavior of a boost converter can be
thoroughly examined through the inductor’s current-voltage relationship during each phase of
the switching cycle. In CCM, the inductor current never drops to zero, and its variation within

each cycle can be analyzed to derive important design parameters.
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During the on-state of the switch, corresponding to Phase 1, the inductor is directly connected
to the input voltage source. As a result, a constant voltage of V,, is applied across the inductor

over the time interval ¢,,,. According to the fundamental inductor relation V' = L%, the induc-

tor current increases linearly during this interval. The change in inductor current Al; over t,,

is given by
Vi" “ton = Von -TD, (4.6)

Al = 17

In the off-state or Phase 2, the switch opens and the inductor releases stored energy to the load
via the output diode and capacitor. During this phase, the voltage across the inductor becomes
(Vour — Vin), leading to a linear decrease in current. The corresponding current change Al
over the off-time t,;; = T(1 — D) is described by

‘/;mt - V; ‘/out - ‘/7,

Al = -out —in g o= Yot ZVin p1 D 4.
2 7 tofs 7 s ) (4.7)

Under steady-state conditions, the net change in inductor current over one full cycle must
be zero to ensure periodic operation. This implies that the increase in current during the on-
phase must equal the decrease in current during the off-phase, i.e., AI; = Als. Equating
Equations (4.6) and (4.7) again leads to the voltage conversion ratio previously derived in

Equation (4.5), confirming internal consistency of the boost converter model.

When analyzing an ideal boost converter—i.e., one that neglects all parasitic resistances, switch-
ing losses, and voltage drops—the conservation of power principle applies. This means that

the input power equals the output power:
V; : Iz - V:Jut : ]out (48)

Substituting the voltage ratio V,,;/V;, = 1/(1 — D) from Equation (4.5) into the above power

equation allows for the derivation of a corresponding current relationship:

Ii o V;mt o 1

= = 4.9
] out Vz 1— D ( )
which can be inverted to obtain the ratio of output current to input current:
IOU
t—1-D (4.10)
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4.2.1 Conduction Loss in Boost Converter

In practical boost converter designs, parasitic resistances present in components such as the
inductor windings and switching devices lead to conduction losses. These losses originate
from the flow of current through resistive elements, resulting in undesired power dissipation
and decreased efficiency. Conduction losses are particularly significant when the converter
operates under high load conditions, where elevated current levels exacerbate resistive power

dissipation.

};gmt ESR L buusr ESR L SW ON2

Rise.c i
SW ONT <
C, | RL:

Figure 4.10: Schematic of more realistic boost converter: (a) Phase 1; (b) Phase 2.

A4l

Figure 4.10 illustrates a boost converter model incorporating parasitic resistive elements during
its two operating phases. Specifically, the conduction losses in each phase arise from different
resistive paths: in Phase 1, when switch S; is on, the current flows through the equivalent
series resistance of the inductor (Rggsr 1) and the on-resistance of the switch (Rsw on1). In
Phase 2, when the switch is off and the diode conducts, current passes through Rggr 1, and the
diode’s equivalent on-resistance (Rsw.on2).

The conduction loss for Phase 1 and Phase 2 can be expressed:

Piosst = 12, - (Resr.. + Rswont) - D (4.11)
Pioss2 = I - (Resrr + Rswona) - (1 — D) (4.12)
,where I =17 +1% ... and D represents the duty cycle.

For a periodic waveform with a triangular shape, the general RMS definition,

1 L
[rms eneral — I2(t) dt 4.13
_g l \/TQ Tl / ( ) ( )

simplifies to the well-known expression for triangular waveforms:

I
Lip rms = —2 4.14
P 2\/3 ( )
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where I, is the peak-to-peak ripple current.

From Equations (4.6) and (4.7), it is evident that the magnitude of ripple current depends on
both the inductance value and the switching frequency. Higher switching frequencies or larger

inductances reduce the ripple, leading to lower AC losses.

These expressions clearly illustrate the quadratic dependence of conduction losses on current,
emphasizing that even a small increase in either the average or ripple component of the current

can result in a disproportionately large increase in power dissipation.

4.2.2 Switching Losses in Boost Converter

In a boost converter, switching losses are a major contributor to total power dissipation, es-
pecially at high switching frequencies. These losses primarily occur during the MOSFET’s
turn-on and turn-off transitions, due to both the overlap of voltage and current and the charg-

ing and discharging of parasitic capacitances.

The physical structure of a MOSFET includes unavoidable parasitic capacitances between the
gate, drain, and source terminals—namely Cy;, Cyq, and Cqs. During each switching cycle,
these capacitances must be charged or discharged, resulting in gate-drive losses. Since the gate
capacitance is largely determined by the overlap area between the gate and the source/drain
regions, it increases linearly with the MOSFET’s width. As a result, the required gate charge
(@ also increases. The energy required to charge the gate to a voltage V/ is given by:

Egate = Q ’ ‘/g (415)

Over time, this translates into a power loss due to gate charging:

Pgate:Q"/;]'fs (416)

where f; is the switching frequency. Hence, the gate-drive loss increases linearly with switch-

ing frequency and MOSFET size.

In addition to gate charging loss, the MOSFET also incurs hard-switching loss due to the finite
rise and fall times of voltage and current during transitions. During these periods, the drain-
to-source voltage Vg and the drain current I, overlap, causing switching energy loss, which

can be approximated by:
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1
Psw ~ §VDS : [D . (trise + tfall) : fs (417)

Here, t,;sc and ¢ 74 are the MOSFET’s switching rise and fall times, respectively, which depend
on the gate charge and the gate driver’s current capability.

After determinng the topology of the rectifier and DC-DC converter, the overall system is
shown in Figure 4.11. It consists of a cross-coupled rectifier and a boost converter. The re-
ceived AC voltage is initially rectified into DC, which is subsequently stepped up to a higher

level by the boost converter.
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L. e buffer,

Model of receiver Rectifier Boost converter

Figure 4.11: Schematic of overall system

4.3 Non-overlapping Signals Generator
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Figure 4.12: Schematic of non-overlapping signals generator
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To address issue of shoot-through, a dead-time interval must be inserted between the two
switching signals of SW; and SW,. A non-overlapping signals generator can do this. The
schematic of the non-overlapping signal generator is shown in Figure 4.12. Given a single
input signal, it generates two non-overlapping output signals. The circuit consists of five in-
verters and two NOR gates. The two pairs of inverters on the right introduce a deliberate delay
to enforce the dead-time. The main advantages of this design are its simplicity, robustness,

and ease of integration into compact control architectures.

The dead time t4.aq 1S a critical design parameter in boost converters: if it is too short, the
high-side and low-side switches may overlap in conduction, resulting in shoot-through; if it is
too long, excessive conduction losses occur. As shown in [33], the power loss attributable to

dead time can be expressed as

Poss = Vp Iour (tp, +tp;) fsw (4.18)

where

* Vp denotes the forward voltage drop of the body diode,
» Ioyr 1s the steady-state output current,
* tp, and ip, are the rising and falling dead-time intervals, respectively,

* fsw is the switching frequency.

To ensure that the two switches do not conduct simultaneously, a minimal dead time is required.
Through testing, we determined that a dead time of approximately 1.9 ns yields optimal results.
Based on this requirement, we adjusted the sizes of the inverters to achieve the desired delay.

According to [34], the delay of inverter can be expressed as:

Ce:pt
tp, = 0.69R,efClires ( + 5 Cmf) (4.19)

where:

S: Inverter sizing factor, defined as the ratio of the MOSFET width in the current inverter

to that in the minimum-size inverter;

R.s: Equivalent resistance of the minimum-size inverter;

Cirer: Intrinsic capacitance of the minimum-size inverter;

* Ce External load capacitance;
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From Equation (4.19), it can be observed that increasing the inverter size S leads to a reduc-
tion in propagation delay. The simulated relationship between S and delay is illustrated in
Figure 4.13.
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Figure 4.13: Simulation result of S on delay [34]

1.88ns 1.85ns
2 —> ouT1 —_— . —
_15F J
2
[}
g |
o
>
05 i
0 1 1 Il Il 1 Il 1
54.98 B 55.02 55.04 55.06 55.08 55.1 55.12 55.141 55.16
Time (us)
2 ouT2 i ‘
_15F B
2
5
g 1
)
>
0.5 q
0 1 1 Il Il 1 Il 1
54.98 55 55.02 55.04 55.06 55.08 55.1 55.12 55.14 55.16
Time (us)
2 T T T T INPUT T T T T
_15F B
2
S
g 1
o
>
0.5 5
0 1 1 L L 1 L 1
54.98 55 55.02 55.04 55.06 55.08 55.1 55.12 55.14 55.16
Time (us)

Figure 4.14: Simulation results of non-overlapping signals generator
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The final simulation results are presented in Figure 4.14. The lower part of Figure 4.14 presents

enlarged views of the two regions marked by dashed boxes in the upper part of the figure.

To verify that the selected dead time effectively prevents simultaneous conduction of the two
switches (one PMOS and one NMOS), we also plotted the waveforms of Vg and Vsg, as

shown in Figure 4.15.
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Figure 4.15: The Vs of NMOS and Vgg of PMOS

4.4 Maximum Voltage Selector

Usually, during start-up, due to the body diode of PMOS of boost converter, energy can be
passed to the load with a voltage drop of that body diode, but we observed that during the start-
up phase, the system may fail to operate properly because the supply voltage of the buffers
(buffer 1 and buffer 2 in Figure 4.11) is insufficient to overcome the threshold voltages of the
boost converter switches. As a result, the boost converters cannot start, and since the buffer
supply voltage is derived from the output voltage, this leads to a self-sustaining failure: the
boost converter does not operate because the output voltage does not rise, and the output volt-
age does not rise because the boost converter is not operating. However, we also observed that
during start-up, the voltage at the output of the rectifier is sufficient to overcome the threshold
voltages of the boost converter switches. Therefore, to address this start-up issue, a maximum

voltage selector is required to ensure reliable system initialization.

The schematic of the maximum voltage selector is shown in Figure 4.16. The left section
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consists of a constant-g,,, circuit, which provides a stable bias current for the transistors.

swil,, g,

Figure 4.16: Schematic of maximum voltage selector

In this circuit, the transistor pairs M po—M p3 and M yo—M 3 are designed to be matched. When
the voltage at V; yo exceeds that of V71, the gate—source voltage of M p3 becomes greater than
that of Mp,. Although the drive strength of M3 remains equal to that of My, and Mps due
to matching, M p3 gains an advantage under this condition and drives the signal swt1 to a high
level (close to V;n2). Conversely, when V; - 1s lower than V; 1, the drive capability of Mps

diminishes relative to My, resulting in swt1 transitioning to a low level.

For simulation, V7 is connected to the rectifier output V.., and V;n2 is connected to the
boost converter output V,,;. As shown in Figure 4.17, the simulation results demonstrate that

the maximum voltage selector effectively identifies the larger voltage between V,,; and V...
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Figure 4.17: Simulation results of maximum voltage selector
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4.5 Maximum Power Point Tracking

4.5.1 Maximum Power Transfer Theorem

The Maximum Power Transfer Theorem states that, in a linear network, maximum power is
transferred from a source to a load when the load resistance R is equal to the internal resistance

of the source Rg.

Figure 4.18: Schematic of model for analyzing maximum power transfer theorem

Consider a DC circuit in which a voltage source Vs has a series internal resistance Rg and is

connected to a load resistance R;. The power delivered to the load is given by:

Vs*Ry

—(Rs R (4.20)

L:

To determine the condition for maximum power transfer, differentiate (4.20) with respect to

R; and set the derivative to zero:

ar;,
A = 421
& =" R; = Ry (4.21)

Substituting (4.21) into (4.20) yields the maximum power:

V2
Prox = — 4.22

For an AC voltage source with peak amplitude V., the RMS voltage is:

V.
Vi _ Yac
RMS \/5

(4.23)

The condition for maximum power remains R; = Rg, and the power delivered to the load
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becomes:

V2 1 (V> V2
Prax= 8 = — . [ £) =% 424
iRs iRy (ﬁ) SRy (4.24)

In general situations where the source impedance is complex, the condition for maximum
power transfer is different from the purely resistive case. Let the source impedance be ex-
pressed as Zs = Rg + jXg, and the load impedance as Z; = Ry + jX. The current flowing
through the load is given by

Vs Vs
1= = , ) 4.25
Zs+ 2y (Rs+ Rp)+ j(Xs+ Xp) (329
The average power delivered to the load is
Pp= L|IPR, =+ Vsl R (4.26)
E T T ) Ry + R+ (Xg+ X2 '

,where |/| denotes the amplitude of I and |Vs| denotes the amplitude of V.

To maximize P;, first the denominator needs to be minimized. This occurs when the reactive

components cancel, i.e., X; = —Xg. Substituting this into the

Vs|?

1
P ==-._—1"2
Y79 (Rg+ RyL)?

- Ryp. (4.27)
Differentiating with respect to R; and setting the derivative to zero. According to (4.21),
the maximum occurs when R, = Rg. Therefore, the load impedance that maximizes power
transfer must satisfy

AT (4.28)

which is known as conjugate matching. This condition ensures that the total impedance seen
by the source is purely resistive, maximizing the current and thereby maximizing real power
delivered to the load.

4.5.2 Impedance Transformation of Rectifier

To simplify the analysis, a FBR is modeled using an ideal sinusoidal current source with am-

plitude /,,. The DC component of the rectified current is calculated as

fOT/2 Iysin (3t)dt 2
T - ;[P
2

[dc =

(4.29)

where I, is the peak value of the sinusoidal input current.
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Accordingly, the output DC voltage is

p
Vie=21,-Ry, (4.30)
T

Assuming the current source operates at frequency f,,, the average power delivered over one
cycle only includes the contributions from the components of voltage and current at the same
frequency f,. Higher-order harmonics in the square waveform V), do not contribute to average

power [35]. Thus, only the fundamental component of V, is considered.

The average input power F;, can therefore be expressed as

1

Pin:_
2

Vp.funalp (4.31)

where V), fing 1s the fundamental component of V), given by

4
V;;,fund = ; ‘/dc (432)

The waveforms of V), V}, fund, and ¢, are illustrated in Fig. 4.19.

Vp, Sfund

Kdg-----.

Figure 4.19: Waveforms of V,,, i), and V}, fund

Substituting (4.32) into (4.31), the input power becomes

1

Pin:_
2

VZu,fund]p = ‘/Ziclp =35 _RLI2 (433)

4 1 8
T 2 g2 7P

N | —
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Alternatively, since R;, represents the equivalent input resistance seen by the source, the input
power can also be written as
1 2
P, = §Rm]p (4.34)

This equivalent transformation is illustrated in Figure 4.20.

AAAd

AAA
\Ad
~
Il
=

Figure 4.20: Equivalent input model of the rectifier

4.5.3 Impedance Transformation of Boost Converter

DC-DC converter can also do the impedance transformation, Under ideal CCM operation, the

power delivered to the load is equal to the power drawn from the source, i.¢.,

2

F)in = Pout = @ = ‘/zn . Iz‘rw (435)
Ry,

where V;,, and V,,,; are the input and output voltages, [;, is the input current, and R, is the

resistive load, as shown in Figure 4.21.
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Vi Boost Converter

Figure 4.21: R;, of boost converter

As shown in Figure 4.21, the equivalent input resistance R;,, observed from the source can be
expressed as

Vi _ V2R,
Ry =—=—" 4.36
[i ‘/:)%Lt ( )

Considering the ideal voltage conversion ratio of a boost converter,
Vi

Vour = ——, 4.37
= (4.37)

where D is the duty cycle, the input resistance becomes
Rin = Rp(1 — D)2 (4.38)

This result indicates that a boost converter performs impedance transformation, effectively
reflecting the load resistance to the input side scaled by the square of the complement of the

duty cycle. As the duty cycle increases, the input impedance decreases nonlinearly.

4.5.4 Algorithms for Maxmium Power Point Tracking

Conventional maximum power point tracking (MPPT) techniques are typically employed to
maximize the power output of the transducer. However, the objective of this project is to
ensure maximum power delivery to the load. As discussed above, both the rectifier and the
boost converter influence the load resistance as perceived from the source. To achieve max-
imum power transfer, the load impedance must be matched to the source impedance. Since
the impedance transformation introduced by the rectifier is fixed, only the duty cycle of the
boost converter can be tuned to adjust the equivalent load impedance seen from the source.
Considering that the load is a fixed resistor, the voltage across it can serve as an indicator of
power transfer. When this voltage reaches its maximum, the power delivered to the load is

also maximized.

The common techniques employed in energy harvesting systems include fractional open-circuit
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voltage (FOCV) and perturb and observe (P&O) [36]. The FOCV technique exploits the near-
linear relationship between the open-circuit voltage (V,,.) of transducer and its maximum power

point voltage (V;,,p), €xpressed as:
Vmpp = Ktrans X ‘/oc (439)

where Ky.q,s (typically 0.7-0.9) is determined from the transducer module’s /-V characteris-

tics or manufacturer data [37].

FOCYV offers simple implementation and low cost, making it suitable for resource-constrained
systems [38]. However, it requires periodic open-circuit measurements, leading to brief power

loss and reduced tracking accuracy under rapidly changing conditions.

The P&O algorithm incrementally adjusts the rectified output power toward the maximum
power point (MPP) in a stepwise manner [39].When the measured power at the current pertur-
bation step exceeds that of the preceding step, the algorithm continues perturbing in the same
direction toward the MPP; otherwise, the perturbation direction is reversed. Under steady-state
conditions, it oscillates within a narrow range around the MPP, thereby enabling robust and
sustained MPPT operation. This approach is independent of the specific characteristics of the

energy harvester and maintains continuous tracking capability.
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Figure 4.22: Adapted P&O algorithm

As previously stated, the objective of this thesis is to maximize the power delivered to the load

rather than to maximize the power output of the transducer. Therefore, the use of the FOCV
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method is considered unsuitable for the present case. Instead, P&O algorithm is adapted to
meet the requirements. Maximum power transfer to the load is achieved when the source
impedance is matched to the equivalent load impedance, which is regarded as the MPP for the
load. In the proposed approach, the voltage across the load is monitored, and the duty cycle is
adjusted based on this feedback in a manner consistent with the P&O algorithm, as illustrated
in Fig.4.22. When an increase in the duty cycle is observed to result in a higher voltage across
the load, the tuning direction is regarded as correct, and the duty cycle is further increased.
Conversely, when a decrease in the voltage across the load is observed, the tuning direction
is regarded as incorrect, and the duty cycle is reduced accordingly. Furthermore, when an
increase in the duty cycle is observed to result in a lower voltage across the load, the tuning
direction is again regarded as incorrect, and the duty cycle is decreased. The specific operation
of this adapted P&O algorithm is illustrated in Figure 4.23.
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D(N+1)=D(N)+AD D(N+1)=D(N)-AD D(N+1)=D(N)-AD D(N+1)=D(N)+AD

N=N+;

‘Waiting serval
switching cycles

Figure 4.23: Flow of adapted P&O algorithm

The implementation of the adapted P&O algorithm is illustrated in Figure 4.24. The system’s
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output voltage, V., is sampled by a Sample and Hold (S&H) circuit. The voltage stored in
the S&H circuit is then compared with V,,; in the subsequent sampling cycle. A comparator
generates a signal, Vp;,., which indicates whether V,,; is increasing or decreasing. This signal,
Vpir, 18 then fed into the adapted P&O logic, along with Vj,,,cq:- from the previous cycle, to
determine the new value of V;,,cq4i-. Based on the updated V},,.cqir, the value of a 6-bit register
is adjusted and compared with a digital counter to generate square waves with a specific duty

cycle.

Vout

REGI[5:0]
S&H

CMP Vosw

Counter

Figure 4.24: Realization of adapted P&O algorithm

For instance, if V,,,; is increasing during the current cycle, Vp;, will be at a high level. Assum-
ing that the V},,cq;r from the previous cycle was at a high level, this would indicate that the
duty cycle for the current cycle is higher than that of the previous cycle. The adapted P&O
logic then determines that the V},,,cqi for the current cycle should remain at a high level, thus
increasing the duty cycle. Consequently, the value of the register is incremented by 1, leading

to an increase in the duty cycle of the switching signal, V.
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Figure 4.25: Schematic of completed system
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The complete system is depicted in Figure 4.25. It comprises a cross-coupled rectifier, a syn-
chronous boost converter, a maximum voltage selector to supply buffers within the circuit to
address the start-up issue, a MPPT block to ensure the load receives the maximum power, and
a non-overlapping signal generator to prevent simultaneous conduction of the two switches in

the boost converter.

In the simulation, a 4.6 MHz AC voltage source with an amplitude of 1.5V (3 V,,;,) is applied.
The load resistor is set to 882 {2 to emulate the actual load conditions. The duty-cycle adjust-
ment step size is set to 1%, and the waiting time parameter, 7}, is configured as 20 times

the ultrasonic cycle.

The simulation results of the complete system are shown in Fig. 4.26. As the system requires
sufficient time to reach steady-state operation, the MPPT logic is initiated at 100 us. A waiting
period T, indicated in Fig. 4.26, is required after each duty-cycle adjustment to allow the
system to stabilize. Once the maximum power point (MPP) is reached, the duty cycle oscillates
around this point, resulting in oscillations in V. A larger T,,,;; increases the convergence
time but reduces oscillation, whereas a smaller 7,,;; accelerates convergence but may prevent

proper MPPT operation and increase oscillations.

2 T T T T

Oscillating around MPP
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MPPT start Time (;15)

Figure 4.26: Simulation result of adapted P&O algorithm

The duty-cycle adjustment step size is also a critical parameter. A large step size reduces the
MPP search time but may yield a suboptimal operating point, resulting in a significant deviation
between the estimated and true MPP. Conversely, a smaller step size improves accuracy but

increases convergence time.

The simulation results for three cases with different 7,,;; values and duty-cycle tuning step
sizes are shown in Figs. 4.27 and 4.28. These results are consistent with the aforementioned

analysis regarding the impact of 7,,,;; and the duty-cycle tuning step size.
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Figure 4.27: Comparison of adapted P&O algorithm with different parameters
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Figure 4.28: Enlarged view of the oscillation period in the MPPT simulation of Fig. 4.27

The system efficiency is defined as
Py

= B

where P;, denotes the power delivered to the load and P, represents the available power from

(4.40)

the ultrasonic transducer. Simulation results indicate that the proposed design achieves an
overall system efficiency of 83.09%, with the cross-coupled rectifier and the boost converter

achieving efficiencies of 91.57% and 90.74%, respectively.

Figure 4.29 compares the system performance with and without MPPT. For the case without
MPPT, the cross-coupled rectifier is configured as in the previous simulation, with two NMOS
and two PMOS transistors, each sized at 4.8 mm/0.26 ym. In the boost converter, the induc-
tor value is set to 5 uH, and the switching frequency is matched to the ultrasound frequency
of 4.6 MHz. The sizes of the switching devices are 400 um/0.26 um for PMOS ST, and
1.6 mm/0.26 um for NMOS SW,. For the case with MPPT, T, is set to 20 cycles of the
4.6 MHz ultrasound frequency, the step size for duty-cycle tuning is 1%, the initial duty cycle
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is 0.5, and the initial output voltage V,,,; is 0 V. All other parameters remain the same as in the
case without MPPT.

It is evident that the MPPT algorithm significantly increases V,,;. The MPP determined by the
adapted P&O algorithm is very close to the optimal MPP obtained by sweeping the duty cycle.
Specifically, the peak V,,; achieved using the adapted P&O algorithm is 1.939 V, whereas
sweeping the duty cycle yields a peak V,,; of 1.941 V. These results indicate that the MPPT

algorithm achieves a high accuracy.
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Figure 4.29: Comparison of output voltage with MPPT and without MPPT

Figure 4.30 shows the output power for different load resistances, ;. Over a wide range
of load resistances, the output power remains approximately 4.2 mW when the adapted P&O

logic is applied.
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Figure 4.30: Output power vs load resistor

Figure 4.31 shows the system efficiency for various load resistances. It can be observed that,

over a wide range of load resistances, the system maintains an efficiency greater than 82%.
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Figure 4.31: System efficiency vs load resistance

Figure 4.32 illustrates the system efficiency for various input voltage amplitudes V;,, while R,

keeps constant. As previously noted, when V},, is too low, the rectifier cannot operate fully,
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resulting in reduced efficiency. The figure shows that once V;,, is sufficiently high to enable

full rectifier operation, the efficiency stabilizes at approximately 83%.
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Figure 4.32: System efficiency vs V;,



Chapter 5

PCB Design

Compared with tape-out, PCB implementation provides a simpler and faster approach to verify
the system designed in this thesis, and it can be more easily integrated with an ultrasonic
transmitter to form a complete WPT system. The discrete component version of the design
was also proposed. It has three SMA connectors, a cross-coupled rectifier, a synchronous boost
converter. The right SMA connector is used for connecting to input voltage. The left two SMA
connectors are used for connecting to gate signals of two switches of boost converter. The
load resistor will be added externally. For the adapted P&O MPPT logic, the implementation
is carried out on an STM32 development board STM32L476RGTX.

Q4 @3 c1 6t cui [T
|

fite

Figure 5.1: PCB board appearance

The components of this PCB is listed in Table 5.1.
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Table 5.1: Bill of Materials

Name Description Quantity
CLO5SBI03KOSNNNC 10nF Ceramic Capacitor 2
142-0701-801 SMA Connector 3
74408941050 SpH Inductor 1
BSD223P PMOS 3
SIB452DK-T1-GE3 NMOS 3

To evaluate the cross-coupled rectifier in the PCB design, simulations were performed in LT-
Spice using the manufacturer’s SPICE model of the device. The source impedance was set to
50 + j22.5 €, identical to the previous configuration. The load was a 10 nF capacitor, and the
input was a 4.6 MHz AC signal with an amplitude of 1.5 V. The simulation result is shown in
Figure 5.2.

1.6 T T T T
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-02 1 1 1 1
0 20 40 60 80 100
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Figure 5.2: Simulation result of cross-coupled rectifier in PCB design

A similar simulation was also performed for the boost converter. The input was a 1 V DC
source, and the switching frequency was set to 4.6 MHz, identical to the ultrasound frequency.
The duty cycle was fixed at 50%. The load consisted of a 10 nF capacitor in parallel with an
882 () resistor. The simulation result is shown in Figure 5.3.
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Figure 5.3: Simulation result of boost converter in PCB design

However, due to time constraints, the PCB has not been tested in the laboratory. As a result, the
adapted P&O MPPT logic could not be verified, since no simulation environment is available
for testing the STM32 code.



Chapter 6

Conclusion

6.1 Conclusions

This thesis presents a receiver circuit suitable for ultrasonic WPT. The system is designed to
maximize power delivery to the load by mitigating impedance mismatch between the source
and the load. Several rectifier topologies are analyzed, and the cross-coupled rectifier is ul-
timately selected due to its simplicity and superior performance. A boost converter is incor-
porated to further increase the rectified voltage. Moreover, both the rectifier and the boost
converter can transform the equivalent load resistance seen by the source; however, the duty
cycle of the boost converter is the only parameter that can be tuned. According to the maxi-
mum power transfer theorem, adjusting the duty cycle allows the equivalent load impedance to
match the source impedance. Unlike conventional MPPT techniques, which aim to maximize
the power output of the transducer rather than the power delivered to the load, the proposed
adapted P& O MPPT algorithm focuses on maximizing the load power. By dynamically adjust-
ing the duty cycle, the algorithm achieves automatic impedance matching, thereby ensuring
optimal power transfer to the load. The influence of MPPT parameters is also analyzed and
verified through simulations. The proposed system is validated through simulations, demon-
strating its capability to efficiently supply power to a brain implant. Simulation results indi-
cate that, under constant input amplitude and frequency, the system achieves a peak efficiency
of 83.55%, with the cross-coupled rectifier and the boost converter achieving efficiencies of
91.55% and 91.26%, respectively. Under varying load and input conditions, the proposed

design can also consistently maintain high efficiency.
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6.2 Contributions

The main contributions of this thesis are summarized as follows:

» Relevant overview of the state-of-the-art receiver circuits

* Investigation on the applicability of CMR 1n ultrasonic WPT

* Design of a high-efficiency receiver circuit with MPPT for ultrasonic WPT.
* Resolve the start-up issue using a maximum-voltage selector.

* PCB design of receiver circuit with MPPT implemented by STM32 development board.

6.3 Future Works

6.3.1 Voltage regulator integrated with MPPT

In the proposed design, the output doesn’t have a regulation. However, the RX circuit is in-
tended to power other implants, such as devices for recording nerve signals or transferring data
from brain implants. Therefore, it requires a stable and specific supply voltage. While MPPT
can provide maximum available power, this power may exceed the actual requirement. To
address this, a comparator can be used to compare the output voltage with the rated voltage.
When the two are equal, the MPPT algorithm freezes the duty cycle and is disabled, ensuring
that the subsequent implants receive the rated voltage. If the output voltage exhibits significant
ripple, an LDO can be implemented. However, since an LDO introduces a voltage drop, the

comparison voltage should be set slightly higher than the rated voltage.

6.3.2 Debug PCB board and MPPT implemented by STM32

As mentioned in Chapter 5, the PCB has not yet been tested in the laboratory. In future work,
both the PCB and the code programmed into the STM32 development board will need to be

debugged and tested in combination, in order to verify the functionality of the complete system.
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