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Connie Duong
2023
Electrical and Computer Engineering

Passive Voltage Boosting Methods for Wireless Energy Harvesting Systems

Abstract

Wireless power transfer has significantly improved the user experience in device charging
and is currently an area of active research. Some major limitations of wireless charging
systems include size constraints due to low frequency operation, the need for close proximity
and tight alignment for efficient power transfer, and limited use of the device while charging.
This work proposes several techniques to passively boost the voltage harvested and decrease
the size of the power module.

The rectifier and DC-DC converter explored in this dissertation extend technology pro-
posed in existing literature that uses a resonator as the high quality factor component in
the antenna matching network and energy storage element, respectively. This project pro-
poses further development of these technologies by multiplexing the resonator between the
rectifier and converter to reduce power module size and decrease generated electromagnetic
interference by eliminating the need for magnetics. Preliminary testing has shown a res-
onator is more effective than an inductor (by a maximum of 30 percent) in boosting the
rectifier output voltage and can boost the rectifier output voltage by a maximum of 8 times
compared to an unmatched rectifier at 18 MHz on a commercial-grade printed circuit board.
Initial DC-DC converter simulations with NMOS switches and realistic diodes show a 100
kHz resonator can store energy in a boost DC-DC converter on the order of nanojoules for
a 10 V to 14 V step up conversion with 68 percent efficiency. This is similar in performance
to a simulated inductor-based converter, which has a 78 percent efficiency when operating
with the same step up ratio.

The resonator-based DC-DC converter was built on a printed circuit board (PCB) using

—xiii—



discrete transistors and a 185 kHz ceramic resonator. Simulations and measurements both
showed the proposed discrete transistors did not effectively boost a 5 V input voltage by 1.4
times as was shown previously. Different methods to address this issue such as a floating
driver and PMOS switches were proposed. An integrated design was also implemented using
the open-source SkyWater 130 nm CMOS process design kit (PDK).

A magnetoelectric (ME) antenna is proposed to decrease the size of the antenna by
operating at acoustic resonance. Another benefit is more lenient alignment rules, which
provide more device usage flexibility while charging. The maximum voltage output from the
fabricated ME antenna is 0.3 V with a Qi transmitter producing 0.8 W as the source. The
size of the antenna is 2 cm by 1.5 cm, which is smaller than the commercial Qi receiving
antennas of 4 cm by 4 cm. When used to harvest vibrational energy, a slightly larger antenna
(3 cm by 1.5 ¢m) could provide a maximum output power of 0.3 yW for an input vibration

acceleration of approximately +/- 8 g.
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Chapter 1

Introduction

1.1 Overview

For decades, wireless communication technology has revolutionized how information is
processed and sent, and currently, the emerging concept of wireless power transfer has the
potential to alter the design of power modules. Figure 1.1 illustrates the block diagram of
a general wireless energy harvester. The main components include the antenna to receive
wireless signals, a matching network to equalize the impedance, the rectifier that converts
a time-varying (AC) signal into a constant (DC) one, and a DC-DC converter to change
the voltage to a level acceptable for use. The load for this system is usually a rechargeable
battery, which has strict input power requirements. This dissertation explores designs to
improve the antenna, matching network of the rectifier, and DC-DC converter. Improvements
to the antenna will be made by implementing a magnetoelectric (ME) antenna that aims
to decrease the form factor of the power module. The rectifier will be further enhanced
with a high quality factor matching network through the use of a resonator, and the DC-
DC converter will share the piezoelectric resonator with the matching network for a more

compact design. A block diagram of these concepts is illustrated in Fig. 1.2
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Figure 1.1: General block diagram for power module to harvest wireless energy.
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Figure 1.2: Proposed system for wireless power transfer.

1.2 Qi Standard

The current standard for wireless power transfer in commercial products is the Qi stan-
dard, named after the Chinese word for air or energy. As of 2020, almost 1000 products
ranging from cellular phones to smartwatches to wireless earbud cases have Qi charging
capability [1]. With the growing demand for personal electronic devices, wireless power
transfer is an increasingly lucrative option to charge personal devices without the need for

cumbersome cables. The global market for wireless charging devices is projected to grow 22

percent every year from now until 2027, reaching a value of over $40 billion by 2027 [2].
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Figure 1.3: Qi charging diagram for a smartphone [3].

The Qi standard operates within the low frequency range, from 87-205 kHz, and can
provide 5-15 W of power. A Qi charging system consists of a transmitter that provides the
wireless signal and a receiver that uses this signal to charge a device, such as a smartphone.
Figure 1.3 illustrates this concept [3] [4].

Due to the low frequency of operation, the coils are much smaller than the wavelength and
do not act as antennas. Rather, they interact through magnetic induction and resemble a
transformer as shown in Fig. 1.4. The components C,, R,, and L, represent the capacitance,
resistance, and inductance of the primary or transmitting coil, while L,, Cs, and R, are the
corresponding components for the secondary (receiving) coil. The mutual inductance, M, is
defined by Eqn 1.1 and determines the coupling factor, k, as shown in Eqn 1.2 [5]. Mutual
inductance depends on permeability (po and p,.), the number of turns in the primary or
transmitting coil (V,) and secondary or receiving coil (V), the area of the coils (A), and the
distance between the coils (I). Because the mutual inductance is inversely proportional to
the distance between the coils, the coils must be in very close proximity for the most efficient
power transfer. Requiring tight coupling has disadvantages such as inefficient power transfer

when not properly aligned and not allowing handheld use of the device when charging, since
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Sourcel™y . Lp Ls . Zload
& Transmitter Receiver

Figure 1.4: Tllustrating a Qi charging system as a transformer [4].

the device has to be within 2.5 mm of the transmitter interface as specified by the 2017 Qi
standard. The main parameters of this system that determine performance are the coupling
factor, as mentioned above, and the quality factor of the coils (Eqn 1.3) which is defined by

the operating frequency w, the inductance, and the resistance [3] [4].

M- toptr NsNp A

] (1.1)
M
k= L, (1.2)
wL
Q=" (13)

1.3 NFC Charging

A proposed alternative to the Qi standard is near field communication (NFC) wireless
charging, which operates at 13.56 MHz. Although the power transferred is lower (only up
to 1 W according to the NFC Forum’s WLC standard), this emerging standard does not
require strict alignment and requires a smaller coil due to the higher frequency. Currently,
this wireless charging standard has only been implemented in a few devices including the
Huawei smart glasses, Samsung fitband, and Microsoft stylus, but it has the potential to

be used in small devices such as wireless earbuds, wrist-worn electronics, and home sensors.



The benefits include loose coupling, integration into smaller devices, and higher data rates
compared to the Qi standard [6] [7] [8].

NFC charging is currently not as mainstream as the Qi standard, but there are companies
such as NuCurrent and NXP that are working to increase the power transferred at this
frequency up to 5 W and to incorporate it into devices like wearables and wristbands that

are too small to contain a Qi charging coil [7].

1.4 Vibration

While wireless communication and power transfer relies on electromagnetic waves to
propagate energy, vibration carries energy over distances in the form of acoustic waves.
Certain materials can convert between vibration and electromagnetic energy such as mag-
netostrictive (MR) materials, which convert energy between vibration and a magnetic field,
and piezoelectric (PE) materials, which transfers energy from vibration to an electric field.
The induced vibration due to an electromagnetic signal or the generated electromagnetic
signal from an applied vibration can be utilized for energy harvesting in two ways. First, a
composite material can be made from layers of MR and PE materials to convert a magnetic
field to an electric field with vibration as an intermediate energy form occurring when the
magnetic field induces a strain on the MR material. This strain is transferred to the PE
material, which produces a voltage. Although this method requires energy to be converted
to several different forms, it has certain advantages such as requiring smaller device lengths
and no impedance mismatch [9]. Secondly, vibration can be applied directly to a PE material
to generate an induced voltage. Since a device containing MR and PE materials to convert
magnetic fields into a voltage already has a PE material, the device can also be used to

harvest vibration directly and convert it into a voltage.



1.5 Project Motivation and Organization

The main purpose of this project is to design a wireless energy harvesting system compat-
ible with the Qi and NFC charging standards to decrease the size of the power module and
increase the time between uses before the device has to be charged. One proposed method
is to create a more compact rectifier and DC-DC converter module by using a resonator to
create a high quality factor matching network and to act as the energy storage element in the
converter. Another method is to design a compact antenna using magnetoelectric materials
to continuously harvest ambient energy from wireless sources without tight coupling. By
allowing for continuous charging during use, the battery can last longer or be smaller, since
it does not need to store as much energy between charges.

A practical application for this project is wearable devices use as watches, fitbands, and
earbuds. Since most users are constantly surrounded by electronics, wireless charging pads
can be integrated into keyboards, a mouse, or even smartphones, so the user can charge their
wearables while using them. Another application can be for implantable devices, which can
be charged routinely during a doctor’s visit or from charging sources implanted in furniture,
so the user does not have to replace the battery or remove it for charging.

The rest of this dissertation is organized as follows: Chapter 2 explains how a resonator
can be implemented into the matching network of a rectifier. Chapter 3 shows a DC-DC
converter using the resonator as an energy storage element. Chapter 4 provides simulations
combining the rectifier and DC-DC converter into a single system. Chapter 5 describes
the ME antenna performance in harvesting RF and vibrational signals. Chapter 6 details
implementing the rectifier and converter in an integrated design, and Chapter 7 concludes

the dissertation with a summary and future work to further enhance the project.



Chapter 2

High Frequency Wireless Energy

Harvesting

2.1 Rectifier Overview

A rectifier converts AC power into DC power, most commonly through the use of diodes or
diode-connected transistors, which only allow current to flow in one direction, and capacitors,
which store the energy of the rectified AC signal. The configuration of the diodes in the circuit
invert the negative part of the input signal and allows the capacitors to continuously charge.
The goal is to keep the capacitors continuously charged and produce a steady DC output
signal. This circuit is commonly used in wireless energy harvesting, in which a rectifier is
attached to an antenna that receives the high frequency input signal.

Specifications for a rectifier’s performance include efficiency, output voltage, and sen-
sitivity. The efficiency of a rectifier is the ratio of the output power to the input power
and depends on many factors such as forward voltage drop of the diodes, parasitics of the
rectifier, and the impedance of the rectifier compared to the input source or antenna. The
output voltage is affected by the number of stages and the load resistance. The sensitivity

of a rectifier is defined by the minimum input power at which the rectifier can function and



is dependent on the forward voltage of the diodes and the losses associated with the circuit
(such as impedance mismatch).

This project targets a low frequency range (100-200 kHz) and a high frequency range
(10-20 MHz) to correspond to the Qi and NFC standard operating frequency ranges, respec-
tively. Although NFC charging occurs at 13.56 MHz, a frequency in the same range was
chosen to allow more flexibility in choosing quartz crystals and other piezoelectric resonators
during the prototype stage. After verifying rectifier performance at a frequency in the same
order of magnitude of NFC charging, future work will be performed with stricter frequency

requirements.

2.2 Literature Review

One method of improving rectifier performance is to decrease the threshold voltage of
the transistors or forward voltage drop of the diodes. Doing this will minimize the “dead
zone” [10], which is the minimum input for the rectifier to function. Various designs have
been proposed to address the threshold voltage in CMOS technologies [11] [12], and Schottky
diodes are commonly used in discrete designs because of their small voltage drop [13]. Besides
the voltage drop, other specifications of Schottky diodes such as resistance and saturation
current also affect output voltage and efficiency as mentioned in [14].

In addition, there is an optimal load resistance where the highest efficiency occurs, and
is usually determined by sweeping a range of load impedances [15]. An extremely low load
resistance (such as a short) will cause most of the voltage to be dropped across the rest of the
circuit instead of at the load; a high load resistance (such as an open circuit) will decrease
the output power, which is determined by Equation 2.1, where P is the power of the load

resistor and V' is the voltage across a resistor with resistance R.

pP=" (2.1)



Because the input to the diode is an AC signal, there is the problem of impedance
mismatch between the source (or antenna) and the rectifier. Impedance mismatch occurs in
AC circuits because the impedance is a complex value, consisting of a resistance, which is
independent of frequency, and a reactance, which depends on frequency. To enable maximum
power transfer between the source and the rectifier, the source and the rectifier impedances
should be complex conjugates of each other. This means that the reactances cancel and the
resistances are equal. The rectifier is mostly capacitive, so to provide a complex conjugate,
the matching network should be mostly inductive [16]. According to the maximum power
theorem, the load should have the same resistance as the source for maximum power transfer.

Different methods for matching the rectifier to the source (or antenna) have been pro-
posed. Impedance matching methods can be divided into two categories: distributed and
discrete. Distributed methods involve fabricating a matching network through microstrip
lines, while discrete methods use off-the-shelf passive components. A common method in
impedance matching is to use transmission line segments, which has been simulated in [17].
Although high performance can be achieved, this method only works for the ultra high fre-
quency range and above (greater than several hundred megahertz) because the signals have
shorter wavelengths. In addition, the area of the circuit will be increased with additional
transmission line sections. Another method of matching is to use an off-center-fed dipole
(OCFD) antenna that is the complex conjugate of the rectifier impedance [18].

Discrete inductors and capacitors are often used in common impedance matching con-
figurations, such as L and pi networks [15] [19]. A disadvantage of using discrete inductors
is their inductance and equivalent series resistance (ESR) varies with frequency in addition
to a low quality factor, which causes loss in the matching network. The quality factor, Q,
of the matching network is important because a higher Q means less energy is dissipated in

the network, Eqn 2.2.



L~ Cm

Lm

Figure 2.1: Butterworth-Van Dyke model for a resonator.
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To address this, a crystal resonator can be used as a high Q inductor [19]. A crystal
resonator can be modeled with the Butterworth-Van Dyke model [16], which is shown in
Fig. 2.1. The components Lm, Cm, and Rm are the motional inductance, capacitance,
and resistance, respectively, and C'p is the shunt capacitance. The frequency response of
a typical resonator can be seen in Fig. 2.2. At the series resonance frequency (f,.), the
impedance of the crystal is minimized; at the parallel resonance or anti-resonance frequency
(fa), the crystal impedance is maximized. These frequencies can be calculated from the
model parameters as shown in Eqns 2.3a and 2.3b [20]. In between these two frequencies,
the crystal is dominated by its inductance and can be used as the inductive component in the
matching network. It is proposed that the small bandwidth of operation for in this method

is reasonable for the high Q obtained compared to using discrete inductors.

1

Jr= SN (2.3a)
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Figure 2.2: Measured frequency response of a 18 MHz crystal resonator.

Jo=—F—— (2.3b)

2.3 Design

One-stage, 2-stage, and 3-stage Dickson rectifiers were fabricated on a printed circuit
board (PCB). The rectifying component is the Schottky diode SMS7630 from Skyworks,
which was chosen for its low forward voltage drop (0.26-0.32 V) and high quality RF perfor-
mance. All capacitors besides the matching capacitors are chosen to be 1 nF, and the load
resistance is 47 k(2.

An L matching scheme was used to compare the effects of an inductor compared to a

crystal resonator. Figure 2.3 shows the topology of an L match, which was chosen for its

11



Figure 2.3: L matching network using a series inductor and shunt capacitor.

simplicity and because the crystal parameters were measured in series with rest of the circuit.
For each rectifier, the impedance at 18 MHz was measured with and without matching. The
results are summarized below in Table 2.1. Discrete surface mount inductors and capacitors
and a through-hole 18 MHz crystal were used for matching. The shunt capacitors are used
to bring the real part of the impedance to 50 €2, and the inductor or crystal minimizes the

reactance of the rectifier.

12



Table 2.1: Measured matching information.

1 Stage 1 Stage 2 Stage 2 Stage 3 Stage 3 Stage

LC Crystal LC Crystal LC Crystal
Frequency
18.0073 18.0073 18.0039 18.0039 18.0027 18.0027
(MHz)
Impedance,
302 — 316 —
Unmatched 380—75610 340—75702 340—7417 325—35480
71150 J1125
(€2)
Shunt Cap
15 15 33 33 39 39
(PF)
Inductance
3.68 3.51 1.65 1.78 1.47 1.45
(nH)
ESR () 41.4 17.9 9.2 24.8 13 20.4
Impedance,

754521 544738 39— j12 48— j0.53 46+ 2 48— 43
Matched (€2)

Quality
12 27 24 9.4 15 9.5

Factor

2.4 Results

Fabricated Dickson rectifiers with different matching topologies were compared. In all
the rectifiers (1, 2, and 3 stages), using a crystal resonator in the matching network pro-
duced higher output voltage and higher efficiency than using a coil inductor in the matching
network. Figure 2.4 shows the comparison of the efficiency of the various rectifiers with

matching networks. Figure 2.5 compares the output voltage.

13
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Figure 2.4: Measured Dickson rectifier efficiency with a 47 k{2 load.

In comparison, the same Dickson rectifier was simulated in ADS using the SMS7630
diode model (Fig. 2.6). Both simulation and testing verified that using a crystal resonator
as the inductor element in the matching network produced a higher rectifier output voltage
and matching the rectifier to the antenna produced higher output than no matching at all.
However, the simulated values differed from the measured values, which is most likely due to
the simulation program’s treatment of the diode’s breakdown voltage. As seen in Fig. 2.6,
the output voltage saturates at 5 V, which is the breakdown voltage used in the model (and

was increased from the datasheet value of 2 V for better observation), but in reality, in Fig.
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Figure 2.5: Measured Dickson rectifier output voltage with a 47k(2 load.

2.5, it can be seen that the output voltage can reach higher than the breakdown voltage.
This is because of the time varying nature of the input signal, which prevents the diode
from experiencing a constant voltage above the breakdown voltage, so the diode does not
actually break down. The ADS software does not seem to take this into account and limits
the output voltage with the breakdown voltage as the highest absolute voltage, so there is a
discrepancy between the simulation and measurements.

This was resolved by operating the diode rectifiers at a lower input power range that
had a lower voltage than the breakdown voltage of the SMS7630 diodes. This eliminated

the contradiction between the breakdown voltage of the actual diode and that implemented
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Figure 2.6: ADS simulation of Dickson rectifier with various numbers of stages and matching
networks.

in the diode Spice model. Figure 2.7 shows the simulated output power compared to the

measured at an input power range of -20 dBm to 1 dBm. The simulations are consistent

with measured results at this input power range.

The methods mentioned previously in Section 2.2 and their performance are summarized

in Table 2.2 below in comparison to the results from this work.
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Table 2.2: Rectifier performance comparison table.

Matching Pin Max Vout,
Work Diode Frequency
Scheme Range Efficiency Load
SMS7630, Transmission -15 to 10 76% at -5
[17] 700 MHz _
single line dBm dBm
HSMS2820, OCFD 0.9-1.1 GHz, -25to 25 75% at 20
18 -
single antenna  1.8-2.5 GHz dBm dBm
HSMS285C Discrete -35t0 0 55% at 0 1V, 20
[15] 434 MHz
doubler LC dBm dBm kQ
HSMS285C,
Discrete -30 to 0 50% at 0 29V, 16
[15] Delon 2 434 MHz
LC dBm dBm k)
stage
HSMS286C, -35 to 68% at -20 4.72 'V,
[19] Crystal 13.56 MHz
doubler -20 dBm dBm open
This SMST7630, -20 to 12 40% at -8 1.8 'V, 47
LC 18.007 MHz
work doubler dBm dBm k(2
This SMS7630, -20 to 12 60% at -8 2.1V, 47
Crystal 18.007 MHz
work doubler dBm dBm k)
SMST7630,
This -20 to 12 60% at -2 4.3V, 47
Dickson LC 18.003 MHz
work dBm dBm k(2
2 stage
SMS7630,
This -20 to 12 66% at -2 4.5V, 47
Dickson  Crystal 18.003 MHz
work dBm dBm k(2
2 stage

18



Table 2.2: Rectifier performance comparison table (continued).

Matching Pin Max Vout,
Work Diode Frequency
Scheme Range Efficiency Load
SMS7630,
This -20 to 12 64% at 2 6.7V, 47
Dickson LC 18.002 MHz
work dBm dBm k(2
3 stage
SMS7630,
This -20 to 12 7% at 2 74V, 47
Dickson  Crystal 18.002 MHz
work dBm dBm k2

3 stage

2.5 Further Implementation

Proof that a rectifier can benefit from a matching network between the antenna and

the rectifier and that the use of a high quality factor inductor-like element greatly improves

performance provides the basis for applying this concept in a practical application. Currently,

measurements and simulations were done at 18 MHz, which is on the same order of magnitude

of 13.56 MHz. In addition, preliminary simulations have been done at approximately 200

kHz, which is in the range of the Qi standard for wireless power transfer. The results can

be seen in Fig. 2.8. LC1 uses an ideal inductor (0.3 mH, no ESR) in the matching network,

while LC2 uses a discrete inductor with the closest value (0.27 mH, 34 @ ESR). The resonator

model used has a series resonance frequency of 185 kHz and is based off the specifications

provided from Fuji for a ceramic disc resonator used in Section 3.6 in a resonator-based

DC-DC converter.
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Chapter 3

DC-DC Converter Using Piezoelectric

Resonator as Energy Storage Element

3.1 Overview

Although rectifiers can regulate the output voltage through the use of a variable number
of stages, any change in output voltage will require a change in the rectifier topology, which
is inefficient and undesirable in terms of board space and performance. A solution to this
problem is to use a switching DC-DC converter, which regulates the output rectifier voltage
to the desired output voltage needed through adjusting the pulse width modulating (PWM)
signals controlling switches in its power stage. A DC-DC converter uses an energy storage
element, such as an inductor, and a series of switches to manipulate the input voltage to
the desired output voltage by controlling the duty cycle of switches’ driving PWM signals.
While an external control module is needed, a DC-DC converter avoids the disadvantages
of solely relying on the rectifier to control the output voltage by producing a large range of

output values with a single circuit.
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3.2 Literature Review

A basic buck-boost converter is shown in Fig. 3.1, where the inductor is the energy
storage element for adjusting the output voltage, the load capacitor is chosen for the desired
output ripple, and the load determines the output power. When switch K1 is on continuously,
the circuit functions as a boost converter, with a PWM signal controlling switch K2 and the
output voltage. Diode D1 is off in this mode of operation. To use this circuit as a buck
converter, switch K2 is always off, diode D2 is always on, and a PWM signal controls switch

K1 and the output voltage [21].

Diode2

Vin<+> VAN K2 T
- Diodel

Load

Figure 3.1: Noninverting buck-boost converter.

In addition to using an inductor to store energy in a magnetic field, energy in the DC-DC
converter can be stored in vibrations through the use of piezoelectric materials. [22] uses a
piezoelectric transformer, which consists of two piezoelectric materials: one that converts a
voltage to vibration and another that converts the vibration back into a voltage. The voltage
gain of this depends on the size of the materials and the number of layers of piezoelectric
material used [23]. In addition, piezoelectric resonators can be used in DC-DC converters
by taking advantage of the sinusoidal current generated when the resonator is excited at the

resonant frequency. This concept has been shown in [24], [25], [26], and [27].
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Figure 3.2: DC-DC converter with piezoelectric resonator.

3.3 Design

The following DC-DC converter utilizing a piezoelectric resonator follows the topology
presented in [26] and is compared to the classic noninverting buck-boost converter (Fig. 3.1)
using simulation in LTSpice. The basic schematic is shown in Fig. 3.2. In comparison to
the inductor-based converter, the piezoelectric-based converter has replaced D1 with switch
K3 and eliminated switch K2.

Because a main concern in wireless energy harvesting is limited access to sufficient input
power, this section focuses on the boost mode of [26]’s converter. The voltage waveforms
can be seen in Fig. 3.3(a), where V), is the voltage at the top of the resonator (Fig. 3.3(b)).

As can be seen, the piezoelectric current is sinusoidal, suggesting resonant behavior.
In reality, the switching occurs at slightly higher than resonance to avoid interruptions in
the current and mechanical deformation. The converter’s six phases can be grouped into
two sections: charge transfer when the resonator is connected to an external source or
load and voltage variation when the resonator is isolated. Charge conservation and energy
conservation govern the converter’s behavior and is defined by Eqns 3.1 and 3.2. Vj,, V3,
V., are the voltages across the resonator when Kin, K3, and Kout are on, respectively. This

leads to the simplification shown in the second line of Eqn 3.1, since V}, is 0 V when K3 is
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Figure 3.3: DC-DC converter with resonator [26].

on.

V;nQ’m + VESQZ& + ‘/othout =0 (31)

V;nQin + V;)thout =0

Qin + Q3 + Qout =0 (32)

Implementing zero voltage switching, the output to input voltage ratio for the boost

converter can be defined by Eqn 3.3.

Vour 2+ RpCow(1 4 coswty)/(2)
Vi 1 — coswty

(3.3)

where Ry, is the load resistance, Cj is the shunt capacitance of the resonator, w is the
resonant frequency, and t4 is the time when K3 opens and Phase 5 begins. Intuitively, the

load resistance is proportional to the gain, since an infinite load would theoretically produce
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the highest gain. The voltage waveform in Fig. 3.3(a) shows the switching times are governed
by the zero voltage switching principle except for ¢4, which controls the output voltage of
the converter and is the degree of freedom. Therefore, the voltage gain only depends on
the parameter t; and not the other switching times. Because of the sinusoidal nature of the
resonator current, the voltage is dependent on a cosine function. However, only values of
wty in the second half of the switching period are valid, since the converter always needs to

use the first half of the period to store and discharge energy. This is reflected in the nature

142

of the gain equation that follows the format of 1=,

which comes from solving the charge and

energy equations and is symmetrical around wt, equal to .

3.4 Simulations

Because the conventional boost converter connects the inductor to the input source at all
times, but the resonator boost converter connects the input to the energy storage element
for only one out of the six phases, it is predicted that the resonator boost converter will
have lower losses, leading to higher efficiency. The following simulations in LTSpice explore
whether this idea is true. Figure 3.4 shows the schematics of the two circuits implemented
with ideal diodes and switches, while Fig. 3.5 shows the schematics implemented with off-
the-shelf diodes (SMS7630) and NMOS (CSD17585F5) switches. The resonator model used
is based off the piezoelectric disc resonator in [26]. Simulations show the converter operating
in boost mode at a switching frequency of 83 kHz with a target output voltage around double
the input voltage (10 V).

Note that in Fig. 3.5(b) an additional NMOS is required for the input switch. This is to
prevent backflow of current through the source to drain diode when the NMOS is off. The
simulation results are summarized below in Table 3.1, and the steady-state waveforms are
shown in Fig. 3.6 and Fig. 3.7. The output voltage in the ideal circuit is 18 V, but large

voltage drops across the parasitic resistances of the SMS7630 diodes limit the output voltage
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(a) Inductor-based converter.

(b) Resonator-based converter.

Figure 3.4: Schematic of buck-boost converter with ideal diodes and switches.

to around 14 V in the non-ideal case. A comparison of these results to those in existing
literature is shown in Table 3.2.

Contrary to predictions, the efficiency of the resonator-based converter is comparable
to that of the inductor-based converter but not higher. Upon closer inspection, there are
current spikes in the current drawn from the voltage source, which degrade the efficiency
by increasing power draw (Fig. 3.8). However, the value of the current spikes is so high
(several amps compared to the resonator current of around 200 mA) that this is most likely
attributed to simulation computations and is not guaranteed to occur in the actual circuit.
If this did occur in a prototype implementation, a different MOSFET can be used as the

switching device. The results of these simulations show a boost converter with a piezoelectric
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(a) Inductor-based converter.

(b) Resonator-based converter.

Figure 3.5: Schematic of buck-boost converter with realistic diodes and transistor-based
switches.

resonator is a potential candidate to replace conventional inductor-based DC-DC converters.

3.5 Further Implementation

Future steps after showing a piezoelectric resonator can be used to store energy in a DC-
DC converter include combining this converter with the rectifier and choosing a different
disc resonator that operates in the Qi standard frequency range. The proposed resonator
resonates at 100 kHz in the radial mode, with a thickness mode resonant frequency in the
megahertz range. This could have potential applications in NFC charging, which operates

at 13.56 MHz. The results of a preliminary simulation operating at a switching frequency
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(b) Resonator-based converter voltage waveforms.

Figure 3.6: Simulated voltage waveforms for boost converter using ideal switches and diodes
for a 12 us switching period.

(a) Inductor-based converter voltage waveforms.
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(b) Resonator-based converter voltage waveforms.

Figure 3.7: Simulated voltage waveforms for buck-boost converter with realistic diodes and
switches for a 12 us switching period.
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Figure 3.8: Simulated current waveforms of resonator converter with respect to switching
waveforms. Current of input voltage source V1 is inverted to show current leaving voltage

source.

Table 3.1: Output values for boost converter for various energy storage and switching
elements.

Energy storage, Output Voltage Output Ripple
Efficiency (%)

switch (V) (mV)

Inductor, Ideal 17.9 144 98.75
Resonator, Ideal 17.9 210 95.07
Inductor, NMOS 14.0 114 76.94

Resonator, NMOS 14.5 171 67.93

of approximately 110 kHz is shown in Fig. 3.9. The resonator model for this schematic
was altered from the previous model to have a resonant frequency of 100 kHz. Usually, the
switching frequency is slightly higher than the resonant frequency of the resonator to ensure
all the energy transfer stages can be completed within a resonant period. Figure 3.10 shows
boost converters operating at 110 kHz with various energy storage and switching elements.
Table 3.3 summarizes the performance of the ideal resonator-based DC-DC converter shown
in Fig. 3.9(a), the ideal inductor-based, nonideal resonator-based, and nonideal inductor-

based DC-DC converter shown in Fig. 3.10(a), Fig. 3.10(b), and Fig. 3.10(c), respectively.
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Table 3.2: Comparison of various parameters for DC-DC Converters.

Energy Vin Vout Pout  Efficiency Freq
Mode Method
Storage (V) (V) (W) (%) (kHz)
This Piezo
boost 10 14.5 0.262 68 83 LTSpice
work Resonator
This
Inductor boost 10 14 0.245 7 83 LTSpice
work
Piezo
[27] boost 10 20 0.1-0.2 98 90, 190 —
Resonator
Piezo Analytical
[26] boost 10 20 0.150 98-99 &9
Resonator Model
Piezo
[26] boost 10 15 0.160 98 &9 PCB
Resonator
Piezo
[24] buck 100 90 2 99 114 PCB
Resonator
Piezo
[25] boost 100 220 10 98 114 LTSpice
Resonator
0.18um
[28] Inductor boost 15 17.5 26 95.3 600
BCD
Piezo
[29] buck 50 30 8 95 6300 PCB
Resonator
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(a) Schematic of converter with 100 kHz resonator and ideal switches and diodes.

(b) Simulated voltage waveforms.

Figure 3.9: Boost converter with 100 kHz resonator operating with a switching frequency of
110 kHz.

3.6 PCB Prototype Testing

The resonator based DC-DC converter was implemented on a printed circuit board (PCB)
with a ceramic resonator manufactured by Fuji as shown in Fig. 3.11. The ceramic resonator
used has the frequency response shown in Fig. 3.12 while operating in the radial mode, which
means it resonates along its radius. Table 3.4 summarizes the parameters of the ceramic
resonator calculated from the measured frequency response and from the factory provided
specifications. The largest difference is in the equivalent resistance, which measurements
show to be two orders of magnitude higher than what was estimated from the mechanical
Q in the datasheet. This is expected: looking at the measured frequency response in Fig.

3.12, the resolution bandwidth is 1 kHz and could be limiting what can be measured as the
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(a) Schematic of converter with inductor. ideal switches, and ideal diodes.

(b) Schematic of converter with resonator, transistor-based switches, and realistic diodes (nonideal).

(c) Schematic of converter with inductor, transistor-based switches, and realistic diodes (nonideal).

Figure 3.10: Additional boost converter schematics with a switching frequency of 110 kHz.
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Table 3.3: Performance of DC-DC converters with a switching frequency of 110 kHz. Ideal
or non-ideal refers to the switches and diodes used.

Input Output Output Efficiency Energy
Voltage (V)  Voltage (V) Power (mW) (%) Stored (nJ)
Resonator,
10 17.8 265 95 38
Ideal
Inductor,
10 17.9 267 99 1.2
Ideal
Resonator,
10 14.3 170 68 66
Non-ideal
Inductor,
10 14.1 165 78 0.63
Non-ideal

resonant, frequency and bandwidth. Because the bandwidth is related to the quality factor
by Eqn. 3.4, a wider bandwidth would produce a lower quality factor. A lower quality factor
is reflected in a higher resistance, and future measurements should be done with a lower
resolution bandwidth to verify the exact bandwidth. The DC-DC converter is driven by

either by a microcontroller or stimulus system as shown in Fig. 3.13.

27 fo
Q

The previous simulations from Section 3.4 were modified to incorporate the NMOS tran-

Bandwidth =

(3.4)

sistors (RE1C002) and diode (MMBD452) used in the PCB implementation. The diode
model was modified from the previous SMS7630 diode one due to lack of an available Spice
model, so some parameters not provided in the MMBD datasheet were borrowed from the
SMS7630 diode. Figure 3.14 shows the circuit schematic. The input is 5 V, and the switching
frequency is 200 kHz. The output was measured with switching signals of 3.3 V and 5 V

to observe the different behavior between using the TT MSP432 microcontroller, which has
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an output voltage of 3.3 V, and the Tektronix HFS9003 stimulus system, which was used
to output 5 V switching signals. Figure 3.15 shows the difference in output and resonator
voltage due to use of different switching signal amplitude. However, both cases produced a
lower boost ratio than 1.4, which was achieved in Sections 3.4 and 3.5, and the converter
operating with 3.3 V switching signals did not even boost the input with an output to input
voltage ratio of only 0.63. This was resolved using a floating driver for the input NMOS
switch as shown in Fig. 3.16. Because the negative terminal is connected to the source of the
transistors, the potential difference between the gate and source terminal is driven to what
the voltage source is supplying. Figure 3.17 shows the output and resonator waveforms for
3.3 V switching signals. These results are summarized in Table 3.5.

The measured output of the resonator-based converter is shown in Fig. 3.18(a) and
3.18(b) in comparison with the resonator voltage and the gate signals, which are pulses
with magnitudes of 3.3 V and 5 V, respectively. The 3.3 V switching signals does not
completely turn on or off the NMOS switches. In both cases, the output voltage is lower
than the applied input voltage of 5 V and the max resonator voltage, which suggest that the
diode voltage drop from the forward voltage (approximately 0.5 V) and series resistance (not
provided in datasheet but estimated in simulation to be 20 € based off the SMS7630 Spice
model) is too high to sufficiently boost the output voltage. In addition, the discrete NMOS
transistors have a high threshold voltage, so the resonator voltage when connected to the
input voltage is only 4.3 V in the PCB implementation. The simulation predicts that the
maximum resonator voltage should be approximately 6 V, but in the PCB implementation
the maximum resonator voltage is only 4.6 V, which suggests either additional parasitics not
modeled or incomplete switching in the transistors that is no longer accounted for in the
Spice models. Table 3.5 summarizes these voltages for the simulated and measured results.
The input voltage was lowered compared with a switching signal of 5.1 V to see when the

incomplete switching starts to occur. The boost ratio and output voltage are plotted in
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Fig. 3.19 as a function of input voltage. It can be seen that without a floating driver,
the converter cannot boost any voltage higher than 100 mV. Figure 3.20 shows the voltage
waveforms for a 100 mV input. Although voltage boost occurs, the resonator voltage is quite
distorted compared to what is expected. All of these issues make a discrete implementation
of the resonator-based DC-DC converter with only NMOS transistors and diodes difficult
and impractical. An integrated solution is considered in Chapter 6, where additional changes
to the design are also implemented such as changing the NMOS switch at the input and the
output diode to a PMOS switch.

Table 3.4: Calculated parameters from frequency response or estimated from datasheet
specifications of Fuji ceramic resonator.(*Note: these values should be re-calculated from a
frequency response measured with a smaller resolution bandwidth.)

Parameter From measurements From datasheet Percent error
Diameter (mm) 11.94 11.99 0.42%
Thickness (mm) 0.72 0.75 4.00%

C, (nF) 1.92 2 4.00%

C,, (nF) 0.63 0.71 11.27%

L., (mH) 1.16 1.04 11.54%

R, () *13.37 0.48 2685%

Q *101 2500 95.96 %

Resonant frequency, fy (kHz) 184.67 185.83 0.62%

3.7 Conclusion and Future Work

Simulations at 89 kHz proved consistent with literature and were modified to operate
at 110 kHz, which is in the Qi frequency range. Then, a PCB prototype was built using a
ceramic disc resonator with a resonant frequency of 185 kHz and a switching frequency of 200

kHz. Although the switching and voltage waveform shapes were consistent with simulations,
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Figure 3.11: Resonator-based DC-DC converter on a printed circuit board.
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Figure 3.12: Measured frequency response of Fuji ceramic resonator.
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Figure 3.13: Test setup for PCB implementation of resonator-based DC-DC converter.
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Figure 3.14: Simulation schematic with models of discrete NMOS switches and diodes used

in PCB.

(b) Simulated voltage response of DC-DC converter driven with 5.0 V switching signals.

Figure 3.15: Simulated resonator and output voltage waveforms with different switching

signal amplitudes.
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Figure 3.16: Simulation schematic with floating driver for input NMOS transistor switches.

Figure 3.17: Simulated voltage response for DC-DC converter with 3.3 V switching signals
and a floating driver for the input switch.

Table 3.5: Summary of simulated and measured resonator voltage when connected to the
input (V. input), at maximum (V, ez ), input (Vi,) and output voltage (V,:), and switching

voltage (V).

Type Voinput (V) | Vomaz (V) | Vour (V) | Vin (V) | Ve (V) | Boost Ratio
simulated 2.42 3.47 3.15 5 3.30 0.65
simulated 4.18 5.91 5.49 5 5.10 1.10

simulated, floating 4.98 7.02 6.57 5 3.30 1.31
simulated, floating 4.98 7.03 6.57 5 5.10 1.31
measured 2.50 3.50 3.10 ) 3.30 0.62
measured 4.28 4.64 4.10 ) 5.10 0.82
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(a) Measured voltage response of DC-DC converter driven with 3.3 V switch-

ing signals.
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(b) Measured voltage response of DC-DC converter driven with 5.0 V switch-

ing signals.

Figure 3.18: Resonator voltage (green), output voltage (magenta), and input switching (blue)
and k3 (switch parallel with resonator) switching (cyan) signals for PCB DC-DC converter.
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(a) Measured output boost ratio as a function of input voltage.
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(b) Measured output voltage as a function of input voltage.

Figure 3.19: Measured output boost ratio (a) and output voltage (b) plotted at various input
voltages.
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Figure 3.20: Measured output voltage (green), resonator voltage (magenta), and switching
signals (yellow and blue) for resonator-based converter with a 100 mV input.

the output voltage was much lower than expected due to the large parasitics of discrete

transistors. In PCB testing, the input voltage was lowered to find a value that allowed the

NMOS transistors to switch on and off sufficiently to boost the input voltage, which turned

out to be 100 mV. This showed that in order to maintain converter boost performance, the

input voltage would have to be low, the input NMOS switches would need to use a floating

driver (which was shown in simulation), or the input NMOS switches would need to be

replaced with PMOS transistors (shown in Chapter 6).
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Chapter 4

Rectifier and DC-DC Converter

Combined System

4.1 Resonator Switching Network

A block diagram of the proposed combined rectifier and DC-DC converter is shown below
in Fig. 4.1. The output of the rectifier is the input of the DC-DC converter (Vj,). The main
advantage of this design is sharing the piezoelectric resonator between the matching network
of the rectifier and the DC-DC converter. This can be accomplished through two proposed
methods:

1. In the 100 kHz-200 kHz range, the resonator is used for matching in the rectifier as
long as a Qi transmitter is detected. The rectifier will store the energy in a supercapacitor or
other component that does not require a regulated voltage input. When there is no wireless
energy source detected or the input RF signal is too low, the resonator will be used as
the energy storage element in the DC-DC converter. Because the Qi standard for wireless
charging produces higher power than NFC charging, it can be assumed that when the Qi
rectifier is used, there is no need for a DC-DC converter. When there is no Qi transmitter

present, the resonator used in the matching network (in the range of 100-200 kHz) can be
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Table 4.1: Condition of switches for using the resonator in the rectifier or DC-DC converter.

Resonator Circuit DC1 DC2 DC3
Rectifier ON OFF OFF
DC-DC Converter OFF ON ON

utilized in the DC-DC converter connected to the NFC rectifier.

2. The crystal will be periodically used as either a component in the matching network
or as an energy storage element. The time that the crystal spends in each can be determined
by a fixed duty cycle or by the voltage of the supercapacitor used to the store the rectifier
output.

Sharing the resonator between the rectifier and converter requires the use of additional
switches labeled DC1, DC2, and DC3. Although DC2 can replace the diode, using an
additional diode eliminates one PWM signal. DC2 can be controlled by the same waveform as
DC3, and the diode requires no PWM signal. The operation of the switches are summarized
in Table 4.1. Switches Kin and K3 are open when the rectifier is operating and switching
during DC-DC converter operation.

A concern with the introduction of the switches DC1-DC3 is the effect on the match-
ing network of the rectifier. Switch DC1 would contribute additional on-resistance, and
DC3 would contribute additional shunt capacitance when off. Using the rectifier previously
matched at 190 kHz (Fig. 4.2), the effects of the switches can be seen in Fig. 4.3. Figure
4.3(b) shows that the addition of DC1 does not affect the performance, while the addition
of DC3 lowers the output voltage because it affects the shunt capacitor in the matching
network, as seen in Fig. 4.3(a). This can be remedied by decreasing the shunt capacitance
that was originally used in the matching to take into account the contribution from DC3.

However, when the same topology is applied at a higher frequency (18 MHz), the results
vary drastically. Figure 4.4 shows the schematics used, and Fig. 4.5 shows the effects of the

switches on the output voltage. When both DC1 and DC3 are employed, the rectifier has
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Figure 4.1: Proposed circuits for rectifier and DC-DC converter sharing piezoelectric
resonator.
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Figure 4.2: Schematic diagram with switches in matching network with 190 kHz resonator.
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even worse performance than if the rectifier was not matched at all. The rectifier employing
only DC1 also has a lower output voltage than the matched rectifier with no extra switches.
This is expected, since the effect of the switches and their parasitics is more pronounced at
higher frequencies. This simulation shows the impedance contributions of the switches need

to be taken into account before designing the matching network.

4.2 Combined Performance

In addition, preliminary simulations were done to combine the rectifier and DC-DC con-
verter. The following simulations combine the 18 MHz rectifier with a DC-DC converter
operating at 83 kHz. The DC-DC converter was replaced with a lossy transformer to sim-
plify the ADS simulation. Figure 4.6 shows the schematics used to replace the converter with
a transformer in LTSpice, while Fig. 4.7 shows the ADS schematic using this transformer
model. Figure 4.8 shows the output voltage of the transformer being supplied by the rectifier.
The input sinusoid amplitude is 13 V to create a rectifier output of around 10 V, which was
the input voltage for the converter used in the previous chapter. Simulations show replacing
a DC-DC converter with a lossy transformer produces the same output voltage magnitude,
although the output voltage of the lossy transformer cannot replicate the output ripple of
the converter.

As seen in Fig. 4.8, the output voltage is greatly reduced at the final DC output due
to the crystal and inductor matching network when the rectifier is combined with the DC-
DC converter. This is caused by the load of the DC-DC converter being too small, and
the principle of voltage division dominates over the the benefits obtained from a matched
circuit. The high impedance of the rectifier consumes most of the power, so little is delivered
to the output. The addition of the matching network only introduces more resistance that
consumes the available power. This is verified by sweeping the load values and observing the

simulated efficiency of the rectifier (Fig. 4.9). As expected, the optimal load for the matched
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Schematics of rectifiers and their matching networks with a 18 MHz crystal
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Figure 4.5: Simulated output voltage of rectifiers with switches and rectifier with no matching
shown for comparison.

rectifiers occur between 5 k{2 and 50 k2, so the DC-DC converter with a load of 800 €2 is
insufficient to use with the matching networks. From Fig. 4.9, it is also apparent the rectifier
with a resonator-based matching network has a higher efficiency than both the unmatched
rectifier and the rectifier with an inductor-based matching network. Therefore, future designs

will use the optimal load resistance values of the rectifier with a resonator-based matching
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(a) Rectifier and DC-DC converter with inductor.
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(b) Rectifier with lossy transformer E1-R3 to replace converter in (a).
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(c¢) Output voltage of both schematics. Vout_DC is output of converter in (a); Vout is output of transformer in

(b).

Figure 4.6: Schematics and simulated output voltage of rectifier and DC-DC converter and
the lossy transformer used to replace it.
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(a) Rectifier with no matching and lossy transformer.
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(b) Rectifier with LC matching and lossy transformer.
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(c) Rectifier with crystal in matching network and lossy transformer.

Figure 4.7: Schematics and output voltage of rectifier and DC-DC converter and the

transformer used to replace it. R1 is 200 €2; R2 is 14 €.
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