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Abstract of Thesis

Design, Simulation, and Measurement of Interface Electronics
for
Wearable SAW Drug Delivery System

Surface Acoustic Wave (SAW) shows a great ability to control and manipulate
microfluidics, nanoparticles, and biomolecules, and drug delivery to the patient body.
With the use of advanced fabrication techniques, small size SAW devices, and Interdigital
Transducers (IDTs) could be obtained, which offer the possibility to a wearable device.
The shrinking of the device size implies the requirements of the electronics to be small,
flexible, and power-efficient, and with the ability to communicate wireless to the cloud.

In this thesis, the design, simulation, building, and test of the interface electronics
are discussed. We start the simulation with Integrated Circuit simulation (SPICE) model
to verify the feasibility of the method. We build prototypes of the circuits on the
breadboards to test the circuits. We designed an oscillator with the aim to use it in the
receiver by building and testing different crystal-capacitor oscillator circuits and
inductor-capacitor (LC) oscillator circuits with different resonance frequencies. We
designed PCB and integrate the AC-DC converter and oscillator to form the whole
system receiver. We verified the possibility of building a stretchable circuit with

Polydimethylsiloxane (PDMS) substrate and a gold layer deposited on the PDMS.
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Chapter 1: Introduction

1.1 Background

First emerged in 1885, surface acoustic wave (SAW) was described and analyzed as
waves propagating along the place free surface of an isotropic elastic solid [1]. The first
SAW device was built in 1965. An array of spatially periodic electrodes (interdigital
transducers) is deposited on the crystalline quartz bar [2]. Many other piezoelectric
materials have been developed for building SAW devices in the past decades. To generate
the SAW, a RF source is need and applied to the electrodes to induce mechanical stress
and surface deformation and then periodically propagates the SAW along the delay line
[3,4]. The surface acoustic wave has been formed and used in many applications
including sensors, actuators, filters and optoelectronic devices [5,6].

Since the appearance and fast development of the concept of ‘lab-on-chip’ in the
first 21st century [7,8], significant effort has been put into the research of combining
microelectromechanical systems (MEMS) and biomedical engineering [9,10]. Control
and manipulation of microfluidics, nanoparticles, and biomolecules have been achieved
in a variety of mechanisms and methods. The success of the recent research [8] shows
that surface acoustic wave (SAW) is an effective method to achieve such control and
manipulation. When the SAW encounters a droplet or liquids in a microfluidic channel on
the surface of piezoelectric material, part of its energy will refract into the liquid,
generating a leakage acoustic wave and corresponding pressure fluctuations inside the
liquid. This will result in acoustic forces on both the fluid and the particles inside [9, 10].

SAW-based microfluidic devices provide the following features: compact, high



biocompatibility, fast actuation, large force, and convenient on-chip integration with
sensors [9]. Such features make possible the SAW-based microfluidic devices applicable

to a drug delivery system.

1.2 Existing SAW microfluidics device and driving electronics

Figure 1-1 shows the traditional surface acoustic wave microfluidics structure,
which is fabricated on a surface of piezoelectric material. There is a micro-channel with
multiple inlets and outlets, which generally made of Polydimethylsiloxane (PMDS). The
device was fabricated in the middle. One or several sets of IDTs are fabricated on the
sides of the channel. When AC signals are applied to the IDTs, two series surface acoustic
waves (SAWs) will be generated and propagated toward the channel from the IDTs.
These two series SAWs will encounter in the area where the channel is located and result
in a pressure fluctuation in the channel. Acoustic forces will be applied to the liquid or
the micro-particles inside the liquid and force them to move to the point with the
minimum pressure or the maximum pressure, which depends on the size, weight, and
other properties of the particles and liquid inside the channel [11]. With different channels
and IDT structures and configurations, different functions could be achieved by switches

on/off the IDTs separately.



Figure 1-1 Surface Acoustic Wave microfluidic device with IDTs
However, the SAWs in most designs from previously reported studies [12,13] are
powered by a wired signal generator or electronic circuits (shows in Figure 1-2), which
make them not appropriate to be used as wearable or implantable devices. Hence,

wireless is inevitable when wearability is requested.

Figure 1-2 Evaluation model of the new controller for SAW-actuator [12]



1.3 Wireless Power Transmission

Two methods are feasible to supply the desired AC signal to the IDTs of the SAW:
one is based on the transfer and receive the desired signal directly by the transmitter and
IDTs through antennas. Another method is to transfer the power from a transmitter to the
SAW device, then generate the desired AC signal locally by a circuit built and integrated
with the SAW device.

As shown in Table 1-1, the operation frequency ranges of the SAW microfluidics
devices fabricated on LiNbO3 and Polyvinylidene fluoride (PVDF) substrate are from
tens megahertz to hundreds of megahertz. Considering a central frequency of 100MHz,
the length of the corresponding half-wave dipole antenna (shown in Figure 1-3) will be

about 1.5 meters.

Table 1-1 Calculated design parameters of SAW delay line

Device name A B C D E
Finger width (Wg)um | 5 8 11 18 25
Finger spacing (S)um | 5 8 11 18 25
Wavelength (Ao) um 20 32 44 72 100
Central | LiNbO3 199.85 124.90 90.84 55.51 39.97
frequency
(fo) MHz | PVDF 130 81.82 59.09 36.11 26




1/4 1/4
wavelength wavelength

Figure 1-3 Half-wave dipole antenna

Since the sizes of other types of commonly used antennas will not vary too much
compared to a half-wave antenna, the size of the corresponding antennas which could be
used to transfer such signals is too large to meet the requirement of a wearable device
[14]. Therefore, in this work, we aim to design and build an interface electronics that can
wirelessly transfer the power and generate the AC signals for IDTs on a passive and

wearable SAW-driven drug delivery device, rather than transfer the signals directly.

1.4 Flexible and stretchable circuits

In order to meet the requirement of wearable or implantable devices, the electronic
circuits should be built on a flexible or stretchable so that the function will not be affected
by the movement of the human body. For the devices which are built to be wear on
human skin, the polyimide (PI) substrate is an appropriate candidate, which is also

utilized by many flexible PCB manufacturers. For the devices which demand
5



extendibility, stretchability, and biocompatibility, Polydimethylsiloxane (PDMS) is a
feasible material to be used as a substrate for its inert, non-toxic, and non-flammable

properties [15].

1.5 Contribution and organization of Thesis

First, in chapter 1, we describe the background and operation principle of SAW
microfluidics devices. In the meantime, we expand the limitation of current driving
electronics, which impede these devices from being wearable. Secondly, we discussed the
critical factors of the wearable, biomedical devices and the methods could be used to
achieve such factors in our design. The theories used in this design are discussed in
chapter 2. In chapter 3, we show and simulate the electronic circuits in NI Multisim 14.0
software and Advanced Design System (ADS) software, which are based on Simulation
Program with Integrated Circuit Emphasis (SPICE). Also, comparisons between
theoretical calculation and simulation results are conducted. In chapter 4, we build and
measure the prototype of the circuits on breadboards, through-hole board, and printed
circuit board (PCB) with different types of components. In addition, we compared and
analyzed the difference between the measurement results and the simulation results. In
chapter 5, we built the circuit on flexible and stretchable substrates and conduct
functionality tests. The performance of the circuits is measured and evaluated in this
chapter. Finally, in chapter 6, we get the conclusion and discuss the further enhancement

of this design.



Chapter 2: Theories of the Design

The block diagram of the wireless SAW drug delivery system we intend to build is
shown in Figure 2-1. A fleet of sensors monitor the stats of human body where the device
will be located and send signals to the microcontroller unit (MCU). The MCU will switch
on or off the wireless power transmitter and further control the oscillator circuit, which is
built in the wearable device to supply power to the SAW drug delivery mechanism. In
this chapter, we talk about the theories and circuit design techniques applied to the
oscillator, and wireless power transmitter and receiver.

Wearable part Remote-control unit

Signal Signals

SCNSOLs Transmitter MCU

., Switch on/off

Wireless :
Wireless

SAW dru : G
g Power D Power

Transmitter

. : ower
delivery Receiver &

Oscillator

Figure 2-1 Block diagram of the wireless SAW drug delivery system
2.1 Oscillator circuits
Vibration on the piezoelectric material is generated by applying signals to the
terminals. Square wave and sine wave are the two types of signals which are commonly
used to drive the SAW device. Both of the two types of signals could generate
considerable vibration amplitude on the piezoelectric material. A sine wave signal will
generate a sine wave vibration on the piezoelectric material with the same frequency as

the signal. However, a square wave signal will generate vibration, which could contain

7



one or more frequency on the piezoelectric material. Figure 2-2 shows the Fourier
Transform of the response vibration of a piezoelectric material sample with square wave
input with the same amplitude but different frequencies. Figure 2-3 shows the response
vibration of the same piezoelectric material sample with sine wave input with the same
amplitude but different frequencies. We could see that some additional modes of
frequencies would appear when the input signal is a square wave [16]. For the best
performance and power efficiency, sine waves are used in all the simulation and

prototype designs in this thesis.
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Figure 2-2 Amplitude of vibration of the piezoelectric
driven with square wave.
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Figure 2-3 Amplitude of vibration of the piezoelectric
driven with sine wave.

There are two methods used ubiquitously to obtain sine waves. The first one is
building circuits with an electronic oscillator, which mostly are designed to offer square
wave output (shown in Figure 2-4). In most cases, the electric oscillators are formed by
building a piece of crystal along with other parts such as capacitors, amplifier, and
feedback components inside a dual in-line package (DIP), as shown in Figure 2-5. By
amplifying and filtering the square wave from the electric oscillators, we could obtain the

sine wave with the desired amplitude and frequency.



Figure 2-5 Inside an electronic oscillator

Another method is building the whole oscillator circuit with passive components.
Crystal oscillator and Inductor-Capacitor (LC) oscillator are two types of oscillator
circuits that are ubiquitous in modern electronics. The origins of oscillation in these
oscillator circuits are called oscillator tanks. Figure 2-6 shows the concept of the

oscillation tank of the crystal-capacitor oscillator circuit and the LC oscillator circuit.

10



(a) (b)

Figure 2-6 (a) Crystal-capacitor oscillation tank (b) LC oscillation tank

An LC oscillation tank consists of an inductor, L, and a capacitor, C. The energy
could transform form between electrostatic field and electromagnetic field stored in the
capacitor or inductor. As shown in Figure 2-7, when the switch is put in position A, the
capacitor will be charged by the DC power supply to V. After fully charged, the switch
will be changed to position B. Now, the inductor and the charged capacitor are connected
in parallel. The charged capacitor will begin to discharge through the inductor; at the
same time, the voltage across the capacitor will fall with the current rise. The current will
build up an electromagnetic field inside the inductor; the energy stored in the capacitor
will transform into electromagnetic field in the inductor. Since there is no source to
maintain the current, it will decrease with the electromagnetic field collapse. An induced
electromotive force (Vemf) will appear and try to keep the current flowing in the original
direction and charge the capacitor in the opposite direction as it was charged by the

voltage source. The capacitor will discharge again in the opposite direction and repeat the

11



process above and produce a sine voltage wave. This process forms the basis of an LC

oscillation tank [17].

R iB{\

j Current

C % L Vems

—— +

Figure 2-7 General view of working principle of an LC oscillation tank

The equivalent circuit of a crystal is shown in Figure 2-8. L, C1, R represent the
Inertia, Friction, and Stiffness of the crystal, CO represents the self-capacitance of the
crystal, which is induced by the metalized electrodes. When the crystal is connected with
a capacitor in parallel, the equivalent is shown in Figure 2-9, whose function is very

similar to the LC oscillation tank.

12



C1 co
Crystal

!

Figure 2-8 Equivalent circuit of a crystal

C1 co C

Figure 2-9 Equivalent circuit of a crystal-capacitor oscillation tank

The frequency of the oscillation is determined by the values of the inductor and the
capacitor in the LC tank. The reactance of the tank is the vector sum of the resistance,

inductance, and capacitance. As shown in Figure 2-10, at a certain frequency, the

13



capacitive reactance XC and the inductive reactance XL have the same value (XC=XL)

and cancel each other on the reactance coordinate axis, leaving the resistance left.

Reactance in Homs

Capacitive ! Inductive
. XX | X;>Xc

|

|

| X

1 XLZXC

[

| /

|

I

:
1 >
Je Frequency, f

Resonance Frequency

Figure 2-10 Resonance Frequency

The resonance frequency could be calculated by:

At resonance:

Where:

X, = 2nfL @.1)
1
Xe =5~ 2.2)

(2.4)

L is the inductance of the inductor
C is the capacitance of the capacitor

ft is the resonance frequency
14



Since the oscillation of the LC tank pass the energy forward and back, the energy
will be consumed by the real resistance, dielectric of the capacitor, and radiation, the
amplitude of the oscillation will decrease to zero. This process is called damped
oscillation, as shown in Figure 2-11. Because of this loss, an amplifying device, such as
an operational amplifier or Bipolar Transistor (BJT), is needed to maintain the oscillation

and get the desired peak value [18].

Lo

Figure 2-11 Damped oscillation

\V4 A

Figure 2-12 and Figure 2-13 show the simplified schematic of the Colpitts oscillator
built with a crystal-capacitor tank (crystal, C3 and C4 in Figure 2-12) and LC tank (L1,
C3, and C4 in Figure 2-13). The resistors R1, R2, R3, R4 determine the working region

of the BJT QI. A feedback signal is connected to the base terminal of a BJT to maintain
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and amplify the oscillatory voltage. The amplifying ratio is determined by the ratio

among the values of C3, C4, and inductor or crystal.
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Figure 2-12 Simplified schematic of Colpitts crystal oscillator circuit
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Figure 2-13 Simplified schematic of Colpitts LC oscillator circuit

L1

In the crystal-capacitor oscillator configuration, the equivalent capacitance of two

capacitors in series is determined by:

Hence, the total capacitance of C3 and C4 is:

CalCs
Cg+0C,

(2.5)

(2.6)

Hence, we could use equation (2.4) to calculate the resonance frequency.
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We will discuss the calculation, simulation, build-up, and measurement in the

following chapters.

2.2 Wireless power transmitter

As we discussed, we intend to transfer the power wirelessly to supply the sine wave
generation circuit and SAW device. As shown in simplified schematic of the oscillator
circuits (Figure 2-12 and Figure 2-13), a 12 Volts DC power is needed to keep the BJT
working in the desired region in the application. Also, to meet the expectation of a
portable transmitter, we envision using a lithium polymer (Li-Po) battery or a
Lithium-ion (Li-ion) battery to supply the whole system, including the remote-control
unit and wearable device shown in Figure 2-1. Since the wireless power transmission
process should be performed by a pair of coils, which based on Faraday’s principle of
“mutual induction”, an AC voltage should be applied in the transmitter coil. In addition,
to meet the demand of a 12 Volt DC after converting from the received AC signal by the
receiver coil, the AC signal should have a higher peak value to compensate for the
voltage drop in the transmission process and AC-DC conversion.

A DC-DC voltage boost circuit could up-convert to the high voltage to meet the
demand of portable and wearable applications which are powered by a relatively low

voltage battery. We could utilize this method to obtain the desired sine wave with high

18



peak value. By using the coil with the desired inductance, we could transfer the power to
another coil wirelessly.

Figure 2-14 shows a typical topology of voltage boost circuit. This boost method is
achieved mainly by a Pulse width modulation (PWM) controller, an inductor, and two
capacitors. The control block generates PWM waves with different duty cycle based on
the input voltage VIN and feedback voltage VFB. The switch is controlled by the PWM
wave. While the switch is closed, current goes through the blue path and the output
capacitor C2 will not be charged. When the switch is open, the current goes through the
red path. The energy stored in the inductor L will charge the output capacitor C2 and
supply the load with a higher voltage. By switching on/off the switch periodically with
the control of the PWM signal, the low DC voltage could be transformed into a new
signal with higher voltage. The combination of output capacitor and inductor (coil) will
be transform the square wave into a sinusoids wave, which is suitable for wireless

transfer [19].
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Figure 2-14 A typical topology of voltage boost circuit

2.3 Wireless Power Receiver

The signal received by the receiver coil is an AC signal that featured a peak value
higher than the desired 12 Volt. We need to transform this signal into a DC 12 Volt to
supply the oscillator circuit, and so further the SAW drug delivery mechanism. As shown
in Figure 2-15, the signal received by the receiver coil will exhibit a drop in the peak
voltage value. After going through a diode bridge (bridge rectifier), the negative half will

be turnen into positive. Then the signal becomes an all positive signal.

IVATS: P RVAURE-Yae

Transformer Diode Bridge

Figure 2-15 Signal transformation after going through transformer and diode bridge
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A filtering capacitor could be used to flat the signal. Then the flattened signal will go
through a voltage regulator to obtain a stable DC output. 78XX series voltage regulators

are extensively used. This process is shown in Figure 2-16.

/'\/\/'\-'+-> VA

Capacitor

Voltage
regulator

Figure 2-16 Signal transformation after going through filter capacitor and voltage
regulator
The above discussed processes show that we achieved our goal to supply power to a

SAW device using wirelessly setup and with a low-voltage battery.

2.4 Flexible and stretchable circuits

Flexible and stretchable are required in modern wearable devices. In most Print
circuit board (PCB) manufacturing processes, polyimide and resin are used as isolation
layer and adhesion layer since they offer good flexibility [20]. We will build our circuits
on a flexible PCB using polyimide, copper, and resin, which is offered by OSHPark.

Figure 2-17 shows the layer configuration of the PCB.
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Figure 2-17. Layer configuration of the flexible PCB

PDMS is ubiquitously used for its stretchable, inert, non-toxic, and non-flammable
properties. A recent research has print metallic ink on a PDMS substrate to obtain a
stretchable circuit [21]. Also, Ag could be deposited directly on the surface of a PDMS
substrate by stencil printing and screen printing, which offers the possibility to build
stretchable electronics [22]. In this thesis, we will deposit gold on the surface of PDMS

substrates and test them.
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Chapter 3: Modeling and simulations of The Electronics

In this Chapter, we will build and simulate the schematic of the wireless power
transmitter, wireless power receiver, and different oscillators in Multisim 14.0 based on

SPICE model.

3.1 Wireless power transmitter

As shown in Figure 3-1, the wireless power transmitter is built based on a PWM
controller (XKT-801), an amplifier (XKT-1511) (make by XinKeTai semiconductors Co.,
Ltd, Shenzhen, Gudangdong, China, purchased at aliexpress.com), a transistor switch,
and the output coil. While the voltage of the transistor’s base terminal is fixed, the
resistor R1, the capacitor C1, and the Schottky diode D1 decide the voltage value of the
switch transistor’s base terminal. The resistor R2 controls the transistor’s working point.
The voltage signal goes into the PWM controller through C3 and R4 to control the duty
ratio of the PWM output. The feedback signal goes back to the emitter terminal of the
transistor through C4 and RS to stabilize the output. The amplifier controls the voltage of
the lower side of the LC tank, which consists of coil L1 and C5. While the input capacitor
C2 maintains the voltage of the upper side of the LC tank, the LC tank could transfer the

square wave from the amplifier to a half-sine wave, which could be used to transfer the
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power. According to the manual of the XKT developing kit. The signal from the coil

should be a half-sine wave featured a 130KHz frequency and 50 Volt peak voltage value.

Battery inpu
P1 Transmitter coil  Receiver coil
5] ,
i1 RI'<
1 z s| L. oA n 2
END Bl - VAN =
El 3 foN, =
=% SRR |
Il_l_— Half sine wave
o 3 ' —
RT —l—;ﬁ
GND 20uF
ND
RS
e
-~

=+

GND
Figure 3-1 Schematic of the wireless power transmitter

The electronic components used in this schematic is listed in table 3-1
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Table 3-1 Electronic components in the wireless power transmitter

Type Symbol Value
Bipolar Transistor Switch A42
PWM Controller PWM Controller XKT-801
VMOSFET Amplifier XKT-1511
R1 100k Ohm
R2 33 Ohm
R3 47k Ohm
Resistor
R4 3.9k Ohm
RS 47k Ohm
R6 20k Ohm
Cl 100nF
C2 220uF
Capacitor C3 1000pF
C4 20uF
C5 5.4uF
Coil L1 16uH

25




3.2 AC-DC converter

According to the manual of the XKT developing kit, when the transmitter coil and
receiver coil are placed 2cm to each other, the inductive signal received by the receiver
coil has a 30 Volt peak value and the same frequency as the transmitter signal.

However, the output of the AC voltage source is a full sine wave. To compensate for
the increased power caused be the difference of half-sine wave and full sine wave, we
decrease the peak value of the full sine wave from 32 Volt to 16 Volt. The schematic of
the AC-DC converter is shown in Figure 3-2. The MB6S full-bridge rectifier converts the
negative voltage to positive. The rectified voltage will charge the 1 uF capacitor C1 to
store some power and feed the 12 Volt voltage regulator 7812DT to generate a stable 12
Volt DC output. The capacitor will charge the voltage regulator while the AC signal is
lower than 12 Volt, so further stabilize the DC output. The direction of the current flow is

shown in Figure 3-3.
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Figure 3-2 Schematic of the AC-DC converter
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Figure 3-3 Direction of current flow of different rectifier output voltage when (a) the

output voltage of the bridge rectifier Vgr is larger than Vci (b) the output voltage of the

bridge rectifier Vpr is smaller than V¢
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As shown in the oscilloscope and voltage meter in Figure 3-4, we could observe a
stable 12 Volt DC output after a 40 microseconds fluctuation at initial. This output could

be used to power the oscillator circuits.
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Figure 3-4 Oscilloscope and voltage meter measurement of AC-DC converter
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3.3 Oscillator circuits
In this section, we will simulate and discuss Crystal-capacitor oscillator circuits and
LC oscillator circuits based on the Colpitts oscillator shown in Figure 2-12 and Figure

2-13.

3.3.1 Crystal-capacitor oscillator circuit

In this simulation, we pick a 15MHz crystal and try to get a 15MHz sine wave
output by adjusting the value of capacitor C3 and C4 since the crystal performs as an
inductor in this oscillation tank whose values is unknown. The schematic of this circuit
after adjusting is shown in Figure 3-5. We will run the simulation and measure the signal
at the output ports with an oscilloscope in Multisim 14.0 software. The oscilloscope and

frequency counter measurements are shown in Figure 3-6.
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€1 R1 — Output
—470pF ésm R2 cd
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Figure 3-5 Schematic of the crystal-capacitor oscillator circuit
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Figure 3-6 Oscilloscope and frequency counter measurement of crystal-capacitor
oscillator circuit
According to equation (2.6), the equivalent capacitance of the C3 and C4 in series is
about 73pF. The resonance frequency if 15.3MHz. The calculated equivalent inductance
of the crystal is about 1.54 uH.
For an adjustable configuration considering that the crystal works as an inductor, we

modify the schematic, as shown in Figure 3-7. The switch is used to start the oscillation

faster.
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Figure 3-7 Modified crystal-capacitor oscillator circuit
By adjusting the value of capacitor C5 from 0 to S0pF, we could change the output

frequency from 12.4MHz to 33.7MHz. As shown in figure 3-8 and figure 3-9.
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Figure 3-9 Resonance frequency when C5 is 50 pF
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3.3.2 LC oscillator

Different from the crystal-capacitor oscillator, the LC oscillator circuit could be
designed to output the desired frequency. This advantage makes it a more practical
method when we aim to build an oscillator circuit.

In order to get a reasonable feedback ratio, so further the gain and output voltage
amplitude, we keep the ratio of C3: C4: L1 at about 1:1:1. The schematic of the LC
oscillator is shown in Figure 3-10. The resistor R5 and capacitor C1 are used to adjust the
center of the sine wave to zero to meet the demand of driving the IDTs.

We will run the simulation and measure the signal at the output ports with an
oscilloscope in Multisim 14.0 software. The oscilloscope and frequency counter

measurements are shown in Figure 3-11.
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Figure 3-11 Oscilloscope and frequency counter measurement of LC oscillator circuit
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We can see that we have a 79.2MHz sine wave at the output ports in the simulation.
According to equation (2.4) and (2.6), we could know that the calculated equivalent
capacitance C of C3 and C4 in series is 1.5pF. Coupling C with L1, the resonance
frequency of this circuit should be about 79.1MHz in theory. We could say that the
simulation result meets our expectations.

By varying C3, C4, and L1 while keeping the ratio, we could get different output
frequencies. The simulation results and calculation results are shown in Table 3-2.

Table 3-2 Simulation and calculation results of LC oscillator

C3C4 L1 Simulation (MHz) Calculation (MHz)
2pF 2pF 2uH 109.9 112.5
3pF 3pF 2.7uH 79.2 79.1
5pF 5pF 5uH 65 63.7

The simulation results show that this configuration meets the demand of an

oscillator circuit with an accurate resonance frequency.
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Chapter 4: Circuits Building, Measurement and Analysis

In this chapter, we will discuss the process of design, building, and measurement of
the circuits on breadboards and PCBs. We will observe and discuss the output signals and

power consumption of different setups.

4.1 Wireless power transmitter

The wireless power transmitter is built with an XKT wireless charging develop kit
(make by XinKeTai semiconductors Co., Ltd, Shenzhen, Gudangdong, China, purchased
at aliexpress.com) with a premade PCB. By changing the values of the components, we
could obtain half-sine waves with different frequencies and peak voltage, which could be
used to transmit power through a pair of coils.

The PCB and coil of the wireless power transmitter are shown in Figure 4-1. While
during the measurement, the DC input ports are connected to a 12Volt DC power supply
to substitute a battery. By using the components listed values in table 3-1, referring to the
schematic shown in Figure 3-1, we get a half-sine wave output signal with 128.85kHz

frequency and 48 Volt peak voltage, as shown in Figure 4-2.
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Figure 4-1 The PCB and coil of the wireless transmitter
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Figure 4-2 Output signal of the transmitter with the first group of components
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While no receiver coil is placed, there is no power transferred, and the transmitter is
standing by. The power consumption of the wireless power transmitter is 0.096 Watt

(11.999V 0.008A), as shown in Figure 4-3.

vw KEYSIGHT E3632A  0-15V.7A/0-30V.4A

DC Poswer Supply

Figure 4-3 Stand by power consumption of the wireless power transmitter
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4.2 Wireless power receiver and oscillator

4.2.1 AC-DC converter prototype

According to the schematic shown in Figure 3-2, we build an AC-DC converter on a
breadboard. The AC-DC converter prototype consists of a bridge rectifier, which is
formed by four diodes, a 1uF filtering capacitor, and a 12 Volt voltage regulator, as shown

in Figure 4-4.

Figure 4-4 AC-DC converter prototype
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In the testing, the transmitter coil and receiver coil are superimposed. A 12 Volt DC
is feed into the wireless power transmitter. And the output ports of the AC-DC converter
are connected to a multimeter. As shown in Figure 4-5, we could get an 11.9 Volt DC
output from the AC-DC converter. This output could be used to drive the oscillator

circuits.

Figure 4-5 AC-DC converter testing
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4.2.2 Crystal-capacitor oscillator prototype
Referring to the schematic shown in Figure 3-7, we design the PCB and solder the

components on it, as shown in Figure 4-6. The components on the PCB are shown in

Table 4-1. The 12V and ground input ports are also shown in the red squares.

GND

(a) (b)
Figure 4-6 Upside(a) and bottom side(b) of crystal oscillator unsoldered(left) and

soldered(right) PCB
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Table 4-1 Components on the crystal-capacitor oscillator circuit PCB

Type Symbol Value
Bipolar Transistor T1 2N2222A
Crystal Ql 15MHz
Inductor L1 4.7uH
R1 3k Ohm
R2 1k Ohm
Resistor
R3 25k Ohm
R4 4.59k Ohm
C1 470 pF
C2 680 pF
Capacitor C3 100 pF
C4 270 pF
Cs5 25Pf

We first power the oscillator circuit with a 12 Volt DC power supply, the output
signal observed in the oscilloscope, and the power consumption observed in the power
supply are shown in Figure 4-7 and Figure 4-8. We could see that a sine wave with

45.4MHz, 8.6 Volt peak to peak voltage is obtained. The power consumption is 12mW.
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Figure 4-7 Output signal of the Crystal-capacitor oscillator circuit when powered by

12Volt power supply
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Figure 4-8 Power consumption of the Crystal-capacitor oscillator circuit when powered

by 12Volt power supply

The frequency of the output signal is different from the result from the 15MHz in the
simulation as we discussed in Chapter 3. There are two possible reasons to this difference.
The first one is the crystal is in its triple overtone frequency, which could cause the

oscillation frequency to move to 45MHz from 15MHz. The second reason could be the
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difference of different equivalent inductances of different crystals, which could cause the
difference in the oscillation frequency.

We could see that the Crystal-capacitor oscillator is not a practical method to obtain
a accuracy frequency, and that’s why we move to LC oscillator.

Then we test the crystal-capacitor oscillator together with the wireless power
transmitter and the AC-DC converter. We set up these three parts as shown in Figure 4-9.
A 12Volt DC power supply is connected to the wireless power supply, so further power
the whole system. The output signal from the oscillator and total power consumption of

the whole system are shown in Figure 4-10 and Figure 4-11.

Figure 4-9 Setup of the measurement of Crystal-capacitor oscillator circuit

44



1 500w 2 3 00s 10003  Stop 705V
= Agilent

Acquisition |
Normal |
2.006Sa/s ‘

Channels _:
10.0:1

10.0:1

10.0:1

10.0:1

i Measurements &

45 .4MHz
Pk-Pk(1):
5.9v

Aoscals Menu i N
Undo ] Fast Debug ® Channels 7 1t Acq Mode™ ™
Autoscale [ All Normal

Figure 4-10 Output signal of the Crystal-capacitor oscillator circuit when powered by the

wireless power transmitter
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Figure 4-11 Power consumption of the Crystal-capacitor oscillator system when powered
by the wireless power transmitter
We could see that the output signal shows the same frequency but a drop in the
amplitude compared with the power supply direct drive. This might be the result of
insufficient power transmission ability of the wireless power transmitter, which could
cause there is not sufficient current for the BJT to reach its maximum amplification. The
power consumption of this system is 0.768 Watt.
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4.2.3 LC oscillator prototype
Referring to the schematic shown in Figure 3-10, we build the oscillator circuit
prototype with the components listed in table 4-2 on a through-hole board, as shown in

Figure 4-12. The 12V and ground input ports are also shown in the red squares.

Figure 4-12 LC oscillator circuit prototype
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Table 4-2 Components on the LC oscillator prototype board

Type Symbol Value
Bipolar Transistor T1 2N2222A
Inductor L1 2.7uH
R1 20k Ohm
R2 20k Ohm
Resistor R3 510 Ohm
R4 1k Ohm
R5 10k Ohm
C1 470 pF
C2 100 pF
Capacitor
C3 3 pF
C4 3 pF

We first power the LC oscillator circuit with a 12 Volt DC power supply, the output
signal observed in the oscilloscope, and the power consumption observed in the power
supply are shown in Figure 4-13 and Figure 4-14. We could see that a sine wave with
68.8MHz and 4.28 Volt peak to peak voltage, is obtained. The power consumption is

about 108mW.
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Figure 4-13 Output signal of the LC oscillator circuit when powered by 12Volt power
supply
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Figure 4-14 Power consumption of the LC oscillator system when powered by 12Volt
power supply
The frequency drop comparing with the 79.2 MHz in the simulation could be the
result of the parasitic capacitance induced by solder joints and the board or the
difference between the actual capacitance of the capacitors and the values labeled.
We tested the LC oscillator together with the wireless power transmitter and the

AC-DC converter. We set up these three parts, as shown in Figure 4-15. The output signal
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from the oscillator and total power consumption of the whole system are shown in Figure

4-16 and Figure 4-17.
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Figure 4-16 Output signal of the LC oscillator circuit when powered by the wireless

power transmitter
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Figure 4-17 Power consumption of the LC oscillator system when powered by the

wireless power transmitter

We could see that the frequency drops from 68.8MHz to 66MHz. The frequency of
the output signal shows a slight fluctuation. Also, the amplitude shows a drop from
4.28Volt to 4.12Volt. This phenomenon could be the result of insufficient power
transferred. The total power consumption of this system is about 1.008 Watt.

Since higher frequency allows us to build a smaller SAW device, we try to improve
the frequency of the LC oscillator with the same schematic. We built another oscillator
circuit (LC oscillator 2 hereinafter) with the components in table 4-3. The board is shown

in Figure 4-18. The calculated resonance frequency is about 112.5MHz, according to

equation (2.4).
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Table 4-3 Components on the LC oscillator 2 prototype board

Type Symbol Value
Bipolar Transistor Tl 2N2222A
Inductor L1 2 uH
R1 20k Ohm
R2 20k Ohm
Resistor R3 510 Ohm
R4 1k Ohm
R5 10k Ohm
Cl 470 pF
C2 100 pF
Capacitor
C3 2 pF
C4 2 pF
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Figure 4-18 LC oscillator 2 circuit prototype

The output signal and power consumption when the LC oscillator 2 is powered by

the power supply are shown in Figure 4-19 and Figure 4-20.
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Figure 4-19 Output signal of the LC oscillator 2 when powered by 12Volt power supply
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Figure 4-20 Power consumption of the LC oscillator 2 when powered by 12Volt power

supply

We could see that a sine wave with 55.2MHz, 1.77 Volt peak to peak voltage is
obtained. The power consumption is about 96mW. The frequency shows a significant
drop comparing to the calculated value, which is 112.5MHz, and the value we get from
the simulation, which is 109.9MHz. The amplitude of the output signal is smaller than the
previous design. Considering the distortion in the signal, as shown in the red square in

Figure 4-19, the phase mismatch between the feedback signal from the LC tank and BJT
53



amplified signal might be the reason for both frequency and amplitude drop. This phase

shift might be the result of a long transmission line of the response speed of the BJT.

Then we test LC oscillator 2 together with the wireless power transmitter and the
AC-DC converter. We set up these three parts as shown in Figure 4-21. The output signal
from the oscillator and total power consumption of the whole system are shown in Figure

4-22 and Figure 4-23.

Figure 4-21 Setup of the measurement of LC oscillator circuit
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Figure 4-22 Output signal of the LC oscillator 2 when powered by the wireless power

transmitter

Figure 4-23 Power consumption of the LC oscillator 2 system when powered by the
wireless power transmitter

We could also see a frequency drop in this measurement as the previous two.
However, the difference is that in this measurement, the amplitude of the output signal
shows an increase compared to when the oscillator is powered by the power supply. A
possible reason for this phenomenon is that the frequency drop decreases the frequency
mismatch, so further improves the amplitude of the output signal. The power

consumption of this system is about 1 Watt.
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However, this measurement result does not meet our expectations to get an output
signal with a higher frequency. Hence, we will mainly focus on a target frequency, which
is around 60MHz. This frequency is practical for our SAW device. The power
consumption of these three setups are around 1 Watt, which allows a 12 Volt, 1000mAh
battery to supply any one of them for about 12 hours. For a chargeable, portable, wireless

power transmitter, this battery life is acceptable.
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4.3 Integrated receiver

In order to meet the requirements of wearable, small size device, we design a PCB
which combine the AC-DC converter and the oscillator. Since the crystal is more rigid
compared to surface-mounted devices (SMD) capacitors and inductors, we will use the
LC oscillator in this circuit. The schematic of the PCB is shown in Figure 4-24. The
diagram of the PCB and the diagram of the PCB with components on it are shown in
Figure 4-25 and Figure 4-26. The components are listed in table 4-2. Hence, we expect a

sine wave output with 66 MHz frequency.
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Figure 4-24 Schematic of the receiver PCB
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Figure 4-26 Receiver PCB with components

We test the receiver as the setup shown in Figure 4-27. The wireless power
transmitter is powered by a 12Volt DC power supply. The output signal from the
oscillator and total power consumption of the whole system are shown in Figure 4-28 and
Figure 4-29.
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Figure 4-27 Setup of the measurement of LC oscillator circuit
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Figure 4-28 Output signal of the receiver when powered the wireless power transmitter
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Figure 4-29 Power consumption of the receiver when powered by the wireless power
transmitter
We could see that a sine wave with 21.3MHz frequency and 9.6Volt peak to peak
voltage is obtained. The power consumption of the system is about 0.72Watt.
The frequency of the output signal does not meet our expectation. We could see that

the output voltage of the 12Volt voltage regulator is 5.7Volt, as shown in Figure 4-30.

Figure 4-30 Voltage value at the output port of the 12Volt voltage regulator
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Then, we power the receiver with the DC power supply and improve the output
voltage of the power supply to make the output voltage of the voltage regulator reach
12Volt. Hence, we could find out the reason for the difference between measurement and

expectation. The output signal of the receiver is shown in Figure 4-31.
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Figure 4-31 Output signal of the receiver when the output voltage of the voltage regulator
is 12Volt

We could see that the output voltage of the voltage regulator does not affect the
frequency significantly, although the amplitude is improved.

The possible cause of this frequency change could be that the components used in
this PCB are small (0201 and 0603 footprints). Hence, the parasitic capacitance induced
by the soldering joints could change the capacitance in the LC tank significantly, so
further change the resonance frequency.
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We have built a crystal-capacitor oscillator and two LC oscillator, and at the end
only the LC oscillator with a moderate very high frequency (68MHz) could be used.
However, we need to improve the design to meet the requirement of an output with
accurate frequency and amplitude to deliver a precise amount of drug. CMOS oscillator

will be the next method we are going to try.
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Chapter 5: Conclusion and Future Works

5.1 Conclusion

This thesis mainly discusses give a starting point of the design, simulation, and
measurement of the interface electronics for the wearable SAW drug delivery system with
wireless communications. We first analyze the desired output signal. Next, we designed,
simulated, built, and tested prototypes of wireless power transmitter, AC-DC converter,
and different oscillators.

5.1.1 Flexible PCB with polyimide substrate

We used the proposed design to test a flexible PCB, which combines the AC-DC
converter and the LC oscillator together. The test results show that this method is feasible
for the wearable SAW drug delivery system in which the parameters of the SAW-IDTs
are matching to the output signal.

The materials of each layer of the receiver PCB are shown in Figure 2-17. As shown
in Figure 5-1, after soldering all components on the PCB, it still maintains the ideal

flexibility to meet the requirement of a wearable device.
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Figure 5-1 Flexibility of the receiver PCB with components

5.1.2 Possible use of flexible substrate

At last, we deposit gold layers on PDMS substrates through CHA Criterion Electron
Beam (E-Beam) Evaporator and show that this method could be used to build a
stretchable circuit, which offer better ergonomics to a wearable device.

As shown in Figure 5-2, we deposited 200nm gold on two PDMS substrate. The one
on the left has a flat surface (with a low-lying); the one on the right has a rough surface.
We test the conductivity of the gold layer with a 2V DC power supply and a light

emitting diode (LED), as shown in Figure 5-3, Figure 5-4, and Figure 5-5.
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Figure 5-2 PDMS substrates with 200nm gold layer

Figure 5-3 Conductivity test of flat gold layer
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Figure 5-4 Conductivity test of low-lying gold layer

Figure 5-5 Conductivity test of rough gold layer
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5.2. Future enhancement

We aim to improve the accuracy of the frequency of the output signal to make it as
close to the simulation result as possible. Also, need to improve the efficiency of the
wireless power transmission, so further the efficiency of the whole system.

Finally, we need to face the challenge of fabrication of the SAW device and combine

1t with the electronics.
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