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Abstract

Over the decades, the demand for wireless portable devices has been increased rapidly.
They become more involving in our daily life and use in various fields. Including medical
devices, wireless mobile devices provide comfort and convenience for both patients and
healthcare providers. The most common power source for wireless devices is the battery.
However, the battery still has limitations in terms of design and safety. It requires a large

volume in the device and periodic maintenance due to its lifetime.

This thesis proposes a CMOS-base optical power-transfer system to solve the battery
limitations. The proposed system utilizes an energy harvesting technology and CMOS
technology for minimizing power system size, reducing maintenance, and still providing
sufficient power for the target circuit or device. The system was designed to accumulate power
converting from a serially connected, ultra-small photodiodes, and intermittently delivers the
power to a target circuit. To demonstrate the power-transfer system, two medical applications

were designed and introduced the system as their power supply system.

The first application is a bio-implantable device with the concept of IoT. An optical ID
circuit was designed to generate an ID for supporting the IoT technology. The power system
was developed to supply continuous power and a clock signal for operating sensor and IoT
support system. The second application is a wearable device for non-invasive glucose
monitoring. The device is designed to measure glucose from sweat using amperometric
measurement. This device utilizes the pulse power supply from the proposed system for

transferring the detected data as a PWM signal.

The proposed system was designed and demonstrated using the two designed devices.
The result shows that the optical power-transfer system provides sufficient power for the target

circuit, and the designed device works as expected in both applications.
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Chapter 1

Introduction

Since the past decade, portable wireless devices have been progressively developed and
became more necessary in our day-to-day life. The obvious examples are smartphones,
smartwatches, and even medical devices. The development of these devices involves several
advances in technologies. Therefore, developers must face technical challenges in various

fields. One of the main technology in portable wireless devices is the power supply system.

1.1 Problem Statement

The most familiar for the power supply system is a battery. Even though battery
technology has been developed in many years, the battery still has limitations in terms of design
and safety for some applications, especially medical applications. For the design, the volume
and weight of the battery occupy a large percentage of the total device. Consequently, the
minimum size of the device is limited by the size of the battery. For safety, the toxicity of the
battery affects both humans and the environment. In the medical application, the size and safety
of the device is a significant matter to provide comfort and reduce risk/harm for patients and

healthcare providers; the battery technology is not the best answer for the power supply system.

1.2 Thesis Purpose

This thesis proposes a CMOS-based optical power-transfer system. The proposed

system aims to solve the limitations of the battery and maintain sufficient power supply for the



devices. The system utilizes an energy harvesting technology and a CMOS technology for
providing safety, convenience, design flexibility, and easily integrating with a micro-size
electronic circuit. By using the photovoltaic effect, the optical power-transfer system
accumulates and supplies sufficient power to the connected circuit. Therefore, the system only

requires a light source to operate its system.

In addition, two medical devices were also designed and merged with the optical power
transfer system as their power system. These two devices demonstrate the operation and

exemplify the applications of the proposed system.

1.3 Thesis Overview

In this section, a brief overview of the thesis was provided. Figure 1 outlines the scope
and structure of this thesis. There are six chapters in this thesis, and they are shortly explained

below.

Chapter 1: Introduction

This chapter provides an overview of this thesis. A brief background is given. Then,
the problem of the recent power supply system and the purpose of this research are

described.

Chapter 2: Power Supply System for Portable Wireless Devices

A review of battery technology is described. The limitation of battery technology
is discussed in detail in this chapter. Then, the alternative power supply technology,

which is an energy harvesting technology, is presented. The state-of-art and



advantages of energy harvesting are explained. Lastly, the optical energy

harvesting technology is defined.

Chapter 3: CMOS-based Optical Power-Transfer System

Due to the demand of portable wireless devices and the limitation of the battery, a
CMOS-based optical power-transfer system was designed and developed. The
system converts light to electrical power. Then, the power is accumulated and
supplied to the target circuit. This system was simulated and evaluated. The detail

of the design and evaluation results will be explained in this chapter.

Chapter 4: Bio-implantable Device with Concept of Internet of Things

The first example of the optical power-transfer system utilization is implantable
and IoT applications. An implantable and IoT device requires a continuous power
supply and a clock signal for operation. The proposed optical power-transfer
system was adapted to match the needs of this implantable and IoT device.
Moreover, an optical ID circuit that was used to support IoT application was also

designed and presented in this chapter.

Chapter 5: CMOS-based Wearable Device for Non-invasive Glucose Monitoring

In this chapter, the second application of the optical power-transfer circuit is
presented. A CMOS-based wearable device for non-invasive glucose monitoring
operated by optical power transfer was designed. The device aims to attach to
human skin and detect glucose from sweat. The detection uses an amperometric

measurement with a three-electrode electrochemical sensor. Moreover, the



designed device utilizes the advantage of the pulse power supply from the proposed

system for its data transmission.

Chapter 6: Conclusion

The last chapter summarizes all the research results in this thesis and concludes the

outcomes of the thesis. Then, future research opportunities are presented.
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1.4 Thesis Organization

The remaining chapters in this thesis are organized as follows. Chapter 2 provides
background information and reviews technologies of the power supply system in small devices.
Chapter 3 presents the design and evaluation results of the proposed optical power-transfer
system. Chapter 4 and Chapter 5 present the applications of the proposed system. Finally,
Chapter 6 draws conclusions, presents a summary of the main outcomes in this thesis, and

presents future opportunities.






Chapter 2

Power Supply System for Portable Wireless Devices

Living with no electricity might not be easy as many items in your home count on it to
function. Since the discovery of electricity, humanity relies on it. Many technological
advancements, including electronic devices, have been developed based on electricity. With
the increased need for mobility, portable electronic devices have become ubiquitous in modern
society. The recent rapid expansion in the use of portable computers, personal data assistants,
cellular phones, camcorders, and power tools creates a strong demand for fast deployment of
portable power storage technologies at an unprecedented rate. First, the power supply
technology was only for wheeled applications, then for portable and finally nowadays wearable

use [1].

In this chapter, two types of portable power supply technologies will be explained and
discussed. The first one is a battery, which is a common power supply/storage technology in
portable devices. The second one is an energy harvesting technology, which is an alternative

way to supply/storage technology in portable devices.

2.1 Common Power Supply in Portable Wireless Devices

2.1.1 Electric Battery

Batteries have been around for a long time. In 1800, Volta discovered that a continuous
flow of electrical force was generated when using certain fluids as conductors to promote an

electrochemical reaction between two metals or electrodes [1-2]. This led to the invention of



the first voltaic cell, better known as the battery. Until now, many types of batteries have been
discovered. Batteries generally can be classified into two major battery types; primary batteries

and secondary batteries.

Primary batteries are batteries that cannot be recharged once depleted. This means the
electrochemical reaction of the electrochemical cells in the primary batteries cannot be
reversed. They are available in various sizes according to the applications. The most popular
among the primary batteries are alkaline batteries. However, the downside of alkaline batteries

is the low load current, which limits their application. Therefore, the alkaline batteries can use

with only devices that require low current like remote controls, flashlights, and portable
entertainment devices. Moreover, the kind of batteries is not reusable. From this limitation, the

secondary batteries were developed [3-4].

Secondary batteries, also known as rechargeable batteries, are batteries that can be
recharged once depleted. The electrochemical reaction of their electrochemical cells can be
reversed by applying a specific voltage to the battery in the reversed direction. The secondary
batteries can be further classified into several other types based on their combination of
electrode and electrolyte materials. The commonly used are Lithium-ion (Li-ion), Lead-acid,
Nickel-Cadmium (NiCd), and Nickel-Metal Hydride (NiMH). The difference in chemistry
affects the property of the batteries. The general application of the secondary that is easily seen

in our daily life is in smartphone and other gadgets [3-4].

Due to the advance and option of battery technology, more and more products today
are battery operated. The battery provides a stable power supply and portable ability to the
installed devices. Subsequently, batteries have become ubiquitous in modern society. They are
in various products, including electronic devices, vehicles, and medical devices. Especially for

medical applications, the advantages of a battery such as portable and convenient are the main

8



factor that the medical device manufacturers are seeking. The battery implementation allows
the medical device to become smaller, easier to carry, and more ergonomic. However, the risk
of using batteries must be considered because batteries are based on chemical reactions, and

the medical application needs close contact with the human body.

2.1.2 Bottle Neck of Electric Battery in Medical Devices

Despite the numerous advantages of batteries, hazards associated with the failure of
these batteries can be catastrophic. Multiple viral videos have demonstrated the dangers of
products with rechargeable batteries, which have the potential to overheat, explode, and catch
fire. While the dangers must be considered no matter what the product, the stakes are even
higher when a medical device is affected [5]. The potential hazards also include the electrolyte
leakage causing toxic exposure, and malfunction of the device due to battery capacity
depletion. Although these hazards can cause much harm to users in any situation, the danger is
intensified with medical devices, which contact directly to human skin or implant inside the

human body.

Besides the mentioned issues, the minimum weight and size that batteries provide also
limits the medical device design. Particularly in the implantable and wearable application, the
device design should be comfortable for the user. The weight and size limitation of the battery
forces increasing system heaviness and volume. Moreover, even the battery manufacturers
have significantly improved battery life, the medical device with batteries requires periodic
maintenance due to battery life. Especially the implanted device, their maintenance is unhandy

and difficult, if not impossible, for patients and healthcare providers to remove [6].



From an environmental perspective, defective batteries are also considered hazardous
waste due to their toxicity. To manufacture batteries, the needed energy is about 50 times
greater than the energy it contains [4]. Due to their high pollutant content compared to their
small energy content, the batteries, specifically, the primary one is considered a wasteful,

environmentally unfriendly technology.

To solve the limitation of battery, an alternative power supply system was introduced.
The alternative system adopts an energy harvesting technology for converting and

accumulating an ambient energy source, which is also called renewable energy.

2.2 Energy Harvesting Technology in Portable Wireless Devices

2.2.1 Energy Harvesting Technology

Wireless portable electronic devices are increasingly popular as they do not require
connection to the mains power grid. Most of these wireless devices are solely powered by a
battery that limits system lifetime, increases system volume, needs high maintenance, and
harms the environment [7—10]. To fulfill these gaps, portable electronic devices must face
several technical and ecological challenges. That is where the increasing demand for energy
harvesters have become an efficient and green alternative for gathering energy from the

environment and offer an answer to some of the challenges above [11-13].

Over centuries, macro-energy harvesting technology has been developed and widely
uses in many power plants. Energy conversion/harvesting technologies mainly aim to convert
from an ambient energy source into electrical power and accumulate the power for later use

[9, 11, 15-22]. This available ambient energy source has many forms, such as solar power,
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thermal energy, wind energy, and vibrations. The usually seen form of this huge-sized energy
harvesting is windmills, watermills, and passive solar power systems [23]. Even though they
make a lot of difference in the powered industrial filed, they are not game-changers for
electronic designers. The key design for portable electronic devices is less wiring and size. A

micro- energy harvesting technology has been developed to meet those needs.

Due to the availability of the micro-energy harvesting technology, there is growing
demand and expectation for the alternative power system. This technology is, without any
doubt, a very attractive technique for a wide variety of self-powered, micro-sized electronic
devices and systems. Examples of such systems are wireless sensors, environmental
monitoring networks, military devices, watches, and Bluetooth headsets, including medical
devices [9, 14, 23-31]. Table 1 shows current energy harvesting techniques that broadly use

in small electronic devices [13, 32-33].

Table 1 Comparison of different energy harvesting technologies.

Harve-stlng Ambient Harvesting method Harve.stmg

technique energy source device
Optical . . Solar cell/ Light
energy harvesting Light Photovoltaic effect Photodiode intensity
Thermoelectric Temperature Thermoelectric Thermoelectric | Thermal
energy harvesting p (Seebeck effect) generator (TEG) | difference
Mechanical S 1G5 LY effect, Piezoelectric Vibration
energy harvesting Mol EEEliRoii FUSALE, material frequency

Electrostatic
Electromagnetic Radio Ubiquitous radio RF coil, ?ﬁ?% ©
wave harvesting frequency | transmitter Antennas .
harmonic

Acoustic . Noise Helmholtz effect Art1ﬁc1al lithitum Soupd
energy harvesting niobate decibel
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2.2.2 Advantages of Energy Harvesting for Medical application

The energy harvesting technology allows the device to eliminate batteries, which causes
many concerns in medical applications. It remains the portable ability of the battery with the
additional advantage of fewer wires. The devices powered by harvested energy also have a
longer lifetime. Therefore, the devices require less maintenance routine, which is more cost-
effective and convenient for both patients and healthcare providers. As mentioned before, the
size and weight are very important for designing medical devices. To consider these two
factors, some of the energy harvesting techniques can integrate into the micro-sized device.
Thus, the medical devices powered by energy harvesting technology is more comfortable by
reducing the device size and weight. Unlike batteries, energy harvesting technology is
considered a green technology. The fact that this technology utilizes ambient power and gives

devices longer lifetime, it reduces waste and pollution regarding the environment.

2.2.3 Optical Energy Harvesting Technology

Among many energy harvesting techniques, the optical energy harvesting offers the
highest power density. It is also available in a micro-sized photodiode. The photodiode can
wire in series connection to provide larger power. The connection does not need to be on a
single solid substrate, which means it gets the flexibility to design the device. Compared with
the electromagnetic technique, which uses in many wireless technologies, the optical energy
harvesting has the merits of remote power transfer and applicability for ultra-small wireless

devices with small size [34].

Light, including solar energy, is one of the most common sources for miniaturized

energy conversion/harvesting technology and can be directly converted into electric energy by
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the photovoltaic effect [35-41]. The photovoltaic effect refers to photons of exciting electrons
into a higher state of energy, allowing them to act as charge carriers for the generated electric
current. Although this form of power production is not steady and is much less effective than
batteries, it can be significantly useful in low-power sensor applications. Therefore, there is a
great need for power-controlling circuits to accumulate and transmit the harvested energy into

usable steady voltage levels successfully.
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Chapter 3

CMOS-based Optical Power-Transfer System

3.1 Introduction

As mentioned in Chapter 2.2.2, the main concern of the optical energy harvesting
technology is that a generated power by photovoltaic effect is not steady because it depends on
the intensity of light source and size of photovoltaic cells or photodiodes. Therefore, a power-
controlling part to accumulate and transfer the power into usable steady voltage levels
successfully is required. To design the power-controlling in a wireless powering circuit, one of
the commonly accepted ideas is to drive a system in two-phase intermittent operation of
“charge and operation (discharge)” [42]. The wireless powering circuit also needs a voltage
boosting-circuit to provide an appropriate supply voltage for a load circuit [43-44]. Therefore,

the circuits have a complex design.

To reduce the complication of the power system, this research proposed a single-stage
optical power-transfer circuit. The single-state circuit was designed base on CMOS technology
to use as the main power-controlling circuit for small-sized devices. The circuit accumulates
small amounts of energy from the optical power converter and delivers power to a target circuit
intermittently. Since the design is a very simple “charge and operation” circuit, this approach
allowed the powering circuit to omit the voltage-boosting circuit. Therefore, the single-stage
optical power-transfer circuit has a more simple design, and easily match between the powering
system and the load circuit. The operation flow chart of the designed single-state optical power-

transfer circuit was shown in Fig. 2.
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Figure 2 Flow chart of charge and operation in the single-state optical power-transfer circuit.

For optical power converter, a bare chip type of ultra-small silicon photodiode in Fig.
3 was used to convert light to electrical power. The size of the photodiode is 0.8 mm x 0.9 mm,
and the typical voltage generated by this photodiode is approximately 0.4 V. Due to the
typically generated voltage, it is reasonable to use serially connected photodiodes as a power

receiver to provide “sufficient voltage and limited current.”
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Figure 3 Microphotography and V-I characteristic of the ultra-small silicon photodiode.

In Chapter 3, the design and evaluation of the single-state optical power-transfer were
explained. To give examples of its applications, the optical power-transfer circuit with the
series-connected photodiodes were applied in two applications. These two applications are
implantable and IoT devices, and wearable glucose monitoring device applications. Both
applications basically have the proposed circuit as their power system. The details of both

devices are in Chapters 4 and 5.

3.2 Circuit Design

3.2.1 Circuit Overview

A single-stage optical power-transfer circuit is the core of the proposed optical energy
harvesting technology for small wireless devices [34, 45-46]. The function of the single-stage
circuit is energy accumulation and intermittent load operation. Figure 4 provides a block
diagram of the single-stage optical power-transfer circuit, while Table 2 shows the function of
each component presented in Fig. 4. In the figure, the single-stage circuit consists of two

external components and three internal chip components. The external components are a power
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converter and an external capacitor. Another three internal components inside the CMOS chip

are a CMOS voltage detector, a bias voltage source, and a CMOS switch. The power converter

consists of 10 series connected photodiodes to obtain sufficient voltage. The number of solar

cells is determined based on the supply voltage of the circuit to be operated. The bias voltage

source is also the series-connected photodiodes. The bias voltage source supplies two fixed

bias voltages (Vun and Vpp) that are required for operation. These two bias voltages have an

important role in controlling a charge/discharge operation of the voltage detector.

Series-connected
Photodiodes
G Vin

s|2H

External _| YC

CMOS switch
Vout
oo
Voltage
detector

|

Capacitor

T

g | Bias circuit

i

Figure 4 Block diagram of the single-stage optical power-transfer circuit.

Table 2 Functions of the single-stage optical power-transfer components.

Component Function

1. Power converter (Photodiodes)

Converts light into DC electrical power

2. Capacitor

Accumulates power from solar cell

3. Voltage detector

Self-powered Schmitt trigger that controls
charge/discharge operation

4. Bias voltage source

Controls operation of voltage detector

5. CMOS switch

Supplies or holds output power
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The single-stage optical power-transfer circuit operation begins when starting to emit
light to the photodiodes. The photodiodes convert optical power to electrical power and supply
the generated power to charge the external capacitor. When the stored voltage at the capacitor
reaches Vtu (i.e., Von), the voltage detector turns on the CMOS switch. The capacitor then
consequently discharges to supply power to the target circuit. Following the discharge phase,
when the stored voltage at the capacitor drops to Vtr (i.e., Vo), the voltage detector turns off
the CMOS switch. Then, the capacitor stops supplying power, as illustrated in Fig. 5. Therefore,
the capacitor is recharged while no load is present, which is called a charge phase. This

operation loop will repeat the charge and discharge phase until stop emitting the light.
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Figure S Simulated operation of the single-stage optical power-transfer circuit.

3.2.2 Voltage Detector

The voltage detector is an important part in the designed single-state optical power-
transfer circuit. Its role is to monitor the accumulated voltage at the capacitor and to send a
signal for turning on and off the CMOS switch when the voltage at the capacitor is enough or
too low for the target circuit. The appropriate voltage level for the target circuit can be set by

choosing the bias voltages from the bias circuit.
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Vout.

detect

Inverter 1 Inverter 2

Transistor Width Length
Mnl 0.4 um 4 um
Mn2 1 um 4 um
Mn3 1 ym 4 um
Mpl 8 um 4 um
Mp2 1 um 4 um
Mp3 1 um 4 um
Mp4 10 ym 4 pm
Mp5 10 um 4 um

Figure 6 MOS-level schematic and transistor sizes of the voltage detector circuit.

The voltage detector comprises of five PMOS and three NMOS. Two pairs of PMOS
and PMOS are used as two CMOS inverters. Figure 6 shows the schematic of the voltage
detector and the size of each NMOS and PMOS. Figure 7 is the operation mode of the voltage
detector (LOW means voltage equals zero, and HIGH means voltage equals Vis). The voltage
detector operation has two conditions. The first condition (Fig. 7(a)) is ‘LOW’ output voltage.
When input voltage (Vin) is lower than the high threshold voltage (Vth), the resistance of
PMOSI (Mpl) is larger than NMOS1 (Mn1). An output voltage 1 (Vout1) equals ground (GND,
V=0 V). This Voutl is an input voltage of the inverterl. Therefore, an output of inverterl
(Vour2) equals Vin. This Vout2 is an input signal of PMOS switch (Mp5) and an input voltage
of the inverter2. Therefore, the PMOS4 (Mp4) does not operate because the Mp5 turns off, and

the output voltage of the inverter2, which is the final output voltage of the voltage detector
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(Vout, detect) 1 zero. On the other hand, the second condition (Fig. 7(b)) is ‘HIGH’ output voltage.
When Vin is higher than Vty of Mpl, the resistance of Mpl is smaller than Mn1. The Vou is
equal to Vin. Therefore, a Vout2 is equal to zero. Therefore, the Mp5 turns on, and the final
output voltage of the voltage detector is equal to Vin. When the Mp5 turns on, the size of PMOS
changes from only Mpl to the Mpl combined with Mp4. The threshold voltage also
consequently changes from high threshold voltage (VTu) to low threshold voltage (VL) due to
the PMOS size changed. Finally, when Vi, decreases lower than Vi, the voltage detector
operation will switch back to the fist condition. By using the on-off Mp5 and the loop, the
voltage detector operates as a hysteresis. The DC analysis in Fig. 8 shows the simulation result
of the hysteresis operation of the voltage detector at Von = 0.5V, Vpp = 2.5 V when varying Vi,

fromOto5Vand5to0 V.

Vin
> Mp5
OFF
Vbp Mp2 Mp3 ¢ Voo
Mpl Mp4 ,—| J_| detect
Vbn - T_| I_|
Mnl Low Mn2 HIGH;\IllS Low
Inverter 1 Inverter 2
(a)
Vin
> s
ON
pr Mp3 vout.
Mpl Mpd ‘—| detect
Vbn d L'
HIG HIGH

Inverter 1 Inverter 2

(b)
Figure 7 Operation mode of voltage detector:

(a) LOW output voltage, and (b) HIGH output voltage
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Figure 8 DC analysis simulation result of the voltage detector operation.

The output voltage from the voltage detector (Voutdetect) 1S an input signal of the CMOS
switch. The switch turns on when Voutdetect 18 high (b), and turns off when Vu,detect 18 low (a).
When switching on, the voltage that supplies the target circuit is equal to the voltage at the
capacitor (Vin). When switching on, the voltage that supply to the target circuit is stopped
means the voltage is equal to zero.

According to the circuit operation, the threshold voltages (Vtu and V1) is the range of
the output voltage that supplies to the target circuit. The maximum output voltage level is Vry,
and the minimum output voltage level is VL. These threshold voltage levels must be controlled
to match the sufficient operating voltage of the target circuit. In Figure 6, the gate voltage of
the Mpl is Vyp, and the gate voltage of the Mn1 is Vpn. The Vr and V1L levels depend on the
Vun and Vi voltages from the bias circuit [47]. Therefore, the on-off period of the single-state

optical power-transfer circuit is adjustable by changing Vi, and Vpp.
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3.3 Evaluation

3.3.1 Operation of Controllable Voltage Detector

As mentioned in Chapter 3.2, the threshold voltages in the voltage detector can be

controlled using the bias circuit. To evaluate the voltage detector circuit, a 4 Vp, ramp voltage

was applied to the circuit as an input voltage, Vin. A resister was connected to the output line

as a load to discharge the accumulated power. The relationship between the threshold voltages

(Vrn and VtL) and bias voltages (Von and Vip) in Fig. 9 is assessed by applying a matrix of bias

voltages from 0.4 to 2.8 V and measuring the corresponding threshold voltages. The results

indicate that the threshold voltages can be adjusted by changing the bias voltages, as designed.

However, the bias voltage must be set within the operation range of the voltage detector. If not

so, the circuit will not operate.
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Bias voltage at PMOS, V, [V]
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Low Point of Threshold
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Figure 9 Relationship between threshold voltages and bias voltages.
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To confirm the signal transmission from the voltage detector to the CMOS switch, the
same 4 Vpp ramp voltage and resister were used as input voltage and load. Figure 10 is an
example of the output signal from the optical power-transfer circuit at Von = 0.8 V, and Vi, =
2.8 V. The switch turns on when Vin higher than 3.8 V and turns off when Vin lower than 3.6
which are the high and low threshold voltage (Vtu, V1L). The signals confirm that the signal

from the voltage detector turns on-off the CMOS switch properly.

Input Voltage === Output Voltage

Voltage [V]
A

Time [s]

Figure 10 Voltage signals of the single-state optical power-transfer circuit

with 4 Vp-p ramp input voltage.

In practical devices, I use series-connected photodiodes to supply bias voltages.
Therefore, the variations of Vun and Vi from light intensity may cause some shifts in threshold
values. By changing the light intensity, the threshold values become low in low illumination
and high in high illumination. It might slightly change the voltage level but not completely stop
the operation. On the other hand, the circuit operation is limited by the illumination for the

powering PDs, not the biasing PDs.
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3.3.2 Initial Time Requirement and Intermittent Operation

In actual applications, the circuit is operated by current from serially connected
photodiodes (PDs unit). The capacitor voltage is zero at the initial operation stage, and
increases as the PDs unit generates photocurrent. It is reasonable to use a current source to
emulate the PDs unit. The characteristic of the optical power-transfer operation when the circuit
operates correctly is as follows. The capacitor voltage increases to up to Vru, the CMOS switch
is turned on to operate the target circuit, and the operation is stopped at VL for recharging.
Following the first operation, the capacitor is charged and discharged between Vru and Vi,
which provides a shorter charging time than the initial charge. If the photocurrent is lower than
a specific current consumed by the power-transfer circuit, the first turn-on at Vru will not occur.
To evaluate the initial time requirement of the optical power-transfer circuit, I measured the
relationship between the input current and the initial capacitor charging time. [ used a constant-
current source to supply input current and set Viyn = 0.8 V and Vi, = 1.6 V as a typical operating
condition for this evaluation. Figure 11 shows the graph of the measurement results. At a higher
input current, the capacitor is charged quickly, so the initial charging time is shorter; however,
lower current result in a longer initial charging time. In this experiment, I stepped down the
current value until it cannot operate the circuit. The last and smallest current that can operate
the circuit is 2.4 pA. Therefore, the minimum operating current of the optical power-transfer
circuit is 2.4 pA, and the initial time depends on the intensity of the light source. In theory, the
relation between capacitor charging time and input current is exponential. Due to the current
consumption in the optical power-transfer system itself, the experimental charging time is

slightly different from the theoretical graph.
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Figure 11 Relationship between initial charging time and input current.

By forwarding to the actual applications, the operation of the optical power-transfer
circuit was evaluated. The series-connected external photodiodes and resister are utilized as a
source of input voltage (Vin) and load. At enough input from the photodiodes and appropriate
settings of the bias voltages, the circuit works the same as the simulation shown in Fig. 5. The
result of these evaluations indicates that the designed optical power-transfer circuit works as
expected. Figure 12 shows the typical operation of the optical power-transfer circuit, which can

charge capacitors and supply voltage to the target circuit.

Charge Discharge

> e > e

Voltage [V]

0.0 2.0 4.0 6.0 8.0 10.0 12.0

Time [ps]
=== Voltage at capacitor (V)
== SUpply voltage to target circuit (V)
Figure 12 Voltage signals of the single-state optical power-transfer circuit

with completely optical input power (photodiodes).
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3.4 Summary & Discussion

The optical power-transfer circuit was designed to be an alternative power source for
the wireless micro-sized electronic devices and systems. The design of this circuit is less
complicated compared with the common wireless circuit that requires a voltage boosting circuit.
The optical power-transfer circuit was successfully designed and evaluated. The results show
that the circuit charges power and then operates the target circuit/load as expected. Moreover,
the supply voltage level from the power-transfer circuit is controllable by changing the bias
voltage to match the operation voltage of the target circuit. The required initial time to operate
the power-transfer circuit depends on the intensity of the light source. The minimum operating
current is 2.4 pA. To exemplify the function of the single-state optical power-transfer circuit,
the optical power-transfer circuit was applied for optogenetic application [34]. Moreover, the
circuit also applied for another two wireless small medical device applications as their power
supply system. The detail of both applications, which are implantable with [oT application, and

wearable glucose monitoring application, will be explained in the following Chapters 4 and 5.
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Chapter 4
First Application:

Bio-implantable Device with Concept of Internet of Things

4.1 Overview

The first application for examining the operation of the optical power-transfer circuit is
bio-implantable and Internet-of-Things (IoT) devices [48-52]. In this chapter, a CMOS-based
optical power-transfer system for bio-implantable and Internet of Things (IoT) devices was
presented. The device was designed based on the needs of the power system in bio-implantable
devices. The power system of this device was adapted from the basic single-state optical power-
transfer circuit in Chapter 3 to accumulates a small amount of photoelectrically converted
energy in an external capacitor and intermittently supplies this power to a target sensor.
Furthermore, a photoelectrically powered optical identification (ID) circuit that is suitable for
IoT technology applications was also developed and include in the designed device. The
purpose, design, and evaluation of the CMOS-based optical power-transfer system for bio-

implantable and Internet of Things (IoT) devices will be explained in detail in this Chapter.

4.1.1 Power System for Implantable Devices

The demand for wireless implantable devices has increased, especially in medical
applications. From the viewpoint of the implantable device, the size and maintenance process
of the device are the key design. The primary design of this bio-implantable device constraint
is the battery. As mentioned in Chapter 1, the battery limits the lifetime of the electronic system

and increases the volume of the device. Therefore, the proposed single-state optical power-
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transfer circuit was applied to fill the gap of the needs in the implantable device’s power system.
It is also reasonable to design the proposed power transfer to be as small as possible for the
application to implantable microelectronic devices in deep parts of the body.

Moreover, most of the medical devices require a continuous power supply. Hence, the
proposed single-state optical power-transfer circuit must be adapted to match this need. One
thigh that must be considered when applied to the photodiodes in the bio-implantable devices
is the light source.

Considering the bio-implantable application, red and infrared (IR) light (wavelength:
800 to 1000 nm) was used as the light source. The advantage of red and IR light is they can
penetrate soft tissue, bone, and brain parenchyma [53]. Therefore, the IR light can pass through
human tissue and illuminate the Si-cell photodiodes on the device. However, it does not mean
that the wavelength region is limited in the red/NIR region for this system. Since the
conventional Si photodiodes/solar cells were used, the device can operate in the visible to NIR
region. Even the location of the device in the body still slightly affects the light transmission
from the light source to the device, the efficiency of the power transfer primarily depends on

the performance of the photodiodes.

4.1.2 Internet of Things (IoT) for Biomedical Applications

Internet of Things (IoT) is simply described as the network of interconnected things or
devices which are embedded with sensors, necessary electronics, and network connectivity.
The network connectivity enables IoT devices to exchange their data. [oT has come a long way
in recent years and is well integrated within multiple industries, including the healthcare space.
Nowadays, there is a growing number of IoT uses in the medical industry. Due to the continued

implementation of IoT within healthcare, the medical IoT will become more and more involved

30



on our daily basis and will lead to a drastic increase in productivity and analysis of data for
better healthcare. For example, if a patient has more than one medical device in his/her body,
the IoT system can identify the status of each device and also show their data in a single
portable display.

To support the IoT system, I designed the device to provide a powerful and unique
solution for realizing the IoT system consisting of very small distributed identification (ID) and
sensing nodes that can be operated by intentional and environmental illumination. The

generated ID of this device is displayed and transmitted by two LEDs.

4.2 Purpose

The purpose of this work is to design and evaluate a CMOS-based optical power-
transfer circuit for bio-implantable and Internet of Things (IoT) devices by using an optical ID
circuit as a target circuit and external photodiodes as a power supply source. This device also
presents as one of the example applications of the single-state optical power-transfer circuit in
Chapter 3. The CMOS-based optical power-transfer circuit was designed to be a power supply
system of the bio-implantable device instead of the battery. The designed device also includes
an optical ID circuit to generate an optical ID for supporting [oT application. The optical ID of
the device was displayed using two LEDs (blue and green LED). The device provides a steady,
continuous power supply for the implantable device and a clock signal for the IoT system by
using a dual-stage configuration. Figure 13 shows a conceptual illustration of a CMOS-based

optical power-transfer system for bio-implantable and Internet of Things (IoT) devices.
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Figure 13 Concept of [oT system for an implantable device

based on proposed optical power-transfer technology.

4.3 Circuit Design

4.3.1 Device Overview

The optical power-transfer system with IoT for implantable device requires a clock
signal and a continuous power supply. The single-state optical power-transfer circuit presented
in Chapter 3 can be applied to operate a target circuit intermittently [45]. The target circuit
should be designed to be able to complete its function within a single powering pulse. If a small
amount of power is available independently of the main powering pulses, various controlling
circuits can be implemented, and the target circuit functionality can be extended. For the clock
signal, the on-off digital signal resulting from the operation of the single-state optical power-
transfer circuit can be directly used as an optional clock signal. However, in order to

continuously supply power, a dual-stage power-transfer circuit was developed by serially
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connecting two optical power-transfer circuits with a different set of bias voltages. Means, the
first stage provides a clock signal, and the second stage provides a continuous supply voltage.
As mentioned before, this device also provides an optical ID circuit to support IoT application.
The optical ID circuit was included with the dual-stage optical power-transfer circuit to
generate and send/display the ID of the connected implantable device. In this work, the optical
ID circuit was also used as a target load circuit for demonstration.

The operation starts when emitting IR light to the device. The photodiodes convert light
to electrical power. The power is accumulated in the capacitor of the dual-state optical power-
transfer circuit. At the appropriate amount of accumulated power, the dual-state circuit supplies
continuous power and a clock signal to both the optical ID circuit and the implantable device.
Then, the optical ID circuit generates the ID of the device. Figure 14 shows the operation flow

chart of the designed optical power-transfer for bio-implantable and IoT devices.

Outside living body Inside living body

External ight Module Target
Device ==> | Power Supply, » Sensor
Light source ID display
Electric power Supply Power
supply and input signal

Figure 14 Operation flow chart of optical power-transfer

for bio-implantable and IoT devices.

4.3.2 Dual-stage Optical Power-Transfer Circuit

A dual-stage optical power-transfer circuit was originally designed by developing from
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the single-stage optical power-transfer circuit to continuously supply a small amount of power
for sequential operation. Two single-stage optical power-transfer circuits with differing Vi, and
Vyp values were serially connected. The first optical power-transfer circuit generates powering
pulses for a load such as an LED, also providing a clock signal to inform the target circuit that
C, is providing a current. The second circuit operates as an active rectifier to provide a small
amount of power from C to the target circuit. This architecture allows for the implementation
of sequential operations in the target circuit.

From the basic design, the second optical power-transfer circuit can start to accumulate
power at its capacitor only when the first circuit turns on. This consequence produces a delay
in the initial start time of the operation. To decrease the initial start time, a bypass NMOS switch
was introduced. The switch was connected between Vin and V2 line. Therefore, the dual-state
circuit can charge the capacitor at the second optical power-transfer circuit (C2) when the first
optical power-transfer circuit still turns on. To simulate the operation of the dual-state circuit,
the photodiode model was designed to use as a power supply. The actual schematic and the

parameter setting of the simulation from the CAD program shows in Fig. 15 and Fig. 16.

Bypass switch
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Figure 15 Schematic of the dual-state optical power-transfer circuit.
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Voltage [V]

_Djetector_out 1

]

Parameter Value
Capacitor 100 nF
I photodiode 100 uA
Vbnl 03V
Vbn2 0.18V
Vbpl 25V
Vbp2 125V
Vbypass 2V
Load 30 kOhm

Figure 16 Simulation result of the dual-state optical power-transfer operation.

The outputs of the designed dual-stage circuit are the continuous power (Vout) and the

clock signal (CLK). The outputs are supplied to the optical ID circuit and the target implantable

device/sensor. The block diagram of the dual-state optical power-transfer with an optical ID

circuit for the implantable device was presented in Fig. 17. The target sensor represents the bio-

implantable device, which is supplied power by the optical power-transfer circuit.
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Figure 17 Block diagram of the dual-state optical power-transfer with optical ID circuit.
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4.3.3 Optical ID circuit

To demonstrate the operation of the proposed optical energy harvesting technology, we
developed a photoelectrically powered optical ID transmission device, which also serves as the
prototype for the IoT application. The optical ID circuit can generate an ID for each device and
then display the ID via two LEDs. Figure 18 shows a block diagram of the optical ID circuit.
The optical ID circuit contains three main components, namely the power-on-reset (POR),

which is used for starting up the circuit, a scanner-based sequencer, and LED drivers.

J |
LED Drivers

ANANANANANAN

CLK M
— Scanner-based

Sequencer

Figure 18 Block diagram of optical ID circuit.

When it is powered, the scanner sequencer (Fig. 19), which mainly consists of nine D-
flip flops, one D-latch, and logic gates, provides nine pulses for one set of one starting bit and
eight ID bits (S1-S8) from nine D-flip flops as shown in Fig. 20. Due to the D-flip flop works
at the rising edge of the clock signal, each generated pulse width from the scanner (working
period) two times longer than the period of the clock signal when the clock signal coefficient
is 0.5. Other components are used to restart and generate repetitive signals. Therefore, the
scanner operates as an ID bit sequence generator and sends the generated bit sequence to the

LED driver.
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Figure 19 Schematic of scanner sequencer.
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Figure 20 Simulation result and output table of scanner sequencer.
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Then, the ID generator part in the LED driver (Fig. 21) creates the ID using logic gates.

Then, the signal separator part divides the signal for blue and green LED. In Figure 22, the

created ID is “SBGBBGBGG” as an example design ID for the operation. S is a starting bit

that both blue and green LED blink at the same time, B is for a blue LED, and G is for a green

LED. Following this, the circuit automatically transmits a two-color ID signal to the two LEDs

to display the ID. The LEDs show the sensor ID, which consists of one starting bit for

identifying the ID starting point and another eight bits for showing the device’s ID.
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Figure 21 Schematic of LED drivers.
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Figure 22 Simulation result and output table of LED drivers.

The ID is selectable by selecting the input of 2x1 AND logic gates on the left-hand side
in Fig. 21. One the leg of the AND gates are already connected to the output signal from the
scanner to control its operation time. Another leg can be connected to reference voltage (VDD)
or ground (GND). Table 3 shows the logic table of the ID input. For example, if the AND gate
connects to VDD and S2, the blue LED blinks in the second bit of the ID. On the other hand,
if the AND gate connects to GND and S2, the green LED blinks in the second bit of the ID. In
actual application, the ID input provides the different ID for each device, which is available

more than 200 different ID to identify itself with the IoT system.

Scanner Signal g 541

INPUT ®— AND OUTPUT

Table 3 Logic table of ID input.

. Operating
Input Output signal LED
VDD 1 Blue
GND 0 Green

39



4.3.4 Layout Design

After completed schematic designing and simulating the dual-stage optical power-
transfer with an optical ID circuit, the next step is layout design. The main idea design of this
layout is to optimize the space for minimizing device size. Figure 23 shows the layout of the
dual-stage optical power-transfer with an optical ID circuit. This layout also includes a metal-
4 protection layer, I/O pads, and electrostatic discharges (ESD). The size of the dual-stage
optical power-transfer with an optical ID chip is 702.5 x 702.5 um?. The details of input and

output pins (I/O pads) are shown in Table 4.

S

R
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N
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702.5pm N

v Layout of the optical power-transfer
e 702.5pm > with optical ID circuit

Figure 23 Layout of the dual-stage optical power-transfer with an optical ID chip.
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Table 4 Detail of each pad in the dual-stage optical power-transfer with an optical ID chip.

PAD number PAD name 1/0 Connection node
! Vout 0 aidsgdreeeonf Il,)]g]lDes
2 LEDI N I N side of blue LED
3 GND! I ground
4 Vout O *spare pad for Vout
5 LED2 N I N side of green LED
6 Vbp2 I photodiodes
7 Vbn2 I photodiodes
2 Vout 0 load: tarigiztv iiineplantable
9 Cap2 /O capacitor 2
10 Vbypass I photodiodes
11 Vin /O photodiodes and capacitor 1
12 Vin I/O0 *spare pad for Vin
13 Vbnl I photodiodes
14 Vbpl I photodiodes
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To characterize the circuits and demonstrate the concept of the designed optical power
transfer technology, the CMOS chip was fabricated using a 0.35 pm two-poly, four-metal
standard CMOS process. Figure 24 and Table 5 display the layout and specifications of the

CMOS chip, respectively.

A

702.5 pm l '

\4

< 702.5 pm —

Figure 24 Photograph of actual dual-stage optical power-transfer with an optical ID chip.

Table 5 Specifications of CMOS optical power-transfer chip.

Specification Details
Process 0.35 pm two-poly four-metal standard CMOS
Operating voltage range 22~26V
Chip size 702.5 x 702.5 um?
List of included circuits Optical power-transfer circuits, Optical ID circuit
Requred xemal omponens | T2 STl contd ot o pvrin
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4.3.5 Printed Circuit Boards (PCB) for evaluation

A printed circuit board was designed for connecting the optical power-transfer with
optical ID chip and other required external components, which are a blue LED, a green LED,
two 4.7uF capacitors, and two sets of photodiode arrays for input power and a bias circuit.
Table 6 and Figure 25 show the comparison of three versions of the designed PCB that had
been developed. The design of the first version consists of two boards that can be separated.
The left one is for the chip, capacitors, and LEDs. The right one is for series connecting
photodiodes. The first version PCB also has vias for connecting header pins. These header pins
were connected with measuring equipment, such as an oscilloscope. Moreover, they also
connect between two boards for evaluation of the designed chip. Then, the second and third
version was developed after the chip evaluation for matching the implantable application with

a more compact size.

Table 6 Specifications of all three versions of optical power-transfer PCB.

Version 1 Version 2 Version 3
. 5X5 sz 2 2
Size (earsh baaird), 2X2 cm Less than 1 mm
PCB shape square square round

Left: PD arrays

Front components Right: Chip, LEDs, PD arrays PD arrays, LEDs
C

Back components - Chip, LEDs, C Chip, C

Number of PDs 20 20 15

Photodiode type Surface mount Surface mount Bare chip
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Figure 25 Photographs of the top and bottom side of PCB three versions.

4.4 Device Evaluation

4.4.1 Operation of Controllable Voltage detector in Dual State Circuit

To confirm the operation of the voltage detector in a dual-state optical power-transfer
circuit, a 4 Vp-p ramp voltage was applied to the circuit as an input voltage, Vin. A resister
was connected to the output line as a load to discharge the accumulated power. The relationship

between the threshold voltages (Vtui, V11, V12, and Vr12) and bias voltages (Voni, Vopi, Von2,
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and Vpp2) of each state in Fig. 26 is assessed by applying a matrix of bias voltages from 0.4 to
2.8 V and measuring the corresponding threshold voltages. The results from both states are
similar to the result of the single-state optical power-transfer circuit in Chapter 3.3. The two-
state operation of the dual-state circuit does not affect the operation of the controllable voltage
detector in the basic design. Therefore, these results indicate that the threshold voltages can be

adjusted by changing the bias voltages, as designed.
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Figure 26 Relationship between threshold voltages and bias voltages

in both first and second state optical power-transfer circuits.

From the relationship between threshold voltages (Vrhi, VL1, Va2, and V112) and bias
voltages (Vin1, Vip1, Von2, and Vyp2) of each state in the previous experiment, the bias voltages

were chosen using “Vtu1 > VL1 > V2 > Vrr2” condition (1: the first power-transfer circuit,
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2: the second power-transfer circuit). Under this condition, the dual-state optical power-

transfer circuit accumulates and supplies continuous power and a clock signal.

To confirm the signal transmission from the voltage detector to the CMOS switch in
both state, the same 4 Vp-p ramp voltage was used as the input voltage. For load, an LED was
connected and also used to indicate the amount of the output voltage that enough to operate the
LED. Figure 27 is an example of the oscilloscope signals from the dual-state optical power-
transfer circuit at Von1 = 0.3 V, Vip1 =2.5 V, Voo =0.18 V, and Vpp2 = 1 V. The switch in the
first state (SW1) turns on when Vi, is higher than 1.04 V which is Vui. The switch in the
second state (SW2) turns on when V3 is higher than 2.04 V and turns off when Vi, is lower
than 1.08, which are the high and low threshold voltage of the second state (Vtn2, Vrr2). The
connected LED illuminates when the SW2 turns on. Therefore, the signals confirm that the

signal from the voltage detector turns on-off the CMOS switch, and the operation works

properly.

(@ 2.00v [2]

Figure 27 Voltage signals of the dual optical power-transfer circuit

with 4 Vp-p ramp input voltage.
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4.4.2 Fully Wireless Operation of Optically Powered Optical ID Device

The fabricated dual-stage optical power-transfer chip was integrated at the board level,
with 10 serially connected discrete photodiodes operating as small-current optical power
converter to obtain sufficient voltage (approximately 4 V), and another set of 10 serially
connected photodiodes as the bias circuit. Furthermore, I integrated external blue and green
LEDs [54-55] as an ID display, as well as two discrete 4.7 uF capacitors[56], C1, and C2. For
device evaluation, the first version of the designed PCB was used as the board of the device.
Since the first version consists of two boards, the setting of the bias voltages must be designed
for photodiode connection. In the previous experiment, the bias voltages were varied to find
the appropriate setting for the optical ID circuit and the target load. From the variation
experiment under the “Vru1 > VL1 > Va2 > V127 condition, the appropriate setting of the
bias voltages for this device is Von1 = 0.8 V, Vip1 = 1.6 V, Voo = 1.2 V, and V2 = 1.2 V. The
voltage for control the bypass switch is 2.5 V. The designed wiring inside the bottom board of
the first version directly connects the photodiodes as two sets of series connection. Therefore,
the Vin, Vint, Vipt, Von2, Vip2, Vbypass, and ground of the top board must connect to the tenth,
second, fourth, third, third, fifth photodiode and ground point of the photodiode, respectively
in the series-connected photodiode of the bottom board. Figure 28 shows the illustration of the
components and connection between two boards of the first version PCB. Figure 29 shows
images of the integrated prototype CMOS-based optical power-transfer circuit for bio-

implantable and Internet of Things (IoT) devices.
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Figure 28 Illustration of components and connection between two boards of PCB version 1.
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Figure 29 Photographs of top and bottom side of the finished PCB version 1.

After fabricating the device, the device was evaluated. To confirm the optical ID
transmission of the prototype device, an IR light was emitted to the photodiodes side of the
device (bottom). The result shows that the prototype device can wirelessly operate without any
battery support or additional power source; the only power source for this device is light. Figure

30 shows traces of the input voltage, the voltage at C2, and V cathode 0f the two LEDs, acquired
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during the fully optically powered operation. The waveforms are completely consistent with
the simulations, indicating that the circuits operate as expected. The optical power-transfer
circuit controls the charging of the two capacitors and supplies both continuous and pulse
voltages to the optical ID circuit. The LEDs operated successfully in the designed sequence,
synchronously with the pulses generated by the first state circuit (a drop of Vin). Note that the
anodes of both LEDs are pulled up to Vou, and the LED operations are controlled at the cathode
sides.

Therefore, the short negative pulses to the 0 V observed in the lower two traces in Fig.
30 indicate that each LED is powered. From the result in Fig.16, the operation of the bypass
switch also confirmed as the capacitor in the second-state was also charged when the first-state
still turns on. The device also can operate under other light wavelengths such as a flashlight. A
Movie 1 in the appendix showing the device in the fully wireless under flashlight, photoelectric

operation is also provided as a supplementary data.

o
ARy ettt iadd 4 i dddd £ ddddi Ll dbad i ddddiads
C2 also charges by Bypass switch
Vv at CZ (V Programmed pulse operations of
N blue and green LEDs =
V at green LED 2
\Y% at'b'lu'é 'L'ED (1')' -
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Figure 30 Traces of the signals acquired of the optical power-transfer with optical ID

for the implantable device during the fully optically powered operation.
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The energy conversion efficiency of an optical power-transfer device mainly depends
on the powering photodiode. According to the measurement, the conversion efficiency of a
single photodiode is approximately 7%. Considering that the powering photodiode is 10 series-
connected photodiodes, means 10 photoelectrons are used to generate one high voltage electron.
Thus, the conversion efficiency of the optical power-transfer device is approximately 0.7%.

Then, a water bath experiment was also performed to test a temperature tolerance of the
optical power-transfer for bio-implantable and IoT devices. The water temperate in this
experiment is from 2 to 60 degrees Celsius. The result confirms that the device works fine
between 2 and 60 Celsius. The experiment of higher and lower temperatures was not provided
because this temperature range is enough for the primary target application, which is bio-
implantable. Note that, the third version of the optical power transfer device was used in the

water bath experiment due to it is the only version that has no external wiring semi-waterproof.

4.4.3 Device Development

After evaluating the device performance, I develop another two versions of the PCB,
as mention in Chapter 4.3.5. Figure 31 shows the photos of the top and bottom sides of the
second version optical power-transfer device. According to the appropriate setting of the bias
voltages in the device evaluation, the maximum bias voltage uses only four series connecting
photodiode. Therefore, the second version can reduce the number of photodiodes for bias
voltages from 10 to four diodes. However, five photodiodes were used as the bias photodiode

for symmetrical and beautiful design.
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Figure 31 Photographs of top and bottom side of the finished PCB version 2.

Lastly, the third version device was designed. The last version aims to minimize size,
reduce sharp edge, and introduce the waterproof ability to the device. Instead of photodiodes
with the package, bare chip photodiodes mentioned in the early of this chapter was used. Also,
the size of the LEDs and gold pads on the PCB are smaller. After assembling all the components
on the board, the device was covered by clear epoxy for the protection and increase waterproof
ability as shown in Fig. 32. Figure 33 shows the photos of the operating final version device
under the low and high intensity of the IR light. According to bias voltages using photodiodes,
the slight change of the bias voltages depends on the intensity of the light source. Therefore,
the LED intensity is stronger when the intensity of the light source is higher. By applying the
same way as the lower intensity light source, the LED intensity becomes weaker. The operation
video of the final version CMOS-based optical power-transfer for bio-implantable and IoT

devices is in Movie 2 in the appendix.
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Figure 32 Photographs of top and bottom side of the finished PCB version 3.

Figure 33 Photograph of operating 3™ version optical power-transfer with optical ID device.

4.5 Summary & Discussion

To comply with various application requirements, including those of the biomedical and
IoT fields, a CMOS-based optical power-transfer technology was proposed and demonstrated.
The schematic and layout of the proposed circuit were designed using a CAD program. Then,
the chip was fabricated using a 0.35 um 2-poly, 4-metals standard CMOS process. To evaluate

and attach the designed chip with external components, which are an external photodiode array
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and capacitors, I designed and developed three versions of PCBs. The finished integrated
prototype CMOS-base optical energy harvesting device’s size is round shape with a 1 mm
diameter. The evaluation results indicate that the circuits operate as expected. The threshold
voltages can be adjusted by changing the bias voltages. A battery-less, photoelectrically
powered, optical ID device was developed based on the proposed optical power-transfer system.
The device can operate under both IR light and flashlight. The device was developed to match
with the implantable application. The final integrated prototype CMOS-based optical power-
transfer device is round in shape with a 1 cm diameter. Even the 0.7% efficiency is a drawback
of the optical power-transfer device but not the main concern as it is enough to drive the ID
circuit. The principal aim of the device that we successfully came across is a simple circuit
design.

In terms of further improvements, the size and performance of the overall device must
be considered, because the size is significantly important in the implantable device, and also
current and a voltage obtained by photodiodes are limited. Figure 34 shows the future concept
of the CMOS-based optical power-transfer for biomedical and 10T devices. The future design
cuts out the PCB, so the size is as small as the CMOS chip size, in which the size is less than
1 mm. The device includes two external capacitors, two LEDs and an optical power-transfer
chip. This chip contains not only the optical power-transfer with an optical ID circuit as the
original design, but it also includes two sets of build-in photodiode arrays. The optical ID

circuit will be developed for modifiable ID.
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Figure 34 Future concept of CMOS-based optical power-transfer

for biomedical and IoT devices.

The original design of the optical ID circuit is designed to have already fixed a device’s
ID at the circuit design stage. Therefore, the user cannot change the device’s ID after the device
was fabricated. To develop the optical ID circuit, the input from the scanner signal remained,
but another input is connected with both VDD and GND by using MET4; the most top metal
layer in the chip, this MET4 can be cut by laser cutter machine to choose the VDD or GND
input after fabricated the chip. From this new design, the user can design eight ID data bits by
themselves, so the device is more flexible in terms of function.

To reduce the size of the device, the series-connected external bare chip photodiodes
are replaced. Due to the CMOS technology, arrays of n-well p-sub photodiodes directly,
including in the optical power-transfer chip [36, 41, 57-58] is possible. Figure 35(a) shows a
layout of a single build-in photodiode, which the Vout pad is P side, and the GND pad is the N
side of the photodiode. To obtain enough power, the build-in photodiode is connected in series

as shown in Fig. 35(b).
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(b)

Light

Vout3 Vout2 Voutl GND

Figure 35 Design of integrated CMOS-based photodiode.

(a) is the layout of the single build-in photodiode (b) is the wiring of build-in photodiodes

Moreover, this designed optical power-transfer with IoT devices is not limited to only
the implantable application. It can be used as an IoT node for smart house applications as shown
in Figure 36. Using this design, the device supplies power to the sensor or device in the smart

house and provides ID of each sensor for the IoT system.

Door ook IoT node with

Optical power-transfer

Figure 36 Concept of optical power-transfer with optical ID for smart home application.
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Chapter 5
Second Application:
CMOS-based Wearable Device

for Non-invasive Glucose Monitoring

5.1 Overview

The second application for examining the operation of the optical power-transfer circuit
is a wearable health monitoring device. In this chapter, a CMOS-based wearable device for
noninvasive health monitoring operated by optical power transfer was presented. The device
was designed based on the idea of a pain-free and more convenient health monitoring device.
The power system of this device was adapted from the basic single-state optical power-transfer
circuit in Chapter 3 to accumulates a small amount of photoelectrically converted energy in an
external capacitor and intermittently supplies this power to a measurement circuit. In the
measurement circuit, a CMOS-based amperometric measurement was also developed for
operating and transmitting data from a three-electrodes electrochemical sensor. Among various
target metabolites of the sensor, glucose was chosen as the target to set an example health
monitoring application. The purpose, design, and evaluation of the CMOS-based wearable
device for noninvasive glucose monitoring operated by optical power transfer is explained in

detail in this chapter.
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5.1.1 Power System for Wearable Device

The wearable device is a smart electronic device that can be comfortably attached or
worn closed to the surface of the skin without interrupting or limiting the user’s movement.
This wearable device is used for detecting and tracking information on a real-time basis. It also
can analyze and transmit the detected information to other smart devices such as a smartphone.
To make the most advantage out of the structure of epidermal attachable/wearable device

advantages, a battery-free approach was introduced.

One of the bottlenecks of a wireless wearable device technology is a battery due to its
system lifetime limitation, system volume requirement, and unhandy maintenance. However,
most of the power supply systems of the wireless devices are still dependent on it. To get rid
of the battery, the proposed single-state optical power-transfer circuit in Chapter 3 was
introduced in the wearable device. Comparing to battery, the circuit provides a smaller volume
and extend the lifetime of the device. Moreover, the uniqueness of the circuit, which is a
periodic power supply signal can be used for data transmission of the health monitoring

wearable device.

5.1.2 Wearable Device in Personal Healthcare Perspective

More than ten years ago, wearable technology had been introduced into our society and
became the norm in recent years. The applications of the wearable device are various and
gradually grow as the field itself expands. The most commonly seen and widely used wireless
wearable device in our daily life is a smartwatch that can be used as an activity tracker. Besides
the commercial smartwatch, wearable technology is also being incorporated into other fields

such as a navigation system, an advanced textile, and a healthcare system. Especially in terms
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of healthcare, wearable technology is also considered as an innovative solution for the medical

healthcare industry.

The medical healthcare industry has been dramatically changed in the past decade. The
main focus of medical devices moves from a one-size-fit-all concept to a more personalized
concept. The concept of personalized medical devices improves medical health care to better
match individual and specific needs. It not only helps patients but also helps healthcare
professionals to prevent, detection, diagnosis, follow-up, and decision making by improving
the capability to predict health risks, to determine and quantify the dynamics of disease
development, and to target therapeutic approaches to the needs of the individual patient. From
the aspects of health, the most caring point is that the users feel comfortable with the health
services provided to them, which is a lacking point of current healthcare technology. Therefore,
a key in personalized medical devices is the development of portable tools that patients can
easily carry in a daily basis. That is where the demand for wearable devices has increased for
many healthcare applications. The wireless epidermal attachable devices are not only helping
to break the uncomfortable health monitoring device barrier but also providing a minimally
invasive or completely non-invasive, which less pain, freely to move and more suitable for
daily life. Especially personalized medical application, the concept of the attachable devices
has been more widely considered as a personalized health monitoring by combining them with
biosensors. However, it is by far one the most complicated areas, and that is why wearable

technology has the potential to make such a major impact.

59



5.1.3 Electrochemical Sensor

For the health monitoring application, biosensors play an important role in this space
providing direct detection of disease markers. There are a variety of sensor types for
personalized health monitoring sensors that measuring vital signs such as heart rate, bodily
motion, and brain activity but still lacking chemical activity monitoring. The most considerable
chemical sensor in the area of on-body sensing is an electrochemical sensor. Electrochemical
sensors offer considerable promise as wearable chemical sensors that are suitable for diverse

applications owing to their high performance, portability, simplicity, and low cost [59].

The electrochemical sensor is a device that transforms electrochemical information into
an analytically useful signal, such as an electrical signal. Electrochemical sensors are usually
composed of two basic components, a chemical (molecular) recognition system, which is the
most important part of a sensor and a physicochemical transducer, which is a device that
converts the chemical response into a signal that can be detected by modern electrical
instrumentations [60]. The electrochemical sensor measures the concentration of a target
metabolite by oxidizing or reducing the target metabolite at electrodes on the electrochemical
sensor. From the oxidation/reduction reaction, electrons are produced/reduced. The electron
exchange creates a current at Bio/CMOS interface, which has the opposite direction in
oxidation and reduction. The current from these reactions is called “Faraday current” as an
example of glucose oxidation in Fig. 37. The value of the faraday current depends on the target
metabolite concentration. There are such as two-, three- or four-electrode sensors. Among these
types, a three-electrode sensor was applied in this work. The three-electrode sensor consists of
a working electrode (WE) which contains all the bio- and nano-materials required by the bio-

detector such as an oxidase/reductase of a target metabolite, a reference electrode (RE) which

60



supplies a right potential to get the right reaction, and a counter electrode (CE) which make it

possible to measure the faraday current [61-63].

Glucose + O, GOx Gluconic acid + H,0,

Oxidation voltage

H202 Oz+ + 2H20 +4e

Glucose Gluconic acid

\ / Glucose Oxidase

Figure 37 Chemical reaction and illustrator of the glucose oxidation reaction.

Moreover, a wide range of electrochemical sensors has been developed for noninvasive
measuring electrolytes in biofluids, such as sweat, tear, or saliva as an indicator of health status.
With continued innovation and attention to key challenges, such non-invasive electrochemical
sensors are expected to open up new exciting avenues in the field of wearable wireless sensing,

and thus find considerable use in a wide range of personal health-care monitoring applications

[59, 64-66].

5.1.4 Diabetes

Diabetes is a disease that causes high blood sugar or blood glucose levels. Glucose was
brought into the body by consuming food. This disease involves problems with the hormone
insulin. The hormone insulin is released from the pancreas. This is a key hormone that helps

glucose get into cells to be stored or give them energy. With diabetes, the pancreas does not
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produce insulin or a minimal amount of insulin, or the body does not respond effectively to
insulin. This causes a high blood glucose level. Over time, untreated high blood causes serious
problems. It can damage nerves, blood vessels, eyes, kidneys, and lead to heart disease or other
health problems. Therefore, people with diabetes must monitor and treat their blood glucose
levels. There are three types of diabetes, which are Type 1, Type 2, and Gestational diabetes

[67-68].

Type 1 diabetes occurs when the body cannot produce enough insulin. The immune
system attacks and destroys cells in the pancreas. That causes the loss of insulin production.
Since the pancreas of diabetes patients cannot release enough insulin to control the blood
glucose level, their blood glucose level can be too high. When blood glucose is high, the patient
must receive insulin injections to fulfill the amount that his/her pancreas cannot provide. This
diabetes type most often appears in children and young adults but can appear at any age [69-

70].

Type 2 diabetes occurs when the body does not use insulin properly or becomes
resistant to insulin. The body is unable to metabolize glucose and still remain in blood. This
leads to high blood glucose levels. This diabetes type is the most common and can be delay or
prevent by changing lifestyle. People with type 2 diabetes may be prescribed tablets and/or
injectable medication to helps the body to respond better to insulin. Blood glucose monitoring
is significantly beneficial for patients. It provides immediate feedback and improvement of the

blood glucose level to their food, lifestyle, and medical treatment [71-73].

Gestational diabetes occurs especially in women during pregnancy. One of the most
significant causes of gestational diabetes is placental hormones. The placental hormones reduce
the effectiveness of insulin, and their level is required higher as the baby grows. Therefore,

further into pregnancy, women are a higher likelihood of developing insulin resistance.
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Gestational diabetes does not happen in all women and usually subsides after pregnancy.

However, it can sometimes remain as type 2 diabetes.

Nowadays, there is no cure for permanently fixing the blood glucose level. People with
diabetes need to maintain their disease to stay healthy. To maintain and checkup health
conditions, patients must measure their glucose concentration levels by a suitable device. A
commonly used method for glucose detection is electrochemical glucose sensing and mostly

blood-based type [74].

5.1.5 Glucose Monitoring Technology

Glucose monitoring is essential for diabetes patients because they require 24-hour
management to control their blood glucose/sugar level. The most popular and conventional
blood glucose monitoring device is self-monitoring blood glucose (SMBG) meter (Fig. 38).
The SMBG uses a drop of blood from finger pricking, which is a well-known method for
measuring blood glucose levels. One set of the SMBG consists of a glucose meter, a test strip,
a lancing device, and a lancet, which is a needle used to prick the end of the finger to produce
a drop of blood to measure the blood glucose. Without one of these equipment, the glucose
measurement cannot perform. The figure pricking is the easiest method but has limitations for
patients because of the pain, inconvenient to carry much equipment, and accompanying intense

stress of repetitive blood collection, usually 3-4 times per day [75].
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Figure 38 Commercial self-monitoring blood glucose (SMBG) meter.
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Figure 39 Minimally/Noninvasive glucose monitoring devices.
(a) Glucose monitoring contact lens by Google

(b) Minimally invasive glucose monitoring device by FreeStyle Libre

Since diabetes can happen not only adults but also children and older people, a method
for painless and stress-free glucose monitoring is highly desirable. This need can be fulfilled
by combining a minimally/noninvasive electrochemical sensor for glucose with a wearable
device [76-77]. There are many studies and some products based on this concept, such as a

contact lens by Google and Novartis that noninvasively detect glucose from tears (Fig. 39 (a)).
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A minimally invasive continuous glucose monitor with a thin, flexible filament inserted under
the skin to measure glucose (Fig. 39 (b)). In this work, a sweat analysis was chosen for a glucose

detecting method.

According to the pilot studies of transdermal continuous glucose measurement in 2008
[78], a noninvasive electrochemical sensor is possible to monitor glucose concentration in
blood with the help of ultrasound skin permeation methodology. The performance of
noninvasive glucose monitoring was also equivalent to abrasion glucose monitoring. The
noninvasive method could facilitate strict blood glucose control, potentially rendering safer

self-management and improved long-term health benefits [79].

5.2 Purpose

The purpose of this work is to design and evaluate a CMOS-based wearable device for
noninvasive health monitoring operated by optical power transfer. Among various sensing
possibilities, glucose was chosen as an example of the target metabolite. This device also
presents as one of the example applications of the single-state optical power-transfer circuit in
Chapter 3. The device includes three technologies, which are the optical power transfer, a
wearable device, and a sweat-based noninvasive electrochemical sensor to improve the health
monitoring system. The CMOS-based optical power-transfer circuit was introduced into the
device as a power supply system instead of a battery. This device was designed to easily
attach/wear on human skin like a band-aid and detect glucose concentration from sweat. It also
requires only a smartphone for light source and data display. This method provides less pain,

freely movement, and more convenient.
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Figure 40 is a conceptual illustration of the battery-free attachable glucose monitoring
device’s application. The device operation is simply started by using a smartphone flashlight
as a light source of an optical power-transfer system. Then, the power from the power-transfer
system operates a measurement system and detects a glucose concentration from sweat. The
data display system receives the measured glucose concentration and generates a data signal.

This data signal can be collected and displayed by a camera on the smartphone.
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Figure 40 Conceptual application of the battery-free attachable glucose monitoring device.

5.3 Circuit Design

5.3.1 Device Overview

The design of the wearable device for noninvasive glucose monitoring operated by
optical power transfer focused on the idea of painless, convenient, and freely-movement
device. For convenient and flexible movement, the device must be able to complete the
measurement without too much equipment and within only a compact size. The designed

device requires only the device itself and the smartphone that everyone has already carried
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around every day. In order to minimize the device size, the single-state optical power-transfer
circuit presented in Chapter 3 was used as the power supply system of this device. The
measurement circuit was also designed to complete its function within a single powering pulse.
For optical data display, the advantage of the pulse power supply from the single-state circuit
was applied to a pulse width modulation (PWM) method for transferring and displaying the

data.

Figure 41 shows the block diagram of the proposed battery-free glucose monitoring
device with an optical power-transfer platform. The device has external serial-connected
photodiodes, a capacitor, a three-electrode electrochemical glucose sensor, a LED, and a
CMOS optical health-monitoring chip. The CMOS chip is the main component to control the
device power system and measuring system [46]. It consists of an optical power-transfer part
and a functional part, including a single-potential amperometric measurement circuit and a
pulse-width-modulated (PWM) light pulse data display. Due to the photodiodes, the device is
simply powered by an external light source, such as the LED illuminator of a flashlight in
smartphones. A photocurrent generated by photodiodes is charged into a capacitor, which is
used as primary power storage. An optical power-transfer part monitors the voltage of the
capacitor (Vc), and controls the operation. When the capacitor accumulates enough power, the
power-transfer system supplies the power to the functional part. In the functional part, an
amperometric measurement was used as the measurement method to work with the
electrochemical sensor. Then, a PWM light pulse transfers the measured value and displays the
value using a LED. The light pulse from LED will be collected by the camera and converted

into a numeric concentration on the smartphone.
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Figure 41 Block diagram of the battery-free attachable glucose monitoring device.

5.3.2 Optical Power Transfer part

An optical power-transfer part is an important power supply system in this device for
providing a suitable power supply to the functional part. Due to the single pulse operation of
the functional part, the design of the single-state optical power-transfer circuit in Chapter 3
with some modification in the voltage detector was employed as the optical power-transfer part
of this device. The modification aims to reduce the power consumption of the optical power-
transfer part. For low power consumption, current limiting transistors were introduced in the
voltage detector by adding them at the instantaneous transition current flowing through two

inverters consisting of Mp2, Mn2, Mp3, and Mn3 in the voltage detectors.

Figure 42 is a schematic of the voltage detector in the CMOS optical health-monitoring
chip. According to the modification, this voltage detector requires four bias voltage to control

power supply and reduce power consumption. To control the supply voltage level (Vtu and
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V11 levels), Ven and Vpp voltages from the bias circuit are crucial. In addition, Viimi at a current-
limiting transistor set (Mn4 and Mn5) utilizes for reducing the current consumption of the

optical power-transfer circuit.
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Figure 42 MOS-level schematic of the low power consumption voltage detector.

The overall function and block diagram (Fig. 43(a)) of the new optical power-transfer
circuit basically remain the same as the original single-state optical power-transfer circuit. The
circuit consists of two sets of external photodiodes, an external capacitor, a voltage detector,
and a CMOS switch. The two sets of photodiodes included one set of 10 series-connected
photodiodes, called “main photodiodes,” to obtain sufficient voltage for the circuit operation,
and another set of six series-connected photodiodes as a bias voltage source, called “bias

photodiodes,” to control on-off voltages and current limitation that are required for operation.

The operation begins when emitting light to the photodiodes. The photodiodes convert
light to electrical power then, charge the external capacitor with the current generated by the
photovoltaic effect. When the capacitor voltage (Vc) reaches Vtu, the voltage detector turns
on a CMOS switch and supplies power to the functional part means the external capacitor is

discharged. After a discharge phase, when the capacitor voltage decreases to Vi, the voltage
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detector turns off the CMOS switch and stops supplying power. During the phase, when no

load is present, the capacitor is recharged to repeat the operation, as shown in Fig. 43(b).

Therefore, the supply power signal is intermittent pulses with voltage decay. The pulse period

starts with the turn-on threshold voltage Vu and terminates at the turn-off threshold voltage

VL.

Importantly, the pulse width of the capacitor discharge period (yellow arrow in Fig.

43(b)) depends on the power consumption of the functional part. As the supply voltage is

almost constant, it means that the pulse width depends on the current consumption of the

functional part. This relationship between the pulse period and the current consumption was

employed for data-display in the functional part.
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Figure 43 Optical power-transfer part in the glucose monitoring device.
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(a) Block diagram and (b) Simulated operation of the optical power-transfer part.
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5.3.3 Functional Part

In the functional part, there is a measurement part connected with a noninvasive
electrochemical sensor and a data display part connected with a LED. For the measurement
part, a three-electrode amperometric measurement circuit, which is a common measurement
method for the electrochemical sensor, was chosen to control and collect measurement data
from the sensor. For the data display part, we employed a pulse-width-modulated (PWM) light
pulse circuit using the relationship between the pulse period and the current consumption of

the functional part to transfer the measured value as shown in Fig. 44.
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Figure 44 Block diagram of the functional part.

Amperometry or amperometric method is one of a family of electrochemical methods.
This method applies a fixed voltage to the sensor to control the chemical reaction and
instrument. The voltage is applied between two electrodes during measurement. Then,
measures the current occurring, which is a consequence of oxidation/reduction at the electrode

surface as the analytical signal. As the concentration of the target metabolite higher, the more
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chemical reaction (oxidation/reduction), the higher number of exchanging electron on the
electrode surface, means the higher current value. Therefore, the current depends on the
concentration of the target metabolite. This current is measured only while the potential is
applied. It is called “Faraday current,” as mentioned in the introduction. A typical application

of amperometry is the determination of glucose concentration [80].

Typically, an amperometric measurement demands a continuous power supply means
it is reasonable to implement a voltage regulator circuit in the power-transfer platform to
operate the amperometric measurement circuit, but it requires additional current. In order to
minimize the current overhead, I configured the amperometric measurement circuit to work
with a temporary-varying operation voltage and utilize the relationship of the supply power

pulse width and the current consumption of the functional part for the data-display scheme.

For the specification of the amperometric measurement circuit, the three-electrode
electrochemical sensor requires a constant and correct potential between the working electrode
(WE) and the reference electrode (RE) to get the right reaction and maximum sensitivity of the
sensor. A feedback loop using a simple differential amplifier without cascade transistors was
introduced to fulfill the sensor requirement. The schematic and symbol of the amplifier in the
feedback loop is shown in Fig. 45. In this work, the voltage between WE and RE (Vwg-rg) was
kept at approximately 0.4 V, which is a glucose oxidation voltage (Voxi) of this specific sensor.
Voxi 1s generated by micro-photodiodes, similar to other bias voltages. At the right Voxi value,
a glucose oxidation reaction generates the faraday current (Ir) based on a glucose concentration.
The current flows from WE into the collection electrode (CE) and transmits to the data display

part via current mirror transistors.

72



Vdd .’ l

Mp! Mp2

Output
Plus .—": I—. Minus
Mnl Mn2 Symbol
vdd
Vb | s Qutput
Mn3 Minus
T

Vi

Figure 45 MOS-level schematic and Symbol of the amplifier.

In the data display part, the current mirror transistors were integrated to copy the
faraday current from CE and build up a new LED current to transmit the measured value. The
power from the optical power-transfer circuit supplies the amplifier and the electrochemical
sensor in the amperometric measurement circuit. Moreover, the LED also shares power with
the amperometric measurement circuit. This means that the total current consumption of the

functional part (Itoa1) that flows from the external capacitor (see Fig. 46) is

Itotar = Lamp + Ir + ILED (1)

Thus, the LED current is regulated to be proportional to the faraday current. The ratio
between LED current and faraday current depends on the ratio between the width of two
current mirror transistors (Mn6:Mn7 is 1:a). Therefore, the total current consumption of

the functional part is

It = Lainp + (1+a) Ir (2)
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As the amplifier is expected to operate only in feedback to keep the operating point
within the designed condition and the amplifier current (Iamp) is expected to be nearly constant
during operation. Thus, the total current consumption depends purely on the faraday current
(Ir). On the other hand, the optical power transfer circuit (voltage detector and switch) is
configured to provide the power pulse while V¢ is between Vu and Vrr. Therefore, a single

powering pulse delivers a total charge of

Opuise = C x (Vu-V11) (3)

Therefore, the pulse duration of a single pulse is

Tpruise = QPulse / ITotal (4)

Now that the total current consumption depends on the faraday current and C, Vru, VtL,
(1+a), and Iamp value can be determined from design and/or calibrated parameters. Therefore,
the faraday current (Ir) can be estimated from Tpuise based on Eq. (1) to (4). Moreover, since
the LED was designed to operate by the power pulse from the optical power transfer circuit,
the LED emitting pulse period equals the pulse duration of a single pulse (Tpuise). For that reason,
the faraday current also can be estimated from the duration of the LED emitting pulse. Then, it
converts the faraday current back to the glucose concentration from the sensor calibration.
Figure 46 shows the overall schematic level of the wearable device for noninvasive health

monitoring operated by optical power transfer.
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Figure 46 MOS-level schematic of the battery-free attachable glucose monitoring device.

5.3.4 Electrochemical Sensor Model for Simulation

The CMOS chip was designed using a 0.35 um standard CMOS process. In this
simulation, a glucose sensor is used as an example of a health monitoring target, but the actual
physical electrochemical glucose sensor (Fig. 47) cannot be included in the simulation.
Therefore, the glucose sensor model must be used in the simulation. Figure 48 is an equivalent
circuit of the electrochemical glucose sensor that widely uses in many journals. The commonly
used model is designed based on the Randles equivalent circuit [81-83]. The circuit can vary
glucose concentration by using the variable resistor. However, this equivalent circuit has a
deviation when the sensor does not operate at oxidation or reaction voltage. To solve this
problem, the new equivalent circuit of a three-electrode electrochemical sensor in Fig. 49 was

designed and used as the glucose model in this work.
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Figure 47 Image of the physical electrochemical glucose sensor.
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Figure 49 Equivalent circuit of new design three-electrodes electrochemical sensor.
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According to the characteristic of the electrochemical sensor [61], a current generator
between the working electrode and the reference electrode generates faraday current (Ir), which
relates to the concentration of the measured biological substance/target metabolite. The relation
between the concentration and applied voltage between RE and WE to faraday current value

defines by

(V-VF)?
I5([CL,V) = Ingy ¢ Peaiwiaii? ()
Vr is the oxidation voltage, which is the voltage at the peak position of the cyclic voltammetry
curve. Imax 1s the maximum faraday current of the peak position, as shown in Fig. 50. The other
parameters in the equivalent circuit have a constant value, and they are dependent on the
characteristic of the electrochemical sensor except for the concentration resistor at the working

electrode:

Rcon = VF/Imax (5)

High

> Low

Voltage [V]

Figure 50 Example of cyclic voltammetry curve in the oxidation reaction.
(Note that, plots “Imax, 17, “Imax, 2”, and “Imax, 3" are
the maximum current from high to low concentration.)
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According to [84], the characteristic of their glucose sensor is used as reference data of
testing the designed glucose sensor model in the simulation. Fig. 51 is an oxidation curve of
cyclic voltammetry (CV) and the relationship between faraday current and glucose
concentration results of the actual glucose sensor. From the oxidation curve, the oxidation

voltage (VF) is approximately 0.47, Imax varies from 30 to 80 pA, and the peak width is

approximately 0.25 V.
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Figure 51 Oxidation curve from CV and Calibration curve of the reference glucose sensor.

To evaluate the characteristic of the new sensor model, a DC voltage and a 1 kOhm
resistor were applied between WE and RE as an oxidation voltage (Vr) and at CE as a load.
Then, a DC analysis with a vary oxidation voltage from 0 to 1 V was used for simulation. A
parametric analysis with a varying current from 30 to 80 pA was also used for representing the
different glucose concentrations. For other constant parameters, the value of Rcg, Rsc, Rsw,
Rsr, Cck, and Cwe chose according to [82-83], are set to 1 kOhm, 10 Ohm, 10 Ohm, 6.3 kOhm,
1uF, and 1 nF. Note that these parameter values can be adjusted to fit with the characteristic of
the actual sensor. However, the main focus of this simulation is the operation of the designed
health monitoring circuit, not the sensor characteristic. Therefore, these estimated parameter
values are enough to simulate the characteristic of the glucose electrochemical sensor in the

circuit simulation.
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The simulation result in Fig. 52 shows that the designed equivalent circuit of the
electrochemical sensor has the same characteristic exponential curve as the actual
electrochemical sensor. On the other hand, the commonly equivalent used circuit was simulated
using the same DC analysis by varying oxidation voltage from 0 to 1 V. The simulation result
in Fig. 53 shows that the relationship between the faraday current and oxidation voltage of the
common one is a linear. Comparing these two equivalent circuits, the new design circuit has
more similar characteristics to the actual sensor than the commonly used one. The simulation
result from both equivalent circuits might not be much different when the sensor operates at
oxidation voltage or lower. However, when the voltage between WE and RE is higher than the
oxidation voltage, the faraday current from the commonly used equivalent circuit is higher than
the faraday current at oxidation voltage. In contrast, the actual sensor and the new design
generates lower faraday current than the faraday current at oxidation voltage. Therefore, the

new design equivalent circuit in this work is more accurate than the commonly used circuit.
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Figure 52 Simulation result of the oxidation curve from the new design three-electrodes

electrochemical sensor.
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Figure 53 Simulation result of oxidation curve from the commonly used three-electrodes

electrochemical sensor.

5.3.5 Device Simulation

By including the designed sensor model, the designed schematic of the wearable device
for noninvasive health monitoring operated by optical power transfer was simulated. To
evaluate the relationship between glucose concentration and the duration of LED emitting pulse,
a parameter analysis was used. The parameter analysis varies Imax value for representing
different glucose concentrations. The high Imax value means high concentration, and the low
Imax value means low concentration. The schematic and parameter values for simulation are in
Fig. 54 and Table 7. Using transient analysis, the result of the simulation in Fig. 55 shows that
at high Imax, the Viep period is shorter, and at low Imax, the Viep period is longer. Therefore,

the LED emitting period depends on the Imax value, which is a glucose concentration.
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Figure 54 Schematic of the battery-free attachable glucose monitoring device for simulation.

Table 7 Set up parameter value for simulation.

Parameter Value

I solar

10 pA

C

20 uF

Vbn

04V

Van

04V

pr

24V

Vop2

2V

Vb

0.8V

Voxi

047V

Imax

0.01-100pA
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Figure 55 Simulated operation (LED pulse duration) for various Imax

representing different glucose concentrations.

At a constant voltage between the working electrode and the reference electrode, the
faraday current (Ir) equals to Imax. The higher the faraday current (Ir) means, the higher
concentration and also indicates a higher LED current and a higher total current consumption
(Itotal). Now that a higher current is being drawn, the period of the capacitor discharge and the
LED pulse duration become shorter. Moreover, the LED brightness also becomes brighter.
Therefore, the results of the simulations indicate that the amperometric measurement and data-
display with the optical power-transfer circuit works as expected. According to the simulation
results, the best ration between two transistors in the current mirror circuit is 1:10 (Mn6:Mn7).
Figure 56 shows the complete block diagram of the noninvasive health monitoring with optical

power transfer circuit and the relationship between each part.
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Figure 56 Complete block diagram and relationship of the noninvasive health monitoring

with optical power transfer circuit.

5.3.6 Layout Design

After completed schematic designing and simulating the noninvasive health monitoring
with an optical power transfer circuit, the next step is layout design. The main idea design of
this layout is to optimize the space for minimizing device size. Figure 57 shows the layout of
the noninvasive health monitoring with optical power transfer circuit. This layout also includes
a metal-4 protection layer, I/O pads, and electrostatic discharges (ESD). The size of the
finishing circuit layout is 67.15 x 50.35 um? and the size of the whole chip in Fig. 58 is 617 x

641 um?. The details of input and output pins (I/O pads) are shown in Table 8.
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Figure 58 Layout of CMOS noninvasive health monitoring with optical power transfer chip.
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Table 8 Detail of each pad in the health monitoring with optical power transfer chip.

PAD number PAD name 1/0 Connection node
1. plus of oxidation voltage
1 Vdd /O 2. working electrode of sensor
3. Pside of LED
2 RE /O reference electrode of sensor
3 Vb _amp I photodiodes
4 Voxi- I minus of oxidation voltage
5 Vbnl I photodiodes
6 Vbpl I photodiodes
7 Vin /O PDs and Capacitor ( C=20 uF )
8 GND I ground
9 CE /O counter electrode of sensor
10 LED N I N side of LED
11 Vbp2 I photodiodes
12 Vbn2 I photodiodes

To characterize the circuits and demonstrate the concept of the proposed battery-free

health-monitoring device with optical power-transfer platform, the designed CMOS chip was

fabricated by a 0.35 um two-poly, four-metal standard CMOS process. Figure 59 and Table 9

display the layout and specifications of the CMOS chip, respectively.
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Figure 59 Photograph of actual health monitoring with optical power transfer chip.

Table 9 Specifications of CMOS actual health monitoring with optical power transfer chip.

Specification

Process

Details

0.35 pm two-poly four-metal standard CMOS

Operating voltage range

26-4V

Chip size

641.5x 617.5 pm?

List of included circuits

Optical power transfer circuit
Amperometric measurement circuit
Pulse-width-modulated (PWM) data display
circuit

Required external
components

Two serially connected photodiodes for
powering and biasing

Three-electrode electrochemical sensor
Capacitor

LED
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After preparing all the components, the evaluation boards were fabricated. Fig. 60
shows the fabricated evaluation boards. The (a) board on the top side consists of a CMOS chip,
a capacitor, and a LED. On the bottom side, the (b) board is for glucose sensor. A commercial
disposable blood glucose test strip was used as a glucose sensor and connect with other

components using a connector.

(a) Capacitor

LED CMOS chip

Commercial disposable
(b) blood glucose test strip

Connector

Header pin

Figure 60 Photographs of the evaluation boards for battery-free glucose monitoring device.
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5.4 Device Evaluation

5.4.1 Intermittent Operation of Optical Power-Transfer

To confirm the operation of the optical power-transfer part, a function generator was
used as an input voltage (Vin) instead of serially connected photodiodes and capacitor for
stability control/most accurate results in this experiment. In actual applications, the initial stage
of the capacitor voltage is zero, and increase its value by the current from the photodiodes.
Then, decrease the value by discharging to the functional part. To mimic these characteristics
of the capacitor voltage, a 0-4 V ramp voltage from the function generator was chosen. The 0-
4 V ramp voltage, DC voltage generators, two resisters, and a LED were used as the input
voltage, bias voltages, a glucose sensor, and a data display LED for analyzing the on-off period
of the optical power-transfer. If the optical power-transfer part works properly, the CMOS
switch is turned on when the input voltage reached a high threshold voltage level (Vru) and
turned off when the input voltage dropped lower than the low threshold voltage level (VtL).
Therefore, the output supply voltage (Vour) to the functional part occurs only when the switch
turns on. Otherwise, the output supply voltage has the same value as the input voltage if the
optical power-transfer part is not a function. The result in Fig. 61 shows that the optical power-
transfer part correctly intermittent supplies power to the functional part as expected. At the
appropriate bias voltages, the circuit starts to supply power (Vour) when the input voltage
reached 3 V (V1n) and stops supply power when the voltage dropped to 2.6 V (Vrr). Therefore,
the output voltage has the same level as the input voltage only when the CMOS switch turns
on and reminds almost zero volts when the switch turns off. The LED also only emits light
when the CMOS switch turns on, which means the output voltage is properly supplied to the

functional part.
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Figure 61 Voltage signals of the optical power-transfer part with 4 Vp-p ramp input voltage.

As mentioned in section 5.3.2, the bias voltages in the optical power-transfer part were
designed to supply by photodiodes. Therefore, the variations of Vyn and Vyp from light intensity
may cause some shifts in on and off voltage values. By changing the light intensity, it might
slightly change the on-off voltage level but not completely stop the operation. The limitation

of the operation is the illumination at the powering PDs, not the biasing PDs.

5.4.2 Glucose Detection Using Amperometric Measurement

To evaluate the function of the measurement part, the same 0-4 V ramp voltage was
applied to the circuit input instead of photovoltaic power generation. The LED was also
replaced with a resistor to monitor the current flowing at LED. The commercial glucose-
sensing strip was used as the glucose electrochemical biosensor. In this experiment, glucose

powder was used to prepare a glucose solution and drop the solution on the strip for testing
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glucose detecting as a substitute for sweat. The result of two powering pulse cycles of the LED
voltage from non-glucose to higher than 600 mg/dL glucose concentration is shown in Fig. 62.
Due to the experimental setup, the function generator fixes the pulse duration of the LED.
Therefore, the measurement result is not shown as pulse duration, but only as pulse height. At
the higher concentration, the circuit successfully obtained a larger faraday current. On the other
hand, the circuit obtained a smaller faraday current at a lower concentration. This result shows

the amperometric measurement circuit works as expected.
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Figure 62 Voltage at LED at various glucose concentration using 4 Vp-p ramp input voltage:
“(1)” 1s 0 mg/dL (non-glucose), “(i1)” is lower than 20 mg/dL, “(ii1)” is 109 mg/dL, “(vi1)” is

495 mg/dL, and “(v)” is higher than 600 mg/dL glucose concentration.
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5.4.3 Fully Optical Operation of Battery-free Glucose Monitoring Device

The prototype of the battery-free health-monitoring device operated by optical power
was assembled for the device evaluation. The fabricated CMOS chip was connected with two
sets of 10 series connected discrete photodiodes as the input photodiodes and the bias
photodiodes to obtain sufficient voltage (approximately 4 V for each set). Furthermore, we
connected a discrete 4.7 uF capacitor, an external LED as a power accumulator, and a data
display LED, as well as a commercial glucose-sensing strip as the noninvasive electrochemical
biosensor. This commercial glucose-sensing strip requires an oxidation voltage of
approximately 0.4 V. For sweat detection, the same glucose solution was prepared at different
concentrations. The details of the external components were summarized in Table 10. The
device was activated by emitting light to both sets of the photodiodes and tracked its operation
by an oscilloscope. The graphs in Fig. 63 show tracking signals from the oscilloscope of an
input voltage at capacitor (Vc) and a voltage at LED (ViLep). As shown in the V¢ graph, the
device requires starting time about 2.5 seconds to accumulate initial power. This starting time
can be shorter by using a stronger light source and conversely, it can be longer if the light
intensity from the light source weaker. After the starting time, the glucose detection starts
operation and shows the glucose concentration as the LED emitting pulse, as shown in the Vigp
graph. In the ViLep graph, some noise occurs when the functional part is not measuring the
glucose. However, it does not affect the display part because the display system focuses only

when LED is emitting, and this noise has not enough voltage to operate the LED.
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Table 10 Specifications of required external components.

Parameters Details ‘ Value

Input voltage 10 photodiodes from PD setl 4.0V

Vbnl 1 photodiodes from PD set2 04V

Bias voltages Vbpl 6 photodiodes from PD set2 24V

in voltage detector Vbn2 1 photodiodes from PD set2 04V

Vbp2 5 photodiodes from PD set2 20V

Oxidation voltage (Voxi) Individual single photodiode 04V

Bias voltage in amplifier 1 photodiodes from PD set2 04V
Electrochemical sensor Commercial glucose strip -
LED (S“Jr(z‘ar::r;lr]r?(l)lll;‘}ti)e) i

Glucose solution Glucoileei];:) %ﬁi‘g\?g:d with 125 mg/dL

*Note: PD setl is input photodiodes, PD set2 is bias photodiodes
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Start emit light
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Figure 63 Traces of the signals acquired at 125 mg/dL glucose concentration

during the fully optically powered operation.
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5.4.4 Relationship Between Concentration and PMW Light Pulse

As stated in 5.3.5, the faraday current (Ir) can be estimated from the pulse width of the
lighting LED (Tpuse). This faraday current value also represents the concentration of the
glucose. This means the device can measure the concentration of the target biological substance
from the lighting period of the LED by taking video and processing it on the smartphone.
According to this process, the relationship between glucose concentration and LED lighting

period is significant for measurement.

At the constant voltage between the working electrode and reference electrode, the
higher glucose concentration means the higher faraday current (Ir) and also means the higher
total current (Itota1) from Egs. (1) in section 5.3.5. Due to the higher current consumption, the
period of capacitor discharge and the LED emitting pulse is shorter. On the other hand, the
lower glucose concentration means, the longer LED emitting pulse. Therefore, the glucose

concentration shares an inverse relationship with the pulse width of the LED emitting pulse.

To confirm the relationship between the glucose concentration and the pulse width of the
LED emitting pulse, we prepared various testing concentrations of the glucose solution. The
testing glucose concentration range was designed base on the sensitivity of the example
commercial SMGB for the commercial glucose-sensing strip, which is 20 to 600 mg/dL, and
also the blood glucose level of healthy people and diabetes patients. According to the literature
[67, 73], the blood glucose level for the majority of healthy individuals is between 70 to 110
mg/dL when fasting state and up to 140 mg/dL. when two hours post-meal. For people with
diabetes, their glucose level is higher than 140 mg/dL when fasting state without insulin
injection, but the target blood glucose level for them is between 70 to 130 mg/dL before a meal
and lower than 180 mg/dL after a meal. As their body does not produce enough insulin to
absorb glucose until the glucose level gets back to normal, the blood glucose level can reach
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over 200 mg/dL if they are not received the injected insulin. Therefore, we chose 30, 60, 125,
250, 500, and 1,000 mg/dL as examples of the glucose concentration to evaluate the device.
With the same setup as the previous experiment, the result in Fig. 64 shows that the higher
concentration is, the shorter the pulse width of the LED emitting pulse will be. Otherwise, the
pulse width is longer when the concentration is lower. In the experiment, the LED emits light
to display data in all the chosen concentration range but with small different brightness. By
plotting the values of the glucose concentration and the average pulse period, the graph in Fig.
65 confirms that the glucose concentration shares an inverse relationship with the pulse width

of the LED emitting pulse as expected.
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Figure 64 Oscilloscope signals in completely optically operation of voltage at LED in 30, 60,

125, 250, 500, and 1,000 mg/dL glucose concentration. (Grey line is input voltage)
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Figure 65 Relationship between the pulse width of the LED emitting pulse

and glucose concentration.

However, the device works properly from 30 to 1,000 mg/dL but does not correctly
work when the concentration is lower than 20 mg/dL due to the limitation of the commercial

glucose strip sensitivity that is used as the electrochemical sensor.

5.4.5 Artificial Sweat Preparation and In-vitro Experiment

According to the design objective, this device is designed to attach to the body and

noninvasively detect glucose from sweat. From the previous experiments, the device operation
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under a completely optical power condition was confirmed. Next, the concept of sweat

detection for glucose by this device was evaluated.

With the same experiment setting and the commercial glucose strip sensor as the
previous experiment except for glucose solution (Table 10), the demonstration of the device
was performed. Instead of the pure glucose solution, an artificial sweat or artificial perspiration
solution (APS) with different glucose concentrations was used for demonstrating the actual
application. According to the artificial sweat formula described in the literature, the sweat

solution was prepared with the following composition listed in Table 11 [64, 85].

Table 11 Composition of artificial sweat.

Compounds Concentration

Sodium Chloride (NaCl) 20 g/L
Ammonium Chloride (NH4CI) 17.5 g/L
Acetic acid 5¢g/L
Lactic acid 15 g/L
L(+)-Ascorbic acid 10 uM
Uric acid 59 uM
Pyruvic acid 0.18 mM
L-Glutamic acid 0.37 mM
Urea 10 mM

To confirm the detection of the device, the glucose was combined in the artificial sweat
at different concentrations. In this experiment, 77, 125, 196, 317, 384, and 495 mg/dL were
chosen as examples of six different glucose concentrations in artificial sweat. Figure 66 is the
captured operating signals of the device in four seconds period. The result shows that the device

works as expected. The LED correctly emits light related to the glucose concentration. The
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lighting pulse width is longer at lower concentrations and shorter at higher concentrations. The
average pulse width of each concentration is 0.15, 0.054, 0.045, 0.022, 0.013, and 0.01 second,
respectively from low to high concentration. The operation and detection stop when stop
emitting light to the photodiodes. Figure 67 shows the relationship between glucose
concentration in artificial sweat and pulse width of the LED emitting pulse. Therefore, the

designed device can detect glucose from artificial sweat using only optical power operation.
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Figure 66 Oscilloscope signals in completely optically operation of voltage at LED of

different glucose concentrations in artificial sweat. (Grey line is input voltage)
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Figure 67 Relationship between the pulse width of the LED emitting pulse

and the glucose concentration in artificial sweat.

Comparing between the result of the pure glucose solution and the glucose in the
artificial sweat experiment in Fig. 65 and Fig. 67, the graph trends of both experiments are
similar. However, the result with the pure glucose solution is more sensitive than the result
from the artificial sweat due to the sensor characteristic and the artificial sweat’s compounds.
The fact that the commercial glucose strip sensor in these experiments was designed for blood-
based glucose detector and one time used purpose means the sensor is not durable for the sweat
detection. Moreover, the acid compounds in the sweat might prevent the glucose oxidation
reaction on the WE surface. This occurrence decreases the sensitivity of the device. Therefore,

the design of the electrochemical sensor affects the detection performance of this design device.

According to the performance and sensitivity of the commercial glucose strip, the
commercial glucose strip cannot detect glucose concentration lower than 20 mg/dL and the

faraday current from the sensor will be too low to operate the LED. The chosen glucose
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concentration ranges in this experiment bases on the glucose level in blood. However, the
actual glucose concentration in sweat is approximately 0.36 to 10.8 mg/dL for healthy people
[86], which is much lower than the blood glucose concentration. The main focus of this work
is to design the optical power supply system for health monitoring applications and minimize
the amperometric measurement circuit. This is a promising result confirming that the proposed
battery-free attachable health monitoring device can noninvasively detect glucose in sweat
using only optical power for device operation. Thus, the proposed attachable health monitoring
device can easily improve the sensitivity by changing the ration between Mn6:Mn7 in the
current mirror circuit (Fig. 44). So, the LED current becomes much larger even the faraday
current is still low. In case the LED current is still low, choosing a low current consumption
LED can improve the device performance. The low current consumption LED allows the
device to display the glucose concertation even the LED current is low. The other way to
improve the sensitivity of this device and apply for sweat detection only is by replacing the
commercial glucose strip sensor with the higher sensitivity glucose sensor and specifically

designed for sweat detection.

5.5 Summary & Discussion

The new concept of a battery-free attachable health monitoring device operated by
optical power transfer was proposed with perspective to noninvasively detect the target
metabolite and display the data on a smartphone. This device offers an alternative device for
personalized healthcare and fulfills the limitation of the commercial health-monitoring device.
The designed device accumulates power from light to operate an amperometric measurement
circuit and detect target metabolites from sweat. Glucose was chosen as an example of the

target metabolite in this work. The device was demonstrated and evaluated, and the results
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indicate that it operates as an expectation. The results also reveal the device's ability to
completely operate by optical power and differentiate the glucose concentration. The device
requires 2.5 seconds for an initial time before start detection. For a more realistic
demonstration, the device was evaluated with the artificial sweat solution. The device can
detect the difference of 70 to 500 mg/dL glucose concentration and work as designed. Even the
concentration used in the experiment is higher than the actual glucose concentration in sweat.
The detection sensitivity can be improved by using higher sensitivity electrochemical glucose

sensor for sweat detection.

For the next step, Figure 68 shows the goal design and function of the battery-free
attachable health monitoring device. To reach the goal, the flexible PCB with sensing
electrodes will be designed and fabricated for minimizing the size and giving flexibility of the
device. After that, the data transmission between the designed device and smartphone,

including an application for analyzing and user interface, will be developed.
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Figure 68 Concept design of CMOS-based battery-free attachable health monitoring device.
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The detection of the proposed device is not limited to glucose. Moreover, the
proposed device is also the capability to detect other biological/metabolic substances by
simply changing the type of the electrochemical sensor and adjusting the oxidation voltage
value (Voxi) to match with the target substances. In the future, we plan to fabricate a complete
package of the battery-free attachable health monitoring device and apply the device with

other metabolites.
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Chapter 6

Conclusion

6.1 Summary and Discussion

Wireless wearable or portable electronic devices have been developed and widely used
in many applications. The fact that most of these devices power by batteries limits their design.
Using the battery as the main power system of the device effects system lifetime, increases
system volume, high risk of chemical hazards, and unhandy maintenance. Due to the
limitations, a CMOS-based optical power-transfer system was proposed. The proposed system
utilizes energy harvesting technology and CMOS technology for minimizing size, maximizing
device lifetime, user and environmentally friendly, and remaining the portable/wearable ability
for power supply in small electronic devices. The system was designed to accumulate energy
from a serially connected, ultra-small photodiodes, and delivers the power intermittently to a
target circuit. The results show that the system can wirelessly supply sufficient power for a
small-size device using completely optical power. To demonstrate the optical power-transfer
system, two devices for medical applications were designed and applied to the proposed system

as their only power system.

The first device is for bio-implantable and IoT applications. From the viewpoint of the
implantable device, the size and maintenance process of the device must be considered. This
implantable device requires a clock signal and a continuous power supply. In order to
continuously supply power, a dual-stage power-transfer circuit was developed by serially
connecting two optical power-transfer circuits with a different set of bias voltages. The first

stage provides a clock signal, and the second stage provides a continuous supply voltage. Then,
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the optical ID circuit is included to generate the ID of the device and use it as a target load

circuit.

The second application is a non-invasive wearable health monitoring device. As the
structural advantages of wearable devices, such as their lightweight, flexibility, and
disposability, it is reasonable to take a battery-free approach. The device was designed for
noninvasively measuring glucose concentration using an amperometric measurement. Then, it
transfers the measured data to display via a LED. Using the advantage of the “charge and
operate” of the optical power-transfer circuit, the LED emitting period depends on the glucose

due to the pulse width of the data signal.

In both applications, the proposed optical-power-transfer system effectively supplies
sufficient power in both continuous and periodic form. The benefit of the pulse generating was
also utilized as a clock signal for a digital circuit and a pulse width modulation (PWM) signal
for data transmission. Even though the limitation of light accessibility and intensity might be a
downside of the system, the demonstrated devices show that using the appropriate light
wavelength and available light source can broaden the installation location and applications.
Therefore, it is possible to use the proposed system in various applications as batteries and not

limited to the only medical field.

Table 12 shows a comparison between the designed optical power-transfer system with
other energy harvesting devices that also aim for small-size applications [13, 19, 87].
Comparing the designed system with other existed energy harvesting devices, the drawback of
this designed system is low efficiency and unstable supply voltage. The supply voltage level
from the system is between VrL to Vru depends on the bias setting, which means the supply
voltage level is not constant but still in a useable range. However, the key design of the optical

power-transfer system is a very simple circuit design and operation within a very small size.
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Table 12 Comparison of different energy harvesting systems.

System Power Cost Advantage Disadvantage
e expensive materials
Piezoelectric 40 - 80 uW | High Ol G OIS | C chouphng coefﬁ.ment
® no resonant linked to material
properties
Thermoelectric 1-30 uW - * simple maintenance e low efficiency
e low cost
e short lifetime
2.2-430 . . e not suitable for
Fuel cells 0 Low | ehigh power density sl
application
e high output current | e expensive materials
Electromagnetic | 1.8 mW/cm? | High | e long lifetime e low efficiency in
e robustness small sizes
Low frequency . . .
e Fied Upto3.1W - e high power e large dimension
¢ high transmitted
Inductive links | 0.4 -250 mW - e small dimension power
e low efficiency
Electrostatic 50 - 10(§ Low |° high output voltage | e high {mpact of .
uW/cm e low cost parasitic capacitances
¢ small dimension
e simple design and
Optical power- operation e low efficiency
transfer 0.8 uW - e suitable for medical | e supply voltage level
(This thesis) application not constant
e casy to integrate
with target load

6.2 Opportunities for Future Research

I believe that this thesis makes a promising contribution toward the goal of providing
an alternative power system for a battery-less wireless small electronic device. Besides the
mentioned future plan for each device and the related medical applications, there are many
open opportunities for future research. The following shows some of the possibilities of future
research.
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A smart house is an upcoming trend for smart life society. As mentioned in Chapter 4,
the developed optical ID with optical power transfer system can be used as an IoT node for
sensors and systems in the house. For example, a lighting system, security system, and
temperature sensing. Due to the low maintenance requirement and fewer wires, it will be more

convenient and more safety for users.

A remote monitoring system provides a variety of information and warnings. However,
the location of this system is mostly in hard-to-reach or remote areas. That makes maintenance
becomes harder and more dangerous. By introducing the optical power-transfer system, it
enables the installation of standalone sensors with low maintenance requirement. Moreover,
these standalone sensors can remotely control, monitor, and warn in a human risk situation,

such as air pollution, worn out bearings, bridge stresses, and forest fires.

Last but not least, besides the standalone power system using only the optical power-
transfer. The proposed system is also able to associate with the battery. These allow to increase
battery life, decrease the dimension of the system, and power consumption. This combination is
suitable for the systems or devices that need to optimize the size and decrease power consumption

but still requires a higher level and very stable power.
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Appendix

Movie 1: The fully wireless optical operation under flashlight of the first version CMOS-based
optical power-transfer circuit for bio-implantable and Internet of Things (IoT) device.

URL:https://www.dropbox.com/s/qqtfmvgs6vlhzzc/Movie%201 Deveice%20verl%200pert

ation.mp4?d1=0

Movie 2: The fully wireless optical operation under IR light of the third version CMOS-based
optical power-transfer circuit for bio-implantable and Internet of Things (IoT) devices.

URL:https://www.dropbox.com/s/enxvrvso7v18gx3/Movie%202_Device%20ver3%200perat

ion.mp4?dI=0

Note that, these two movie files are in the dropbox account which belongs to Photonic Device
Science Laboratory. These movie files can be found in the following folder

“pdsl_student/Fon/PhD Thesis/Appendix”.
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