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SUMMARY

The objectives of my researches are developing new RF and mm-wave energy harvester
topologies and realizing them with new additive manufacturing fabrication processes. The
proposed energy harvester topologies are utilized to achieve energy-autonomous wireless
sensing networks for 5G communication and Internet-of-Things (IoT) solutions. The de-
veloped additive manufacturing fabrication process is adopted to realize not only energy
harvesters but also mm-wave IC packaging process.

Ambient energy harvesting techniques collect ambient energy such as solar, RF, heat,
and vibration and convert them into DC power sources to support the energy requirement
of electronics. Since the energy is provided autonomously and constantly, maintenance
or replacement for the batteries inside wireless electronics is not necessary resulting in
enormous cost reduction. The researches of energy harvester focus on three categories,
new topologies to enhance the performances, increased harvested power levels, and ap-
plied energy harvester to find new killer applications. This work proposes new designs and
improvements in all three categories. Various proof-of-concept backscatter sensing sys-
tems with integrated RF energy harvesters for 5G and 10T applications are demonstrated.
In this research, high-efficiency and broadband rectifiers are proposed to support high-
performance rectifications as well as increase harvested energy. New topologies to utilize
both DC and harmonics are demonstrated to increase the reading range of on-body wire-
less sensing networks. Furthermore, energy-autonomous microfluidic sensing systems are
demonstrated to unleash the potential of microfluidic applications. 5G energy harvester
is proposed and integrated inside the multi-layered additive manufacturing IC packages to
achieve fully-functional SiP modules.

While determining the fabrication methods, low-cost, fast-prototyping, and scalable
methods with great material and structural flexibilities are preferable, and thus, additive

manufacturing technologies including inkjet printing, 3D printing, and glass SAP pro-
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cess are adopted. This research utilizes inkjet-printed masks, substrates, and metal traces
to simplify the conventional fabrication process. The new low-loss inkjet-printable ink
is developed to push the additive manufacturing technologies to mm-wave ranges. The
flexible 3D-printed materials are characterized and used for wearable sensor designs, mi-
crofluidic channels, and flexible packaging topologies. The 3D features are included in-
side the IC packages to achieve high-performance multi-layer packaging structures with
shorter lengths, lower loss, and smaller parasitics. The high-precision glass SAP process
is used to realized AiP and SiP designs with great performances. Furthermore, through
combining inkjet and 3D printing, this work proposes a fast, cost-effective, scalable, and
environmentally-friendly fabrication process for various high-performance and compact
antenna designs, microwave/mm-wave components, microfluidic channels, RF energy har-
vesters, and SiP designs.

In summary, this work utilizes additive manufacturing processes to realize various in-
novative topologies of energy harvesters to harvest more power and achieve higher rectifi-
cation efficiency with smaller sizes. Additive manufacturing processes and energy harvest-
ing techniques are also used to demonstrate new applications including the first on-body
long-range sensing network, the first energy-autonomous long-range microfluidic sensing
system, and the first fully-functional energy-autonomous 5G SiP module design. The pro-

posed topologies are suitable for smart cities, smart skin, and 10T applications.
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CHAPTER 1
INTRODUCTION

1.1 Research Objectives

My researches focus on two main objectives. The first one is to develop new energy har-
vester topologies to achieve better performances, harvest more power, and apply to new
applications. The second one is to develop new additive manufacturing procedures with
better physical and electrical properties.

The energy harvesting technologies collect ambient energy from the environment and
convert it to electrical power to drive applications. The RF energy harvester has attracted
more and more attention in recent years because this kind of energy can be accessed all day
and the ability to bypass the obstacles make RF energy ubiquitously available. However,
the weakness of the RF ambient energy compared with other kinds of energy sources is the
lower power density. Thus, two of the main research directions of RF energy harvesters
are developing topologies that improving the performances and establishing methods that
harvesting more power. To improve the performance, numerous topologies are proposed
to increase the RF-DC conversion efficiency, reduce the effects of load variation, increase
the sensitivities, and expand the operating power range. On the other hand, technologies
such as broadband and multi-band energy harvesters are proposed to collect more power
simultaneously to overcome the low RF power density. In addition to these two research
focuses, some researchers focus on applying the energy harvesters to new applications to
find the “killer” applications of energy harvesting technologies. Such applications include
IoT, smart skins, and smart cities.

The additive manufacturing process is a relatively young technology compared with

subtractive manufacturing processes. However, numerous advantages including complex



Table 1.1: The novelty of the works presented in each chapter.

Novelty Chapter 4 Chapter S Chapter 6 Chapter 7
EH improved performance 0
EH harvested more power 0 0 0
EH new applications 0 0 0 0
AM process improvement 0 0 0 0

EH: Energy Harvester
AM: Additive Manufacturing
o: Contains improvements in this field

3D structures, non-orthogonal structures, lower cost, lesser waste, faster prototyping, and
more material choices are provided by using the additive manufacturing process. The draw-
backs of the additive manufacturing process are that since it is relatively immature, the
resolution is lower, the fabrication equipment has to be improved, large-scale fabrication
method needs to be perfected, printable materials with better properties are still desired,
and the integration of different additive manufacturing methods also remains under devel-
opment.

In my researches, both advancements in energy harvester topologies and additive man-
ufacturing processes are proposed and demonstrated. The novelties of each chapter are
summarized as in Table 1.1. For the performance enhancement, in chapter 4, commonly
waste harmonics are utilized as a carrier emitter to increase the reading range of backscat-
tering on-body sensing systems. For the power level enhancement, energy from the near-
field hand-held devices is harvested to overcome the low RF power density in chapter 4. In
chapter 5, the near-field energy is integrated with far-field RF energy sources with a power
management circuit to achieve advantages of both types of energy sources. In chapter 6,
the UWB designs are proposed to increase the received power level.

For the novel applications, in chapter 4, the first energy-autonomous on-body wireless
sensing network is proposed and can be applied to smart skins. In chapter 5, the energy-
autonomous microfluidic sensor is built to move microfluidic and bio-sensing from in-lab

application to ubiquitous applications. Designs that harvested high-power 5G mm-wave

2



energy are demonstrated in chapter 6 and chapter 7.

The additive manufacturing methods used in my researches include inkjet printing, 3D
printing, and glass SAP processes. In chapter 4, a new 3D and inkjet printed AMC structure
is proposed to isolate the human tissue effects. A new additive manufacturing process to
realize micro-channels for microfluidic sensors is proposed in chapter 5. In chapter 6, the
high-precision glass SAP packaging process is developed with a new low-loss material.
The inkjet and 3D printing are integrated to develop a fully additive manufacturing IC
packaging fabrication process in chapter 7. Furthermore, low-loss inkjet printable material
is developed to push the proposed additive manufacturing packaging process to mm-wave

applications.

1.2 Dissertation Outline

The outline of the dissertation is as the following:

1. Chapter 1 introduces the objectives of my researches and the outline of the rest of the

content.

2. Chapter 2 provides background knowledge and the history of the energy harvester.
The operation principles of the rectenna are introduced with detailed discussions of
the diodes and rectifier topologies. The calculations of available RF power levels are
included. Furthermore, as an important application of energy harvesting technolo-
gies, the background knowledge of the backscatter sensors and RFID is introduced.
The literature survey of the energy harvester in performance enhancement, received

power enhancement, and new applications are also included.

3. Chapter 3 reviews the additive manufacturing technologies. Current statuses of both

inkjet printing and 3D printing will be provided.

4. Chapter 4 proposes an on-body long-range sensing network. The high-power energy

from hand-held two-way talk radio is harvested. The new flexible energy harvester

3



topology to utilize both the rectified DC power and the commonly wasted harmonics
is demonstrated. The reading range of the sensing network is extended to more than
270 m due to the use of the harmonics as the carrier emitter. The human body effects
on energy harvester are investigated. The 3D printed AMC structure is adopted to

isolate the circuit and the human body.

. Chapter 5 demonstrates an energy-autonomous microfluidic sensing system. The
near-field energy from two-way radio and far-field energy from the Ultra High Fre-
quency (UHF) RFID reader are harvested simultaneously and integrated with a power
management circuit. Both advantages from the near-field and far-field energy sources
are achieved using the proposed system. The energy-autonomous micropump system
is used to drive the microfluidic applications and expand the applications of microflu-
idic from lab-use only to ubiquitous applicable. A new fast-prototyping additive
manufacturing microfluidic fabrication process is proposed and a sweat sensor is re-
alized as a proof-of-concept test vehicle. The microfluidic sweat sensor detects the
conductivity change in the fluid so that the effects of the clutters can be minimized.
The backscatter topology is used to expand the reading range of the microfluidic

sensor to more than 22 m.

. Chapter 6 illustrates a 5G SiP energy harvester realizing using the glass packaging
process. The UWB AiP designs with reduced size and bandwidth large enough to
cover all three main operating bands of the 5G communication. The AiP design is
then utilized to realize broadband energy harvesters. The new low-loss polymer is
also utilized to ease the fabrication of the semi-additive glass packaging process and

improve the performance.

. Chapter 7 depicts a fully additive manufacturing packaging process as well as an
energy-autonomous SiP module. The fabrication process integrating both inkjet and

3D printing is proposed. The new low-loss printable material is used to push the



proposed process to mm-wave applications. The energy-autonomous SiP does not
need to connect to any exterior boards since it is fully functional with a power supply
from the embedded energy harvester. Thus, the functional system size can be shrunk

from the board level to the packaging level.

8. Chapter 8 discusses the novelties and contributions of my works and concludes.



CHAPTER 2
REVIEW OF ENERGY HARVESTING TECHNOLOGIES

In this chapter, a full review of energy harvesting technologies will be provided. This
chapter begins with the introduction and comparisons of different energy resources for
energy harvesting technologies. Each energy source has its pros and cons and the RF and
mm-wave frequency Electromagnetic (EM) waves are chosen as the main focusing energy
source due to its magnificent potential. Then the history of the RF and mm-wave frequency
EM waves energy harvesting technologies starting from where the ideas come from to
the current important research status will be introduced. The differences between energy
harvest and wireless power transfer will be discussed.

Since the key enabling technologies for RF and mm-wave energy harvesting is the
rectenna system, the operation principles, as well as each building blocks including an-
tenna, rectifier, and power management circuit will be introduced thoroughly. The estima-
tions of the available RF power levels are calculated. The applications of RF and mm-wave
energy harvest on backscatter sensors and RFID will be addressed. This chapter ends with
the discussion of current and future design trends of RF and mm-wave energy harvesting

technologies.

2.1 Overview of Energy Harvesting Technologies

2.1.1 Comparisons of Energy Sources

As shown in Figure 2.1, there are different types of ambient energy sources around us
such as solar, heat (thermal), vibration, and electromagnetic waves. The idea of energy
harvest is to collect energy from the ambient environment and converts it into DC power to

drive load applications. Although the term “energy harvest” is relatively new terminology,
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Figure 2.1: Demonstration of ambient energy sources.

the first successful example can be dated back to 1826 when Thomas Johann Seebeck
successfully created a current using two metals at different temperature [1]. This was the
first demonstration of energy harvesting from thermal energy. Later in 1839, Edmund
Becquerel discovered the photovoltaic effect which made harvesting from solar energy
possible. In 1880, piezoelectricity which comes from vibration was first predicted and
proven by Pierre and Jacques Curie. The idea of harvesting energy from radio waves started
in 1899 while Nikola Tesla demonstrated the wireless power transfer through resonant Tesla
coils. It then slowly evolve to energy harvest technologies using rectennas. The detailed
evolution and history will be introduced in subsection 2.1.2. Until today, solar, thermal,
RF, and vibration are still four main ambient energy sources and researchers has been
working hard to build systems that can extract the energy and converted them into DC
power efficiently.

The four main ambient energy sources are summarized and compared in Table 2.1 [6—
9]. The pros and cons of different energy sources are included for trade-off and decision
making. One example is also included for each type of energy source to provide ideas of

the real-life applications of harvesting from these energy resources. For the solar energy,



Table 2.1: Comparisons of ambient energy sources.

Solar Thermal RF Vibration
Power
Density 15 - 100 0.06 1079 - 0.1 0.2
(mW/cm?)
Output 3-4V
Voltage 0.5-4V ) (Open Circuit) 2-10V
Available Day Time . . Activity
Time (4-8 Hours) Any Time Any Time Dependent
Harvester PV Cell Thermocouple Rectenna Piezoelectric
e Large amount e Ubiquitously
of energy available e Light weight
Pros o Welldeveloped e Al\yays e Small size and e Well developed
tech. available i .
. light weight tech.
e High output .
e Easy to integrate
voltage
e Distance
e [arge area
dependent
e Large area e Low power
. . e Low power e Large area
Cons e Non-continuous e Brittle . .
. .. density e Variable output
e Orientation issue e Low
. e Low output
efficiency
voltage
Example
Work (2] (3] (4] (5]

the power density varies from 15 - 100 mW/cm? depends on different environment. For
example, high power densities can be expected outdoor under sunny days while much lower
values are obtained indoor [7]. The output voltage is around 0.5 - 4 V. The available time
is during the daytime which is about 4-8 hours depends on the weather. The harvester
used to extract solar power and convert it into electricity is the Photovoltaic (PV) cell or
also known as the solar cell. As an example, in [2], a solar-powered sensor network is
demonstrated. Solar power can offer a large amount of power and high output DC voltages.
The technologies are well developed since 1839. However, there are still some drawbacks.
To begin with, the sizes of solar panels are large which makes it different to integrate with
other applications. The solar panel also only be used during the daytime and the weather

takes an important factor in the received power. The orientation also plays a critical role



which makes the integration with moving objects harder.

For the thermal energy, the power density is 0.06 mW/cm? which is relatively low [8].
Thermal energy can be gathered continuously using thermoelectric materials [10] and a
thermoelectric micro-converter is proposed to support low-power electronics in [3]. Nev-
ertheless, it also required a large area and the efficiency is generally low. The vibration due
to human or mechanical movement can be converted into electricity through piezoelectric
devices [11]. The power density is 0.2 mW/cm? [7] and can be used to support wireless
sensor applications as demonstrated in [5]. However, it also requires a large area, and the
output power is very unstable because of the variation in the amplitude of vibration.

Recently, RF energy harvesting utilizing antennas and rectifiers has attracted lots of at-
tentions [12]. RF signals can be accessed all day at any place due to the ability to bypass
the obstacles. Hence, RF energy is a suitable source to provide stable and constant output
power. The rectenna size is much smaller compared with other methods and the orientation
doesn’t matter once beam-tracking is applied. Thus, it is perfect to be integrated with mov-
ing objects like wearable applications and small objects like IoT applications. Furthermore,
when integrating the RF energy harvester with wireless applications, the same antenna can
be used to perform both communication and energy harvesting and thus, making the size
even more compact. Although the energy density is lower, enough power can be obtained
by broadband or multi-band RF energy harvesting. Furthermore, massive antenna arrays
or phased arrays can also be used to boost the received power. Therefore, in this work, the

focus is on the RF energy harvesting technology.

2.1.2  History of Energy Harvesting Technologies

The precursor of RF energy harvesting technology is Wireless Power Transfer (WPT) using
radio waves. Therefore, the introduction will begin with the history of power transmission
using radio waves. The timeline of important years, works, and authors are shown in Fig-

ure 2.2. Transmitting power using radio waves was first demonstrated in 1890 when Hein-
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Figure 2.2: Time line of researches on power transmission using radio waves.

rich Hertz utilized spark gap to create high-frequency power and received at some distance
away [13]. Later in 1899, Nikola Tesla used huge Tesla coils resonated at 150 kHz fed with
300 kW to build up extremely high voltage and shoot out lightning-like bolts to receiving
coils. Tesla’s work was the inspiration and can be viewed as the earliest demonstration of
WPT through radio waves [14]. Then in the early 1930s, H. V. Noble experimented in the
Westinghouse Laboratory using 100 MHz dipoles located 7.62 m from each other to realize
WPT.

In 1963, Roscoe George introduced diodes into the WPT and built the first “rectenna”
at Purdue University. The system was composed of 28 half-wave dipoles each terminated
in a bridge rectifier operated at 2-3 GHz with 7 W output. The diode used is 1N82G
point-contact semiconductor diodes and the estimated efficiency is 40 %. This work is very
important since the rectenna is widely adopted in today’s energy harvesting researches. In
1964, another great pioneer, William C. Brown, adopted the rectenna topology and demon-
strated a microwave-powered helicopter flying 18 m above a transmitting antenna. The
rectenna for the helicopter is 0.37 m? composed of 4480 point-contact diodes. The max-
imum DC power was 270 W. Four years later (1968), William C. Brown switched from
point-contact semiconductor diodes to Schottky diodes HPA 2900 in rectenna and signif-

icantly improved the efficiency. Until then, the foundation of a high-efficiency topology
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through rectenna and Schottky diodes was established.

In 1983, Wallops Flight Facility proposed rectennas attached to the wing of airplane
capable of handling 1 kW/kg under the fund received from Lewis Research Center. In the
1990s, huge interests are renewed in the concept of Solar Power Satellite (SPS) which
was first proposed by Dr. Peter Glaser in 1968. The idea is to collect solar power in
geosynchronous orbit and then converted it into 2.45 GHz microwaves. The microwave
power is transmitted down to the receiver rectenna on earth [15].

Another close technology is the RFID. The RFID tags receive power from the reader
through radio waves and convert it into DC power, most likely using rectenna, to drive the
load IC and then transmit the signals with modulated information back to reader [16].

The RFID and WPT technologies are all very close to energy harvest. However, there
is still a major difference between them. The transmitters for WPT and RFID can be co-
designed and optimized with the receivers. In other words, both the transmitters and re-
ceivers are designed by the same group of people to achieve the same goal. However, the
transmitters of the energy harvest can not be controlled by the designers of the receivers,
and most of the time, those transmitters are not made for energy harvest. For example, in
[12], an energy harvester harnessing energy from Digital Television (DTV) signal to drive
load is presented. Those authors can not control the design of the DTV transmitter. Fur-
thermore, the DTV transmitters are designed to broadcast the DTV signal for audiences
rather than designing for energy harvest. Since the developers of energy harvest can only
control the receiving side, it is more difficult to optimize the system compared with WPT
or RFID.

The following are some previous researches about energy harvester designs. In [17],
Vyas demonstrated energy harvesting from ambient DTV at Atlanta using the rectenna
topology. The frequency range is from 512 MHz to 566 MHz and the distance is 6.3 km.
The work successfully charge a 100 uF capacitor from 2 V to 2.5 V which is 112.5uJ

within 10 seconds. In [18], a rectenna harvesting Global System for Mobile Communica-
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Figure 2.3: The block diagram of a typical RF energy harvester.

tions (GSM)900 signals was demonstrated. The work harvested energy from a 10-second
cell-phone call at 0.5 m away and charge the load capacitor to 2.5 V. In [12], the authors
measured the power levels of DTV, GSM900, GSM 1800, and Third Generation (3G) wire-
less communication in London. Then, they harvested energy from each source and the best
they got is harvesting from GSM900. They successfully charged a 100 uF capacitor from
2.4V to 2.84 V which is 115.28 uJ within 14 seconds.

There are two observations worth noting. First, most of the works harvested energy
in pJ level. Although the power level looks small, this is enough for most of the low-
power electronics. The applications of energy harvest consuming this level of power will
be introduced later in section 2.3. Second, most of the works using the rectenna topology
due to its high efficiency and simple structure. Thus, the next section will be focused on

the rectenna operation principles.

2.2 Rectenna Operation Principles

The block diagram of a typical RF energy harvester is shown in Figure 2.3. It is composed
of two main blocks: the rectenna and the load. The RF energy is received by energy re-
ception components where antennas are widely used here. The matching circuit is inserted
to match the impedance between the antenna and the RF-DC rectification unit. Then, the
received RF energy is rectified into DC energy through RF-DC circuits where Schottky
diodes are mainly used in this stage. The low-pass filters are used to mitigate higher order
harmonics to obtain pure DC energy. Once clean DC energy is obtained, it is passed to the

power management circuit to boost the voltage level or to switch between the charging and
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Figure 2.4: The I-V curve of a common diode.

discharging. Finally, the energy is stored in the energy storage devices such as batteries

and supercapacitors to meet the energy requirement of the electronics.

2.2.1 Rectifier Introduction

Since most of the load applications are driven with DC power, the rectifier is necessary to
convert the received RF energy to DC energy. Here, the brief rectification principles of
using diodes and the losses during rectifications are introduced. Furthermore, the circuit
models of commonly used Schottky diodes are built. The SPICE parameters of some off-

the-shelf Schottky diodes are included for comparisons.

Rectification Principles

The I-V curve of a typical diode is shown in Figure 2.4 and a half-wave rectifier using
single series diode is shown in Figure 2.5a. The input and output waveforms are also
included in Figure 2.5a. As shown in Figure 2.4, for a diode, the forward biasing has to
be larger than a threshold value (Vy,) to turn on the diode and the diode can be viewed

as a small resistor under this condition. On the other hand, the diode can be viewed as a
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Figure 2.5: The rectification principles of a (a) half-wave rectifier at (b) the positive half
cycle and (c) the negative half cycle.

large resistor under reverse biasing. While the reverse bias is larger than the breakdown
voltage (Vy,), the diode becomes highly conductive again. For an ideal diode, the threshold
voltage (Vy,) is O V. Furthermore, the diode can be viewed as short-circuit under forward
biasing and open-circuit under reverse biasing as shown in Figure 2.5b and Figure 2.5c,
respectively.

With these basic ideas in mind and assuming the diode is ideal, the diode is replaced
with a short circuit under the positive half cycle and thus, the input and output waveforms
are the same as shown in Figure 2.5b. Under the negative half cycle, as shown in Fig-
ure 2.5c, the diode is replaced as an open circuit. Therefore, the output waveform is kept
at 0 voltage. The complete output waveform is a half-rectified sinusoidal wave as shown in
Figure 2.5a. The output waveform is composed of both DC power and harmonics and thus,
it is not a steady DC energy yet. The way to smooth the output waveform is to eliminate
the harmonics by using low-pass filters.

As shown in Figure 2.6a, a capacitor at the load is used to smooth the output waveform.

14
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Figure 2.6: The rectification principles of a (a) half-wave rectifier with a smoothing capac-
itor at (b) the positive half cycle and (c) the negative half cycle.

When the input voltage started from 0 V to the peak of the amplitude, the diode is under
forward biasing. Therefore, it is replaced with a short circuit, the capacitor is charging
until the output waveform is the same as the input as shown in Figure 2.6b. When the
input voltage is decreasing from the peak value, the diode is under reverse biasing since the
capacitor is charged to the peak value. The diode is viewed as an open circuit and the ca-
pacitor is discharging as shown in Figure 2.6¢. The final output waveform is demonstrated

in Figure 2.6a and it is much smoother compared with the one in Figure 2.5a.

Schottky Diode

Schottky diode is one of the most commonly used diodes for performing RF-DC rectifica-
tion. The I-V curve of the Schottky diode is shown in Figure 2.4. The mathematical form

can be represented as

y
1= I(exp(-) — 1) 2.1)
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Figure 2.7: The circuit model of a Schottky diode.

where I, is the saturation current, q is the electronic charge (1.6 x 1071°C), n is the ideality
factor, k is Boltzman’s constant (1.37 x 10723J/K), and T is the absolute temperature in
K. The equivalent circuit model of a Schottky diode is shown in Figure 2.7. The equivalent
model is composed of a series resistor ([2;), a variable resistor (/2;) for junction resistance,
a variable capacitor (C}) for junction capacitance, a parasitic inductor (L), and a para-
sitic capacitor (C,). The junction resistance and junction capacitance varied with respect
to the different applied voltage. The parasitic inductor and capacitor are associate with
the package of the diode. The parameters of some off-the-shelf diodes are summarized
in Figure 2.8. The HSMS-282 diode has a high breakdown voltage which makes it suitable
for high RF input power applications. On the other hand, the SMS7630 has the lowest
threshold voltage and thus, it is suitable for low input power applications. The junction
capacitance is also an important parameter and is closely related to the cut-off frequency
which is the highest frequency where the diode can be operated. The cut-off frequency is
higher when the junction capacitance is smaller. The MA4E2038 and MA4E1317 diodes
can operate up to 80 GHz which covers all the 5G NR bands. Therefore, they are suitable

to be applied in harvesting 5G power.
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Parameter Description HSMS-282  SMS7630 MA4E2038 MA4E1317
Is (A) Saturation Current 2.2E-8 5E-6 9E-14 1.7E-14
Rs () Slope Resistance 6 20 5.1 1.7

N Ideality Factor 1.08 1.05 1.16 1.08
1kf (A) Knee Current - - 0.001 0.016
Bv (V) Breakdown Voltage 15 2 8 7

lbv Current at Bv 1E-4 1E-4 1E-5 1E-5
Cjo (pF) Zero-bias Junction Capacitance 0.7 0.14 0.046 0.047
Vj (V) Junction Potential 0.65 0.34 1.07 0.86
M Grading Coefficient 0.5 0.4 0.5 0.38
Fc Forward-bias Depletion Capacitance - 0.5 0.78 0.99
Xti Saturation-current Temperature 2 2 2 2
Eg (eV) Energy Gap 0.69 0.69 1.424 1.424
fc (GHz) Cut-off Frequency 6 24 80 80
Vth (V) Forward Threshold Voltage 0.34 0.18 0.7 0.7

Figure 2.8: The parameters of off-the-shelf diodes.

2.2.2 Losses During Rectifications

One of the objectives of using different rectifier topologies or components is to achieve
as high efficiency as possible. However, there are inevitable losses during rectifications.
As shown in Figure 2.9, theses losses includes the threshold voltage effect (Vo effect),
breakdown voltage effect (Vy, effect), and harmonic effects. In addition to these losses,
the impedance mismatch between the antenna and the rectifier and the device parasitics
also contribute to the efficiency degradation. The detailed introduction of these effects and

losses during rectification is discussed in this section.

Threshold and Breakdown Voltage Effects

As mentioned in subsection 2.2.1, the input voltage has to be larger than the threshold volt-
age to overcome the barrier and turn on the diode so that the current can flow through.
Thus, when the input power is low, the key limiting factor for the efficiency is the thresh-
old (turn-on) voltage. This effect is described as the V effect in Figure 2.9. Under low

input power, the efficiency will increase when the input power increase. The efficiency is
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Figure 2.10: (a) Time-domain waveforms and (b) frequency-domain waveforms of a 500
MHz sinusoidal signal and the respective half-wave rectified results.

saturated while the input power is large enough to fully overcome the barrier.

When the input power is high, the breakdown voltage starts to affect efficiency. The
reason is that the reverse leakage current increases when the input power increases. As
shown in Figure 2.9, the V,, effect curve is at high efficiency when input power is low
but starting to decrease when the input power approaches to V;2/4R; [19]. Therefore,
the input power where the highest efficiency occurs depends on the load impedance, and
the selection of the load impedance should be careful to maximize the RF-DC conversion

efficiency.
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Harmonic Effects

Since the diodes are non-linear components, the higher-order harmonics are generated
while rectification. The higher-order harmonics are one of the main sources of the loss. As
an example, the time-domain waveforms and frequency-domain waveforms of a 500 MHz
sinusoidal signal and the respective half-wave rectified results are shown in Figure 2.10.
Although the desired DC is generated, the unwanted higher-order harmonics at other fre-
quencies are generated simultaneously. From the Fourier series of the half-wave rectified

signal

A A cos 2nw0t
f(t) = —+sin (wot) — = g (2.2)

where A is the amplitude of the voltage which is 1 V in Figure 2.10. When the voltage is 1
V, by Equation 2.2, the DC amplitude is 0.32 and two largest harmonic values are 0.5 and
0.21, respectively. In this example, the powers in high order harmonics are not desired and
are wasted during rectification. One design that can recycle and utilize the higher-order
harmonics is presented in chapter 4. The power lost in higher harmonics will increase
when the input power increases as shown in Figure 2.9. Therefore, the optimal conversion
efficiency is obtained by trading off between the threshold voltage, breakdown voltage, and

harmonics.

Impedance Matching

As shown in Figure 2.3, there is a matching circuit block between the antenna and the
rectification circuit. If the rectification circuit is not properly matched to the antenna, the
incident power collected by the antenna is not fully absorbed by the rectifier. Therefore,
this matching circuit block is very important to prevent the degradation of efficiency. The
matching design for the rectifier is more difficult than other passive circuits since the diodes

are non-linear components. The input power, load impedance, and frequency will change
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the input impedance and thus, all aspects need to be considered. The harmonic balance
and large scale S parameter simulation provided by Keysight ADS are used to help the

matching circuit design and estimate the conversion efficiency.

Device Parasitics and RF Circuit Loss

The parasitics in diodes are also an important source of the loss. As shown in Figure 2.7,
the series resistance (/?;) reduces the efficiency since partial of the input power is dissi-
pated because of it. The junction capacitance (C;) will limit the cut-off frequency which
is the highest operating frequency of the diode. As shown in Figure 2.8, the diode model
with smaller junction capacitance has a higher cut-off frequency. Once exceed the cut-
off frequency, the conversion efficiency drops severely. The package parasitics also affect

efficiency.

RF Circuit Loss

The RF circuit loss including the conductor loss, dielectric loss, and radiation loss also
plays an important role. The conductor loss due to finite conductivity and surface roughness
becomes more important at higher frequencies. Furthermore, the dielectric loss is also
important at higher frequencies. Therefore, both the conductor and the dielectric have to

be chosen carefully.

2.2.3 Rectifier Topologies

The basic principle of a rectifier using a series diode is described in subsection 2.2.1. In
addition to a series diode rectifier, numerous rectifier topologies are proposed to meet dif-
ferent requirements such as high conversion efficiency, high output power, and harmonic
control for different applications. In this section, three categories of rectifiers based on the
diodes will be introduced. These categories include the half-wave rectifier, the full-wave

rectifier, and the voltage multiplier. The advantages and applications of each rectifier are
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Figure 2.11: The circuit diagram of a (a) series rectifier and (b) parallel rectifier.

introduced.

Half-wave Rectifier

Two half-wave rectifier topologies are shown in Figure 2.11. A single series or parallel
diode is used to perform the RF-DC conversion. The mechanism of a half-wave recti-
fier is already discussed in subsection 2.2.1. This type of topology is called the half-wave
rectifier because they can only rectify either positive or negative half cycle as shown in Fig-
ure 2.10a. The selection of using series or parallel topology depends on the circuit layout.
For microstrip line circuits, the series topology is better, since there is no need for vias
to connect the diode to the ground. On the other hand, the parallel topology can be used
if Coplanar Waveguide (CPW) is adopted for the circuit. The advantages of the half-wave
rectifier are lower cost, fewer components, and easy to design. Furthermore, since the wave
only passes one diode, the dissipation loss and parasitic effects are minimized. Therefore,
half-wave rectifiers are suitable for low input power applications. However, the output volt-
age is typically low and a low-power high-efficiency DC-DC converter is required to boost

the output voltage value.

Full-wave Rectifier

The circuit diagram of a full-wave bridge rectifier is shown in Figure 2.12. This type of
rectifier is called the full-wave rectifier since it can rectify both the positive and nega-

tive half-cycles. Therefore, the theoretical RF-DC conversion efficiency is higher than the
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Figure 2.12: The circuit diagram of a full-wave bridge rectifier.

half-wave rectifier. However, since each half-cycle will need to pass through two diodes,
the series resistance is double and the dissipation loss from the diode is increased. The
parasitic is also larger compared with the half-wave rectifier. This topology can be used
as a frequency doubler since the odd-order harmonics are eliminated. The application of

full-wave rectifier as both rectifier and frequency doubler is discussed detailed in chapter 4.

Voltage Multiplier

The voltage multipliers cascade multiple unit cells to generate high output voltages. For
example, a voltage doubler as shown in Figure 2.13a can double the output voltage value.
The Cockcroft charge pump as shown in Figure 2.13b cascades multiple cells to boost
the output voltage. Theoretically, the output voltage can be multiplied by the number of
cascading cells. However, the dissipation loss increases with the increase of the cells.
Therefore, the increased voltage will be smaller than the additional dissipation loss at some
point and the number of the cell can be optimized to maximize the output voltage. Since
the charge pump topologies normally have higher dissipation loss, they are suitable to be
used when the input power is high. On the other hand, the parasitics also increase with
the increase of cells. Thus, the charge pump topologies are not suitable for high-frequency

applications.
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Figure 2.13: The circuit diagram of a (a) voltage doubler and a (b) Cockcroft-Walton volt-
age multiplier.

2.2.4 Power Management Circuit

As shown in Figure 2.3, the power management circuit block is followed after the rectifier
to adjust the rectified power so that it can better meet the requirement of the application.
Most of the power management circuit can provide two critical functions including DC-
DC converter and duty cycling the power supply. Both functions will be introduced in this

section.

DC-DC Converter

To maximize the conversion efficiency, the input power has to be optimized. Therefore, the
voltage at the output of the rectifier might not be the best value for the load applications.
The DC-DC converter in the power management circuit can be used to adjust the output
voltage to meet the requirement of the applications. For example, since the output voltage

from the RF energy harvester is normally low and can not be used to overcome the IC
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cold start barrier, the DC-DC boost converter can be used to increase the voltage value and
successfully overcome the barrier. On the other hand, the output voltage might be too large
when the voltage multiplier topology is used. In this case DC-DC buck converter can be
used to step down the voltage and protect the application IC. Moreover, complex DC-DC
converter with Micro-controller Unit (MCU) can be used to keep the output voltage steady
at a certain level to minimize the power integrity issue for IC driven source. In summary, the
DC-DC converters in the power management circuit are used to adjust the output voltage at

the rectifier to a certain steady value so that it can be used to safely drive the applications.

Duty Cycling

The other key function of the power management circuit is duty cycling. Since the har-
vested RF power is generally not large enough to turn on applications instantaneously, the
power is first stored in the power storage elements such as batteries or super-capacitors
rather than directly connect to the applications. The charging step will maintain for a pe-
riod until the battery voltage exceeds a certain value or in other words until the stored power
is large enough. Once the power is large enough, the power management circuit will switch
to discharging mode where the applications are driven with the energy stored in the power
storage elements. The duty cycle between charging and discharging has to be determined
based on the power requirements of the load applications. For example, if low-power ap-
plications such as sensors are used, the duty cycle can be close to 50 %. On the other hand,
the charging period can be much longer than the discharging period to sustain high power

applications. A more detailed discussion can be found in chapter 5.

2.3 Applications of RF Energy Harvesting Technologies

There is a wide range of radio spectrum existing around us such as UHF reader, cellular,
wifi, and 5G signals. The frequency band, Effective Isotropically Radiated Power (EIRP),

and regulations are all different for various signal sources. Therefore, in this section, the
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FCC Regulations Distance (m)
Name Frequency (GHz) EIRP (dBm) 1 3 10
UHF RFID 0.86 36 4.9 dBm -4.7dBm| -15.1dBm
wifi 2.40 36 -4.1dBm| -13.6dBm| -24.1dBm
5G 24.25 75 14.9 dBm 5.3dBm -5.1 dBm

Figure 2.14: General received power for different spectrum when the receiving antenna
gain is 0 dBi.

available radio power is first evaluated to determine if they are suitable as an energy source
for energy harvesters. Then, the step-by-step evolution to construct an energy harvester
powered backscatter sensing network and RFID system is introduced. The advantages of
the backscattered topology and the compatibility with energy harvesting techniques are

also introduced.

2.3.1 Evaluate Available RF and mm-wave Power with Friis Equation

One of the most important pieces of information for designing the energy harvester is the
estimation of the received power. As mentioned in subsection 2.2.1, the received power
level is crucial for optimizing the conversion efficiency. Furthermore, it can also affect the
duty cycle for the charging and discharging time. For far-field applications, the received

power can be estimated using the Friis equation

A

H%)Z (2.3)

Pr - pthGr(

where P, is the received power, P, is the transmitted power, (G, is the transmitted antenna
gain, G, is the received antenna gain, A is the wavelength, and R is the distance between

the transmitted and the receiver.
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The received powers at 1,3, and 10 meters distances for UHF RFID, wifi, and 5G sig-
nals are summarized in Figure 2.14. The Federal Communications Commission (FCC)
regulations about the operating frequency and the maximum allowed EIRP are also in-
cluded. Only the lowest frequency within the operating band is included. For example, the
UHF RFID band is from 860 to 960 MHz and only 860 MHz is included in the figure. The
received powers are calculated using maximum EIRP with receiving antenna gain 0 dBi.
Therefore, the received power will increase when high gain receiving antennas are used.

For low power applications, the power required is normally around hundreds of pW. As
shown in Figure 2.14, although 5G signals induce higher path loss due to high operating
frequency, the high EIRP makes it suitable for energy harvesting applications. The UHF
RFID is also a good candidate for energy harvesting applications according to the received

power as shown in Figure 2.14.

2.3.2 Backscatter Sensors and RFID

In this section, the applications of energy harvesting on backscatter sensors and backscatter
RFID are introduced. The section begins with the principle of backscatter topology and
then move to energy-autonomous backscatter sensor and RFID using energy harvesting

techniques.

Principal of Backscatter RFID

A backscatter topology is demonstrated in Figure 2.15, the receiver is an antenna with two
states of loads. A PMOS is used as a switch to switch between two different states and a
waveform generator is used to generate square waves to control the switch. In this example,
the reader generates a 900 MHz carrier signal and illuminates the receiver. The time domain
and frequency domain waveform of a 900 MHz signal is also included in Figure 2.15.
For the receiver, when the switch is open, the antenna is connected to the matched 50 €2

load. When the switch is closed, the antenna is connected to the capacitor to the ground.
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Figure 2.15: Backscatter topology with waveform generator.

The capacitor value can be chosen carefully so that the high-frequency 900 MHz signal is
connected to the ground. Therefore, the two states of the receiver are matched and short as
shown in the Smith chart.

When the 900 MHz carrier signal transmitted by the reader illuminated the receiver, it
will be modulated and backscattered back to the reader. The modulation mechanism is sim-
ple. When the antenna is connected to a matched load, the backscattered signal amplitude is
close to 0. On the other hand, when the antenna is connected to the short, the backscattered
signal amplitude is maximized. As shown in Figure 2.15, when the waveform generator
outputs a 20 MHz square waveform, the waveform will be super-composed to the 900
MHz carrier signal and generated modulated backscattered signals. The time domain and
frequency domain of the backscattered signal waveforms are also included in the figure. To
make a RFID using this topology, the information can be encoded within the square wave-
form using high voltage as 1 and low voltage as 0. By detecting the amplitude-modulated

backscattered waveforms, the information can be decoded and transmitted wirelessly.
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Figure 2.16: Energy-autonomous backscatter sensors with an energy harvester.

Energy Autonomous Backscatter Sensor

An energy-autonomous backscatter sensor is shown in Figure 2.16. Compared with the
topology shown in Figure 2.15, the matched 50 €2 load is replaced with a matched rectifier
and the waveform generator is replaced with a low-power oscillator. The two states of the
receiver are still matched and short as shown in the Smith chart in Figure 2.16. However, at
a matched state, the power now is rectified and used to drive the oscillator. In this topology,
no exterior power supply is required and energy-autonomous is realized. The oscillator will
output a square wave to control the switch. Furthermore, the frequency of the square wave
depends on the load impedance. As shown in Figure 2.16, the load of the oscillator is a
sensor that can change impedance depends on the sensing status.

As shown in Figure 2.16, the reader is still broadcasting a 900 MHz carrier signal.
The time and frequency domain waveforms including random noises are included in Fig-
ure 2.16. The carrier signal will be received by the receiver sensor tag and then be rectified
since the oscillator is not driven yet. Once the rectified power is large enough to drive the

oscillator, the oscillator will generate a square waveform depending on the sensor sensing
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Figure 2.17: Energy-autonomous backscatter RFID using ASK modulation.

status. Assuming the frequency of the square waveform is 20 MHz in this example, the
square wave is super-composed to the carrier and backscattered to the reader. The time do-
main and frequency domain waveforms of the backscattered signal are also included in Fig-
ure 2.16. As shown in the frequency domain signal, there are three spikes, one is the carrier
frequency at 900 MHz and the other two are the backscattered signals at 920 (900+20)
MHz and 880 (900-20) MHz. By detecting the frequency of the backscattered signals, the
oscillated frequency of the oscillator can be determined. Furthermore, by checking the
oscillator specifications, the sensor impedance can be obtained. Finally, by checking the
sensor specifications, the sensing status can be determined. Thus, the sensing status can be

transmitted wirelessly.

Energy Autonomous Backscatter RFID

The energy-autonomous backscattered RFID topology is shown in Figure 2.17. Compared
with Figure 2.16, the only difference is that the oscillator is replaced with a MCU. There

are still two states as shown in the Smith chart in Figure 2.17. The matched state is used to
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Figure 2.18: Energy autonomous backscatter RFID using QPSK modulation.

modulated bit ‘0’ and the short state is used to modulated bit ‘1’. The MCU can generate
a square waveform based on the pre-coded ID. The ASK backscattered signals can be
picked up and decoded by the reader. It is worth noting that the topology is still energy-
autonomous since the MCU is powered by the RF energy harvesting techniques.

To send more information, a more complex modulation can be achieved by using more
than two states as shown in Figure 2.18. A QPSK modulation can be achieved by creating
four states on the Smith chart. This can be achieved by using multiple switches. The
backscattered signals can be demodulated by calculating the respective amplitudes and

phases.

2.4 Energy Harvesting Design Trends

Current researches about energy harvesting technologies can be classified into three cat-

egories. The first one is to improve the performance of the rectenna. New rectenna and
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rectifier topologies are explored and advanced components are used to achieve rectenna
with better RF-DC efficiency. Besides, new topologies that can withstand the variances
in the load are proposed to enhance the capability of the rectenna. The second category
is to increase the harvested power level to overcome the low RF energy density problem.
Researches in this area include broadband or multi-band energy harvesters which harness
RF energy at different bands and combine them to provide a higher received power level.
Moreover, hybrid energy harvesters that harvest more than one type of energy source are
proposed to combine the advantages of different energy sources and alleviate all draw-
backs. The third category is focusing on applying energy harvester to new applications
such as IoT, 5G, smart skin, and smart cities. The previous achievements and related re-
searches will be introduced in the following sections. Furthermore, all related works will

be classified into three categories as mentioned earlier.

2.4.1 Rectenna Performance Improvement

One of the key components in the rectenna is the rectifier which can convert the RF signals
into DC energy. The roadmap history and evolution of techniques to convert electromag-
netic energy since 1900 are summarized in [20]. Until today, one of the commonly used
techniques which is suitable for the RF energy harvesters is the rectifier built with Schottky
diodes. In [19], lots of different commercial available Schottky diodes and typical rectifier
topologies with respective RF-DC conversion efficiency are summarized. In order to break
the efficiency barrier posed by Schottky diodes, new rectifier topologies using tunnel diodes
have been proposed [21-23]. Since the turn-on voltage for the Schottky is around 300 mV,
the RF-DC efficiency will drop severely while the input power is small. Compared with
Schottky diodes, the turn-on voltages for tunnel diodes are around 100 mV and thus, they
can support higher RF-DC conversion efficiency at low input power.

In addition to perusing high conversion efficiency, rectennas which can keep high ef-

ficiency at different load values and different input power levels are also critical. This is
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difficult since the diodes are non-linear components and the input impedance of the RF-DC
rectifier is sensitive to input power levels and loads. Thus, methods to reduce the variation
or matching circuits that can adapt to the variation are significant. Resistance compression
networks are proposed to smooth the variation in the load circuit and successfully compress
the load variation from 5 €2 - 500 €2 to 50 2 - 290 Q2 [24]. This method is then adopted
to design a dual-band rectifier which can resist the variation in the load resistance [25]. In
[26], a buck-boost DC-DC converter is inserted between the rectifier and the load reducing
the changes in the load from 100 €2 - 5000 €2 to 90 €2 - 140 €.

To accommodate a wide input power range, modified rectifier topology integrating with
a p-type high-electron-mobility transistor (pHEMT) is proposed in [27]. One of the pop-
ular techniques to solve this problem is to integrate the Maximum Power Point Tracking

(MPPT) algorithm and reconfigure the rectifier to adapt to different input levels [28].

2.4.2 Harvested Power Level Enhancement

Broadband and Multi-band Energy Harvesters

One way to collect more RF energy is to harvest RF energy at different frequency bands
simultaneously. Therefore, various broadband and multi-band energy harvesters have been
developed. There are generally two different categories to achieve the objective: RF com-
bining and DC combining. DC combining general means different sets of rectennas harness
energy at different frequencies separately and combines the DC voltage at the end of each
rectenna. For example, in [29], two sets of energy harvesters are used to harvest RF energy
at 900 MHz and 1800 MHz and DC combining techniques are utilized to combine the DC
voltage at the output to obtain higher output power.

RF combining utilize one antenna to peak up RF signals at different frequencies and
they are passed to the matching circuit and the RF-DC rectifier at the same time. Hence,
the antennas, matching circuit, and the RF-DC rectifier need to be taken into consideration

at the same time to achieve broadband or multi-band energy harvesters. In [30], a dual-
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band energy harvester operated at 1.85 GHz and 2.15 GHz is proposed. It is composed of
a broadband Yagi antenna and a dual-band matching circuit. Since the matching circuit is
matched only at 1.85 GHz and 2.15 GHz, only RF signals at correct frequencies are passed
to the RF-DC rectifier. A similar idea is adopted in [31, 32] to accomplish triple-band
and six-band energy harvester. Moreover, multi-band antennas and multi-band matching
circuits are also used to increase the total output power [33, 34].

In addition to multi-band energy harvesters, broadband energy harvesters attract more
attention recently, since the new 5G communication occupies a broad operating band. In
order to realize broadband energy harvesters, broadband antennas, matching circuits, and
rectifiers are essential. In [35], an octave rectifier with non-uniform broadband matching
circuit is proposed. In [36], another octave rectifier is realized with diode arrays to rectify

RF energy at different frequencies.

Hybrid Energy Harvesters

As mentioned in section subsection 2.1.1, there are pros and cons for different energy
sources. By harvesting from different energy sources simultaneously and combining the
output power at the end, we can obtain advantages from these sources while mitigating all
disadvantages. This type of energy harvesters that harness energy from more than one type
of source is known as hybrid energy harvesters. In [37, 38], solar cell and RF energy har-
vester are integrated together to form hybrid energy harvesters. The solar cell can provide
high open-circuit voltage but can only obtain energy during the daytime. The voltage of
RF energy harvester is relatively low but it can be accessed all day. Hence, by combining
both energy sources, we can have both advantages while alleviating the drawbacks. Hybrid
energy harvesters harness thermal energy and RF energy are proposed and it was proven
that the hybrid energy harvesters can obtain higher output power compared with using only

RF energy harvesters [39, 40].
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2.4.3 Advanced Applications

By integrating energy harvesters with wireless platforms such as RFID and wireless sens-
ing platforms, battery-free devices with longer sensing range can be achieved [17, 41—
43]. Thus, from an energy perspective, the devices with energy harvesters can operate for-
ever without the requirement to replace or recharge batteries manually. This characteristic
makes energy harvesting one of the most significant enabling technologies to realize IoT
networks because IoT networks are composed of hundreds or even thousands of sensors
and devices and it is impossible to replace the batteries one by one manually [44, 45]. In
addition to IoT networks, energy harvesting is also crucial to achieving smart skins where
numerous sensors are integrated inside clothes to perform constant human body monitor-
ing [46]. Finally, energy harvesting can be combined with 5G communication networks
to enhance energy efficiency eminently [47, 48]. In the meantime, 5G networks with high
EIRP, around 75 dBm [49], is a good candidate to provide enough harvested power. Ap-
plications of energy harvesters to new areas that can completely change the game and can
only be realized utilize energy harvesting technologies are still being explored and remain

a popular topic.
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CHAPTER 3
REVIEW OF ADDITIVE MANUFACTURING TECHNOLOGIES

In this chapter, an introduction of different additive manufacturing technologies including
inkjet printing and 3D printing technologies is addressed in section 3.1. The inkjet printing
technologies are discussed in section 3.2 and the 3D printing technologies are addressed in
section 3.3. The glass SAP packaging process is introduced in section 3.4. The material

characterization methods will be included in section 3.5.

3.1 Introduction

Additive manufacturing technologies [50] are emerging fabrication methods and expanding
rapidly both in industrial applications and academic research. Compared with traditional
subtractive manufacturing technologies which remove materials in unwanted regions, ad-
ditive manufacturing technologies only deposit materials at desired regions. Due to the re-
duction of materials used, additive manufacturing can reduce the costs by two main vectors:
it significantly reduces material usage during structural formation, and it reduces waste ma-
terials such as etchants, solvents, and coolants. The most common subtractive fabrication
method for electronics is photolithography, as shown in Figure 3.1. The process begins with
copper cladding a substrate and then adhering a thin layer of photoresist onto that copper.
A mask needs to be fabricated, which is then used in the light exposure process to either
weaken or strengthen bonds via exposed light, depending on if it is a positive or negative
resist, respectively. Thereafter, chemical etching is utilized to remove unwanted materials
(in this case, the copper pattern), and finally, one more chemical wash is used to remove
the remaining photoresist to achieve a patterned circuit. While the process has been uti-
lized successfully for countless years, the advancement of digital fabrication, the so-called

"fourth industrial revolution’ has enabled the exploration of alternative technologies that
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Figure 3.1: Comparisons between subtractive and additive manufacturing processes.

would have previously been determined as too complex.

The most popular additive manufacturing technologies are inkjet printing and 3D print-
ing. Inkjet printing utilizes liquid materials or “inks” with different properties for a wide
range of applications. The nozzles or the substrate are moving while inks are jetting out so
that the inks can be deposit on desired regions. Extensive research on how to use different
inks to print components such as sensors, passives, origami, microfluidics, flexible elec-
tronics, transistors, and solar cells have been proposed [51-53]. For 3D printing, the most
popular two methods for RF and mm-wave components are SLA 3D printing and DLP 3D
printing since they can achieve smoother surface and thus, reducing the surface roughness
and the conductor loss. Furthermore, different additive manufacturing techniques can be
combined together to realize a fast and large-scale prototyping method with higher material
and structural flexibility. As demonstrated in Figure 3.1, ideally, the circuit fabrication pro-
cess can be reduced to only three steps by using both inkjet and 3D printing. The first step
is to 3D printed the substrate, the second step is to inkjet print the polymer to smooth the
surface roughness, and the final step is to inkjet print conductive patterns for electronics.

Recently, the emerging high-frequency 5G and mm-wave wireless communications re-
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sult in the size reduction of the RF components and give rise to the high interests in System-
on-Package (SoP) and SiP designs which incorporates ICs with RF peripheral components
such as filters, couplers, and antennas in one package [54]. Thus, research involving ex-
ploiting additive manufacturing techniques to achieve 3D structures for performance im-
provement and fully additive manufacturing SiP modules has seen drastic increases of in-
terest. In [55], inkjet-printed ramp structures with transmission lines on the top are used as
the die-to-package interconnects. It has been proved that the structure can support lower
parasitics and better physical reliability [56]. In [57], 3D-printed ramp structures are used

as inter-layer interconnects with lower parasitics compared with vias.

3.2 Inkjet Printing Technology

Inkjet printing may not be the first thought coming to mind when additive manufacturing
is discussed. However, 3D structures can be formed by repeatedly inkjet printing layers
over and over, on the same area. An advantage of inkjet printing is that it has demon-
strated its scalability through centuries of use. The large-scale fabrication is achieved by
utilizing multiple cartridges and each cartridge contains over a thousand drop-on-demand
nozzles dispensing material of pico-liter volume at a rate that can exceed 10,000 times
per second. With the ability to utilize multiple cartridges of different materials, similar to
how a consumer inkjet printer utilizes multiple color cartridges, it can be readily utilized to
print multiple materials simultaneously. Therefore, inkjet printing is ideal for fabricating

anything between circuit boards and interconnected multichip modules.

3.2.1 Resolution

The resolution of inkjet printing technology is relevant to the printer, ink, and structures.
For the inkjet printer such as a Dimatix DMP-2831 printer, typical cartridges are in the
1-10 pL range, corresponding to a drop diameter size of roughly 30 um, with a layer thick-

ness between 0.5 to 2 um. Inkjet printable materials need to be within a certain viscosity
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(often between 1-30 cPs) and surface energy. Therefore, different solvents are used to ad-
just the viscosities of different materials such as metallic nanoparticles, surfactants, and
polymers [58]. When the droplet hits the surface of the substrate, it spreads depending on
the material surface energy and the solvent used. Furthermore, multilayer printing with
thicker thickness might cause coffee-ring at the edge or extrusion at the center depends on
the sintering process and the structure. Taking all aspects into consideration, the typical x

and y resolution of the Dimatix DMP-2831 printer is from 20 um to 50 pum.

3.2.2  Printable Materials and Applications

Numerous inkjet-printable materials are developed and most of them can be classified into
three categories: dielectric, conductive, and reactive ink. The dielectric inks are typically
composed of organic polymers and can be applied to realize masks for the photolithogra-
phy process or substrate for the circuit. Two dielectric inks including SU-8 and BCB are
introduced in this section. The conductive ink is composed of metallic nanoparticles and
solvent. This type of ink normally required to be sintered at a temperature higher than 120°
to vapor the solvent and cross-link the metallic nanoparticles. A typical example of the
conductive ink is SNP which can be used to realize conductive traces. The final type of ink
is the reactive ink which will change properties while exposing to certain environmental
stimuli such as humidity, targeted gas, or temperature. This type of ink is a good candi-
date for sensor realization and a commonly used example is solvent with carbon nanotubes
(CNTs). The focus of this thesis will be on the dielectric and conductive inks and their

applications to energy harvester and packaging designs.

Silver Nano-particle

The SNP ink introduced here is EMD-5730 developed by Sun Chemical Corporation. The
SNP ink has to be sintered at 120° for 2 hours. If the substrate can withstand higher tem-

perature, the SNP ink can be sintered at 180° for 1 hour, and a higher conductivity can be
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realized. The resistivity of the SNP ink after proper thermal sintering is from 5 uf2cm to
30uf2cm. The thickness of each layer is about 0.5 um and at least 3 to 5 layers are used
each time. The SNP ink is used to realize conductive traces in energy harvester designs,

sensor designs, and packaging structures in chapter 5 and chapter 7.

SU-8

SU-8 is a commonly used polymer ink. The SU-8 used for inkjet printing is a blend of
35% SU-8 2005 and 65% SU-8 2002 from Microchen Corporation. The mixing ratio is
optimized to realize the best viscosity for the Dimatix DMP-2831 inkjet printer. The layer
thickness of each printing process is about 4-6 um. The SU-8 can be used for two dif-
ferent applications. The first one is to act as the photoresist and realize masks for the
photolithography process. The process steps of using SU-8 ink as photoresist is demon-
strated in Figure 3.1. The first step is to inkjet print the desired pattern using SU-8 ink.
Generally, 2-3 layers of the SU-8 printing are required. The substrate with printing masks
is soft-baked under 95 °C for 10 minutes. The printed SU-8 mask is then crosslinked with
a 600 mJ/cm? exposure of 365 nm UV light. The sample is then hot baked under 95 °C for
10 minutes. Etching of the board is then performed using FeCls at a temperature of 55 °C.
Finally, acetone is used to strip the printed SU-8 mask from the board. The inkjet-printed
mask method is adopted for the fabrication of multiple energy harvester designs in chap-
ter 4 and chapter 5. In addition to the mask, the SU-8 can be used as a substrate. The
detailed applications of using SU-8 as substrate are included in chapter 7. At 25 GHz, the
dielectric constant is 2.85 and the loss tangent is 0.04 [59]. The multilayer circuits can
be realized by repeatedly printing the SU-8 as the substrate layers and SNP as the metal

layers.
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BCB

Although the SU-8 ink can be used as the substrate, the high loss tangent will induce se-
rious performance degradations at high-frequency applications such as 5G and mm-wave
applications. Furthermore, most of the 3D-printed materials are based on the resin which
also has high loss tangents (around 0.03). Therefore, a low-loss inkjet-printable ink is nec-
essary to push the additive manufacturing process to high-frequency applications. BCB is a
commonly used substrate and is well-known for its low loss tangent at 0.002 (10 GHz) [60].
Thus, an inkjet-printable BCB ink is developed and characterized. The detailed characteri-

zations are included in section 7.6.

3.3 3D Printing Technology

3.3.1 FDM Printing

For the thermal extrusion method, the solid materials are extruded and heated to become
soft and sticky so that they can be adhered together on the plate to form the desired 3D
structures. One of the representative techniques is Fused Deposition Modeling (FDM)
3D printing. FDM printed 3D passives including capacitors, inductors, and resistors are
realized by first 3D-printed molds and filled them with liquid metal [61]. However, the
surfaces of samples fabricated using the thermal extrusion method are generally rough [62].
Since the surface roughness will increase the conductor loss, it is not suitable to apply to

high-frequency applications.

3.3.2 DLP and SLA Printing

For UV polymerization, the build plate is first submerged inside liquid materials. Then the
UV light is exposed to solidify materials at desired places. Then the build plate is lifted
a little for the next layer. Typical UV polymerization methods are SLA 3D printing and

DLP 3D printing. A custom-build DLP 3D printer is shown in Figure 3.2a. A white light
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Figure 3.2: (a) The custom-build DLP 3D printer. (b) The SLA 3D printer from FormLabs.

projector is used to project the images of designs and cure the material layer by layer. The
x and y resolution is about 36 um and the thickness resolution can be adjusted from 10
to 50 um. As shown in Figure 3.2b, an off-the-shelf 3D printer utilized SLA method is
built and sold by FormLabs. The latest version of the 3D printer, FormLabs Form 3, can
offer x and y resolution at 25 um using 85 um laser spot size. The thickness resolution is
S50um. These two techniques can achieve much smoother surfaces compared with FDM
printing. Therefore, they can be used in high-frequency applications such as 5G and mm-

wave devices.

3.3.3 Available Materials

One of the advantages of using 3D printing technologies is the wide variety choices of off-
the-shelf materials. The high-temperature material which can withstand 238 °C is suitable
for integration with inkjet printing since SNP ink has to be cured at 180 °C. The flexible
material can be used to realize wearable designs or shock abortion inside packaging de-

signs. Although most of the physical parameters of these materials can be found in the
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datasheet, the electrical properties have to be characterized. The characterization method
for dielectric constant and loss tangent is discussed in section 3.5 and an example can be

found in section 7.4.

3.4 Semi-additive Glass Packaging Technology

The glass SAP packaging process is proposed and used to realize high-quality and high-
resolution packaging structures. Compared with subtractive manufacturing, the conductor
patterns using copper is plated only on desired locations. However, some of the commonly
used subtractive manufacturing processes and machines are still adopted rather than print-
ing technologies. For example, the substrate layers are spin-coated on the core glass and
the masks are used to selectively plat the copper. This fabrication method falls in between
additive manufacturing and subtractive manufacturing and thus, it is called a semi-additive
manufacturing process. This process provides both advantages of additive and subtrac-
tive manufacturing processes. Since the plating technique is used to realize the conductor
traces, the conductivity is much higher than SNP ink and the resolution is also much higher
compared with printing technologies. Furthermore, the spin-coating method is used to
deploy low-loss materials and achieve extremely low surface roughness. The material con-
sumption is less and the cost is lower due to the selective conductor plating. This method is
used to built high-performance AiP and SiP modules in chapter 6. The detailed fabrication
steps of the glass SAP packaging process is introduced in section 6.2. Besides, the com-
parisons of the glass SAP packaging process and other commonly used processes are also

discussed.

3.5 Printing Material Characterization

As mentioned before, the developers of printing materials often focus on the specifica-
tions related to printability, strength, flexibility, temperatures, and a wide variety of other

features. However, RF parameters such as the dielectric constant and loss tangent are typ-
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Figure 3.3: Material characterization using commercially available dielectric resonator.

ically not included in the datasheet because of the significant disconnect between the RF
and material science engineers. An advantage to 3D printing techniques that utilize rela-
tively bulk materials, such as FDM is that the RF material properties are relatively known.
Other printing techniques that require specially formulated materials such as inkjet print-
ing, aerosol jet printing, and SLA have evolving materials with novel properties, and often
require constant characterization for every variation of material.

There are generally two types of material characterization methods. The first one is
based on resonator or resonating structures. To characterize inkjet printing dielectrics,
T-resonator or ring-resonator structures are commonly used. The off-the-shelf dielectric
resonator can be used to characterize 3D printing materials. The other one is to character-
ize materials with transmission structures. For example, the two-line method extracting the
dielectric constant and loss tangent of inkjet printing substrates by comparing the perfor-
mance differences between two transmission lines with different lengths. The waveguides
are also used to extract the properties of 3D printing materials. Resonator-based methods
can only extract properties at discrete resonant frequencies, but the accuracy of loss tangent

measurements is higher compared with transmission-based techniques. On the other hand,
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Figure 3.4: Material characterization using waveguides.

transmission-based techniques are suitable for broadband characterization with a finer fre-

quency step.

3.5.1 Resonator-based Method

One methodology is the utilization of a dielectric resonator as shown in Figure 3.3. This
enables measurements of thin sheets, up to 600 um thick for 15 GHz structures, where the
resonant frequency variation and quality factor determine the dielectric constant and loss
tangent, respectively. If the 3D printed substrate can be metalized, resonating structures
can be patterned directly onto the substrate, offering an integrable approach where charac-

terization structures can be included during fabrication of circuit designs.

3.5.2 Transmission-based Method

A commonly used broadband transmission-based characterization technique is waveguides
as shown in Figure 3.4. The 3D-printed samples are fitted into waveguide shim, and the
scattering parameters are measured. The same measurement are also recorded when the

shim is empty or in other words filled with air. The reflection and transmission values are
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utilized to calculate the dielectric properties by the Nicholson-Ross-Weir derivations. As
samples are ideally near a quarter wavelength in thickness and need to fill a waveguide, this
can lead to large samples at low frequencies. Overmoding, avoiding half wavelengths, and
reducing or preventing any air gaps in the shim must also be accounted for, which may be
difficult depending on the tolerances of a 3D printer at higher frequencies [63]. Regardless
of whichever method is utilized, any characterization technique should be verified to satisfy

the Kramers-Kronig relation.
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CHAPTER 4
ON-BODY LONG-RANGE SENSOR NETWORKS
USING RF ENERGY HARVESTER

On-body sensor networks is one of the key enabling technologies to achieve health monitor-
ing. One of the key challenges for wearable sensors is the power supply. Customers don’t
want to replace batteries all the time, and the wearable sensors are moved with humans
which makes stationary RFID reader-powered technology difficult to cover all wearable
sensors all the time. Hence, EH is a good candidate to solve the problem and realize real-
time health monitoring. Among all types of sensors, backscattering sensors are known for
their low power requirement which makes them perfect applications for energy harvesters.

The hand-held devices such as cell phones or two-way talk radios are good energy
sources for the RF EH to power on-body sensors for two critical reasons. First, the hand-
held device is close to all on-body sensors. Thus, the low RF power density problem can
be solved. Second, the hand-held devices will move with users so that tracking the position
of users is not necessary and the power level can be kept at the maximum at all times.

In this chapter, an on-body long-range sensor network using RF EH harnessing energy
from a hand-held two-way talk radio is proposed. The objectives and the design ideas will
be addressed in section 4.1. The design and test of the EH will be introduced in section 4.2.
The applications of the harvested DC power is in section 4.3. The on-body backscatter
sensor tag design is in section 4.4. The system range test and the system field test will
be included in section 4.5. Finally, the simulation, design, and measurement of the EH

including the effects of human tissue are discussed in section 4.6.
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4.1 Objectives and Design Ideas

4.1.1 Objectives, Challenges, and Solutions

The idea of applying IoT and Wireless Sensor Network (WSN) to build smart cities and
smart skins has become extremely popular in the last decade [64], [65]. These technologies
expect to deploy hundreds or even thousands of sensors in the cities or on the clothes and
collect multiply sensing data to analyze and monitor the security of the cities or the health
status in real-time. However, conventional sensor devices are mostly relying primarily
on batteries, which require replacement after a few years of operation. Due to the large
number of sensors, it is nearly impossible to change the batteries of the sensor nodes one
by one because of the excessive cost. Hence, one of the biggest challenges is to realize
energy-autonomous sensing systems eliminating the use of conventional batteries.

Ambient energy harvesting is a good solution to power these sensing devices by har-
nessing ambient energy from existing ambient energy sources such as solar, heat, and vi-
bration. Among all sources, RF energy sources are popular since they can be accessed all
day while their inherent ability to bypass or penetrate walls makes them ubiquitously avail-
able. There are many different types of RF energy sources such as UHF communication,
WiFi, and DTV signals, especially in urban environments [12, 17]. The challenges asso-
ciated with the relatively low energy density of ambient RF energy sources [8] have been
commonly addressed using high gain antennas and broadband or multi-band antennas [12,
32, 66] for low energy far-field RF energy harvesting applications. However, in addition to
those RF energy sources with relatively low energy density, there are numerous “hotspots”
where RF energy is fairly high, which can generate very high DC voltage and power and
alleviate the issues of low energy density and ICs’ “cold start” [67]. As an example, the
two-ways talk radio, which is a typical communication device, is a great energy source with
large near-field RF power density.

In most of the previously reported ambient RF energy harvesters in literature, the main
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focus of harvester design is to maximize the output DC power [19, 42, 68]. Therefore,
output filters are used in the designs of typical energy harvesting circuits to eliminate har-
monics created during rectification. However, for wireless sensing applications, wireless
communication of sensing data is another important aspect in the system and these com-
monly wasted harmonics can be utilized for communication. The conventional approach
for wireless communication is to utilize a transceiver IC and to transmit the sensing data
obtained by utilizing Analog to Digital Converter (ADC), but this approach requires power-
hungry DC-RF conversion and RF signal amplification processes and is not suitable for am-
bient RF energy harvesting, which has limited power supply. Another approach is to utilize
conventional passive RFID and backscattering for sensing, but the reading range of con-
ventional RFID sensor networks is about only 3 m [64]. The reading range is so small that
multiple RFID readers need to be arranged to collect the data, resulting in a dramatically
increased implementation cost. Thus, another key challenge is to significantly increase the
reading range of the RFID sensor tags.

To extend the reading range of the passive RFID tags, it has been proven that multiple
carrier emitters can be used to illuminate nearby RFID in bi-static RFID reader config-
urations [69]. However, these carrier emitters are not energy-autonomous which means
there is additional maintenance cost. Moreover, especially for smart skin applications, the
sensors worn on users change their location following body movements. Thus, carrier emit-
ters with fixed positions might not be able to cover them all the time and mobile/portable
carrier emitters are necessary. Since the two-way talk radio is utilizing analog modulated
signals [70], harmonics from the energy harvester include continuous RF signals, which
can be used to realize a carrier emitter for passive RFIDs.

In this chapter, a novel wearable energy-autonomous on-body wireless sensor network
system is proposed. The objectives, challenges, and the solutions are summarized as shown
in Figure 4.1. The system diagram is demonstrated in Figure 4.2. To realize this system, a

wearable and flexible energy harvester which harnesses near-field energy from a Motorola
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Figure 4.1: The summarizing table of the objectives, challenges, and solutions of the pro-
posed on-body long-range sensing network.

RDU4100 464.5 MHz two-way talk radio is proposed using inkjet and 3D printing tech-
niques for its fabrication. In the proposed energy harvester circuit, both DC power and
the second harmonic at 929 MHz are utilized for different applications. The RF second
harmonic signal output can be used as a wearable mobile carrier emitter to simultaneously
illuminate multiple on-body sensing capable backscattering RFID tags and extend their
reading ranges. Meanwhile, the DC power output can be used to drive a RF amplifier to
further extend the operating range. Similarly, the oscillator in the tags is powered by an
integrated energy harvester harnessing the 464.5 MHz signals from the two-way talk radio.
Thus, this energy harvester is the first-ever demonstration of an energy-autonomous system
that enables three different functions simultaneously to establish an on-body autonomous

sensing network by utilizing a single ambient RF energy source.

4.1.2 System Architecture

The detailed block diagram of the proposed system is shown in Figure 4.3. The system
is composed of one energy harvester and multiple on-body sensing tags. The only energy
source for the entire system is a 464.5 MHz two-way talk radio with the measured power
spectrum shown in Figure 4.4. The output powers are 34.3 dBm and -29 dBm at 464.5 and

929 MHz, respectively.
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Figure 4.2: Wearable energy-autonomous on-body wireless sensor network system.

The energy harvester section is composed of three main components; a 464.5 MHz
receiver, a proposed rectifier/frequency doubler, and a 929 MHz antenna. The 464.5 MHz
near-field receiver is used to harness the power radiated from the radio, which is later sent
to the rectifier/frequency doubler that generates the following outputs: the DC power is
used to drive a DC applications and the RF output is fed to a 929 MHz antenna.

For the interrogated tag design, the 464.5 MHz signal that comes from the two-way
radio is harvested by the integrated energy harvester which is composed of a matching
circuit, a rectifier circuit, and a voltage regulator. The harvested power is used to drive the
oscillator. While the oscillator is properly driven by the rectifier, it is used to control the
MOSFET switch to create the modulated backscattered signals using the 929 MHz signal
generated by the energy harvesting circuit as the carrier.

In summary, the 464.5 MHz two-way talk radio is used as an energy source to serve

three different purposes.

e To power RF amplifier IC as an DC application
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Figure 4.3: Block diagram of the proposed on-body wireless sensor network system.

e To create carrier emitter signals for the interrogated tag/sensor

e To power the oscillator IC in backscattering tags

Besides, since the carrier emitter is wearable, mobile, and capable of moving with the
user, the relative distances between the wearable RFID tags and the carrier emitter would
not change dramatically. Thus, all wearable RFID tags are in the proximity of the carrier

emitter all the time significantly enhancing their readability.

4.2 Energy Harvester Design

4.2.1 Receiving Antenna Design

A proof-of-concept prototype of 464.5 MHz near-field receiver/antenna fabricated utilizing

inkjet printing masking technique and its physical dimensions are shown in Figure 4.5a.
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Figure 4.4: Measured power spectrum of the off-the-shelf two-way talk radio.

This receiver is designed with an open-type helical coil structure to enhance coupling be-
tween the two-way talk radio and the 464.5 MHz receiver. The “on-body emulating” setup
of the coupling test for this 464.5 MHz antenna is shown in Figure 4.5b. The distance
between the two-way talk radio and the 464.5 MHz antenna is 9 cm. Moreover, since the
stationary measurement is preferred for the first estimation and the human phantom is not
available at the time of this study, the circuit is mounted on a water bottle filled with water.
The dielectric constant and the conductivity of the water are 82 and 0.01 S/m, respectively.
Although the electric properties of water are different from the human tissue, it can serve as
a good start. In section 4.6, a new design procedure which considers the real human body
effects is proposed and the procedure is used to improve the receiving antenna design.

The 464.5 MHz antenna is connected to the spectrum analyzer to measure the received
power level, which is found to be around 20 dBm. The power supply from the two-way talk

radio is 36 dBm and about 2.5 % of the power is harvested by the 464.5 MHz near-field
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Figure 4.5: (a) Prototype of the 464.5 MHz antenna (b) “On-body emulating” setup of the
coupling test for the 464.5 MHz antenna.

coupling antenna. The harvested energy is large enough to drive all components but not too

large to significantly affect the quality and performance of the overall communication.

4.2.2 Rectifier/Frequency Doubler Design

Since one of the most commonly used frequency bands for RFID tags is 860-960 MHz, the
second harmonic of 929 MHz signals would be a good choice for the carrier emitter. Thus,
the main goal of the proposed rectifier/frequency doubler is to generate as large power as
possible at the DC and the second harmonic frequencies. The time-domain waveforms
and frequency-domain waveforms of a 464.5 MHz sinusoidal signal with amplitude 1 and
the respective full-wave rectified results are shown in Figure 4.6. As demonstrated in Fig-
ure 4.6b, the first order harmonic is eliminated in the full-wave rectified signal, and the two
largest tunes after full-wave rectifying are the DC and the second harmonic at 929 MHz.

Therefore, a full-wave rectifier topology is adapted since it can generate the signals that
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Figure 4.6: (a) Time-domain waveforms and (b) frequency-domain waveforms of a 464.5
MHz sinusoidal signal and the respective full-wave rectified results.
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Figure 4.7: (a) The circuit diagram and (b) the prototype of the proposed full-wave rectifier
/ frequency doubler.

meet the requirement.

The circuit diagram and the prototype of the proposed full-wave rectifier/frequency
doubler are shown in Figure 4.7a and Figure 4.7b, respectively. A balun is used, as demon-
strated in Figure 4.7b, to guarantee the differential feeding of the full-wave rectifier. The
matching circuit is composed of a 56 nH series inductor and a 2.2 pF parallel capacitor.
The HSMS 2828 Schottky diode package is used to perform the full-wave rectification.
The 1.8 pF capacitor and the 18 nH inductor are serving as a DC block and a DC feed,

respectively. Finally, a 180 pF capacitor is used to eliminate higher-order harmonics while
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Figure 4.8: (a) Simulated and measured S;; and (b) output DC and RF power levels from
the proposed rectifier/frequency doubler with respect to the input power.

a 1 k(2 resistor acts as the load. This 1 k{2 resistor is chosen because the RF-DC conversion
efficiency of the rectifier is the highest under this load value.

The measured and simulated S;; of the proposed rectifier is shown in Figure 4.8a. The
black vertical dash line is at 464.5 MHz. Although there is a slight frequency shift between
the measured and simulated results due to the parasitics of the lump components, the over-
all results agree with each other. Furthermore, the measured S;; at 464.5 MHz is -13.5
dB which demonstrates a good matching. The measured DC and RF output power levels
from the proposed rectifier with respect to the input power are shown in Figure 4.8b. The
simulated results using ADS harmonic balance simulator are also included for comparison.
As shown in Fig. Figure 4.8b, good agreements between the simulated and measured re-
sults can be observed. The maximum RF-DC conversion efficiency is about 61 % and the
maximum RF(464.5 MHz)-RF(929 MHz) conversion efficiency is about 3.8 %. The maxi-
mum total conversion efficiency is 63.1% when 19 dBm RF input power is provided. The
maximum output DC and RF power levels are 17.27 and 1.41 dBm when the input power

is about 19 dBm.
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Figure 4.9: Side view of the wearable 929 MHz antenna.

Ground for Antenna FSS

Figure 4.10: Prototype of the FSS.

4.2.3 Re-emitting Antenna Design

The 929 MHz antenna is a Z-shaped monopole antenna with an AMC on the back that is
used to eliminate the effects of the human body on the antenna [71]. The side view of this
antenna is shown in Figure 4.9. It is composed of 5 layers. The top copper layer is used for
the Z-shaped monopole antenna. The second layer is the LCP substrate. The AMC struc-
ture is composed of a Frequency Selective Surface (FSS), a spacer, and a metal reflector
which are corresponding to the third, fourth, and fifth layer, respectively. The thickness and
the purpose of each layer are also included in Figure 4.9. The pattern of the FSS and the
ground plane for the monopole are contained in the third layer as shown in Figure 4.10.

The single cell AMC structure is shown in Figure 4.11a while the physical dimensions
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Figure 4.11: (a) The single cell AMC structure and (b) the simulated phase of the reflected
wave.

Table 4.1: The dimensions of the AMC design.

Parameter Size (mm) | Parameter Size (mm)
a 12.5 e 15.8
b 18.5 f 24.1
c 13 gap 0.5
d 1.6

are summarized in Table 4.1. The simulated results using Ansys HFSS periodic boundary
conditions are shown in Figure 4.11b. The incident wave is from the top and the phase
of the return wave is 0° at 929 MHz which means the reflected wave is fully constructive
on the surface of the AMC structure. Although the Z-shape monopole is located 100 um
above the AMC structure as shown in Figure 4.9 rather than directly on the surface of the
AMUC, the thickness is extremely small compared with the wavelength at 929 MHz. Thus,
a very good constructive wave can be obtained. Moreover, since there is a complete metal
plane on the bottom as the reflector for FSS, the effects of human tissue can be isolated. If
a single metal plane is used to isolate the human tissue effects, the phase of the reflected
wave will be 180° at 929 MHz similar to Perfect Electrical Conductor (PEC) which means
the reflected wave is fully destructive on the surface of the AMC structure. Thus, the AMC

structure is necessary to achieve good performance.
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(b)
Figure 4.12: Prototype of the (a) unfolded and (b) folded 929 MHz antenna.

The fourth layer is a spacer between the metal reflector and the FSS. The thickness
of this layer is extremely important since it significantly affects the bandwidth and the
operating frequency of the AMC plane [71]. However, the thickness of this layer can not
be designed arbitrarily if off-shelf substrates are used. The reason is that the thicknesses of
off-shelf substrates are limited to specific discrete values and it is hard to realize substrates
with custom/optimized thicknesses. The 3D printing technique offers a good solution to
this problem. The minimum and maximum thickness that can be realized using Printrbot
Metal Plus 3D printer are 127 ym and 25 cm, respectively. Thus, by 3D printing flexible
thermoplastic polyurethane NinjaFlex [72], almost any arbitrary thickness values can be
realized and a more optimal design of the AMC plane can be achieved. The final layer is a
reflector fabricated using copper tape.

The prototype of the 929 MHz antenna is shown in Figure 4.12a. Furthermore, since
the 929 MHz antenna is wearable and flexible, the prototype under the folded condition is
also shown in Figure 4.12b demonstrating very good flexibility. The length of the unfolded
one is about 12.5 cm and can be folded to about 8 cm. The measured scattering parameter
values of the wearable 929 MHz antenna are shown in Figure 4.13. Measured results for
the folded and the unfolded conditions are included. As demonstrated in Figure 4.13, the
return loss values at 929 MHz for folded and unfolded conditions are 14.1 and 14.8 dB,

respectively.
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Figure 4.13: Measured S;; of the folded and unfolded 929 MHz wearable antenna.

4.3 Multiple Uses of Harvester DC Output

Two different output power, DC and 929 MHz continuous RF power, are provided by the
proposed energy harvester. The 929 MHz RF output signal is utilized to create a carrier
emitter to enhance the reading range of the wearable passive RFID tags. The DC power
generated here is a convenient source to drive different applications since the voltage and
the power are both high enough to drive most low power applications immediately without
requiring a waiting time for charging. There are two potential categories of uses of the DC
power. The first one is to achieve a function that is uncorrelated with the carrier emitter.
For example, the DC power can be used to drive an RFID reader chip, and thus, a wearable
reader can be realized. The other one is to be appropriately combined with the RF power
to achieve more complex functions or further range extension. For example, the DC power
can be used to drive an MCU to achieve modulated carrier emitter signals or drive an RF
amplifier to enhance the carrier emitter power thus leading to a further range extension.

Here, the RF amplifier IC was added as a DC-power enabled component to increase
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Figure 4.14: Block diagram of the proposed energy harvester with enhanced RF output by
driving an RF amplifier using DC output power.

the 929 MHz RF output power level extending the range of backscattering communication
and sensing. The new block diagram of the proposed energy harvester with the amplifier
is depicted in Figure 4.14 with a proof-of-concept prototype as shown in Figure 4.15. The
difference between the prototype shown in Figure 4.15 and Figure 4.7 is that the DC load
in Figure 4.7 is a resistor which is replaced by an amplifier in Figure 4.15. As shown
in Figure 4.15, the matching circuit is composed of a 16 nH series inductor and a 1.8
pF parallel capacitor. The HSMS 2828 Schottky packaged diode is used to perform the
full-wave rectification. The 2.7 pF capacitor and the 16 nH inductor are serving as a DC
block and a DC feed, respectively. A 180 pF capacitor is used to eliminate higher-order
harmonics. The 929 MHz signal is then fed to the input matching circuit of the amplifier
which is composed of a series 6.8 nH inductor and a series 100 pF capacitor and then fed
to the input pin of the MGA-68563 RF amplifier chip. On the other hand, the DC power
is connected to the amplifier bias circuit which is composed of a 4.3 k(2 resistor, a 10 nF
capacitor, a 68 pF capacitor, and a 43 nH inductor.

The measured DC and RF output levels from the proposed rectifier including an RF
amplifier with respect to the input power are shown in Figure 4.16a. The simulated results

are also included for comparison and a good agreement between the simulated and mea-
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Figure 4.15: Proof-of-concept prototype of the proposed rectifier/frequency doubler in-
cluding a DC power enabled amplifier.

sured results can be observed. As shown in Figure 4.16a, the maximum RF-DC conversion
efficiency is about 33 % and the maximum RF(464.5 MHz)-RF(929 MHz) conversion ef-
ficiency is about 14.8 %, thus leading to the maximum total efficiency of 47.8% when 19
dBm RF input power is provided. The RF-DC conversion efficiency is smaller compared
to Figure 4.8b (61 %). The reason is that the resistor used in Figure 4.8b is 1 k{2 which is
the optimal load resistance value for the rectifier. In the meantime, the input resistance of
the RF amplifier IC is only about 0.2 k{2 which is much smaller than the optimal value. Al-
though the DC power is smaller, it can be still used to successfully drive the RF amplifier.
Moreover, the comparison of the 929 MHz output between the harvesters with and without
the amplifier is shown in Figure 4.16b. The output 929 MHz power is much larger with
the help of the amplifier and the effect is more significant when the input power is larger.
The 929 MHz output power is about 9 dB larger when the input 464.5 MHz signal is about
19 dBm. Since the carrier emitter is much stronger, a significantly enhanced interrogation
range is expected. Furthermore, as shown in Figure 4.4 the second harmonic noise gen-

erated by the two-way radio is only -29 dBm. Thus, a much larger carrier signal can be
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Figure 4.16: (a) Simulated and measured output DC and RF power levels from the proposed
rectifier/frequency doubler with an RF amplifier (Figure 4.15) and (b)Comparison of the
929 MHz output power between the harvesters with and without an RF amplifier.

provided utilizing our proposed energy harvester.

4.4 Backscatter Sensor Tag Design

4.4.1 Sensor Tag Design

For on-body communication and sensing applications, a custom backscatter tag was de-
signed and fabricated. The circuit diagram is shown in Figure 4.17 and the prototype photo
is shown in Figure 4.18. The power received by the Z-shaped antenna of the tag is recti-
fied by the voltage doubler. Then a 3.3 V voltage regulator (Linear technology LT3009)
is connected between the voltage doubler and the oscillator to protect the oscillator. The
output signal from the Silicon Labs TS3006 oscillator is applied to trigger an RF switch-
ing MOSFET (NXP BF1118) to create modulated backscattered signals. The modulation
frequency (output frequency of the oscillator IC) varies depending on the impedance value
of the sensing element connected to the oscillator thus enabling wireless sensing [73]. A
P-MOSFET is used as the switch to create two different load impedances for the antenna
so that binary modulation can be achieved. The switch design was based on the MOSFET

front-end from [74], used in cut-off and saturation regions.
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Figure 4.17: Circuit diagram of the custom-made backscattering sensor tag.

The 929 MHz signal is used as the carrier by the custom-made backscattering tag to
send the modulated signals. Performing measurements utilizing a Vector Network Analyser
(VNA), the input impedance of each input power level of 929 MHz signal (-5, -10, and
-20 dBm) and MOSFET bias voltage condition (0 and 1.55 V) is obtained as depicted
in Figure 4.19. These bias conditions are chosen because the MOSFET is “Off”” when the
bias condition is 0 V and “On” when the bias condition is 1.55 V. As shown in Figure 4.19,
the impedance values while the MOSFET is on and off are very different. Hence, they can
be used to binary modulate bits with the values “0” and “1”. At 929 MHz for -20 dBm
of RF input power, the difference in the magnitude of the normalized input impedance
between 0 V and 1.55 V bias voltage conditions is 0.775 and the phase difference is 112.3°
as shown in the measurements.

The 464.5 MHz signal which comes from the two-way radio is harvested and used to
drive the oscillator. Figure 4.20 depicts the measured output voltage from the voltage reg-
ulator that is connected to the voltage doubler with respect to RF input power (464.5 MHz)

at each MOSFET bias voltage condition when a 824 k() resistor, which is the expected
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Figure 4.18: Prototype of the custom-made backscattering sensor tag.

equivalent DC resistance of the oscillator IC, is connected as a load. According to the mea-
sured results, the tag requires about —5 dBm of input power to achieve 1.55V to turn on the
operation of the oscillator IC.

The operation goals of the tag antenna are to harvest 464.5 MHz power from the hand-
held two-way radio and backscatter the modulated signal to the reader. However, a dual-
band antenna is not suitable for wearable design due to its large size. Since only a small
amount of power is required to drive the tag, an antenna which is operated at 929 MHz is
sufficient because of the high transmitted power from the two-way talk radio. The mea-
sured Sq; of the proof-of-concept antenna prototype is shown in Figure 4.21 and a good
matching at 929 MHz can be observed. The received 464.5 MHz power level using the Z-
shaped antenna of the tag is shown in Figure 4.22. The tag operation/interrogation range
is about 1.2 m, which can cover the entire human body. Thus, even when the S;; at 464.5
MHz is only about -1.5 dB, the received power is large enough to drive the oscillator. This
demonstrates the inherent flexibility of the proposed tag to operate effectively using practi-

cal on-body antennas without the need for high gain and large form-factors.
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Figure 4.19: Measured S-parameters of 929 MHz with each expected input power and
MOSFET bias voltage.
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Figure 4.20: Measured output voltage from the voltage regulator connected with the voltage
doubler with 464.5 MHz RF input signal at each input power and MOSFET bias voltage.
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Figure 4.21: Measured S;; of the 929 MHz antenna.
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Figure 4.22: Received 464.5 MHz power from the hand-held two-way radio by the tag
antenna.
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Figure 4.23: Prototype of the custom backscattering sensor tag with a printed ammonia
Sensor.

4.4.2 Integration With Ammonia Sensor

A printed ammonia sensor as reported in [75] is integrated into the custom backscatter tag
to detect the existence of the ammonia. The ammonia gas sensor is chosen because of
its wide applications including food sensing, environmental sensing, automotive industry,
chemical factory safety, and health monitoring [76]. For food sensing, the ammonia sensor
can detect the food spoilage since rotten food gives out ammonia [77]. In the farming area,
the ammonia sensors can detect the ammonia level to prevent pollution to the environment.
As for the automotive industry, the ammonia emission from vehicles has to comply with the
regulation. For the fertilizer factory or refrigeration system, since pure ammonia is used,
it will be extremely harmful if leakage happened. Thus, the ammonia gas sensor can serve
as a great leakage alarm in the factories. Finally, the ammonia sensor can serve as health
monitoring by breath analysis.

The modulation frequency is determined by the oscillation frequency which varies as a
function of the external load resistance value of the oscillator IC. Therefore, it is possible
to integrate arbitrary sensors (in this case a gas sensor), that changes its impedance when it

is exposed to certain chemicals, into the custom backscattering tag to detect the existence
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Figure 4.24: Prototype of the energy harvesting circuit without an RF amplifier.
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Figure 4.25: Prototype of the energy harvesting circuit with an RF amplifier.

of specific gases by measuring the change in oscillation frequency. Therefore, the resistor
in the previous prototype as shown in Figure 4.18 was replaced with a printed ammonia
sensor as depicted in Figure 4.23. The impedance of the ammonia sensor increases when
it is exposed to ammonia gas and the oscillation frequency is expected to decrease due to
the change of the impedance. Experimental results shown in subsection 4.5.4 confirm this

assumption.
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(a) (b)

Figure 4.26: Experimental setup for the testing of the link budget for (a) measured 929
MHz power at the output of the rectifier/frequency doubler and (b) measured received 929
MHz power at the backscatter sensor antenna.

Table 4.2: The power levels for link budget estimation.

Measured Condition With Amplifier Without Amplifier
929 MHz at the output of the rectifier 13.00 dBm 2.27 dBm
Received 929 MHz at tag antenna -16.54 dBm -23.00 dBm

4.5 System Field Operation Test

4.5.1 Received Power Level Test

The prototypes of the proposed energy harvester without and with an RF amplifier are
shown in Figure 4.24 and Figure 4.25, respectively. To evaluate the performance and the
link budget of the proposed energy harvester and the tag configuration, two experiments
are performed. First, as shown in Figure 4.26a, the ambient RF source (two-way talk
radio) is placed at a distance of 9 cm from the proposed energy harvester. The 929 MHz
power levels at the output of the proposed rectifier/frequency doubler are measured using

a spectrum analyzer. These are the power levels of the carriers and will be input into the
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Figure 4.27: Measurement setup for the long-range on-body wireless sensing network.

re-emitting antenna to be radiated out as the carrier emitters. The measured 929 MHz
power levels are 13 dBm for the one with the amplifier and 2.27 dBm for the one without
the amplifier. Second, the two-way talk radio is placed at a distance of 9 cm from the
proposed energy harvester and the antenna of the tag is put 30 cm away from the energy
harvester as shown in Figure 4.26b. This experiment is used to evaluate the power level of
the interrogating carrier at 929 MHz on the tag. The measured 929 MHz received power
level by the antenna of the tag is -22.2 dBm and -16.5 dBm for topologies without and with

the amplifier, respectively. The measured results are summarized in Table 4.2.

4.5.2 Operating Range Test

The measurement setup of the entire system is shown in Figure 4.27 and the energy har-
vester utilized is the one with an RF amplifier. The sampling frequency is 250 kHz and the

number of Fast Fourier Transform samples is 1024. Thus, the frequency resolution of the
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Figure 4.28: Measured signal to noise ratio at different distances.

Table 4.3: The performance comparison between the energy harvesters with and without
an RF amplifier.

With Amplifier Without Amplifier

Max. Distance Tag-EH 80 cm 10cm

Max. Distance Reader-Tag >70m 17m

software defined reader is about 244 Hz. Furthermore, Nyquist theorem states that

fs > 2B 4.1)

where f, is the sampling frequency and B is the bandwidth. By (Equation 4.1), the band-

width is about 125 kHz. The channel capacity can be calculated by the Shannon equation

C = Blogy(1 + SNR) (4.2)
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where C' is the channel capacity and B is the bandwidth. Thus, by (Equation 4.2), the
channel capacity for the system while the distance between the reader and the tag is 70 m
is about 0.6 Mb/s.

As depicted in Figure 4.27, three major spikes are detected by the software-defined
reader. The center spike is the carrier and the other two spikes which are symmetric with
respect to the carrier are the backscattered signals. Since the modulation frequency is
100 kHz, the distances between the carrier and the backscattered signals are also 100 kHz.
The backscattering signals are not drastically affected by the noise generated by the two-
way radio. The reason is that the only significant side-band noise from the radio which falls
into the operating bandwidth occurs at 929 MHz. However, this is the same frequency as the
carrier frequency and there would be no backscattering signals at that frequency. Both the
proposed energy harvester with and without the amplifier are measured and the maximum
distances between the tag and the proposed energy harvester and between the tag and the
software-defined reader are summarized in Table 4.3. As shown in Table 4.3, with the
help of the 929 MHz carrier emitted from the proposed energy harvester, the backscattered
signal from the proposed sensor tag can be detected by the software-defined reader which
is located at 17 m away. Moreover, if the DC power from the proposed energy harvester
is utilized to drive the additional RF amplifier, as shown in Figure 4.14, and enhance the
carrier emitter signals, the reading range can be significantly extended to 70 m as shown
in the measurements. Furthermore, as shown in Figure 4.27, the backscattered signals are
14.7 dB above the noise floor, which means a 14.7 dB Signal-to-Noise Ratio (SNR). As the
typically required SNR for detection is 3 dB, there is still a margin of 11.7 dB. According
to Friis equation, this implies the reading range can be extended more than 3.8 times, i.e.
more than 270 m. Similarly, as depicted in Table 4.3, the maximum distance between the
tag and the energy harvester is also extended to 80 cm which is long enough to effectively
cover all on-body backscattering sensor tags.

In order to investigate the effects of multipath and nearby clutters on the sensing range,
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the SNR of the detected backscattering signals were measured while varying the distance
between the reader and the tag and the distance between the proposed energy harvester and
the tag. The indoor measured results are demonstrated in Figure 4.28. The horizontal axis
is the distance between the reader and the tag. Two different distances (1 cm and 10 cm)
between the proposed energy harvester and the tag were tested. Moreover, the theoretical
results calculated using the Friis equation are also included for comparison. As shown
in Figure 4.28, theoretically the SNR of the 10cm case is 20 dB lower than 1 cm case.
However, since the distance between the proposed energy harvester and the tag is not long,
near-field coupling occurs that reduces the SNR drop due to increase distance. For the 1 cm
case, the general trend is the same as the Friis equation. However, constructive interference
occurs at 15 m and destructive interferences occurs at 20, 30, and 40 m. The general trend
for the 10cm case is similar to the 1 cm one. Thus, although the complex interferences
due to multipath and ambient clutters cannot be accurately predicted, the Friis equation can

serve as a good approximation to predict the SNR at even longer distances.

4.5.3 Multiple Tags Test

Since the proposed on-body wireless sensor network typically consists of multiple sensor
tags, different modulation frequencies are assigned for each sensor tag to enable simultane-
ous multiple sensor detection. Therefore, the experimental setup shown in Figure 4.29 was
used to demonstrate that multiple tags operating at different modulation frequencies can be
detected by the reader at the same time. As shown in Figure 4.29, two tags are placed on
the two sides of a sponge and interrogated with the carrier emitter (energy harvester). The
software-defined reader is placed around 60 cm away from the tags. The measured results
using the software-defined reader is shown in Figure 4.30. As demonstrated in Figure 4.30,
two tags with different modulation frequencies (50kHz and 100 kHz) were successfully
detected simultaneously. Moreover, five spikes can be observed. The center spike is the

carrier and the two symmetric spikes with 25 dB SNR which are located at 50 kHz away
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Figure 4.29: Measurement setup for the multiple sensors test.

from the carrier are the backscattered signals from the first tag. The remaining two spikes
with 40 dB SNR which are located at 100 kHz away from the carrier are the backscattered
signals from the second tag. The difference of the SNR values between the two tags is
because the distance between “On” and “Off” resistances on the Smith chart as shown Fig-

ure 4.19 are different for two tags.

4.54 Ammonia Sensor Test

The backscattering tag that was integrated with the ammonia sensor is tested with the sim-
ilar experimental setup shown in Figure 4.29. The only difference is that there is only
one sensor tag and the tag is exposed to ammonia gas during the measurement. The mea-
sured results of the tag before and after being exposed to ammonia gas are shown in Fig-
ure 4.31 and Figure 4.32, respectively. As shown in Figure 4.31, the modulation frequency
of the ammonia sensor tag is 50 kHz before the tag is exposed to the ammonia gas. The

impedance of the ammonia sensor is increased after the ammonia gas exposure effectively

74



I B

Carrier

Power (dB)

928.9 928.95 929 929.05 929.1
Frequency (MHZz)

Figure 4.30: Measured result for multiple sensors test.

decreasing the modulation frequency (output oscillated frequency of the oscillator IC) to
7kHz as shown in Figure 4.32. Due to the frequency change of the backscattered signals,
the ammonia gas can be easily detected (“red/green detection”) by processing the received

data.

4.5.5 Comparison with Previous Works

The comparison between this work and previous related research efforts are shown in Ta-
ble 4.4. As demonstrated in Table 4.4, reading ranges only up to around 10 m can be
achieved by purely passive RFID tags. The reading ranges of the active RFID tags are
larger than purely passive ones. For example, 46 m reading range is achieved in [83]. In
[69], a very long (130 m) reading range is achieved utilizing semi-passive backscattering
tags and carrier emitters. However, batteries are used in both tags and carrier emitters.
The reading range of this work is much longer compared with other previous works listed
in Table 4.4 except [69]. Compared with [69], the energy harvesting techniques utilized in

this work support all energy requirements and enable a fully energy-autonomous system,
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Figure 4.31: Measured result for the ammonia sensor tag before exposure to ammonia.
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Figure 4.32: Measured result for the ammonia sensor tag after exposure to ammonia.

thus leading to much lower maintenance costs.

76




Table 4.4: The Comparison between this work and previous related works

Operatin .
Work  Breueny REDType AR eerw e Reados
(MHz)

[78] 915 Passive Harvested NA 4
[79] 868 Passive Harvested NA 6
[80] 900 Passive Harvested NA 9
[81] 865 - 870 Passive Harvested NA 14
[82] 34450 Active Battery NA 11.5
[83] 308 Active Battery NA 46

Semi-passive +

[69] 867 Carrier Emitter Battery Battery 130
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Figure 4.33: The block diagram of the wearable energy harvesting system.

4.6 Design Process Including Human Tissue Effects

Harvesting energy from hand-held devices normally involved near-field coupling which
can not be estimated using the Friis equation. Furthermore, the human body will have
huge impacts on the receiving antenna and has to be include while designing and simulat-
ing. Therefore, a new design and simulation process is necessary to estimate the received
power. In this section, a simulation process that can estimate the power transfer efficiency
for the receiving antenna, predict the optimal matching impedance for the rectifier, and
consider the human body effects is proposed. Two types of rectennas using an E-field
coupling or an H-field coupling receiving antennas are proposed and the block diagram is

shown in Figure 4.33. This simulation process can be used to improve the design proposed
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Figure 4.35: The equivalent Thevenin circuit model of the energy harvester.

in subsection 4.1.2 and take the human body effects into consideration.

4.6.1 Simulation Process

Full Simulation Process to Estimate Harvested Power

The circuit model of the energy harvester is shown in Figure 4.34. The Pr is the transmitted
power, P,, is the maximum RF available power received at the receiver, and P is the
rectified DC power measured at the load. The Z; is the source impedance and the Z is
the load impedance. The Tx and Rx are the transmitting antenna and receiving antenna,
respectively. Assuming the scattering parameters between Tx and Rx can be obtained. One
way to simplify the circuit model is building the equivalent Thevenin circuit at the receiving
side as shown in Figure 4.35. The receiving antenna can be replaced with the open-circuit

voltage source and input impedance, Z;,. As long as we can find these values, we can derive
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the following results

Zin = R+ jX 4.3)
Voe|?
Py = 4.4
R 4.4)
P
_ Fa 4.
NRF Py 4.5)
P
NRF—DC = PaLu (4.6)

where R is the real part of the input impedance, X is the imaginary part of the impedance,
nrr 1 the RF power transfer efficiency from the transmitter to the receiver, and ngp_pc 1S
the rectifier RF-DC efficiency. Furthermore, the maximum available power P,, is obtained
while complex conjugate matching is achieved. Thus, the matching circuit of the rectifier

has to make the input impedance of the rectifier become

Zin* = R—jX (4.7)

The flow chart of the energy harvester simulation process is summarized in Figure 4.36.
The first step is to simulate the 2-port scattering parameters of the transmitter and receiver
antenna in HFSS. The effects of human body effects are taken into consideration in this
step and will be discussed in detailed in subsubsection 4.6.1. Then the 2-port scattering
parameters are import into ADS and the harmonic balance simulator is used to obtain the
open-circuit voltage as demonstrated in Figure 4.37. As an example, a 4 W input power
at 464.5 MHz is used as the source and the open-circuit voltage is obtained using the full-
wave simulated 2-port scattering parameters. The result is shown in Figure 4.37b. Once
the value of open-circuit voltage is obtained, the next step is to find the Z;, which is the
input impedance of the receiving antenna by Thevenin theorem. Assuming port 1 is the

transmitting port and port 2 is the receiving port, Z;, can be calculate using Sqo as the
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Figure 4.36: The flow chart of energy harvester simulation and the output power estimation.

following

1+ So

Zin = Z (4.8)

where Zj is the reference impedance and normally is 50 2. Then the maximum available

power, RF efficiency, and RF-DC efficiency can all be obtained as shown in Figure 4.36.

Two-way Talk Radio Model and EM Fields

The two-way talk radio simulation model is built in HFSS as shown in Figure 4.38a. The
simulated and measured S;; are compared in Figure 4.38b. The good matching below -10
dB is obtained at 464.5 MHz. Besides, good agreements between the simulated and mea-
sured results can be observed. Hence, this model will be used for the 2-port S-parameter
simulation in the following content. The E-field and H-field distributions around the two-
way radio are shown in Figure 4.39 and Figure 4.40, respectively. The field distributions
are helpful to determine the positions and structures of the E-field coupling and H-field

coupling receiving antennas.
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Figure 4.37: (a) The harmonic balance setup in ADS and (b) the simulated open-circuit
voltage.

Human Model Simulation

In order to include the human body effects into the simulation, the human model is built.
Furthermore, to reduce the simulation time, the homogeneous human model is adopted.
Both the relative permittivity and conductivity are set to 2/3 of the values of muscle to
accurately mimic the human tissue [84]. At 464.5 MHz, the relative permittivity is set to
33.67 and the conductivity is 0.436 S/m. Provided by human phantom company, Schmid
& Partner Engineering AG (speag), the relative permittivity and conductivity of their ho-
mogeneous human phantom are 33.9 and 0.43 S/m at 450 MHz, respectively. The value
used in simulation and the values provided by human phantom are very close to each other
which proves setting values to 2/3 of the values of muscle is correct. Only the human hand
and wrist are included in the simulation since the wearable energy harvester is worn on the

wrist and the two-way radio is holding in the hand.
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Figure 4.38: (a) Two-way talk radio model in HFSS and (b) Measured Sy;.
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Figure 4.40: The magnetic field around the two-way radio on (a) front view (b) back view
and (c) side view.
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Figure 4.41: (a) Loop type wearable receiving antenna and (b) Segmented loop type wear-
able receiving antenna.

4.6.2 Receiving Antenna

Design and Simulation

Two different near-field coupling antennas are designed to receive the power from two-way
radio as shown in Figure 4.41. For the electric-coupling receiving antenna, a quarter-wave
loop antenna is adopted as shown in Figure 4.41a. The size is 45.625 mm x 45.625 mm.
Generally, a full-wave loop is used to provide high radiation efficiency. However, as the
loop size becomes larger, the loss due to human tissue becomes larger as well. Therefore,
after the trade-off between the coupling efficiency and loss, a quarter-wave loop antenna
is adopted. Since it is an E-coupling antenna and the E-field around the radio is depicted
in Figure 4.39, the monopole-shape whip antenna of the radio needs to be oriented along
the z-axis in Figure 4.41a to achieve the largest coupling factor.

Another magnetic-coupling segmented loop antenna is also used for comparison as
shown in Figure 4.41b. The size is 37.5 mm x 37.5 mm. Furthermore, three 3.6 pF
capacitors are embedded inside the loop to unify the current distribution and mimic a small

loop antenna. Since it is an H-coupling antenna and the H-field around the radio is depicted
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Figure 4.42: (a) Simulation model for the loop antenna, two-way radio, and human hand
and (b) Simulated scattering parameters.
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Figure 4.43: Fabrication process using inkjet printed masks.
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in Figure 4.40, the monopole-shape whip antenna of the radio needs to be oriented along

the y-axis in Figure 4.41b to achieve the largest coupling factor. Both antennas are placed

on Rogers Liquid Crystalline Polymer (LCP) and then on a big block of human tissue with

dielectric constant 33.67 and conductivity 0.436 S/m. The curved loop antenna on the wrist

is also simulated to compare with the flat condition. The final simulation model is shown

in Figure 4.42a and the simulated S-parameters are shown in Figure 4.42b. There is a slight

difference between the results under flat and curved conditions.

Fabrication and Measurement

Both receiving antennas are fabricated with an inkjet-printed masking process and the fab-

rication steps are shown in Figure 4.43. The copper-clad LCP is used as the substrate. The
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Figure 4.44: Fabricated prototypes of the (a) loop antenna and (b) segmented loop antenna.

SU-8 ink from MicroChem is used to inkjet print the mask pattern and then cured under
UV light. Then the sample is soaked into FeCls to remove the copper. Finally, the SU-8 is
removed with acetone. The fabricated prototypes are shown in Figure 4.44 and baluns are
included.

The simulation model and the measurement setup for the loop antenna are shown in Fig-
ure 4.45a and Figure 4.45b, respectively. The antenna of the two-way radio is connected
to VNA port 1 and the loop antenna is connected to VNA port 2. The distance between
them is 52.67 cm. The measured S parameters are shown in Figure 4.46. The simulated
results are also included for comparison and a good agreement can be observed. There is
a slight frequency shift on the S;; which is the two-way radio antenna because only the
antenna is measured without the body of the two-way radio. However, good matching is
still obtained.

The segmented loop is also measured and the respective simulation model and measure-
ment setup are shown in Figure 4.47a and Figure 4.47b, respectively. Compared with Fig-

ure 4.45b, the relative location between the receiving antenna and two-way radio antenna
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Figure 4.45: The (a) simulation model and (b) measurement setup of the loop antenna.

Table 4.5: The measured results for loop and segmented loop antenna while transmitter and
receiver distance is 5 cm.

Loop Segmented Loop
Voc 3778V 433V
Antenna Zin  33.57-40.02j Q0 66.68+58.04;j
Available Power 532 mW 35.1 mW

are different because the loop antenna is E-coupling based and the segmented loop antenna
is H-coupling based antenna. The distance is 52.47 mm and the measured S parameters are
shown in Figure 4.48. The simulated results are also included for comparison and a good
agreement can be observed. There is a small S;; frequency shift as shown in Figure 4.46
because of the same reason.

The Thevenin parameters, open-circuit voltage, and input impedance are obtained using
the process in Figure 4.36 and the measured S parameters. The results are summarized
in Table 4.5. Although the open-circuit voltage of the loop antenna (3.78 V) is smaller than

the segmented loop antenna (4.33 V), the real part of the antenna input impedance of the
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Figure 4.46: Measured scattering parameters of the loop antenna.
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Figure 4.47: The (a) simulation model and (b) measurement setup of the segmented loop
antenna.

loop antenna (33.57 (2) is also smaller than the segmented loop antenna (66.68 (2). Under
5 cm and this angle orientation, the maximum available power for the loop antenna is 53.2

mW which is larger than the segmented loop antenna which is 35.1 mW.
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Figure 4.48: Measured scattering parameters of the segmented loop antenna.

Dynamic Measurement

In order to determine whether active matching is required under conditions of different an-
gles and distances due to the motion of the hand, the dynamic measurement under different
angles and distances are performed. The dynamic measurements under different distances
are shown in Figure 4.49a. Since port 2 is connected to the receiving antenna, the smith
chart results show that the input impedance of the receiving antennas. As shown in Fig-
ure 4.49a, the changes in the input impedance due to different distances are very small.
Furthermore, the maximum available power, P,,, which defined in Figure 4.35 and derived
using the measured data under different distances are summarized in Figure 4.49. Two
different loads are included for comparison. The first one is the optimal load derived by
measured S parameters at different distances. The second one is the fixed load at the op-
timal load while the distance is 5 cm. As shown in Figure 4.49, the available powers are
almost the same for the optimal and the fixed load. Therefore, for different distances, ac-

tive matching which actively changing the matching circuit to meet the optimal load is not
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Figure 4.49: The measured (a) So; and (b) received power under different distances.

necessary.

In addition to different distances, different angles are also measured. The angle def-
inition is defined in Figure 4.50. The measured results are shown in Figure 4.51. The
measured input impedances do not change significantly due to different angles. Thus, the
input impedances of the receiving antennas are similar and thus, active matching is not

required.

Verification of The Proposed Simulation Process

In order to verify the simulation process proposed in Figure 4.36, both open-circuit volt-
ages of the loop and segmented loop antenna are measured. The simulation setup is shown
in Figure 4.52. The loop and segmented loop antenna are open-circuited and connected
to the oscilloscope. The two-way radio is located at 7 cm away and turns on to emitting
power. The measured open-circuit voltages are demonstrated in Figure 4.53. The 464.5
MHz open-circuit voltages are 3.04 V and 2.45 V for the loop and segmented loop, respec-
tively. The simulated S parameters obtained using HFSS are import into ADS to extract

the open-circuit voltages as described in Figure 4.36. The simulated results are 3.16 V
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+1.0

X Loop
A Segment Loop

1.0

Figure 4.51: The measured So» under different angles.

and 2.44 V for the loop and segmented loop, respectively. The input impedances are also
extracted from both the simulation and measurement and maximum available powers are

calculated. All results are summarized and compared in Table 4.6. As shown in Table 4.6,
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(b)

Figure 4.52: The measurement setups of the open-circuit voltages for the (a) loop antenna
and (b) segmented loop antenna.

Table 4.6: The comparison between simulated and measured results for loop and segmented
loop antenna while transmitter and receiver distance is 7 cm.

Loop Segmented Loop

Simulated Voc 3.04V 245V
Measured Voc 3.16 V 244V
Voc Error 3.8 % 0.4 %

Simulated Pav  34.40 mW 17.52 mW
Measured Pav  37.00 mW 17.30 mW

Pav Error 7.0 % 1.3 %

the errors between the simulated and measured open-circuit voltage (Voc) are smaller than
3.8% while the errors of maximum available power (Pav) are smaller than7 %. This can
serve as proof that the simulation process with human tissue is accurate and can be used to

evaluate the design of near-field coupling wearable energy harvesting.
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Figure 4.53: The measured waveforms of open-circuit voltages.
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Figure 4.54: (a) The circuit model of the rectifier and (b) The fabricated prototypes.

4.6.3 Rectifier Design

Once the receiving antenna designs are finished, the next step is to design the rectifier. The
circuit diagram of the rectifier is shown in Figure 4.54a and the fabricated prototype is
shown in Figure 4.54b. The matching circuit is composed of a 39 nH inductor and a 1.5 pF
capacitor. For the rectifier design here, the purpose of the matching circuit is to match the
rectifier to 50 €2 for measurement. However, while in the rectenna design, different sets of

matching circuits are used to match the rectifier to the complex conjugate of the impedance

92



21 . . . .

19} —-—-Simulation |
(= - = ‘Mearsued in air
M 17 F|—2—Measured on hand Py

8 10 12 14 16 18
Input Power (dBm)

Figure 4.55: The measured output powers from the rectifier.

of the receivers as mentioned in subsection 4.6.1. The rectifier is composed of a voltage
doubler using HSMS2828 Schottky diodes and the load is a 330 pF capacitor for removing
higher-order harmonics and a 1.5 k¢ resistor. The simulated and measured results of the
output powers with different input powers are shown in Figure 4.55 and the maximum DC
conversion efficiency is about 68 % while the input power is 18 dBm. Moreover, the effects
of the human hand on the rectifier are also taken into consideration. The output powers
while measuring on hand are slightly smaller compared with measuring in air. However,

they are all very close to the simulated results.

4.6.4 Energy Harvesting Rectenna Measurement

The prototypes of the rectennas by combining the proposed receiving antennas and rec-
tifiers are shown in Figure 4.56. The matching circuits are adjusted to match the input
impedance of the respective receiving antennas which are extracted using the measured S
parameters of the antennas. Furthermore, the output powers, Py in Figure 4.35, under dif-

ferent orientations are measured and the results are shown in Figure 4.58. The angle defi-
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Figure 4.56: The prototypes of the rectenna with the (a) loop and (b) segmented loop
receiving antenna.
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Figure 4.57: The definition of angles for dynamic measurements of (a) loop rectenna and
(b) segmented loop rectenna.

nitions of different types of rectennas are shown in Figure 4.57. As shown in Figure 4.58,
the output power of the loop type rectenna will change significantly with the angle and it
is larger at smaller angles. On the other hand, the segmented loop rectenna is relatively
stable when the orientation angle changes. The reason is that the segmented loop rectenna
is an H-field coupling type and the H fields do not change significantly while adjusting the
orientation angle.

The measured performances are summarized in Table 4.7. The 110° is also included

since it is the most comfortable angle for the hand position. As shown in Table 4.7, the
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Table 4.7: The measured output voltage, power, and efficiency at 5 cm separation distance.

Output Voltage RFP,, DCP; RF-DC Efficiency

(V) (mW)  (mW) (%)
Loop 90° 8.50 53.2 48.2 90.5
Loop 110° 5.00 22.2 16.7 75.1
Segmented
Loop 90° 6.72 35.1 30.1 83.6
Segmented
Loop 110° 8.26 52.2 45.5 87.1

RF-DC efficiencies are all larger than 75 %. Regarding the choice of using a loop (E-field
coupling) or segmented loop (H-field coupling) rectenna, the segmented loop is better for a
couple of reasons. First, the segmented loop has better resistant to dynamic angle changes.
Although at 90°, the harvested power by loop antenna is larger, it drops seriously when
increasing the angle and it is smaller than the segmented loop at 110° which is the most
comfortable and possible orientation for most of the time. Second, the magnetic coupling
antenna tends to have lower loss induced by the human body and will have less harm to

humans [85].
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4.7 Summary

In this chapter, a novel wearable and flexible energy-autonomous on-body sensing network
is proposed featuring full operability through energy harvesting from a hand-held 464.5
MHz two-way talk radio. Three different functions are provided utilizing the hand-held
two-way talk radio as the only energy source for our proposed system. There are two types
of EHs proposed for the presented system. The first EH that is integrated with backscat-
tering sensor tags harvests the 464.5 MHz signal energy to drive the tags; the second EH
that can be worn on hands harvests the same 464.5 MHz signal to produce both the DC
power and the carrier signal. The second EH is more efficient than conventional ambient
RF energy harvesting architectures because, for the first time, both the DC and the sec-
ond harmonics generated by the rectifier are utilized to enable two additional functions.
The generated second harmonic is used to realize an RF carrier emitter without using an
external “power-hungry” RF oscillator and interrogate backscattering sensor tags for on-
body sensing. The DC power is used to power an RF amplifier in order to enhance the
second harmonic to effectively extend the sensing and communication range. The additive
manufacturing technologies including inkjet printing and 3D printing are used to fabricate
proof-of-concept prototypes. For the proof-of-concept demonstration, the measured DC
and the second harmonic, 929 MHz, output power from the proposed energy harvester
are 17.5 dBm and 1.43 dBm, respectively, while a two-way talk radio is 9 cm away. The
measured second harmonic output power is increased to 13 dBm utilizing the harvester-
powered RF amplifier, and the reading range of the custom backscattering sensor tag is
extended to more than 70 m with SNR equals to 14.7 dB. The reading range is expected
to extend to more than 270 m with 3 dB SNR. Also, the interrogation of multiple sensor
tags and the wireless detection of ammonia gas utilizing an inkjet-printed flexible ammonia
sensor is demonstrated showing the wide range of applications of the proposed approach.

A simulation process to accurately predict the coupling power of near-field coupling
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energy harvesters is also proposed and verified in this chapter. The human tissue effects
are taken into consideration. Two types of rectennas including loop type (E-field coupling)
and segmented loop type (H-field coupling) are proposed and the prototypes are realized
with the inkjet printing masking method. The measured results on the human body can be
used to verify the accuracy of the simulation and design process. Dynamic measurements
with different distances and angles are performed to address the effects of misalignment

between the radio and the harvesters and determine if active matching is required.
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CHAPTER §
ENERGY-AUTONOMOUS MICROPUMP SYSTEM TO EXPAND HORIZONS OF
MICROFLUIDIC APPLICATIONS

Microfluidic applications utilize the very little amount of fluid to analyze its properties.
They have played an important role in bio-sensing such as sweat, droplet, and blood anal-
ysis. They can also be used to perform environmental analysis such as water and rain
analysis. However, most of these analyses are done in the laboratory since actuation forces
are required to pump the liquid into the small microchannels for analysis. The micropump
systems are ideal to provide the actuation forces since they can be used on any type of lig-
uids. Furthermore, energy-autonomous micropump systems powered by EHs can expand
the horizons of microfluidic applications. Since now the actuation forces are provided, the
microfluidic applications are no longer restricted for in-lab use. That means wireless sens-
ing, wearable health monitoring, real-time environment monitoring, and IoT applications
are now all possible.

In chapter 4, a EH harvesting from near-field hand-held devices is proposed. A large
amount of energy is provided because of the small distance. However, the drawback is
that it only provides energy while the hand-held device is in use. On the other hand, har-
vesting from far-field signals such as DTV. UHF RFID is complementary to the near-field
sources since it provides much smaller but continuous energy. Thus, a EH design which
harvests energy from both near-field and far-field energy sources is necessary to combine
both advantages without any drawbacks.

In this chapter, an energy-autonomous micropump system is proposed to expand the
horizons of microfluidic applications. The micropump system is powered by an energy
harvester which harvests energy from both near-field 464.5 MHz two-way radio and far-

field UHF (850-950 MHz) RFID reader. The details of the micropump system are intro-
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duced in section 5.2 and successfully demonstrate the functionality. In section 5.3, a power
management circuit is included in the micropump system to further improve the system
and integrating both the large near-field energy and small far-field energy. The duty cy-
cling function is also included by utilizing the power management circuit. In section 5.4, a
new fabrication process utilizing only additive manufacturing technologies is proposed to
realize microfluidic sensors. The proposed process can realize microchannels with a lower
cost, more complex structures, and a shorter time. A proof-of-concept sweat sensor is also
demonstrated. Finally, the energy-autonomous micropump system, the power management
circuit, and the sweat sensor are combined to built a long-range backscatter microfluidic

sensing system in section 5.5.

5.1 Objectives and Design Ideas

5.1.1 Objectives, Challenges, and Solutions

Microfluidics has been a significant technique for advanced RF components over the last
decade. Non-conductive fluids are used to adjust the permittivity and achieve reconfig-
urable RF components such as resonators, filters, antennas, sensors, and frequency selec-
tive surfaces (FSS) [86-88]. In the meantime, conductive fluids are suitable for switches
and flexible circuits [89]. For all microfluidic applications, actuation forces are required
to move fluids inside microchannels. Typical ways of moving fluids includes manually
pressing fluids into the channels using syringes [90], using pumps [91], and using elec-
trochemically controlled capillarity [92]. However, all methods require a certain power or
voltage to drive the system which significantly limits their applications.

To expand the usage of microfluidics techniques to modern applications such as [oT and
smart skins, it is crucial to provide a battery-less actuation force to reduce the maintenance
cost. The energy harvesting techniques combining with a cheap and small micropump
which is capable of driving all types of liquids inside microchannels is an appropriate so-

lution to expand the horizon of the microfluidic applications since it has been proven that
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Figure 5.1: The summarizing table of the objectives, challenges, and solutions of the pro-
posed energy-autonomous long-range microfluidic sensing network.

the energy harvesting techniques are suitable to support green and constant energy for low-
power electronics [93]. For energy harvesting techniques, there are many different types of
ambient energy sources such as solar, RF, heat, and vibration that can be utilized in energy
harvesting systems. Among all ambient energy sources, RF sources are particularly popu-
lar since they can be accessed all day while their ability to bypass or penetrate walls makes
them ubiquitously available. There are two types of RF energy harvesting approaches. The
first one is to harvest far-field RF energy such as DTV and communication signals [12].
This type of energy can be accessed all the time but it typically has relatively low energy
density [8]. The other type of RF energy harvesting technique is to harvest RF energy from
nearby “hot spots” such as hand-held and wearable devices where RF energy is fairly high.
With a wearable and flexible energy harvester, this type of energy can generate very high
DC voltage and power [94]. However, it might be accessible only a small amount of time
when those hand-held and wearable devices are transmitting power.

In this chapter, the main objective is to propose a novel long-range microfluidic sensing
network. The detailed objectives, comparisons to prior arts, challenges, and solutions are
summarized in Figure 5.1. The microfluidic applications are still limited and not widely
adopted because of three main challenges. The first one is to provide energy-autonomous

actuation forces so that microfluidic applications will be no longer limited to only in-lab
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use. The second one is to come up with a new wireless detection method. Since most of the
prior arts detect the changes in the dielectric constants of the fluids, they will need expan-
sive readers such as VNA to detect the resonance frequencies. The detecting range for this
method is small and is easily affected by the clutters around the environment. The third one
is to reduce the cost of realizing microfluidic channels. The previous fabrication processes
required multiple process steps and thus increasing the cost significantly. Furthermore, the
structural flexibility is low. Therefore, developing a new fabrication process to realize the
microchannels for microfluidic applications is essential.

One of the solutions to the energy-autonomous actuation force is a micropump system
solely powered by energy harvesting techniques. The proposed energy harvester harvests
near-field and far-field RF energy sources simultaneously. A broadband energy harvester
which is composed of a broadband antenna and a broadband rectifier is proposed to simulta-
neously harvest the far-field UHF RFID reader signals within the range of 860 to 960 MHz
and near-field two-way talk radio waves at 464.5 MHz. By combining the two sources,
the system would have both advantages from the near-field and far-field energy harvesting.
The high power and DC from near-field energy harvesting can be achieved to overcome
the cold-start of the driving IC chip for the micropump immediately while the consistently
accessed far-field energy can be used to charge the energy storage device continuously to
maintain the function of the micropump system. The proposed energy-autonomous mi-
cropump system can provide large actuation forces which can be applied to any type of
microfluidic applications.

The proposed autonomous micropump system is further improved using a power man-
agement circuit (TT BQ 25570) to integrate the harvested near-field high power energy
and far-field low power energy and to provide the duty cycling function. Since the in-
put impedance of the power management circuit which is also the load impedance for the
rectifier varies depends on the input power, the matching circuit of the rectifier has to be

designed carefully. The input impedance of the power management circuit is low (around
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200 (2) at high input power and high (around 5k(2) at low input power. Thus, a carefully
designed tapered matching circuit is used to match both at 464.5 MHz while the load is
around 200 €2 and between 860 MHz to 960 MHz while the load is around 5 kf2.

To increase the reading range and reduce the effects of the clutters, a backscatter mi-
crofluidic sensing topology is proposed. Instead of detecting the dielectric constant changes
or the resonance frequencies, the proposed topology detects the conductivity changes in
the fluids inside the microchannel. The reader is much simpler and cheaper compared
with prior arts since a cheap off-the-shelf Software Defined Radio (SDR) can be used as
the reader. Furthermore, since the detecting target is the backscatter signals rather than
resonance frequencies, the clutter effects are much smaller.

To reduce the cost of microfluidic applications, a new additive manufacturing mi-
crochannel fabrication process for the microfluidic sensor is also proposed. Thanks to
the 3D printing technology, microchannels with various shapes and sizes can be realized
easily. Furthermore, only two steps are required to realize the microchannels and thus re-
ducing the cost significantly. The fabrication process is used to realize a sweat sensor as a
proof-of-concept test vehicle. The proposed micropump system, energy harvester, and mi-
crofluidic sweat sensor are integrated to achieve a backscatter microfluidic sensing system

to perform real-time on-body health monitoring.

5.1.2  System Architecture

The block diagram of the proposed energy-autonomous micropump system is shown in Fig-
ure 5.2. As shown in Figure 5.2, the energy sources are a UHF RFID reader (860 MHz-960
MHz) with EIRP equals to 4 W (36 dBm) and a two-way talk radio (464.5 MHz) with
output power around 35 dBm at near range. A broadband antenna is used to receive power
from both sources while a broadband matching circuit is used to match the antenna with the
rectifier within these frequencies. The rectifier would convert the RF signal to DC power

and use it to charge a supercapacitor which serves as the power storage circuit. Once the
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Figure 5.2: Block diagram of the proposed energy-autonomous microfluidic system.

voltage is high enough, the supercapacitor can be used to power up the driving IC or a
MCU to generate driving signals for the micropump. A small and cheap micropump that is
operated based on a piezoelectric diaphragm is used to support the actuation force for the
microfluidic applications.

The block diagram of the proposed energy-autonomous backscatter microfluidic sens-
ing system is shown in Figure 5.3. The broadband antenna is used to receive power from
both sources. The matching circuit is designed to meet both low power and high power
conditions. The harvested power is used to charge supercapacitors after the voltage is reg-
ulated by the power management circuit. Once the voltage at the supercapacitor reaches
the designed value, the power management circuit will start the discharging process and
drive both the oscillator and the micropump IC. The micropump IC will provide a suitable
voltage waveform to drive the micropump and pump the liquid into the microfluidic sen-
sor. The DC resistance of the microfluidic sensor varies depends on the conductivity of the
liquid. For example, when the human body dehydrates, the conductivity will increase and
change the DC resistance of the microfluidic sweat sensor. The oscillator frequency will

change based on the DC resistance and control the RF switch with respective oscillating
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Figure 5.3: Block diagram of the proposed energy-autonomous microfluidic backscatter
sensing system.

frequencies. Therefore, the modulated backscatter signals are created and backscatter to
the RFID reader or SDR. By monitoring the frequency of the backscattered signals, a wire-
less, wearable, and real-time health monitoring system using microfluidic sensors can be

realized.

5.2 Energy Harvester Powered Micropump System Design

5.2.1 Receiving Antenna Design

A broadband flexible monopole antenna as shown in Figure 5.4 is used for the collection
of energy from multiple ambient sources. As shown in Figure 5.4b, good flexibility can be
observed by curving the broadband antenna along with a cylinder with a diameter equals
to 10.1 cm. The measured S;; of the antenna in the flat and the curved configurations are
shown in Figure 5.5. As demonstrated in Figure 5.5, for the flat condition, the measured

Sy is smaller than -10 dB from 700 MHz to over 1.2 GHz. There is a frequency shift due

104



(a) (b)

Figure 5.4: Broadband antenna in (a) flat and (b) folded conditions.
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Figure 5.5: Measured Sy; in flat and folded condition.
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Figure 5.6: (a) The circuit diagram and (b) the prototype of the proposed broadband rectifier

to folding and the Sy, is kept smaller than -9 dB from 850 MHz to over 1.2 GHz. The UHF
RFID band can be covered by this broadband antenna under both conditions. The near-field
coupling between the 464.5 MHz two-way radio and the antenna is still good enough as

discussed in Section subsection 5.2.3.

5.2.2 Broadband Rectifier Design

A broadband rectifier which covers frequencies from 300 MHz to over 1.2 GHz is proposed
as shown in Figure 5.6. The circuit diagram is shown in Figure 5.6a and the fabricated pro-
totype is demonstrated in Figure 5.6b. A tapered line with length 50 mm, left width 1.83
mm, and right width 2.58 mm is used to achieve broadband impedance matching. The volt-
age doubler topology is adopted for the rectification. The voltage doubler is composed of
an 82 pF capacitor, an HSMS 282C diode package for rectification, and a 270 pF capacitor
to eliminate higher-order harmonics. The load of the proposed rectifier is the driving IC
of the micropump which has a resistance equals to 125¢2. The measured S;; values for
different input power levels are shown in Figure 5.7. The measured S;; are all smaller than
-9 dB for different input power levels and a very broadband performance can be proved.
The measured output power levels while using different input power levels at different

frequencies are shown in Figure 5.8. The simulated results using harmonic balance pro-
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Figure 5.7: Measured S;; of the proposed broadband rectifier.
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Figure 5.8: (a) The simulated and measured (a) output DC voltage and (b) output DC power
of the proposed broadband rectifier at different frequencies.

vided by ADS are also included for comparison and good agreements can be observed. As
depicted in Figure 5.8, flat responses at different frequencies can be observed which serves
as strong proof of the broadband performance of the proposed broadband rectifier. There is
a minor decrease around 1000 MHz due to the higher S;; values around that frequency. The

simulated and measured output DC voltage and output DC power of the proposed broad-
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Figure 5.9: (a) The simulated and measured (a) output DC voltage and (b) output DC power
of the proposed broadband rectifier at different input powers.

band rectifier at different input powers are shown in Figure 5.9. The RF-DC conversion
efficiency is about 50 %, 45 %, and 35 % while the input power levels of 20 dBm, 15 dBm,

and 10 dBm, respectively.

5.2.3 System Performance Evaluation

For the near-field energy harvesting, the measured coupling between the two-way talk radio
and the final output power at the output of the rectifier at different distances is 21.5 dBm,
16.3 dBm, and 14.6 dBm while the distance is 5 cm, 10 cm, and 15 cm, respectively. The
micropump-driving IC can be driven at the power level of at least 14 dBm which means
the maximum range is about 15 cm. This can be improved significantly to less than O
dBm and a much longer reading range by integrating the power management circuit and
the automatic duty cycling function. The details will be introduced in section 5.5. For the
far-field energy harvesting from UHF RFID reader, to follow FCC regulations, 4 W EIRP is
used. The received power by the broadband antenna at 900 MHz and 45 cm away is around
13 dBm. It takes 77 s to fully charge a 47 mF supercapacitor to 3.5 V and the micropump
can be operated for 10 s before the voltage drops below the driving point. Thus, the duty

cycle is about 13 %. The measurement setup for the entire system is shown in Figure 5.10.
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Figure 5.10: The measurement setup of the proposed energy-autonomous microfluidic sys-
tem.

The voltage at the output of the driving IC is measured and shown in Figure 5.11. As
shown in Figure 5.11, three different conditions are measured. The first one is the use of
the energy from the two-way radio to turn on the driving IC immediately. The second one
is to use a signal generator to generate a 19 dBm 464.5 MHz signal and directly feed to the
proposed broadband rectifier. The final one is to harvest UHF signals to charge supercapac-
itor and use that to drive the IC. Since the micropump is based on piezoelectric principles,
the resulting voltage change can be used to induce the vibration while the amplitude of the
voltage difference can be used to control the amplitude of the vibration and thus, control
the amplitude of the actuated force. As shown in Figure 5.11, since the two-way talk ra-
dio can support high energy density, the IC can be turned on immediately with an output
voltage of 67.2 V at the output end of the driving IC. The result is similar to that using a
signal generator with 19 dBm input power and the output voltage is 56 V. The noise in the
two-way talk radio measurement is due to the coupling between the two-way talk radio and

the probing cable of the oscilloscope. Moreover, the output voltage is 10.2 V while using
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Figure 5.11: Output voltage at the output pin of the driver IC.
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Figure 5.12: Measured S, of a liquid-tunable band-stop filter.

the UHF-charged supercapacitor. Although the voltage is smaller compared to that using
two-way talk radio, the driving IC is still successfully turned on. Furthermore, the time

duration of the voltage spikes shown in Figure 5.11 is determined by the driving IC. The
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Figure 5.13: The definitions of output voltages form the power management circuit (BQ
25570).

band-stop filter shown in Figure 5.10 is tunable due to the embedded microfluidic channel.
The measured So; values are shown in Figure 5.12 and the stopband can be changed by
pumping water into the microchannel using the proposed micropump system. It takes less
than 1 s to fill the channel with 6 uL. water. Besides, the moving speed of the fluid using
the proposed micropump system is measured and the result is 37.8 uL/s. Thus, it takes only
0.16 s to finish the transition which is a much shorter time than the autonomous micropump

operation time provided by the harvested energy.

5.3 Duty Cycling with Power Management Circuits

5.3.1 Power Management Circuits

There are a couple of reasons to include the power management circuit. First, the charg-
ing and discharging supercapacitor measurement in the previous section is done manually.
Thus, the power management circuit is necessary to improve the system and integrate both
the near-field high power and far-field low power with automatic duty cycling. Second,
since more than 1 V is required to drive the driving IC for the micropump, more than 14
dBm of UHF power is required and thus, the operating range is small. The power man-

agement circuit used here is a TI BQ 25570. The input cold-start voltage is 0.33 V and
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Figure 5.14: The input impedances of the power management circuit (BQ 25570).

the continuous voltage is 0.1 V once turned on. Due to the low turn voltage, only 0 dBm
of the input power is necessary to turn on the power management circuit and charging the
supercapacitor. Therefore, the operating range is expected to be extended significantly.
The definitions of output voltages from the power management circuit (BQ 25570) is
shown in Figure 5.13. The VAT _UV is the under-voltage protection for the power storage
unit which are supercapacitors here and the designed value is 2 V. The VBAT ok Prog is
the voltage where the charging mode will start when the voltage of the supercapacitors
dropped to this value and the designed value is 3 V. The VBAT ok _HYST is the voltage
where the discharging mode will start when the voltage of the supercapacitors are charged
to this value and the designed value is 4.8 V. The VBAT_OV is the over-voltage protection
so that the voltage of the supercapacitors will never go over this value, 5 V, to protect the

supercapacitors. The output voltage is a steady 3 V which is large enough to drive the
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Figure 5.15: The circuit diagram of the proposed rectifier with power management circuit
(BQ 25570) load.

Figure 5.16: The fabricated prototype of the proposed rectifier with power management
circuit load.

driven-IC for the micropump.

5.3.2 Rectifier Design for Power Management Circuits

The new rectifier which harvests energy from both low-power UHF and high-power two-
way talk radio has to be modified due to the change of the load resistance. The load of the
rectifier now is the input impedance of the power management circuit and the measured
results are shown in Figure 5.14. As shown in Figure 5.14, the load impedance will change
at different input power, for high input power at 464.5 MHz, the load impedance is small

at around 0.2 k(2. On the other hand, when the input power is low such as 0 dBm at 850 -
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Figure 5.17: (a) The measured (a) output DC voltage and (b) output DC power of the
proposed rectifier with BQ 25570 load at different frequencies.
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Figure 5.18: (a) The measured (a) output DC voltage and (b) output DC power of the
proposed rectifier with BQ 25570 load at different input powers.

950 MHz, the load resistance is about 5-9 k(2. The large variation of the load resistance at
different input power is a large challenge for the rectifier design.

The circuit model of the new rectifier with BQ 25570 as the load is shown in Figure 5.15
and the fabricated prototype is shown in Figure 5.16. A two-stage charge pump topology is
adopted and the matching circuit is composed of a tapered line and a lump 3.9 nH inductor.
The length of the tapered line is 50 mm with a left-end width of 1.67 mm and a right-
end width of 2.4 mm. A 270 pF capacitor is placed at the load to filter the higher-order

harmonics.
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Figure 5.19: (a) The measured RF-DC efficiency of the proposed rectifier with BQ 25570
load (a) at different frequencies and (b) at different input powers.

Table 5.1: The highest efficiency of different frequencies.

Frequency (MHz) Efficiency (%) Input Power (dBm)

464.5 34.1 18.1
850 31.1 7.13
900 38.1 5.2
950 40.2 3.24

The measured output voltage and output power from the energy harvest at different
frequencies are shown in Figure 5.17. The step of each marker is 50 MHz. As shown
in Figure 5.17a, the output voltages at 850-950 MHz while input power is 0 dBm is larger
than 0.7 V which is much larger than the cold-start voltage (0.33 V) of the BQ 25570. The
measured output voltage and output power from the energy harvest at different input powers
are shown in Figure 5.18. As shown in Figure 5.18a, for two-way talk radio at 464.5 MHz,
the output voltage is 0.3 V while input power is 3.43 dBm. Thus, the minimum input power
to overcome the cold-start voltage (0.33 V) of BQ 25570 while harvesting power from two-
way radio is about 4 dBm. On the other hand, the minimum input power to overcome the
cold-start voltage while harvesting power from UHF RFID reader is -2.9 dBm.

The measured RF-DC efficiency of the proposed rectifier with BQ 25570 load is shown

in Figure 5.19. As shown in Figure 5.19a, the largest efficiency for 18 dBm input power is
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38.6 % at 400 MHz which is very close to the two-way radio. The largest efficiencies for
10 dBm and 0 dBm input power are 34.2 % and 32.2 %, respectively and both are at 850
MHz. The highest efficiencies while input energy is at 464.5, 850, 900, and 950 MHz, and
the respective input powers are summarized in Table 5.1. The designed energy harvester
is perfect for the system since for 464.5 MHz, the highest efficiency is at large power and
for 850-950 MHz, the highest efficiency is achieved at middle and low large power. The
situation meets the system requirement which harvests high-power near-field energy from

two-way radio and low-power far-field energy from UHF RFID.

5.4 Microfluidic Sweat Sensor

Additive manufacturing techniques can be used to realize the microfluidic channels with
lower cost, faster prototyping, and more complex structure. In this section, additive manu-
facturing microfluidic sensors are designed, fabricated, and characterized. This sensor can
be used to sense the conductivity change of the fluid. Therefore, the proposed sensor can
be applied to sweat sensors or environmental sensors which detect acid rain. Taking the
sweat sensor for example, this section starts with the conductivity of normal human sweat.
The conductivity of human sweat can be modeled as the conductivity of the NaCl under
different concentrations. Then two fabrication processes to realize the microfluidic sensor
are proposed. The first one utilize 3D printing mold for microchannel fabrication and inkjet
printing for electrodes. The second fabrication process is faster and simpler than the first
process by directly 3D printed the microchannel. Since the second process is better, it is
used in the rest of the analysis. The test samples are fabricated and measured. The stability

and repeatability of the process are also characterized for future large-scale fabrication.

5.4.1 Sweat Conductivity

The sodium concentration for healthy human sweat ranges from 20 to 100 mmol/L and the

concentration of chloride is from 26 to 80 mmol/L [96]. The NaCl concentration inside
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Figure 5.20: (a) The conductivity of NaCl under different concentrations [95] and (b) the
conversion of NaCl concentration to conductivity.

Table 5.2: The conversion of NaCl concentration to conductivity.

Concentration (mmol/LL) Conductivity (S/cm)

26 0.00179
50 0.00343
80 0.00547

healthy human sweat is assumed from 26 to 80 mmol/L. The conversion between conduc-

tivity and concentration is built in [95] as shown in Figure 5.20a. The smaller-scale figure

focusing only on the interesting range of concentration is shown in Figure 5.20b. The

boundary line in Figure 5.20b is the same definition as in Figure 5.20a. A couple of con-

centrations and the respective conductivities are summarized in Table 5.2. For the lowest

concentration (26 mmol/L), the conductivity is 0.00179 S/cm. For the highest concentra-

tion (80 mmol/L), the conductivity is 0.00547 S/cm. The conductivity change is more than

3 times which gives a big range of variation for the backscatter sensor.
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Figure 5.21: (a) The topology of a microfluidic sensor and (b) its electrodes.
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Figure 5.22: The fabrication process of an additive manufacturing mold for microfluidic
Sensor.

5.4.2 Fabrication Process

Additive Manufacturing Mold for Microfluidic Sensor

A fully additive manufacturing microfluidic sensor will be introduced in this section. Most
of the microfluidic sensors rely on detecting the change of the dielectric constant of the
liquid using resonance structures [86]. These resonances can be easily detected while wire
connected to VNA. However, it is very difficult to detect the resonance wirelessly under a
complex environment with clutters. Thus, microfluidic sensors used here rely on detecting
the change of the conductivity of the liquid using topology like subsection 4.4.2. The
backscattered topology and this type of microfluidic sensors detecting the change of the
conductivity can be used and detected under complex environment and the reading range

can be longer than 70 m if designed carefully as introduced in section 4.5.
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Figure 5.23: (a) The fabricated prototypes of the mold and (b) microfluidic channel.

The fully additive manufacturing process is extremely helpful to realize microchannel
with different sizes and shapes. The design of the microfluidic sensors is shown in Fig-
ure 5.21. It is composed of two electrodes printed using SNP on PET and a microfluidic
channel realized with PDMS. The dimensions of the electrodes are shown in Figure 5.21b.
The microfluidic channel height is 100 um. The width and length are 800 um and 20 mm,
respectively. The fabrication process is demonstrated in Figure 5.22. For the microfluidic
channel, a mold is 3D printed and then filled with PDMS. The PDMS microchannel is then
peeled off from the mold. The electrodes are inkjet printed on PET and then combine with
the microfluidic channel using PDMS as glue. The fabricated mold and the microfluidic
channel are shown in Figure 5.23.

A 44 mmol/L NaCl solution is injected into the fabricated sensors. The measured DC
resistance of the sweat sensor with 400 um gap size between two electrodes is 1k(2. The
measured DC resistance of the sweat sensor with 600 um and 800 pm gap size between two
electrodes is 1.2 k(2 and 2 kf), respectively. Thus, the sweat sensor functions successfully

and can be used to real-time monitor the sweat and dehydrate levels of users.
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Figure 5.24: The fabrication process of an additive manufacturing microfluidic sensor.
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Figure 5.25: (a) The topology of the microfluidic sensor test vehicle and (b) the flexibility
of the proposed microfluidic sweat sensor.

Additive Manufacturing Microfluidic Sensor

A further simplified additive manufacturing process for the microfluidic sensor is proposed
as shown in Figure 5.24. There are only three steps. The first step is to 3D printing the
microchannel. The second step is to inkjet printing the electrodes. The final step is to
combine the electrodes and the microchannel. The glue used to combine them is the same
material as the microchannel. The glue is applied around the microchannel and then the
microchannel is pressed together with the PET. Three minutes of UV curing is applied to
make sure the combination and watertight. Since there are fewer steps, this process can be
finished within less processing time. Furthermore, there is no need for molds and thus, this
process can save materials and be achieved at a lower cost.

A proof-of-concept design of the sweat sensor is shown in Figure 5.25a. The inkjet-
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Figure 5.26: (a) The measured resistances of the microfluidic sweat sensor (b) the stability
and repeatability test of the microfluidic sweat sensor.

printed SNP electrodes are printed on a flexible PET substrate. Multiple electrodes sep-
arated with different distances are printed for the resistance test. A half-circle cylinder
channel (as shown in Figure 5.24) with 1 mm diameter is 3D printed with flexible resin
named Flexible 80A from Formlabs. The entire sweat sensor is flexible and wearable as
shown in Figure 5.25b. To combine the electrodes and the microchannel, a thin layer of
Flexible 80A is applied around the microchannel. Then the PET and the 3D printed mi-

crochannel is pressed together and cured under UV light for 3 minutes.

5.4.3 Microfluidic Sweat Sensor Performance

The fabricated test vehicles with different micro-channel sizes are measured with a multi-
meter. The DC resistances under different gap sizes between two electrodes are summa-
rized in Figure 5.26a. Two micro-channel diameters, 1 mm and 0.5 mm, are used. Besides,
two different concentrations, 30.8 mmol/L and 71.9 mmol/L, of NaCl solutions are injected
into the microchannel to mimic the human sweat. As shown in Figure 5.26a, the resistances
of the smaller microchannel are larger than larger microchannel cases. Moreover, the solu-
tion with a larger concentration has larger conductivity and thus, the resistances are smaller.
For the same micro-channel diameter and concentration, the resistance is proportional to

the gap size.
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To test the stability and repeatability of the process, multiple test samples are fabricated.
The gap sizes between two electrodes of all test samples are 13 mm. There are four test
conditions as shown in Figure 5.26b. As shown in Figure 5.26b, for the same test condition,
multiple samples demonstrate very close measured results. Therefore, the repeatability of
this process is very good which means this process can be applied to large-scale fabrication

and the differences between each sample are small.

5.5 Energy-autonomous Backscatter Microfluidic Sensing System

The energy harvester, power management circuit, and microfluidic sensors are all finished
in the previous sections. In this section, all circuits are integrated to form a wearable long-

range backscatter microfluidic sensing system.

5.5.1 RF Switch Design

The first part of the backscatter microfluidic sensing system is a RF switch which can create
two states of loading impedances for the antenna. Two switches including a MOSFET BF
1118 and a pin diode SMP 1340 are tested. The performances are compared and trade-off

to select the most suitable topology.

RF Switch BF 1118

The RF switch BF 1118 and the testing circuit as shown in Figure 5.27 is fabricated and
measured. The two 470 pF capacitors are used as the DC block while a 390 nH inductor is
used to feed the oscillator output signal. The measured So; is shown in Figure 5.28. At 0
V (short), the ideal result is O dB which means all power is passing to the rectifier. On the
other hand, the result at 3 V (open) should be as low as possible to create two distinct states
for backscatter. The carrier frequencies for the backscatter is UHF from 860 to 960 MHz.
The 3 V S is lower than -20 dB within 860 to 960 MHz which meets the requirement.

However, the O V S»; is -2.68 dB which is the loss due to the switch. The loss is so high that
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Figure 5.27: The circuit diagram of the RF switch design using MOSFET BF 1118.
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Figure 5.28: The measured So; of the RF switch using MOSFET BF 1118.

the efficiency of the entire energy harvester is dropped. Therefore, another switch topology

is adopted.

Pin Diode SMP 1340

The pin diode SMP 1340 is used to create RF switch for backscatter. The testing circuit
and the fabricated prototype are shown in Figure 5.29. A 490 pF capacitor is used as the

DC block and a 39 nH inductor is used to feed the oscillator output signals. The measured
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Figure 5.29: (a) The circuit diagram and (b) prototype of the RF switch design using pin
diode SMP 1340.
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Figure 5.30: The measured S, of the RF switch using pin diode SMP 1340.

So1 is shown in Figure 5.30. At 0 V (short), the So; is -0.58 dB which is very close to 0 dB.
That means the loss due to the switch is very small. At 3V (open), the S, is -7 dB which is
good enough to be distinguished between the matched state. The loss imposed by the pin
diode switch (-0.58 dB) is much smaller than the MOSFET (-2.68 dB). Therefore, the pin

diode topology is adopted for the backscatter system.
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Figure 5.31: The circuit diagram of the proposed rectifier with switch and power manage-
ment circuit load.

Figure 5.32: The fabricated prototype of the proposed rectifier with switch and power
management circuit load.

5.5.2 Energy Harvester Design

The energy harvester design including the switch is shown in Figure 5.31 while the fabri-
cated prototype is shown in Figure 5.32. The rectifier is still a two-stage charge pump and
the matching circuit is composed of a 3.9 nH capacitor and a tapered line. The length of the
tapered line is 50 mm with a left-end width of 1.67 mm and a right-end width of 2.4 mm.
A 270 pF capacitor is placed at the load to filter the higher-order harmonics. The pin diode
switch is connected to the tapered line at a 4.6 mm distance from the left. The measured

output voltage and output power with respect to different frequencies are shown in Fig-
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Figure 5.33: (a) The measured (a) output DC voltage and (b) output DC power of the
proposed rectifier with switch and power management circuit load at different frequencies.
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Figure 5.34: The measured RF-DC efficiency of the proposed rectifier with switch and
power management circuit load at different frequencies from (a) 400 MHz to 1000 MHz
and (b) from 850 MHz to 950 MHz.

ure 5.33. The step for the marker is 50 MHz. The measured RF-DC efficiency including
the pin diode switch loss with respect to different frequencies are shown in Figure 5.34.
As shown in Figure 5.34, for large input power (18 dBm), the largest efficiency is at 500
MHz which is very close to the two-way radio operating frequency. For small input power
such as 10 dBm and 0 dBm, the highest efficiency is at 890 MHz which is within the UHF
RFID band. Furthermore, the RF-DC efficiency within 850-950 MHz is demonstrated in
Figure 5.34b. A flat and broadband performance is obtained using the energy harvester

design.
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Figure 5.35: (a) The measured (a) output DC voltage and (b) output DC power of the
proposed rectifier with switch and power management circuit load at different input powers.
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Figure 5.36: The measured RF-DC efficiency of the proposed rectifier with switch and
power management circuit load at different input powers.

The measured output voltage and output power from the energy harvest at different
input powers are shown in Figure 5.35. As shown in Figure 5.35, for two-way talk radio at
464.5 MHz, the output voltage is 0.31 V while input power is 3.4 dBm. Thus, the minimum
input power to overcome the cold-start voltage (0.33 V) of BQ 25570 while harvesting

power from two-way radio is about 4 dBm. On the other hand, the minimum input power
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Table 5.3: The highest efficiency of different frequencies for the energy harvester with
switch.

Frequency (MHz) Efficiency (%) Input Power (dBm)

464.5 31.54 18.19
850 40.14 5.17
900 50.29 3.13
950 43.72 5.12

00
850 MHz O V7
850 MHz 3V 50
900 MHz O V
900 MHz 3V
950 MHz O V
950 MHz 3V

Figure 5.37: The measured input impedances of the rectifier while the switch is on different
states.

to overcome the cold-start voltage while harvesting power from UHF RFID reader is -5
dBm. Therefore, for continuous far-field energy harvesting from UHF RFID reader, the
minimum input power or sensitivity is -5 dBm which is much better than 14 dBm in the
first design introduced in subsection 5.2.3. The measured RF-DC efficiency including the
pin diode switch loss with respect to different input power are shown in Figure 5.36 and

the largest efficiencies at different frequencies are summarized in Table 5.3. The highest
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efficiency for near-field two-way radio is at large input power 18.19 dBm. On the other
hand, the highest efficiency for far-field UHF RFID is at low input power around 5 dBm.
Therefore, the proposed energy harvester can integrate both near-field and far-field energy
sources and achieve the highest efficiencies at respective input power levels. Besides, the
change of the loading impedance at different input power as demonstrated in Figure 5.14
is also taken into consideration and good performances are achieved.

The measured input impedance of the rectifier, while the switch is on different states
is shown in Figure 5.37. While at 0 V, the antenna is connected to the rectifier with a
matching circuit. At 3 V, the antenna load is at a different state. As shown in Figure 5.37,
two different states are created successfully for the backscatter sensing purpose and the

differences between two states are large enough to be distinguished.

5.5.3 Microfluidic Sweat Sensor

The sensor used here is an additive manufacturing microfluidic sweat sensor. The fabri-
cation process has been introduced in section 5.4. The design schematic is shown in Fig-
ure 5.38a. Two electrodes are inkjet printed on PET with 30 mm separation distance as
shown in Figure 5.38b. The microchannel is 3D printed using Flexible 80A material and
the channel diameter is 0.5 mm. The test samples of the microfluidic channel are shown
in Figure 5.38c. Then the electrodes and the microchannel are combined as shown in Fig-
ure 5.38d.

The DC resistance of the sweat sensor is measured with a multimeter. As demonstrated
in Figure 5.39a, the resistance between two electrodes is about 17 M(2 when the microchan-
nel is filled with distilled water. Since the human sweat conductivity is within 26 mmol/L
and 80 mmol/L. NaCl solution, two NaCl solutions with concentrations 30.8 mmol/L. and
71.9 mmol/L are used for testing. The measured resistance is 348 k{2 when the microchan-
nel is filled with 30.8 mmol/L NaCl solution as shown in Figure 5.39b. On the other hand,

the measured resistance is 166 k2 when the microchannel is filled with 71.9 mmol/L NaCl
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Figure 5.38: (a) The design schematic of the sweat sensor, (b) the inkjet printed electrodes,
(c) the 3D printed flexible microchannel, and (d) the sweat sensor test sample

Figure 5.39: The measured resistance of the microfluidic sweat sensor while the microchan-
nel is filled with (a) distilled water (b) 30.8 mmol/L NaCl, and (c) 71.9 mmol/L NaCl

solution as shown in Figure 5.39¢c. The resistance of the higher concentration solution is
smaller since the conductivity is higher. The resistances are about 2 times of difference

which is large enough for the backscatter sensing to distinguish the difference.
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Figure 5.41: The measured resistance of the microfluidic sweat sensor with default resistor
while the microchannel is filled with (a) 30.8 mmol/LL NaCl and (b) 71.9 mmol/L NaCl

The sensor is used as the load of the timer to control the oscillating frequency. However,
the resistance of the sensor is open when the microchannel is empty and the timer can not
handle that. To sense that the channel is empty, a default 667 k{2 resistor is paralleled with
the microfluidic sensor as shown in Figure 5.40. This test vehicle is used as the final sweat
sensor for the backscatter sensing system. The sweat sensor with a resistor is also measured

using a multimeter and two solutions with concentrations equal to 30.8 and 71.9 mmol/L.
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Rectifier

Figure 5.42: The prototypes of all components of the proposed EH powered backscattering
sensing system.

As shown in Figure 5.41, the resistances of the sweat sensor when 30.8 and 70.1 mmol/L
NaCl solution is filled inside the microchannel are 211 k{2 and 134 k€2, respectively. The

difference between two resistances is still large enough for the system to distinguish them.

5.5.4 Backscattering Sensing System Performance Evaluation

All components for the backscatter microfluidic sensing system including the energy har-
vester, the power management circuit, the power storage supercapacitor array, the microp-
ump, the timer to generate oscillate frequencies, and the microfluidic sweat sensor are
shown in Figure 5.42. The BQ 25570 shown here is the evaluation board and the size can
be reduced easily. The system topology is shown in Figure 5.3. Two main system perfor-
mance evaluations are tested in this section. One is from the power perspective. In this test,
the main focus is to prove that the timer and micropump can be successfully driven with
the power harnessed by the energy harvester. Furthermore, the charging and discharging
(operation) times when using two-way radio or UHF RFID as the energy sources are also
included. The other test is the wireless backscatter system measurement. The information

of the sweat sensor is transmitted to the reader wirelessly. The sensing range and the SNR
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Figure 5.43: The output voltage waveforms of the power management circuit.
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Figure 5.44: The output voltage waveforms of the micropump driving IC in (a) large time
scale and (b) small time scale.

of the receiving signal are measured.

Harvested Power Measurement

All components are connected to build the backscatter microfluidic sensing system and

the measured output voltage waveform from the power management circuit is shown in
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Figure 5.45: The output voltage waveforms of the oscillator.

Figure 5.43. The voltage waveform of the voltage across the supercapacitor (Vgar) is also
included for comparison. The Vgar is in the charging mode when the voltage drops 3
V and switch to the discharging mode when the voltage reaches 4.8 V as the expected
design shown in Figure 5.13. Furthermore, the output voltage is a steady 3 V while in the
discharging mode.

The micropump-driving IC is driven by the output 3 V from the BQ 25570 and the
respective output voltage waveform is shown in Figure 5.44. The driving IC is success-
fully driven while the BQ 25570 is in the discharge mode. The oscillating frequency is
109 Hz with a voltage amplitude of 50 V. The micropump which is operated based on a
piezoelectric can be driven with this voltage waveform and pump the liquids into the mi-
crochannel. In the meantime, the timer (oscillator) is also driven with the output voltage of
the BQ 25570 and the waveform is shown in Figure 5.45. The oscillated frequency is 111
kHz while the controlled load resistor for the timer is 470 k2. The voltage amplitude is 3V
which is large enough to change the states of the switch.

The charging and discharging time using different input power levels at different fre-
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Figure 5.46: The voltages across energy storage devices (super-capacitor) while charging
and discharging using a 20 dBm 464.5 MHz input signal.

Table 5.4: The charging and discharging time of the system while using a 20 dBm 464.5
MHz input signal.

Super-capacitor (mF) Charging Time (s) Discharging Time (s)

47 4.63 1.19
100 7.69 1.68
220 15.28 4.03

quencies are measured. The charging and discharging waveforms for different supercapac-
itors are shown in Figure 5.46. The input power is a 464.5 MHz, 20 dBm signal. The
charging and discharging time are summarized in Table 5.4. For a smaller supercapacitor,
it takes a shorter time to fully charge to 4.8 V and the discharging time is also shorter. As
shown in Table 5.4, it takes only 15.28 seconds to fully charge the 220 mF supercapacitor
and the micropump as well as the timer can be used for 4.03 second to pump the liquid into
the microchannel and create the modulated backscatter signals.

The charging and discharging waveforms using 0 dBm UHF RFID signals are shown
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Figure 5.47: The voltages across a 47 mF super-capacitor while charging and discharging
using 0 dBm input signals.

Table 5.5: The charging and discharging time of the system while using a 0 dBm input
signal and a 47 mF super-capacitor.

Frequency (MHz) Charging Time (min) Discharging Time (s)

850 9.7 1
900 6.6 1
950 9.9 1

in Figure 5.47. The supercapacitor used here is 47 mF. The charging and discharging time
are summarized in Table 5.5. As shown in Table 5.5, it takes about 6.6 to 10 minutes to
fully charge the 47 mF supercapacitor and the micropump as well as the timer can be used
for 1 second to pump the liquid into the microchannel and create the modulated backscatter
signals. The moving speed of the micropump is 37.8 uL/s and the channel size can be
filled with 3.9 uLL of liquid. Thus, it only takes 0.1 seconds to fill the microchannel. Thus,

1 second usage time is long enough to fill the microchannel and detect the backscatter

signals.
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Figure 5.48: The measurement setup of the proposed EH powered backscattering sensing

system.
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Figure 5.49: The measured wireless backscattered signals when the sweat sensor is filled
with (a) 30.8 mmol/L NaCl and (b) 71.9 mmol/L NaCl
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System Wireless Interrogation Measurement

The wireless measurement setup for the backscatter sensing system is shown in Figure 5.48.
The transmitter is the signal generator broadcasting a 12 dBm carrier signal that operates
at 900 MHz and a monopole antenna. Thus, the transmitted EIRP is around 14 dBm. The
receiver is a spectrum analyzer with a monopole antenna. The transmitter and the receiver
are acted as a RFID reader and can be replaced with a cheap SDR. The distance between
the reader and the sensing tag is 3 m. When the microchannel is filled with a 30.8 mmol/L
NaCl solution, the measured results are shown in Figure 5.49a. There are three spikes.
The center one at 900 MHz is the carrier signal. The other two spikes are the backscatter
signals located at 232.9 kHz away from the carrier signal. The SNR is 15.6 dB. When the
solution is replaced with a 71.9 mmol/L. NaCl solution, the measured results are shown
in Figure 5.49b. There are also three spikes. The center one at 900 MHz is still the carrier
signal. The other two spikes are the backscatter signals but the distances between the carrier
and the backscatter signals are now 341.2 kHz. The SNR is 16.25 dB.

The experiment can be used as proof showing that the system can be fully operated
relying on the power collected by the energy harvester. The difference between two con-
centrations of the solutions is 108.3 kHz which is large enough to be distinguished. Fur-
thermore, normally 3 dB of the SNR is large enough to detect the signal and the allowed
EIRP is 36 dBm. Therefore, there is a 34.6 dB link budget spared and the reading range
can be extended to 22 m if all link budget is used. The proposed system used backscatter

topology. Therefore, the effects of clutters can be minimized.

5.6 Summary

A novel fully additive manufacturing energy-autonomous microfluidic backscatter sensing
system is proposed. An energy-autonomous micropump system is proposed to provide

actuation forces and open new applications for microfluidic such as smart skin and [oT. The
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proposed energy harvester is the first design which harvests near-field two-way talk radio
at 464.5 MHz and far-field UHF RFID reader from 860 MHz to 960 MHz simultaneously.
The near-field two-way radio provides high input power but can only be harvested while
it is in-use. The far-field UHF RFID provides continuous but lower power. By integrating
both energy sources, the advantages of both kinds of energy sources can be included. The
near-field energy harvesting can support high power at a certain time to overcome IC cold
start and the far-field energy harvesting can harvest power all the time to maintain the
function.

The power management circuit BQ 25570 is utilized. The energy harvester is carefully
designed so that it has high RF-DC efficiency at 464.5 MHz with high input power. Fur-
thermore, the same energy harvester can also achieve high RF-DC efficiency at 860-960
MHz with low input power. The proposed energy harvester is suitable to integrate both
power and adapt to the impedance change of the BQ 25570 with respect to the input power
level change.

A new fully additive manufacturing process to fabricate microchannels for microfluidic
applications is also proposed. The new process is lower cost, fast prototyping, and can
achieve a more complex structure. The conductivity changes of the fluids are utilized to
realize a microfluidic sensor for backscatter sensing topology. Compared with the resonant
type microfluidic sensor, the proposed backscatter sensing topology can be detected easily
in a complex environment with clutters with a much cheaper SDR. A proof-of-concept
microfluidic sweat sensor is fabricated and measured. The design shows good repeatability
and the performance meets the expectation.

The energy-autonomous backscatter sensing system is built and measured. A flexible
sweat sensor is demonstrated to realize real-time on-body health monitoring. The same type
of microfluidic sensor can also be used for environmental sensing such as detecting acid
rain. The system can be fully functional relying only on the power collected by the energy

harvester. The backscatter signals are also measured to prove that the sensor information
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is wirelessly delivered to the reader with long distances. The reading range is 3 m with 14
dBm EIRP and the SNR is larger than 15 dB. The reading range can be extended to 22 m
when all 36 dBm EIRP is used and the SNR required is 3 dB. The detecting range is much
longer compared with the resonant type microfluidic sensor.

From the energy harvester point of view, the proposed energy harvester is the first one
which collects more energy by combining both near-field and far-field energy to have all
advantages. Itis also the first time the energy harvesting is applied to micropump to achieve
a fully autonomous microfluidic application and expand the horizons of microfluidic appli-
cations. From the fabrication point of view, a fully additive manufacturing process for
the microfluidic sensor is proposed. Thanks to the additive manufacturing technologies,
the microfluidic sensor can be realized with lower cost, less waste, and more 3D struc-
tural flexibility. Finally, a novel energy-autonomous backscatter sensing system utilizing
microfluidic sensing techniques is demonstrated and the reading range is much larger com-

pared with other related works.
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CHAPTER 6
BROADBAND 5G PACKAGE INTEGRATED ENERGY HARVESTER USING
GLASS PACKAGING TECHNOLOGIES

With the incoming 5G wireless communication, there are numerous opportunities and chal-
lenges. The high EIRP allowed by FCC makes 5G signals a suitable source for energy har-
vesters. However, the high path loss and transmission loss remains a great challenge. Since
the 5G wireless communication utilizes broad operational band at mm-wave frequencies
to achieve high data rate and low latency, the wavelengths and the size of RF components
can be reduced significantly. The size of RF components shrink to the same order as the IC
package and thus, SiP technologies which integrate ICs with peripheral components such
as filters, antennas, couplers, and matching circuits attract more attention.

Broadband AiP designs are important since one set of Multi-input Multi-output (MIMO)
antenna array can be used to cover the whole 5G operating band. In addition to the compo-
nent design, the packaging fabrication process is also a critical concern. Some perspectives
which can be used to evaluate the packaging process are the electrical properties, surface
roughness, Coefficient of Thermal Expansion (CTE) match to silicon, I/O density, and the
precision of patterning. The glass packaging process is a good candidate to offer high
precision and good performance.

In this chapter, the objectives and design ideas of using 5G wireless communication will
be included in section 6.1. Then the glass SAP packaging fabrication process is introduced
in section 6.2. The design, fabrication, and measurement of broadband AiP design which
cover two 5G bands is demonstrated in section 6.3. The broadband AiP design is further
improved with a smaller size and much broader bandwidth to cover all 3 5G bands in
section 6.3. Finally, broadband package-integrated energy harvester designs are introduced

in section 6.4.
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Figure 6.1: The 3D SiP module with AiP designs for 5G applications.

Table 6.1: The frequency bands of the 5G NR wireless communication.

Band Name Bang Alias Frequency Range (GHz) Bandwidth (GHz)

n257 28 GHz 26.5-29.5 3
n258 26 GHz 24.25-27.5 3.25
n260 39 GHz 37-40 3
n261 28 GHz US 27.5-28.35 0.85

6.1 Objectives and Design Ideas

Numerous opportunities and challenges have emerged with the launching of the new 5G
wireless communication [97]. The adoption of mm-wave frequencies and a wider spectrum
provide the 5G communication a much higher data rate, low end-to-end latency, and the
ability to connect more users simultaneously. These advantages are used to advance the
development of emerging technologies including automatic driving and IoT. However, the
high over-the-air path loss and high transmission loss within the circuit board at mm-wave
range remain great challenges.

The mm-wave beamforming technology has been a popular method to solve the high
over-the-air path loss problem [98, 99]. In the meantime, AiP technology remains an at-
tractive solution to reduce the high transmission loss at mm-wave range [98, 100, 101]. The

schematic of a 3D SiP module with AiP designs for 5G applications is shown in Figure 6.1.
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The mm-wave Radio Frequency Integrated Circuit (RFIC) is embedded inside a cavity and
placed at the proximity of the AiP designs while other low-frequency ICs can be flip-chip
bonded at longer distances. Since the originally on-board antenna arrays are now migrat-
ing to AiP designs, the interconnect lengths and the resulting transmission losses between
RFIC and antennas are significantly reduced.

Taking both beamforming and AiP into consideration, massive arrays that can enhance
the gain values and beamforming capabilities while the overall sizes are small enough to be
integrated inside the package are necessary. Current 5G NR standard utilize three different
bands: n257 (26.5 - 29.5 GHz), n258 (24.25 - 27.5 GHz), and n260 (37 - 40 GHz) as sum-
marized in Table 6.1. The n261 band is just a sub-band of n257. If three sets of antenna
arrays covering each band have to be integrated into a single package, the element number
in each array has to be reduced resulting in the decrease of the gain values and beamform-
ing capabilities. Thus, a broadband and miniaturized AiP element design which covers
all three bands from 24.25 to 40 GHz is necessary to reduce the set of arrays and achieve
better performances. Recently, there have been many reports of AiP element designs and
researches using different fabrication processes. In [102], a 3D-printed AiP design is intro-
duced. A multi-layer AiP structure utilizing organic substrates has been described in [98].
However, these designs are not broadband enough to cover the whole 5G band and the sizes
can be further improved.

In this chapter, the main objective is to propose a size-reduced UWB planar Yagi-Uda
AiP element, array, and energy harvester design which can cover all three 5G bands from
24.25 to 40 GHz. The detailed objectives, comparisons to prior arts, challenges, and so-
lutions are summarized in Figure 6.2. To miniaturize the size, the antenna element struc-
ture is modified to simplify the feeding network while removing the requirement for the
balun. For the UWB planar Yagi-Uda element design, instead of the dipole-type radia-
tor, the monopole-type radiator is used to further reduce the size. Both a single antenna

element and a 2-by-1 array are demonstrated. Broadband characteristics and excellent end-
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Figure 6.2: The summarizing table of the objectives, challenges, and solutions of the pro-
posed SG UWB AiP and energy harvester design.

fire radiation capability are confirmed with the measured return losses, gain values, and
radiation patterns. For the fabrication of the proof-of-concept test vehicles, the low-cost
good-scalability glass packaging technology [103—105], which offers great surface rough-
ness, CTE match to silicon dies, and fine-pitch lines, spaces [106], and vias [107] for
high-speed high-I/O computation is adopted. New low-loss material from JSR Corp. is
also used. Since the new material is softer with a larger elongation factor, the warpage
can be reduced. For the 5G UWB energy harvester design, broadband matching networks
and rectifiers operated at mm-wave frequencies are also proposed. Two rectifiers covering
24.25-29.5 GHz and 37-40 GHz are proposed. The broadband package-integrated energy
harvesters can be realized by combining the proposed UWB planar Yagi-Uda AiP element

design, 5SG UWB rectifier designs, and a diplexer.

6.2 Glass SAP Process for Package Fabrication

6.2.1 Glass Packaging Method

Glass Properties

The relative dielectric constant and loss tangent of AGC EN-A1 glass are summarized in

Figure 6.3. The dielectric constant at 35 GHz is 5.41 and the loss tangent is 0.009. Low-
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2.4 5.49 0.0041
5.2 5.48 0.0048
10 5.49 0.0062
20 5.43 0.0069
24 5.26 0.0079
35 541 0.009
55 5.46 0.0088
60 5.46 0.0096
65 5.45 0.0104

Figure 6.3: The dielectric constant and loss tangent of the AGC EN-A1 glass substrate.

loss polymer layers are laminated on the glass before the conductive copper layer as shown
in Figure 6.1. The commonly used polymers are ABF from Taiyo company. The relative
dielectric constant for ABF is 3.3 and the loss tangent is 0.0025. The effective dielectric
constant of the system can be reduced significantly. A new liquid type polymer developed
by JSR corporation is also a good candidate for low loss polymer. The relative dielectric
constant is 2.8 and the loss tangent is 0.0045 at 32 GHz. Compared with ABF, the JSR
material is softer and has a larger elongation factor. Thus, it can be used to effectively

prevent the warpage in multi-layer packaging structures.

Packaging Methods Comparison

The comparisons between the glass packaging process and other packaging processes are
summarized in Figure 6.4. The PCB based, Low Temperature Co-fired Ceramic (LTCC),
organic, and fan-out wafer-level packaging processes are included for comparison. The
green color suggests the property is good while the red suggests that the property is bad.
From the material property point of view, as shown in Figure 6.4, the glass process can

offer the best surface roughness which is especially critical for mm-wave applications. The
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Figure 6.4: The comparisons between the glass packaging and other packaging methods.

CTE of silicon is 2.6 ppm/K which is close to the glass. This offers a great advantage
for the packaging process when the silicon die and packaging structures are integrated to
realize a SiP design. The glass is also solid with no water absorption which provides solid
protection and great support.

From the process challenge point of view, the glass can achieve precise multilayer pat-
terning with good alignment and small resolution. Moreover, the thin substrate is helpful

to reduce the width of the transmission line to maintain 50 €2 and realize high-density I/O
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Figure 6.5: Fabrication process of glass SAP packaging technology.

packaging. Thus, the reliability of a thin substrate is also a critical property. Compared
with other packaging technologies, the glass offers both good physical properties and elec-
trical properties. Besides, the glass is easier to handle and support good process reliability

and resolution.

6.2.2 SAP Process

The SAP process was used for the fabrication of designs in this chapter. SAP enables
precise patterning and fine features such as sub-5 um copper traces because of dimensional
stability and surface planarity of the glass panel and the capability to accurately control the
thickness of the dielectric that is spin-coated onto the glass core. The whole process with
side-view images is illustrated in Figure 6.5. The glass panels are treated with silane to
promote adhesion between dielectric and them and prevent delamination during the whole
fabrication process. The dielectric is spin-coated on both sides of the glass panel and cured.
Thin titanium which acted as a barrier to prevent copper from migrating into the substrate
and the copper seed layer is deposited with the sputtering process after dry etching which
cleans the surface of the dielectric. Although the electroless plating provides an anchor

effect with a rough surface and thus high adhesion strength between the seed layer and
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Figure 6.6: The stackup for the proposed broadband AiP design.

dielectric, the combination of the sputtered seed layer and the optimized liquid dielectric
also lead to high adhesion strength mitigating surface roughness and conductive loss [108].
Next, the panel is laminated with a dry-film negative photoresist. The panel with photoresist
is patterned with optimized UV dose time. Then, the panel is treated with oxygen plasma
to remove the photoresist beneath the pattern for copper plating. The metal patterning is
performed through the SAP process with a controlled metal thickness of 5 to 8 um.
Afterward, the second dielectric layer is spin-coated following the same process as the
first layer. Micro vias were formed using a UV laser tool. The laser condition such as power
density and the number of repetitions is optimized to drill 35 um vias in the dielectric.
After the micro via formation, dry desmear is used to clean the surface and remove residual
polymer, followed by seed layer deposition sequentially. Finally, the metal patterning is
performed again through the SAP process. The same process can be used to pattern metal

on both sides of the glass if needed.

6.3 Broadband 5G Antenna-in-Package Design

6.3.1 Broadband Yagi Design

Design and Stackup

The stackup of the proposed broadband planar Yagi antenna is shown in Figure 6.6. The

core substrate is a 100 um AGC EN-A1 glass. The low-loss polymer used in this design is
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Figure 6.7: The geometry of the proposed broadband AiP element design.
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Figure 6.8: The design idea to realize broadband Yagi AiP Design.

ABF and the thickness is 15 um. Two layers of copper are used to realize the design. The

bottom of the glass is coated with 30 um ABF to balance the weight and prevent warpage.
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Figure 6.9: The fabricated prototype of the proposed broadband AiP element design.

The geometry of the proposed broadband AiP element design is shown in Figure 6.7.
The physical dimensions are also included in the figure. The dipole-type radiator is adopted
and a simple 180° phase difference balun is used. Two branches of the balun can be viewed
as two 50 € parallel together and thus, a quarter-wave transformer with 35.3 () character-
istic impedance is used to match them back to 50€2. The ground plane at M2 (as shown
in Figure 6.6) is used as a reflector and micro vias are used to connect them to the top
ground pads for the end-launch connector. The full-wave simulation results are obtained
using HFSS. The end-launch connector model is also included in HFSS since at mm-wave
range, the parasitics of the end-launch connector can not be ignored.

The objective of the proposed design is to cover the 5G band n257 (26.5-29.5 GHz)
and n258 (24.25-27.5 GHz) simultaneously. Therefore, a broadband performance covering
24.25-29.5 GHz is required. The design idea to make the proposed Yagi antenna broad-
band is shown in Figure 6.8. As shown in Figure 6.8, if the feed line and the radiator is

designed at the same frequency, there will be only one zero. The feed line and radiator of
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Figure 6.10: The measured and simulated S1; of the proposed broadband AiP element.

the proposed Yagi are designed at two close but separate frequencies. Since two zeros are
obtained, the proposed Yagi can be realized with broadband performance. The proof-of-
concept prototype of the proposed broadband AiP element design using glass packaging

SAP process is demonstrated in Figure 6.9.

Measured Results

The S;; of the proposed broadband AiP element is measured using VNA and the results
are shown in Figure 6.10. The simulation results using HFSS are also included and a good
agreement can be observed. The measured S;; is smaller than -10 dB from 22 GHz to
29.75 GHz. Therefore, both 5G band n257 and n258 can be covered with this broadband
AIiP design. The realized gain is also measured using the three-antenna gain measurement
method. The two standard antennas with known gains are measured to obtain the Sy; gq.

Then, one of the standard antennas is replaced with the test antenna to obtain the S, pyr.
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Figure 6.11: The measured and simulated realized gain of the proposed broadband AiP
element.

Finally, the realized gain is obtained by
Gpur = Sa1.putr — S215u + G (6.1)

where Gggq is the gain for standard antenna. The measured realized gain is shown in Fig-
ure 6.11. The simulation result is also included and a good agreement can be observed. The
measured realized gain is higher than 3 dBi from 24 GHz to 31.6 GHz. Therefore, both 5G
bands from 24.25 GHz to 29.5 GHz are covered by the proposed broadband AiP design.
The measured and simulated normalized E-plane radiation patterns at 24 GHz and 30
GHz are shown in Figure 6.12. The two frequencies are chosen because they are close to
the lower and higher bound of the two 5G bands. The 0° direction is the end-fire direction
which is also the positive x direction shown in Figure 6.7. The main-beam direction for
24 GHz is at —10° and the main-beam direction for 30 GHz is at 0°. The 3-dB beam

width for 24 GHz and 30 GHz are 50° and 70°, respectively. The measured and simulated
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Figure 6.12: The measured and simulated normalized E-plane radiation patterns at (a) 24

GHz and (b) 30 GHz.
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Figure 6.13: The measured and simulated normalized H-plane radiation patterns at (a) 24

GHz and (b) 30 GHz.

normalized H-plane radiation patterns at 24 GHz and 30 GHz are shown in Figure 6.13.

The main beams are all at 0°. The 3-dB beam width for 24 GHz and 30 GHz are 130° and
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- - N M1 (Top) 7 um Copper
\ Dielectric-1 15 um  JSR polymer

Glass M2 7 um Copper
Dielectric-2 15um  JSR polymer
Core-Glass 100 um AGC EN-A1l
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Figure 6.14: The stackup for the proposed UWB AiP element design.

120°, respectively.

6.3.2 UWB Yagi Design

The proposed broadband AiP design shown in the previous section covers two 5G bands.
However, there are three main 5G bands as shown in Table 6.1. Therefore, in this section, an
improved UWB AiP design which covers 24.25 - 40 GHz with a smaller size is proposed.
Besides, the JSR material is first used as the low-loss polymer on the glass packaging

process in this design.

Glass Packaging Stackup

The stackup for the proposed UWB and miniaturized AiP design is shown in Figure 6.14.
The material and the thickness of each layer are also included. The core substrate is a
100 pm EN-AT glass from Asahi Glass Co. (AGC). The dielectric constant is 5.41 and
the loss tangent is 0.006 at 35 GHz. Two 15 um layers of low-loss polymer developed by
JSR corporation are coated on the top of the glass to reduce the overall loss tangent. This
new-developed material has a large elongation factor and is softer which can be used to
effectively prevent warpage in multi-layer packaging realization and is applied to the glass
packaging process for the first time. Measuring at 32 GHz, the dielectric constant and loss
tangent for this low-loss polymer are 2.8 and 0.0045 [108], respectively. Two layers of

metal denoted by M1 and M2 are realized with copper. Finally, a 30 um layer of polymer
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Figure 6.15: The geometry of the proposed UWB AiP element design.

is coated on the bottom of the glass to balance the weight and prevent the warpage.

UWB AiP Design

The geometry of the proposed UWB and miniaturized AiP element design is demonstrated
in Figure 6.15. The physical dimensions are summarized in Table 6.2. All structures are
realized only at metal layer M1 shown in Figure 6.14. The other metal layer M2 is only
used in the array design. As shown in Figure 6.15, compared with the conventional quasi-
Yagi antenna which utilized dipole as the radiator [109], the proposed antenna element
used monopole as the radiator featuring two major advantages. One is the reduction of size
by half and the other is the removal of the requirement of the differential feeding or the
balun which can further reduce the size and simplify the feeding network design. Thus, a
simple CPW can be used as the feeding network and alleviate the difficulties in the UWB
feeding network design. A 90° bend on the radiator is introduced so that the ground plane

of the CPW can be directly used as the reflector for the Yagi antenna and the layout for the
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Table 6.2: Physical dimensions of the proposed UWB AiP element design.

Parameter Dimension (mm) | Parameter Dimension (mm)
CPW_w 0.62 ref_gap2 0.78
CPW._ gap 0.06 dir_1 2.2
rad_ wl 2.8 dir_gap 0.12
rad_w2 2.29 dir_-w 0.4
ref_gapl 1.2 ant_w 5.56
ant_| 3.05
y GND at M1 Signal at M1
zé_x GID at M2 I" [ All units in mm

9.6

wl = 0.06
gapl = 0.04
e L1=1.25
w2 =0.1

"/ gap2 _:_GIDZT‘I
_ |
|
|

Figure 6.16: The geometry of the proposed UWB AiP array design.

antenna array can be simplified. The square radiator with a tapered shape near the feeding
point is used to broaden the operating bandwidth.

The structure of the 2-by-1 array design is shown in Figure 6.16. The inter-element
spacing is 9.6 mm. Additional ground planes at the M2 layer and via arrays connecting
M1 and M2 with 235 um pitches and 35 um diameters are used to ensure that all ground
planes are connected together. A two-stage quarter-wave transformer is used for impedance
matching at the feeding network and the respective CPW widths, gaps, and lengths are

shown in Figure 6.16.
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(b)

Figure 6.17: The fabricated prototypes of the UWB AiP (a) element design and (b) array
design.

UWB AiP Fabrication

The fabricated proof-of-concept prototype of the proposed broadband and miniaturized
Yagi AiP element is shown in Figure 6.17a and the 2-by-1 array is shown in Figure 6.17b.
The comparisons between the measured dimensions and design dimensions of the element
are shown in Figure 6.18a. As shown in Figure 6.18a, precise line widths and gap sizes are
achieved through the glass SAP packaging process. The comparisons between the mea-
sured dimensions and design dimensions of the 2-by-1 array are shown in Figure 6.18b.
Almost all fabricated dimensions are very close to the designed values except one line width
at the feeding. The measured dimension is 621.2 ym and the designed value is 420 um. It
is because the metal plating time is too long and can be improved easily. The effects of the
fabricated discrepancy on the performance are on the measured S;; which will be intro-

duced later. However, the overall performance is still very good despite this discrepancy.

AiP Element Measured Results

The measured Sq; as well as gain of the UWB and miniaturized AiP element are shown

in Figure 6.19a and Figure 6.19b, respectively. The full-wave simulated results are obtained
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Figure 6.18: The comparisons of measured and designed dimensions for the UWB AiP (a)
element and (b) 2-by-1 array design.
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Figure 6.19: The measured and simulated (a) S;; and (b) gain of the proposed UWB and
miniaturized AiP element design.
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Figure 6.20: Measured and simulated normalized E-plane radiation patterns of the UWB
AiP element at (a) 24.25 GHz (b) 29.5 GHz (c) 37 GHz and (d) 40 GHz.
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Figure 6.21: Measured and simulated normalized H-plane radiation patterns of the UWB
AiP element at (a) 24.25 GHz (b) 29.5 GHz (c) 37 GHz and (d) 40 GHz.
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using Ansys HFSS. Since at mm-wave range, the parasitics and effects of the end-launch
connector cannot be ignored, the module of the end-launch connector is also included in
simulation for co-design as shown in Figure 6.15. As shown in Figure 6.19a, the measured
Si1 1s lower than -10 dB from 13.58 GHz to 40 GHz. Thus, the three 5G bands from 24.25
to 40 GHz are fully covered. Moreover, as shown in Figure 6.19b, the measured gain is
higher than 4 dBi within the entire 5G bands. The measured gains are slightly higher than
the simulated ones since when simulating the designs, the loss tangent values of the core
glass and JSR polymer are set to the largest values within the band rather than frequency-
dependent to obtain the lower-bound results.

The measured and simulated normalized E-plane radiation patterns at the 24.25, 29.5,
37, and 40 GHz are shown in Figure 6.20. These frequencies are chosen since the 5G
bands n257 and n258 together are from 24.25 GHz to 29.5 GHz and the n260 band is from
37 GHz to 40 GHz. Besides, the measured and simulated normalized H-plane radiation
patterns at the 24.25, 29.5, 37, and 40 GHz are shown in Figure 6.21. The 0° direction is
the end-fire, positive x in Figure 6.15, direction. Although the main-beam directions are not
always at 0°, they are very close to it within the entire operating band. The simulated cross-

polarization results are also included and are less than -15 dB at main-beam directions.

2-by-1 Array Measured Results

The fabricated prototype of the 2-by-1 Yagi array is shown in Figure 6.17b while the mea-
sured and simulated S;; and gain are demonstrated in Figure 6.22a. The measured Sy, is
lower than -9 dB from 18.87 GHz to 40 GHz. The minor degradation compared to the sin-
gle element design is due to the discrepancy between the design and fabricated line width
at the feeding. However, good performances within the entire 5G bands can be observed.
The measured gain is higher than 6.2 dBi within the entire band.

The measured normalized E-field radiation patterns at the 24.25, 29.5, 37, and 40 GHz

are shown in Figure 6.23 and the respective H-field patterns are shown in Figure 6.24. The
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Figure 6.22: The measured and simulated (a) S;; and (b) gain of the proposed UWB and
miniaturized AiP 2-by-1 array design.
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Figure 6.23: Measured and simulated normalized E-plane radiation patterns of the UWB
AiP array at (a) 24.25 GHz (b) 29.5 GHz (c¢) 37 GHz and (d) 40 GHz.
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Figure 6.24: Measured and simulated normalized H-plane radiation patterns of the UWB
AiP array at (a) 24.25 GHz (b) 29.5 GHz (c¢) 37 GHz and (d) 40 GHz.
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Table 6.3: The Comparisons between the proposed UWB and miniaturized AiP element
design and previous related works

Operating . .
FBW Gain Size

Work Technique Frequenc . Pattern Antenna
4 Y (%) @B (\)

(GHz)
[110] PCB 29.5-30.35 2.8 7.6 0.35x0.53 E! Dipole
[111] PCB 27.1-29.75 9.3 57 045 x045 E! Yagi
[112] PCB 245-31.72 25.7 7.2  0.82 x 198 E! Dipole
[113] PCB 26.5-38.2 362 45 0.34 x0.35 E! Dipole
[114] AiP ¢ 28 -29.6 5.6 40 0.22x0.22 B2 Patch
[115] AiP ¢ 26.7 - 30 11.6 4.0 0.6 x 0.6 B2 Patch
[116] AiP ¢ 28 - 32 133 45 048 x0.57 B2 Patch
[98] Aip? 30-30.8 2.6 4.9 0.6 x 0.6 B2 Patch
[102] AiP ¢ 224-30.1 293 50 0.28 x0.64 E! Yagi
This AiP @ 2425-40 49.0 40 0.25x045 E! Yagi

@: AiP from active module, *: Organic AiP, ©: 3D Printing AiP, ¢: Glass packaging AiP

L. End-fire, 2: Broadside

simulated results are also included for comparison and a good agreement can be observed.
The grating lobes in Figure 6.23d are because of the relatively long element separation
distance at 40 GHz and can be improved by reducing the separation distance. The sim-
ulated cross-polarization results are also included and they are all lower than -19 dB in
the main-beam direction. The main-beam beamwidths at E-plane are narrower than the
respective H-plane results. The reason is that the array is arranged alone y-direction as

shown in Figure 6.16.

Comparisons with Previous Works

The comparisons between the proposed work and previous work are summarized in Ta-
ble 6.3. All parameters are based on a single antenna element. Numerous designs oper-
ating at 5G frequency bands using either Printed Circuit Board (PCB) or AiP topologies
are included for comparison. The )\ in the size is the wavelength at the lowest operating

frequency. The simple transmission line parts of the feeding networks are excluded while
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Figure 6.25: (a) The geometry of the modified UWB AiP element design and (b) the fabri-
cated proof-of-concept sample.

calculating the sizes. As shown in Table 6.3, the proposed work achieves the largest Frac-
tional Bandwidth (FBW) and is the only one that can fully cover all three 5G NR operating
bands. Moreover, the size of the proposed works is smaller than all other works except the
one in [114]. Although the proposed work is about 2.3 times larger than it, the proposed

work can offer 8.75 times larger bandwidth compared with it.

6.4 Broadband 5G Energy Harvester

6.4.1 Modified UWB Yagi Design

The UWB AiP design introduced in the previous section is adopted for the energy harvester
design with some modifications. The design of the antenna for the energy harvester is
shown in Figure 6.25a and the fabricated proof-of-concept sample is shown in Figure 6.25b.
Compared with the design in the previous section, the main improvement is in the matching
bandwidth and the variations of the gain within the operating band. The circular radiator
and the tapered feeding is used to improve the matching. The measured S;; is shown in

Figure 6.26a. As shown in Figure 6.26a, the S;; is lower than -9 dB from 11.3 to 40 GHz
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Figure 6.26: The measured (a) S1; and (b) gain of the modified UWB and miniaturized AiP
design.
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Figure 6.28: The geometry of the proposed broadband rectifier design for SG upper bands.

which demonstrates a larger bandwidth compared with the previous design. The measured
and simulated gain of the new AiP element design is shown in Figure 6.26b and a good
agreement can be observed. The measured gain is between 5.1 and 6.7 dBi within the
entire 5G bands. The variations of the gain within the operating band are smaller compared

with the design in the previous section.

6.4.2 Broadband 5G Rectifier Design

The geomertry of the broadband rectifier designs are shown in Figure 6.27 and Figure 6.28.
There are two broadband rectifier designs. One of them covers the lower 5G bands from
24.25 t0 29.5 GHz and the other cover the higher 5G band from 37 to 40 GHz. For the lower
band design shown in Figure 6.27, the non-uniform CPW lines are used for the broadband

matching. Four studs with different lengths are placed after the diodes for harmonic fil-
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Figure 6.29: The simulated (a) output voltage and (b) RF-DC efficiency of the lower-band
rectifier with respect to different frequencies.
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Figure 6.30: The simulated (a) output voltage and (b) RF-DC efficiency of the lower-band
rectifier with respect to different input powers.

tering. The 0.1 uF UBSC series high-frequency capacitors which operated up to 60 GHz
provided by Murata are used for the rectification and the filtering of the high-order har-
monics at the load. The diodes used is MA4E1317 from MACOM company. The diodes
can be operated up to 80 GHz according to the datasheet. The load resistor is 600 (2. For
the higher band design, the only difference is the broadband matching is replaced with a
tapered line.

The rectifier is simulated using ADS harmonic balance. Besides, the scattering param-

eters of each CPW transmission lines are simulated using HFSS and import into ADS. The
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Figure 6.31: The simulated (a) output voltage and (b) RF-DC efficiency of the upper-band
rectifier with respect to different frequencies.
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Figure 6.32: The simulated (a) output voltage and (b) RF-DC efficiency of the upper-band
rectifier with respect to different input powers.

SPICE model of the MA4E1317 diode is built and the UBSC capacitor model from the
datasheet is also included in ADS for simulation. The simulated output voltages and RF-
DC efficiencies of the lower-band rectifier with respect to different frequencies are shown
in Figure 6.29. The results of three different input power levels, 10, 12, and 15 dBm are
included. The broadband and flat response within 24 to 30 GHz can be observed in Fig-
ure 6.29. As shown in Figure 6.29a, the output voltage is all larger than 0.77 V within the
operating band which is large enough to drive most of the applications. Furthermore, as

demonstrated in Figure 6.29b, the RF-DC efficiency is larger than 20 % within the broad
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Figure 6.33: The fabricated rectifiers for the (a) lower-band operation and (b) higher-band
operation.

operating band when input power is 15 dBm. The simulated output voltages and RF-DC
efficiencies of the lower-band rectifier with respect to different input powers are shown in
Figure 6.30. The results at three different frequencies are included. They are the lowest
frequency (24.25 GHz), the middle frequency (24 GHz), and the highest frequency (29.5
GHz) of the operating band. Both the voltages and RF-DC efficiencies are higher when
larger input powers are used and they are not saturated below 20 dBm input power. The
highest RF-DC efficiency is 35 % at 24.25 GHz when input power is 19 dBm.

For the upper-band rectifier, the simulated output voltages and RF-DC efficiencies with
respect to different frequencies are shown in Figure 6.31. The broadband and flat responses
within 37 to 40 GHz can be observed. As shown in Figure 6.31a, the output voltage is
all larger than 0.8 V within the operating band which is large enough to drive most of
the applications. The RF-DC efficiency is larger than 23 % within the broad operating
band when input power is 15 dBm as demonstrated in Figure 6.31b. The simulated output
voltages and RF-DC efficiencies of the upper-band rectifier with respect to different input
powers are depicted in Figure 6.32. The highest RF-DC efficiency is 31 % at 37 GHz when
input power is 17 dBm.

As shown in Figure 6.33, the proof-of-concept samples is fabricated using glass SAP

packaging process. The lump components including the diodes, capacitors, and the resistor
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Figure 6.34: The measured and simulated output power levels for the proposed (a) lower-
band rectifier design and (b) higher-band rectifier design.

are soldered onto the samples. The respective measured output power levels at different
frequencies are shown in Figure 6.34. The simulated results are included for comparison
and good agreements can be observed. As shown in Figure 6.34a, the proposed lower-band
rectifier can cover from 24 to 30 GHz which covers all the 5G bands lower than 30 GHz
(n257 and n258). Furthermore, the RF-DC conversion efficiency is 17.7 % when the input
power is 10 dBm and it is higher when the input power level is higher which can also be
observed in Figure 6.30b. For the measured results of the proposed broadband higher-band
rectifier shown in Figure 6.34b, broadband performance covering 37 to 40 GHz can be
observed. Therefore, the 5G n260 band is fully covered. The RF-DC conversion efficiency
is 23.3 % when the input power is 10 dBm The efficiency is also higher when the input

power level is higher which can also be observed in Figure 6.32b.

6.4.3 Broadband 5G Energy Harvester Design

The proposed UWB AiP element design and two rectifiers are combined together to build
broadband 5G energy harvesters. The test samples are fabricated with glass SAP packaging
process and the results are shown in Figure 6.35. Since the proposed AiP element design

can cover from 24.25 to 40 GHz, the same AiP element is used in both energy harvester
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(a) (b)

Figure 6.35: The fabricated broadband 5G energy harvester for the (a) lower-band operation
and (b) higher-band operation.

Figure 6.36: The measurement setup for the proposed broadband 5G energy harvester.

designs. The field evaluation of the energy harvester is performed and the measurement

setup is shown in Figure 6.36. The signal generator outputs a 12 dBm signals at 26 GHz,
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the amplifier gain is 27 dB, and the horn antenna gain is 20 dBi. The total EIRP is 59 dBm.
The output voltage is larger than 1 V at 40 cm away. Since the allowed maximum EIRP is
75 dBm, the distance can be increased to more than 2.5 m.

The proposed UWB AiP element design can cover from 24.25 to 40 GHz which cover
all three bands of the SG NR. The two rectifier designs together can also cover all three
bands of the 5G NR. Therefore, a diplexer can be used to integrate the antenna and two
rectifiers to form a UWB package-integrated energy harvester which can harvest energy

from all 5G NR bands.

6.5 Summary

This chapter starts with an explanation of the need for an UWB AiP design. Then the
first UWB and miniaturized planar Yagi AiP design which can cover all three major 5G
NR operating bands from 24.25 GHz to 40 GHz simultaneously while maintaining a small
form factor. The FBW is 49% and the size for the antenna element is 3.05 mm x 5.56 mm
which equals 0.25 Ay x 0.45 )y where )\, is the wavelength at 24.25 GHz. Both the single
element and the 2-by-1 array design are simulated, fabricated, and measured. The glass
multi-layered packaging with a new polymer material is used to realize the designs. The
element gain is higher than 4 dBi and the array gain is higher than 6.2 dBi within the entire
operating band. The normalized radiation patterns at E-plane and H-plane are demonstrated
and the main-beam directions are consistent within the entire band. The cross-polarized
patterns at the main-beam direction are smaller than -15 dB. The comparison between this
work and prior arts are summarized. This work demonstrates the largest bandwidth with a
comparable size.

The proposed UWB AiP design is then adopted for the broadband energy harvester de-
sign. Two rectifier designs are proposed to cover all three major 5G NR operating bands
from 24.25 GHz to 40 GHz simultaneously. For the proposed broadband 5G energy har-

vester, the output voltage is larger than 1 V at 40 cm away when 59 dBm EIRP is used.
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The range can be increased to more than 2.5 m when a maximum 75 dBm EIRP is used. A
diplexer can be used to integrate the proposed rectifiers and the proposed UWB and minia-
turized AiP design and thus, a broadband energy harvester which can harvest energy from
all 5G NR operating bands can be achieved. From the energy harvester point of view, the
proposed energy harvester is the first design which can cover all three 5G NR operating
bands. The broadband rectification at mm-wave 5G frequencies is demonstrated for the
first time. From the fabrication point of view, the new low-loss polymer from JSR com-
pany is put to test, used to reduce the warpage, and used to realize mm-wave AiP design

for the first time.
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CHAPTER 7
ENERGY AUTONOMOUS 5G SYSTEM-IN-PACKAGE MODULE USING
ADDITIVE MANUFACTURING 3D PACKAGING TECHNOLOGIES

Additive manufacturing technologies have attracted lots of attention in recent years. One
of the research directions is to apply additive manufacturing to the packaging process. The
better 3D structural flexibility is used to improve the performance and reduce the high-
frequency parasitics. Furthermore, less material is required which is helpful for environ-
mental protection and reduction of the cost. Currently, a couple of researches focusing on
applying additive manufacturing to packaging structures are proposed. In [55], an inkjet-
printed die-to-packaging-substrate connection is proposed. Compared with wire-bonding
technologies, the proposed connections have better physical supports and better reliability.
In [57], a 3D-printed non-orthogonal inter-layer interconnection is proposed to reduce the
parasitics and improve the signal integrity.

Although these researches provide good examples and ideas of applying additive man-
ufacturing to the packaging process, detailed comparison and proof of the superior per-
formance are not included. Furthermore, most of the researches focus only on part of
the packaging structure and thus, a complete additive manufacturing packaging process is
still not available. The wide variety of material choices is another advantage of additive
manufacturing technologies. However, most of the materials are high loss with loss tan-
gent larger than 0.02. Therefore, developing a new low-loss printable material is also an
important direction.

In this chapter, a fully energy-autonomous SiP module is proposed. Since the power re-
quirement of the whole SiP module is provided by the package-integrated energy harvester,
there is no need to connect to the exterior board or power supply. Therefore, the functional

system size can be shrunk from a board-level size to a packaging-level size. The objectives,
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Figure 7.1: The summarizing table of the objectives, challenges, and solutions of the pro-
posed energy-autonomous SiP module.

challenges, and solutions are introduced in section 7.1. The possibilities and potential of
a fully additive manufacturing 3D SiP module is addressed in section 7.2. In section 7.3,
a comparison between off-the-shelf and additive manufacturing packaging is included to
prove that the later one can offer better performance and lower parasitics. Then, a fully
additive manufacturing packaging process utilizing both inkjet printing and 3D printing is
proposed in section 7.4. The proposed additive manufacturing packaging process is used to
realize an energy-autonomous SiP module with multi-layered 3D packaging structures in
section 7.5. Finally, a new low-loss inkjet-printable material is proposed and characterized

in section 7.6.

7.1 Objectives

In this chapter, the main objective is to propose a fully additive manufacturing 3D pack-
aging process and use it to realize an energy-autonomous SiP module. The detailed objec-
tives, comparisons to prior arts, challenges, and solutions are summarized in Figure 7.1.
To demonstrate the superior performances of using additive manufacturing process, tunnel
diodes with off-the-shelf packaging and inkjet-printed packaging are characterized in sec-
tion 7.3. The parasitics of both packaging structures are extracted, compared, and used to

prove the advantages of the additive manufacturing packaging process. Then the additive
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Figure 7.2: The additive manufacturing 3D SiP module for mm-wave applications.

manufacturing packaging process using both inkjet printing and 3D printing is character-
ized and introduce in section 7.4. The electrical properties such as relative dielectric con-
stant and loss tangent of 3D printing materials are characterized. Moreover, the physical
printing capability such as surface roughness and resolutions are also characterized. An
AiP design is realized utilized the proposed additive manufacturing packaging process.
The proposed additive manufacturing packaging process is then used to fabricate a
package-integrated 5G energy harvester in section 7.5. The non-orthogonal ramp inter-
layered connections are used to reduce the high parasitics at the mm-wave range. The
embedded energy harvester can be viewed as the last puzzle to achieve a fully energy-
autonomous SiP module. Finally, to further improve the additive manufacturing packaging
process, the first inkjet-printed low-loss BCB material is proposed and characterized in
section 7.6. The material provides super low loss tangent up to mm-wave range and thus,
expanding the applications of the proposed additive manufacturing packaging process to

high-performance mm-wave areas.

7.2 Additive Manufacturing 3D System-in-Package Module

A fully additive manufacturing 3D SiP module for mm-wave applications is shown in Fig-
ure 7.2. The core substrate is printed using 3D printing technique. The complex 3D struc-

tures such as cavities for IC dies, through via holes, and microfluidic channel can be re-
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alized with 3D printing. The low-loss polymer can be coated on the 3D printing material
to reduce the system loss and improve the surface roughness. The conductors are printed
using inkjet printing SNP inks. Multilayer structures can be realized easily by repeating
coating low-loss polymer layers and conductor layers. Furthermore, ramp structure inter-
layer connections and die-to-package connections can be realized with lower parasitics and
can be realized much easier with additive manufacturing technologies. Compared with
the SiP module realized using glass packaging process shown in Figure 6.1, the additive
manufacturing process can realize not only commonly used structures such as micro vias,
through vias, and cavities but also complex 3D structures such as microfluidic channels,
non-orthogonal vias, gradient lenses, and vertical horn antennas.

To realize SiP module like Figure 7.2, a well-characterized fabrication process is needed.
In this chapter, the superior of the additive manufacturing process on mm-wave parasitics
is first proven. Then the fabrication process is developed and characterized. The process is
then used to realize a AiP design and good performance at mm-wave range will be demon-
strated. Then the same process is adopted to realize a SiP module with more complex 3D
structures such as the cavity, ramp interconnect, and via. Finally, the process is improved

with the adoption of the new low-loss printing polymer.

7.3 Parasitic Characterization Using Tunnel Diode

7.3.1 Motivation and Design Idea

The 5G communication protocol has been proposed to accommodate the continuously in-
creasing desire for faster data transmission. One of the key reasons to realize a faster data
link for 5G communication is the use of high mm-wave frequency bands which open new
possibilities as well as new challenges. For starters, the small wavelength due to high
frequencies is helpful to reduce the overall size for RF components making it possible to
integrate RF components with active components inside a single package to achieve SiP

designs [102, 103, 117]. To integrate the dies with peripheral RF components, intercon-
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Figure 7.3: The general I-V curve of a tunnel diode.

nections are used to connect the pins of a die to the package body where RF components
are located. Normally, wire-bonding interconnections are applied. However, the parasitics
due to wire bonds are large and will significantly degrade the performances especially in
the high frequencies like 5G and mm-wave.

To alleviate the parasitics due to the interconnections, the inkjet-printed ramp structure
is proposed [55]. To overcome the height difference between the die and the package,
ramp structures are printed around the die and then the silver traces are printed on the ramp
to serve as the interconnections between the die and the package. However, performance
comparisons between commonly used packaging structure and the ramp interconnections
are not included. Thus, to establish the comparison between the commonly used packaging
interconnections and the additively manufactured ones, the same functional die has to be
packaged using both ways.

Tunnel diodes are chosen for packaging since efforts have indicated the high potential
of tunnel diodes for 5G and mm-wave applications [21, 118]. A tunnel diode can find

different applications depending on its biasing condition. A general I-V curve of a tunnel
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diode is shown in Figure 7.3 and it can be separated into four different zones. In reverse
biasing, zone 1, a heterostructure backward tunnel diode that can be turned on with ultra-
low voltages is used for energy harvesting applications. The ultra-low turn-on voltages can
be useful to improve the existing energy harvesting techniques and applications [93, 94,
119]. In zone 2, it behaves like a Schottky diode and can be used in mixer applications.
Finally, in zone 3, a decreasing current is observed with the increasing voltage which gives
to the tunnel diode a natural negative differential resistance. In that negative slope region
of its I-V curve, the tunnel diode can be used as a reflection amplifier and an oscillator. The
energy harvester, oscillator, and reflection amplifier are all key elements for backscattering
sensing techniques. The energy harvester built using the tunnel diodes can operate with
high efficiency at low power conditions [21]. The oscillator and the reflection amplifier
which can be operated with low biasing power can be also great advantages for backscatter
systems whose power budget is typically very low [118].

In this section, the performance comparisons between the commonly used packaging
techniques and additive manufacturing packages are done for the first time. The tunnel
diode die is packaged using the inkjet-printed technique. The same die is also packaged
utilizing commercially available methods. The complete circuit models are built for both
test samples. The through, reflect, and line (TRL) calibration method is used to calibrate
out the effects of feeding lines and bias-tees. The parasitic inductors and capacitors due
to packaging are extracted and used to prove that the additive manufacturing packaging

process outperforms the commonly used packaging techniques.

7.3.2 Fabrication Process

A bare-die tunnel diode from Aeroflex / Metelics (model no. MBD2057-C18) is intercon-
nected with a laminate substrate using a multi-material inkjet printing fabrication process
as a comparison to a traditional diode package (model no. MBD2057-E28X). Inkjet print-

ing is performed using a Dimatix DMP-2831 materials printer with 10 pL drop-volume
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Figure 7.4: Side-view schematic of inkjet-printed interconnect fabrication process: (1)
inkjet print SNP die attach, (2) attach diode die, (3) inkjet print SU-8 dielectric ramp, (4)
inkjet print SNP interconnect.

cartridges. The host substrate chosen for this evaluation is 32 mil Rogers RO4003C with
1 oz metalization. Printed metallic features, such as the conductive die attach and in-
terconnect, are patterned with Sun Chemical EMD-5730 SNP ink, capable of achieving
resistivity of 5 uf2 cm to 30 u€2 cm after thermal sintering. The dielectric ramp is patterned
using a MicroChem SU-8 polymer-based ink formulated to achieve a printable viscosity
for the Dimatix system [120]. A test board with a microstrip topology is fabricated using
an inkjet-printed mask and lithography technique on the Rogers RO4003C laminate. First,
the microstrip pattern is printed using 3 layers of the SU-8 polymer ink. The printed SU-8
mask is then crosslinked with a 600 mJ/cm? exposure of 365 nm UV light. Etching of the
board is then performed using FeCl; at a temperature of 55 °C. Finally, acetone is used to
strip the printed SU-8 mask from the board.

A general outline of the fabrication process for the inkjet-printed bare-die interconnects
is shown in Figure 7.4. First, a die attach is printed using SNP ink (2 layers, 20 ym drop
spacing) onto the copper microstrip trace. The 375x375x 125 um diode die is then man-
ually placed onto the wet SNP and then dried and sintered at 150 °C for 2h. Next, SU-8

is printed (6 layers, 10 um drop spacing) to pattern the 3D dielectric ramp from the PCB
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Figure 7.5: Inkjet-printed interconnect fabrication process with tunnel diode die: (a) SNP
die attach patterning, (b) die placement, (c) SU-8 ramp patterning, (d) final SNP intercon-
nect patterning, and (e) perspective micrograph.
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Figure 7.6: Profilometer scan of inkjet-printed ramp interconnect to diode die.

microstrip trace to the top of the diode die. The three-step curing profile for the SU-8 ink
is as follows: thermal soft bake ramping from 60 °C to 95 °C over 10 min on a hotplate,
300 mJ/cm? UV crosslinking exposure, and finally a thermal hard bake at 95 °C for 7 min
on a hotplate. After the SU-8 ink is cured, a 2.5 min exposure to UV Oj is performed to
facilitate proper ink wetting for the subsequent SNP printing. Finally, SNP is printed (5
layers, 20 um drop spacing) to pattern the interconnect to the anode pad of the diode die,
followed by final sintering at 150 °C for 2 h. Micrographs of the fabrication process with a
tunnel diode sample are presented in Figure 7.5.

The printed transition between the copper microstrip topology of the PCB and the top
surface of the diode die is measured using an Alpha-Step D-500 surface profilometer from
KLA Tencor. Figure 7.6 shows the measured profile of the ramp interconnect, exhibiting
a slope of approximately 10°. As seen in the measured profile, the printed transition is
smooth and lacks abrupt discontinuities at the interfaces between the PCB, ramp, and die.

From the mechanical viewpoint, the proposed additive manufacturing interconnections

are more reliable. Since the wire bonds are floating in the air, they are vulnerable to shocks
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Figure 7.7: The equivalent circuit model of the tunnel diode with packaging.

or vibrations and it is easier to cause breaking wires or delamination. On the contrary,
the printed silver traces are placed on the SU-8 substrate instead of floating, and thus can
resist shocks and vibrations. The property makes the additive manufacturing packaging
process suitable for wearable applications which often embrace shocks and vibrations due
to constant human movements. From the electrical standpoint, the additive manufacturing
interconnections are shorter compared with the wire bonds. Therefore, the parasitics due
to the interconnections are also expected to be smaller. This is critical for high-frequency
applications such as 5G and mm-wave where the effects of parasitics become more signif-

icant.

7.3.3 Tunnel Diode Characterization

Tunnel Diode Model

The equivalent circuit model of the tunnel diode with packaging is shown in Figure 7.7.
The circuit model is composed of 5 components. The C; is used to model the junction
capacitance of the tunnel diode. The R; is used to model the non-linear I-V relation of the

tunnel diode. The R; is for the exterior series resistance. Finally, the L, and C,, are used to
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Figure 7.8: The photo of the (a) die with inkjet printed package and (b) die with traditional
package.

model the capacitance and inductance induced by packaging structures.

The junction capacitance, C;, is 0.3 pF from the datasheet. The R, and R; can be
extracted from the measured I-V curve of the tunnel diode. The L, and C,, are extracted by
the measured 2-port scattering parameters of the tunnel diode. Since the 2-port scattering
parameters are used, the TRL calibration method is used to de-embedded the tunnel diode

to get higher accuracy of the extracted values for the equivalent models.

TRL Calibration

The fabricated samples of the tunnel diode with an inkjet-printed package and with the
traditional package are shown in Figure 7.8. As shown in the figure, there are two 20 mm
long feeding line with tapering structures at the end. This feeding line will induce additional

loss and mismatch to the entire system. Thus, in order to obtain equivalent models with
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Figure 7.9: The TRL calibration circuits.

higher accuracy, the TRL calibration method is adopted. The TRL calibration circuits are
shown in Figure 7.9. The through circuit is composed of two feeding lines connecting
together without the tunnel diode. The reflect circuit is the two feeding lines with open
circuits. The line circuit is the two feeding lines with one additional length inserted between
them. The inserted line length has to be \/4 at the geometric mean of the highest and
lowest frequencies. Furthermore, the ratio between the lowest and highest frequencies
has to be smaller than 1:8. For example, the lowest frequency here is 10 GHz while the
highest frequency is 35 GHz. Thus, the inserted A /4 line is calculated at 18.7 GHz. Besides,
the ratio between the lowest and highest frequencies is 1:3.5 which is smaller than the
maximum of 1:8.

The measured So; of the TRL circuits are shown in Figure 7.10. As depicted in the
figure, there are ripples and losses due to the taper structure and the microstrip feeding
lines. These effects will exist when measuring the 2-port scattering parameter of the tun-
nel diode test samples and thus has to be calibrated out using TRL before extracting the
parameters for the equivalent model. The measured So; of the tunnel diode with the inkjet-

printed package and the tunnel diode with the traditional package are shown in Figure 7.11a
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Figure 7.10: The measured S,; of the TRL calibration.

and Figure 7.11b, respectively. The de-embedded results calculated using TRL calibration
are also included for comparisons. As shown in the figures, The ripples can be alleviated
significantly and the de-embedded S»; is higher because the loss of the feeding lines is cal-

ibrated out. The measured S,; after TRL calibration will be used to extract the equivalent

models of the test samples.

Model Parameters Extraction

As shown in Figure 7.7, in addition to the junction capacitance (C;) which is already pro-
vided in the datasheet, there are four remaining parameters including junction resistance

(R;), series resistance (R;), and packaging parasitics (Ls and C,) which have to be ex-

tracted by the measured results.

Junction Resistance

The non-linear effects of the tunnel diode are modeled using the junction resistance. The
measured DC I-V curve is shown in Figure 7.12. The measured DC I-V curve has a similar

shape as the general tunnel diode as shown in Figure 7.3. The region 2 is ranging from
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Figure 7.11: The measured S, of the original and TRL de-embedded tunnel diode with (a)
inkjet printing package and (b) traditional package.
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Figure 7.12: The measured DC I-V Curves of the tunnel diodes.

0OmV to 60mV and the region 3 is between 60 mV and 210 mV. Since it is measured in
DC, it is only affected by the junction and series resistance. The overall resistance can be

approximated with 3rd order polynomial fitting as the following

I(V)=13%10""V? - 6.2%107°V?

+83% 1073V — 0.058 (7.1)

The resulting curve is also included in Figure 7.12 for comparisons and a good agreement
can be observed. The junction resistance is the overall resistance minus the series resis-
tance.

Series Resistance

The current through the diode can be expressed as [121]
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Figure 7.13: The extraction of R, for the tunnel diode with the inkjet-printed package.

— IR,

I~ Lexp(L 11" (7.2)

Vp=—— (7.3)

In(I) = In(I;) + ———— (7.4)

Therefore, if the series resistance is zero, the relationship between the natural log of current

and the voltage is linear. Hence, we know that

‘/I_IRS
R

In(I) ~ In(1) i

(7.5)
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Figure 7.14: The extraction of R, for the tunnel diode with the traditional package.

In(I) ~ In(I,) + —= (7.6)

where (Equation 7.5) is for the measured curve and (Equation 7.6) is the ideal curve with-

out series resistance. Thus, for the same value of current and by (Equation 7.5) and (Equa-

tion 7.6), we can obtain

Vi—1IR, V3
R _ V2 77
A v (1.7)
&:W;% (7.8)

The resulting figures for both the tunnel diode with the inkjet-printed package and the tra-

ditional package are shown in Figure 7.13 and Figure 7.14, respectively. The ideal linear

tangential curve is created to calculate the series resistance. For the tunnel diode with

the inkjet-printed package (Figure 7.13), the V; and V, are 127.6 mV and 96.83 mV, re-
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Figure 7.15: The comparisons between the equivalent model and the measured So; of the
tunnel diode with the inkjet-printed package.

spectively where the current is e(2.71828) mA. Therefore, by (Equation 7.8), the series
resistance for the tunnel diode with the inkjet-printed package is 11.3 2. Similarly, for the
tunnel diode with the traditional package (Figure 7.14), the V; and V, are 138 mV and
97 mV, respectively where the current is e(2.71828) mA. Thus, the series resistance for
the tunnel diode with the traditional package is 15 2. The series resistance for the inkjet-
printed package is smaller than the traditional package, and thus the loss induced by the
package is smaller.
Package Parasitics
The final step toward the extraction of the equivalent model is the package parasitics (C,
and L;). These parameters are extracted by placing the equivalent model in Figure 7.7
with the values of R, and R; calculated previously in the simulation software, ADS, and
performs the curve fitting to fit the measured S,; which is calibrated using TRL calibration.
The resulting So; for the model and the tunnel diode with the inkjet-printed package is

shown in Figure 7.15. The good agreement between the equivalent model and the measured
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Figure 7.16: The comparisons between the equivalent model and the measured So; of the
tunnel diode with the traditional package.

Table 7.1: Parameter comparison between the inkjet-printed package and the traditional
package.

Parameter Inkjet-printed Package Traditional Package

C; (pF) 0.3 0.3

R, () 113 15.0
C, (pF) 0.056 0.120
L, (nH) 0.351 0.610

results can be observed and validate the correctness of the equivalent model. The same
process is applied for the tunnel diode with the traditional package and the results are

shown in Figure 7.16. The good agreement can also be seen in the figure.

7.3.4 Parasitic Comparisons

The extracted parameters for the equivalent models for both the inkjet-printed package and
traditional package are summarized in Table 7.1. The inkjet-printed package can support

lower series resistance. Furthermore, the capacitance due to the traditional package is
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0.12 pF which is 2.14 times of the inkjet-printed package one, 0.056 pF. The inductance
due to the traditional package is 0.61 nH which is 1.74 times of the inkjet-printed package
one, 0.351 nH. In summary, by extracting the parameters of the equivalent models for
the tunnel diode with different packaging method, the inkjet-printed packaging method
outperforms the traditional method since both the resistance and the parasitics are lower.
Thus, the inkjet-printed package is more suitable for high-frequency applications such as

5G and mm-wave.

7.4 Fully Additive Manufacturing Fabrication Process Characterization

7.4.1 Motivation and Design Idea

The next-generation 5G wireless communication standard has been proposed to alleviate
the constant desire for dramatically faster data transmission [122]. One of the reasons
that 5G wireless communications can provide higher data rate is the use of significantly
larger bandwidths at mm-wave frequencies which result in high interest and numerous re-
searches within this frequency band [103, 123, 124]. To further reduce sizes of the 5G
wireless communication system, SiP topologies which integrated the ICs with peripheral
components such as filters, couplers, and antennas have been proposed and attracted lots
of attention. One of the major challenges to realize 5G SiP designs is to reduce the large
parasitics in packaged module configurations at mm-wave frequencies. Thus, the design
of cost-/performance-efficient packaging solutions for 5G modules while minimizing par-
asitics has become one of the major research areas. In the meantime, deploying circuits at
different locations is required for the age of [oT necessitating the design and implementa-
tion of flexible packages which have better resistant to the shocks and vibrations and can
be fitted into different locations easily.

Additive manufacturing techniques such as inkjet and 3D printing have been proven to
be an effective solution to fabricate circuits with lower cost, less waste of materials, and

higher on-demand customization. In [55], inkjet printing has been used to fabricate in-

196



terconnects between IC die and packaging up to mm-wave range, featuring much smaller
parasitics than using wire bonding which is proven in the section 7.3. In [57], inkjet-printed
transmission lines on 3D printed dielectric ramps have been used to serve as a substitution
to conventional vias. Nevertheless, most previously reported efforts have demonstrated
only characterization results of individual additively manufactured interconnects. More-
over, the interconnections in previous works are not flexible.

In this section, a flexible 3D-printed material, FLGRO02, is first used on the design of 5G
and mm-wave packaging structure. The characterization of this material such as the proper
deal with light exposure time, surface treatment, ink adhesion, and thermal expansion are
included. A broadband AiP design operated at mm-wave range is proposed and fabricated
using inkjet-printed silver trace and 3D-printed flexible substrate with this material. The
proposed broadband package-integrated antenna are integrated with the 3D-printed ramp
structure, CPW lines, and a sample IC to demonstrate the possibility of SiP design using

additive manufacturing procedures.

7.4.2 3D Printing Flexible Material Characterization

The material has to be fully characterized before applying it to the packaging process.
The 3D printing material used is flexible resin FLGRO2 from FormLabs. The relative
dielectric constant and loss tangent is characterized by the waveguide method as introduced
in section 3.5. The measured dielectric constant and loss tangent up to 40 GHz are shown
in Figure 7.17 and Figure 7.18, respectively. Three sets of standard waveguides including
WR-62 (Ku band: 12.4-18 GHz), WR-42 (K band: 18-26.5 GHz), and WR-28 (Ka band:
26.5-40 GHz) are used to perform the characterization at respective bands. As shown in
Figure 7.17, the relative dielectric constant for Flexible FLGRO2 is from 2.79-2.89. The
loss tangent is between 0.028 to 0.031 as shown in Figure 7.18. The loss tangent of general
3D printing resins is high. However, low-loss polymers can be coated on the 3D printing

materials to bring down the overall effective loss tangent which is a similar procedure as
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Figure 7.17: The measured dielectric constant of the 3D printing material, Flexible

FLGRO2.

discussed in section 6.2.

7.4.3 3D Printing Core Substrate

The substrate is fabricated using a DLP SLA 3D printer with flexible resin FLGRO02 from
FormLabs. Since the material is cured around 405 nm, a white light projector is used to
project the images of designs and cure the material layer by layer. The thickness resolution
is set to be 50 um. The light exposure time each layer has significant effects on the design.
As shown in Figure 7.19, not enough light exposure will result in serious defects on the
samples. For example, the hole is not complete and the thickness is not enough for the first
couple of samples. On the other hand, too much light exposure will close the holes and
deviate the design parameters. The light exposure time for each layer is set to 13 s after
testing with different setups. Another thing that needs to be considered while using this
material is that the adhesion for this material is weaker. Thus, the build plate has to be

rough enough for the material to adhere to the build plate.
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Figure 7.18: The measured loss tangent of the 3D printing material, Flexible FLGRO2.

One of the key advantages of this technique is the large-scale manufacture. Since the
images of multiple samples can be projected and cured simultaneously, the fabrication
time is similar for one sample and multiple samples. For example, as demonstrated in Fig-
ure 7.20, two samples are fabricated simultaneously with the same lead time as one sample.
This is a significant advantage for large-scale fabrication. Furthermore, a piece of glass is
attached to the build plate and the samples are fabricated on the glass. Thus, the whole glass
can be taken off and move to the inkjet printer while maintaining the relative positions of
all samples so that metal traces for both samples can be fabricated using the inkjet printer
simultaneously, too. As shown in Figure 7.21, the resulting samples with thickness equals
to 1.7 mm is folded on a 14.3 mm diameter torque wrench to demonstrate the flexibility of

the samples.

199



& S
<€ >

Less Light More Light
Exposure Exposure

Figure 7.19: The effects of exposure time on the 3D-printed substrates.

Figure 7.20: Demonstration of large-scale fabrication.

7.4.4 Inkjet Printing Polymer and Conductor

Ink Adhesion Improvement

Once the substrate is fabricated with 3D printer, it is switch to the inkjet printer to print the
metal trace with SNP ink. As shown in Figure 7.22a, the ink adhesion is terrible without

surface treatment. Thus, the surface treatment is necessary before printing other inks on
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Figure 7.21: Flexibility of the 3D-printed substrate.

Silver Silver
Ink |nk
3D 3D
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Figure 7.22: Ink adhesion while (a) no surface treatment is applied and (b) exposure to UV
ozone before inkjet printing.

the flexible substrate. After testing different types of surface treatments, 30 seconds of UV
ozone is adopted before printing the silver trace and the significant improvement can be
observed in Figure 7.22b. As a result of the surface treatment, the ink spreads uniformly

compared with the results without surface treatment and the conductivity can be improved

significantly.

Surface Roughness and Quality Enhancement

The other problem has to be solved is the CTE differences between the substrate and the
SNP ink. Since the SNP ink has to be sintered at 150 °C, the substrate will expand while

sintering, and cracks would appear due to the imbalance of CTE between the substrate and
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Figure 7.23: Inkjet printing results (a) without SU-8 coating and (b) with SU-8 coating.

the SNP ink as shown in Figure 7.23a. The way to alleviate the situation is to print a thin
layer of SU-8 between the substrate and the silver to act as a buffer to smooth the difference
of CTE. As shown in Figure 7.23b, a thin layer of SU-8 is printed on the substrate before
printing the silver trace. Compared with the Figure 7.23a, significant improvement can be
observed. There are no cracks after sintering at 150 °C. Another advantage of printed a
layer of SU-8 is to smooth the surface roughness of the 3D printed flexible substrate. As
demonstrated in Figure 7.23b, the edge of the silver trace is sharper and straighter with less

ink spread. Therefore, higher conductivity and more precise circuits can be achieved.

7.4.5 Fabrication Process

The procedure of fabricating precise samples with 3D and inkjet printing is summarized
in Figure 7.24. The core packaging substrate is printed using a custom made DLP SLA 3D
printer and the material used is flexible FLGRO2 resin from FormLabs. Then, the surface
finishing is done by exposing the samples under UV ozone for 30 seconds to improve
the ink adhesion. Three layers of MicroChem SU-8 (20 um drop spacing) is then inkjet
printed on the substrate using Dimatix DMP-2831 to smooth the surface and buffer the
CTE difference. The SU-8 is soft baked at 95 °C for 10 minutes, cross linked under UV for

2 minutes, and hot baked at 95 °C for another 10 minutes. The Sun Chemical EMD-5730
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Figure 7.24: Fully additive manufacturing SiP process with surface treatment.
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Figure 7.25: The geometry of the proposed broadband AiP design.

SNP ink is used to inkjet printed the silver traces and three layers of SNP (20 um drop

spacing) is printed on the SU-8. The sample is then sintering at 150 °C for 2 hours.
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Table 7.2: Physical dimensions of the proposed broadband AiP design.

Parameter Dimension (mm) | Parameter Dimension (mm)
dir_1 3 dir_w 0.6
dir_s 0.8 dri_w 0.6
dri_l 8.57 dri_s 1.8
ref w 8 ref_1 8
CPW_w 1.3 CPW _gap 0.17

Figure 7.26: The fabricated prototype of the proposed broadband AiP design.

7.4.6  Broadband 5G Antenna-in-Package Design

After all the printing procedures are well-characterized, they are applied to fabricated test
samples of the proposed broadband package-integrated Yagi antenna. To reduce the size of
the 5G wireless communication system, the antenna has to be broadband enough to cover
the whole 5G bandwidth so that only one set of the antenna is required. The proposed 5G
broadband package-integrated antenna is shown in Figure 7.25. Since the antenna is op-
erated at mm-wave frequencies, the size of end-launch connector would induce significant
effects and has to be taken into consideration. Thus, the end-launch connector structure is
included while performing the full-wave simulation and design. A positioning marker is
included in both the substrate and metal trace to align the 3D printed substrate and inkjet
printing silver. The physical dimensions of the proposed broadband package-integrated an-
tenna are shown in Table 7.2. The minimal gap for CPW lines is 170 um which is much

larger than the minimal resolution (20 um) of the inkjet printer. The thickness of the sub-
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Figure 7.27: Measured and simulated (a) S;; and (b) gain of the proposed broadband AiP
design.
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Figure 7.28: Measured normalized radiation patterns of the proposed broadband AiP design
at (a) 22 GHz (b) 24 GHz (c¢) 28 GHz and (d) 30 GHz.
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strate is 1.7mm. The total size excluding the positioning marker is 11.8 mmx17.8 mm.
It can be further reduced to 5 mmx9 mm which is 0.44)\g x 0.79)\, after excluding the
structure for end-launch connector.

The fabricated sample is shown in Figure 7.26. A transparent layer of SU-8 and silver
traces can be observed in the figure. The S1; of the proposed broadband package-integrated
antenna is measured and shown in Figure 7.27a. The full-wave simulated results using An-
sys HFSS are also included for comparison and a good agreement can be observed. The
differences between the measured and simulated results are due to the higher conductive
loss in fabrication and minor thickness inconsistency for the substrate. Despite the dif-
ferences, the general trend and the location of zeros are the same for the simulated and
measured results. The measured S;; is smaller than -10 dB from 22.4 GHz to 30.1 GHz.
The FBW is 29.3 %. The antenna is broadband enough to cover the 5G band n257 (28
GHz) and n258 (26 GHz).

The realized gain of the proposed broadband package-integrated antenna is measured
using the three-antenna measurement (receive, standard, and test antennas). The measured
results are shown in Figure 7.27b. The measured realized gains are larger than 5 dBi from
22 GHz to 30.5 GHz. Moreover, the differences in the realized gain within this operating
band are smaller than 3 dB. The normalized radiation patterns of the proposed antenna are
also measured and shown in Figure 7.28. Since the proposed antenna is a broadband an-
tenna, the radiation patterns at 22 GHz, 24 GHz, 28 GHz, and 30 GHz are all included.
The 0° is the end-fire direction and the patterns rotate in the x-y plane as shown in Figure
Figure 7.25. As shown in Figure 7.28, the main beam direction is at the end-fire direction
which is as expected. The fabricated antenna can be served as a successful proof of apply-
ing this flexible 3D-printed material and the process developed in this paper to mm-wave

applications.
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Figure 7.29: Fully additive manufacturing SiP Process with an embedded IC.

7.4.7 System-in-Package Design

The antenna, ramp interlayer connections, and IC are integrated together to demonstrate
a SiP design. The process steps are summarized as in Figure 7.29. The fabrication starts
with 3D-printed flexible substrate and ramps. The layer thickness resolution is reduced to
10 um to achieve a smoother ramp structure. Then the SU-8 is printed to further smooth
the surface roughness and act as CTE buffer. The metal connections are then inkjet-printed
on the ramp and the bottom of the cavity. The IC is attached to the bottom of the cavity
using conductive epoxy. Then, the flexible material is used to seal the cavity. The SU-8 is
printed again for the same reason. The final step is to print passive components such as an

antenna on the top of the seal.
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Figure 7.30: 3D- and inkjet-printed SiP design with an embedded IC.

The SiP structure is shown in Figure 7.30. There are three sets of ramps. One is
CPW lines for the IC input. Another is CPW lines for the IC output. The final one is for
the DC bias. The ramp height is 1.2 mm with the slope angle equals to 30°. The end-
launch connector and the positioning marker are also included in the figure. The fabricated
sample is shown in Figure 7.31. Three layers of SU-8 are printed on the substrate and can
be observed in the figure. Since the thickness resolution is 10 um, the ramp would be a
staggered structure with height equals to 10 um. This would cause conductivity issues for
the silver trace. However, the staggered structure can be smoothed out with three layers
of printed SU-8. The IC is attached on the silver trace using silver conductive epoxy as
shown in Figure 7.32a. Furthermore, the structure after sealing with flexible material is
shown in Figure 7.32b. The structure size can be reduced significantly by removing the

end-launch connector and placed the antenna on the top of the IC as shown in Figure 7.33.
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Figure 7.31: Fabricated prototypes of 3D- and inkjet-printed SiP design with an embedded
IC.

(b)

Figure 7.32: SiP design (a) with an embedded IC attached and (b) sealed with flexible
material.
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Figure 7.33: Miniaturized 3D- and inkjet-printed SiP design with an embedded IC.

7.5 Energy-autonomous 5G System-in-Package Design

7.5.1 Motivation and Design Idea

At the end stage of Moore’s law, the idea of SiP which integrates multiple ICs with periph-
eral passive components such as antenna arrays, filters, and couplers using 3D stacking has
been proposed to open a new era. Recently, SiP topology has attracted enormous attention
because of the new 5G communication protocol. Since mm-wave frequencies are adopted
for 5G communication to reach faster data transmission rates, the size of RF components
can be reduced significantly and compatible with the size of packages [103]. However,
conventional SiP designs are not fully autonomous because there are no energy sources
within the package. Without an internal energy source, conventional SiP designs have to
be connected to external boards or power supply elements to drive ICs inside the package
and sustain the functionality.

To achieve a fully autonomous SiP design and shrink the functional system size from
the board level to the package level, an energy source has to be embedded inside the pack-

age. While considering appropriate package-integrated energy sources, the conventional
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Figure 7.34: The embedded-in-package energy harvester within 3D-printed multilayer
packaging structure.

batteries are ruled out first because the lifetime is limited and it is impossible to replace
them inside the package [125]. The ambient energy which can be accessed all day with-
out the limitation of a lifetime makes it a suitable solution to be used within the package.
Among all ambient sources, RF energy is especially suitable for SiP design because the
solar cells are typically too large to be integrated into the package while heat and vibra-
tions are typically suppressed by the package [93, 102]. Furthermore, for most of the SiP
designs, the antenna is already integrated in the package and can be reused by RF energy
harvesting. The low power density for the RF energy [8] is no longer a problem since the
EIRP allowed for the SG communication is 75 dBm [49] which is much larger than other
spectrums.

There are also new challenges while operating at mm-wave frequencies. For example,
the large parasitics for conventional packaging structures such as via would affect the sys-
tem performance significantly. 3D printing techniques can be a good solution to solve the
problem as well as achieving more compact integration [57, 102]. The material flexibility
including flexible, durable, and high-temperature materials can offer more choices based

on different applications. Furthermore, the better structural flexibility makes numerous 3D
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Figure 7.35: The stackup of the test samples for 3D printing material, Flexible FLGRO2.

complex designs possible.

In this section, a package-integrated energy harvester operated at 26 GHz within 3D-
printed multilayer flexible packaging structures is proposed for the first time. The whole
system is fabricated with low cost and fast prototyping additive manufacturing techniques
including inkjet printing and 3D printing. The flexible substrate is adopted to resist to
shocks and vibrations. The system structure is demonstrated in Figure 7.34. The energy
harvester is embedded inside a cavity. The 3D-printed ramp and the inkjet-printed tapered
line on the top of the ramp are used as inter-layer connections between the energy harvester
and the antenna on the top layer to reduce parasitics. The antenna is printed right on the
top of the energy harvester to reduce the overall size. The harvested energy is measured
and the power level is large enough to drive a TS3001 low-power timer which can be used
as the modulation control to build a fully autonomous backscattering RFID SiP module.
The proposed package-integrated energy harvester and the multilayer 3D printing process
can be used to realize a fully autonomous SiP module and bring the fully functional system

size from the board level down to the package level.

7.5.2 3D Printer Characterization

The same material as used in section 7.4, flexible resin FLGRO02 from FormLabs, is used
to characterize the 3D printer. The model of the 3D printer used is FormLabs Form 2. The
laser spot size of Form 2 is 140 um and the X/Y resolution is about 50 um. The Z resolution

is about S0 um. The newer version of the 3D printer, FormLabs Form 3, can offer better
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Figure 7.36: The geometry of the test samples for 3D printing material, Flexible FLGRO02.

Figure 7.37: The fabricated prototypes of the test sampless for 3D printing material, Flexi-
ble FLGRO02 under different printing tilt angles.

X/Y resolution at 25 um using 85 um laser spot size.

In addition to the electrical properties characterized in section 7.4, the physical reso-
lutions are tested by printing different geometries. The stack up is shown in Figure 7.35.
The cavities, ramp structures, and through vias are all included for the test of the physical
resolution. The geometry of the test samples for 3D printing Flexible FLGR02 are shown
in Figure 7.36. The physical dimensions of the ramp, cavities, and through via are also in-
cluded in Figure 7.36. The fabricated prototypes are 3D-printed under different tilt angles
to increase the Z resolution. The tilt angle is defined as the angle between the build plate
and the sample as demonstrated in Figure 7.38. As shown in Figure 7.38, the Z resolution

limit for 3D printer, FormLab Form 2, is 50 um. However, the respective Z-direction reso-
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Figure 7.38: The definition of the tilt angle.

Table 7.3: Measured surface roughness.

Tilt angle (degree) Ramp 1 (um) Ramp 2 (um) Flat Region (um)

0 7.44 6.30 1.26
30 4.62 5.10 5.48
45 2.87 9.12 3.03
60 3.67 5.72 6.28

lution for the sample, which is Zs direction in Figure 7.38, is depending on the tilt angle.

The respective Z-direction resolution can be calculated as

Zs = ZcosH (7.9)

where Z is the Z-direction resolution (50 um), Zs is the respective Z-direction resolution for
the sample, and @ is the tilt angle. As shown in Equation 7.9, the resolution is better under
larger tilt angles. Since a larger tilt angle might cause other issues, prototypes with 0°, 30°,
45°, and 60° tilt angles are printed, measured, and compared to find the most suitable tilt
angle.

The surface roughness of the prototypes with different tilt angles is summarized in Ta-

ble 7.3. Both the surface roughnesses on the non-planar ramp and flat region are measured.
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Table 7.4: Measured thickness for cavities.

Tilt Angle  S4 s5 6 s7 s8 ) $10  S11  S12 EAr‘:z:a(f/f)
0 X 95 103 714 753 690 552 574 589  3.82
30 X X X 670 655 644 543 530 543  10.59
45 83 X X 690 670 660 594 529 512 10.27
60 53 X X 656 650 670 521 538 519  11.51
Design

100 100 100 750 750 750 590 590 590
Value

X: means print fail
Unit is um unless specify

As shown in Table 7.3, the surface roughness at the flat region is smaller while tilt angle is
0°. However, the surface roughness at the ramp is generally smaller while the tilt angle is
larger. The reason is that the respective Z resolution is better while the tilt angle is larger.

The thicknesses for the cavities are measured and summarized in Table 7.4. The design
values are included for comparison. As shown in Table 7.4, the cavities with 100 pm thick-
ness can only be realized with a 0° tilt angle. Furthermore, the average error (discrepancies
between the designed and measured dimensions) is smaller for 0° printing, and the overall
errors for cavity thicknesses are about 10 %. The through via measurement is summarized
in Table 7.5. For 0° printing, the minimum radius for the through via is 500 um. The min-
imum radius for other tilt angle printing is 250 um which is much smaller compared with
the 0° printing.

The substrate thickness measurement is summarized in Table 7.6 and the position def-
inition is shown in Figure 7.39. The design values are also included for comparison. The

minimum average error is using 30° tilt printing and the overall errors are all smaller than
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Table 7.5: Measured via holes.

Tilt r=50 um r=100pum r=250um r=500pum r=750 um
0 X X X o] o]
30 X X o o o
45 X X o o o
60 X X o o o}
o: Success
x: Fail

Measure Position 1 (P1)

Position 2 (PZ/)/ -

—// O

Position 4 (P4)

Position 3 (P3)

Figure 7.39: The measured positions of the test samples for 3D printing material, Flexible
FLGRO2.

8 %. For the 30° tilt printing, samples with smaller thickness are printed and the measured
results are summarized in Table 7.7. The measured thickness is very stable and accurate.
The average error is smaller than 2 % even for thin 400 um substrate printing.

The pros and cons of different tilt angle printing are summarized in Table 7.8. The
surface roughness at the flat region is better while printing with a 0° tilt angle. On the
other hand, the surface roughness on the ramp is better while printing with a 30° tilt an-
gle. However, the surface roughness of the 3D printed material does not matter since the
polymer is coated on the top of it and significantly improve the surface roughness. Further-
more, since the polymer is printed using inkjet printing and there is no tilt angle, the results

are similar for different tilt 3D printing angles. The 0° tilt printing is also good for better
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Table 7.6: Measured substrate thickness at the edge.

Tilt P1 (mm) P2 (mm) P3 (mm) P4 (mm) EAr\;sl;a(g/oe)
0 2.43 2.30 2.55 2.32 8.11
30 2.20 2.22 2.13 2.20 1.46
45 2.15 2.08 2.11 2.13 4.62
60 2.09 2.07 2.03 2.04 7.32
Design 2.22 2.22 2.22 2.22

Table 7.7: Measured substrate thickness when printing with a 30° tilt angle.

hl h2

Design Value (um) 1500 400
Sample 1 (um) 1555 422
Sample 2 (um) 1507 388
Sample 3 (um) 1525 373
Average (um) 1529 394
Average Error (%) 1.9 1.5

cavity thickness accuracy and shorter print time. The 30° tilt printing is the better for the
substrate thickness accuracy, minimum via dimension and the backside roughness. Thus,

after comparing and trading off between different aspects, the 30° tilt printing is adopted.

7.5.3 Fabrication Process

The multilayer fabrication process of the system is demonstrated in Figure 7.40. The first
step is to 3D print the flexible core substrate with ramps, vias, and cavity, and the result
is shown in Figure 7.41a. The 3D printer used is FormLabs Form 2 SLA 3D printer. The
flexible substrate used is FLGRO0O2. The material is characterized using waveguides as in
section 7.4. The dielectric constant is 2.83 and the loss tangent is 0.03 at 26 GHz. The total

thickness is 1500 pm with cavity thickness equals to 1100 um. Thus, the substrate thickness
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Table 7.8: Summary of different characteristics.

surface surface Substrate Backside
Tilt Angle  roughness flat roughness on . Cavity Via Print time
. thickness roughness
region the ramp
0 (0} (6] (0}
30 (0] (0] o (0]
45 o (0]
60 0} O

o: The best among all tilt angles

beneath the cavity is 400 um. The z-direction resolution for this printer is 50 um. In order
to print the samples with more accurate thickness and higher z-directional resolution, the
samples are printed with a 30° tilt angle. Therefore, the respective z-direction resolution is
about 43 um by Equation 7.9. The thicknesses of three printed test samples are measured.
The average total thickness is 1529 ym which is very close to the design value, 1500 pm.
The average thickness beneath the substrate is 392 um and again very close to the design
value, 400 um.

The second step is to inkjet print three layers of MicroChem SU-8 (20 pm drop spacing)
using Dimatix DMP-2831 inkjet printer. The purpose of this layer is to smooth the surface
roughness of the 3D-printed substrate. As depicted in Figure 7.41b, there are stripes on
the surface of the 3D-printed substrate due to the 30° tilting angle which increases the
surface roughness. However, with three layers of SU-8 coating, the surface roughness can
be improved significantly. Furthermore, the SU-8 layer also serves as a buffer to balance
the different CTE between the substrate and the SNP ink.

The silver traces are inkjet-printed with three layers of Sun Chemical EMD-5730 SNP
ink (20 um drop spacing) on the SU-8 coated substrate and the result is shown in Fig-
ure 7.42a. The silver is first cured at 60 °C and then sintered at 150 °C. The printing results
show clear gaps and sharp edges. Furthermore, as shown in Figure 7.43, the silver traces on
the ramp demonstrate good continuity and connectivity. The other side of the 3D printed
substrate is coated with a conductive epoxy to create a ground plane. In the meantime, the

vias are filled with conductive epoxy, too. Then the sample is put on the hot plate at 120 °C
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Figure 7.40: Fabrication process for additive manufacturing multilayer packaging struc-
tures.

for 15 minutes for the conductive epoxy. The ICs are flip-chip bonded on the inkjet-printed
silver traces with conductive epoxy as shown in Figure 7.42b. The cavity is then filled with
flexible material to create a new layer. As shown in Figure 7.42c, the filling is flat and the
inter-layer connection is ready for the antenna array on the top layer. To print the antenna
on the top layer, three layers of SU-8 is applied first and then inkjet print the silver trace on
top of that as shown in Figure 7.42d.

The overall size of the entire circuit is 25 mm x 20 mm. However, the size can be
reduced to 12 mm x 15 mm if the testing features such as the end-launch connector and
testing pads are eliminated. The fabrication process can be extended to more layers of print-
ing by repeating the filling 3D printed materials and inkjet printing silver traces. The use of
additive manufacturing technologies offer better performances, more material choices, and

better structural flexibilities. For example, the 3D-printed ramps which can only be printed
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Figure 7.41: (a) 3D printed substrate with cavity, ramps, and vias. (b) Substrate coated
with SU-8.

using 3D printing techniques and inkjet print silver traces on the top of the ramps to serve
as inter-layer connections induce lower parasitics compared with conventional via connec-
tions. The effects are more significant when operating at mm-wave frequencies. Thus, this

multilayer printing process is suitable for mm-wave SiP design.

7.5.4 Antenna-in-Package Design And Measurement

The antenna array printed on the filled cavity is composed of two patch antennas and the
geometry is shown in Figure 7.44. The patch size is 3.87 mm x 2.21 mm. The distance
between the two elements is 3.56 mm. The fabricated prototype is shown in Figure 7.45.
The parameters are measured with VNA and the results are shown in Figure 7.46a. The
Si1 at 26 GHz is smaller than -10 dB. The broad bandwidth of this antenna is due to the
thick substrate of the patch antenna. The radiation pattern is also measured and shown
in Figure 7.46b. The 0° direction is the direction of broadside radiation. The main beam
is tilted to 30° toward the substrate. It is also because of the thick substrate and the long

distance from the edge of the patch antenna to the edge of the substrate.
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Figure 7.42: (a) Inkjet printed silver on the top of the 3D-printed substrate (b) The package-
integrated energy harvester (c) Filling the cavity with flexible material and (d) Inkjet-
printed antenna array on the top layer.

7.5.5 Embedded 5G Energy Harvester Design and Measurement

The fabricated embedded 5G energy harvester is shown in Figure 7.42b. The energy har-
vester starts with a tapered line from the top layer to the cavity. The tapered line is used
to take the thickness change between the line and the ground into consideration. The
MAA4E2038 diode is used for rectification. Only one-diode topology is used because the
effect of loss is more significant than the efficiency increase while adding more diodes at 26
GHz. After the rectification, both DC and harmonics are generated. Thus, the sector-shape

open stubs are used as the termination for the harmonics at 26 GHz and 52 GHz. Moreover,
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Figure 7.43: The prototypes of ramp interconnections.

Figure 7.44: The geometry of the package-integrated antenna array design.

the DC reference plane is connected to the diode anode to avoid the via and high parasitics.
A 750Kk resistor is placed at the load position to mimic the timer TS3001 from Silicon
Labs. Two testing pads are branching out and connect to the top plane through 3D printed
ramps for testing after filling the cavity.

The cavity-embedded energy harvester is connected to a signal generator through a
Southwest end-launch connector. The output voltage probing is performed by two testing
pads for different input power levels at 26 GHz and measured results are shown in Fig-
ure 7.47a. The simulated results of the energy harvester before the filling of the cavity

from ADS harmonic balance simulation is also included for comparison. The microstrip
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Figure 7.45: The prototype of the package-integrated antenna array design.

line model is used for simulating the results before filling. As shown in Figure 7.47a, the
simulation and measured results are very close to each other. The measured output voltage
after filling the cavity is higher than before filling. The reason is that the frequency shift
due to filling is taken into consideration. Thus, the optimal operating point for the design
before the filling is not at 26 GHz but the optimal operating point after filling is at 26 GHz.
The input scattering parameter of the energy harvester after filling the cavity is measured
and shown in Figure 7.47b. The S1; at 26 GHz is around -15 dB indicating good matching

1s achieved.

7.5.6 Energy Harvester Operation Test

The entire system is measured wirelessly to evaluate the harvested energy. The measure-
ment setup is shown in Figure 7.48. The signal generator’s output is 12 dBm. The amplifier
is 27 dB and the gain of the horn antenna is 20 dBi. The distance between the sample and
the horn antenna is 20 cm. The output voltage at the load of the energy harvester is 0.9 V
which is large enough to turn on and supply the TS3001 timer from Silicon Labs. Since
the EIRP limit for 5G communication is around 75 dBm [49], the range can be extended to
more than 1 m if 75 dBm EIRP is used.

The proposed embedded energy harvester can be used to realize a fully autonomous

backscattering SiP sensing module. The system topology is shown in Figure 7.49 while the
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Figure 7.46: The measured (a) S1; and (b) normalized radiation pattern at 26 GHz of the
package-integrated antenna array design.
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vester after filling.
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Figure 7.48: The wireless performance evaluation setup for the 5G package-integrated
energy harvester.

fabricated circuit prototype is shown in Figure 7.50. The energy harvester is used to harvest
energy to power a TS3001 timer. The timer would alter the oscillation frequency based on
the resistance value of the sensor. The oscillated signal is used to control a CE3521M4

switch to create modulated signals and backscatter the information back to the reader.

7.6 Inkjet-printed Low-loss Polymer for Millimeter-wave Applications

7.6.1 Motivation and Design Idea

The main drawback of the additive manufacturing process compared with glass SAP pro-
cess is the material loss. The general loss tangents of 3D printing materials fall into the
range between 0.03 to 0.05. The loss tangent of inkjet printed MicroChem SU-8 is around
0.04 at 5G mm-wave frequency range [59]. Therefore, the overall loss tangent of the sys-
tem is larger than 0.03 which is large at mm-wave frequency range. One way to solve the

problem is to develop a inkjet-printable low-loss polymer and coated it on the 3D-printed
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Figure 7.49: Fully autonomous SiP backscattering sensor topology.
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Figure 7.50: Prototype for fully autonomous SiP backscattering sensor.

core substrate. It is easy to design circuits with RF components entirely on one side of
the core substrate and are not affected by the high substrate loss of the core substrate. For
example, a layer stackup from the top to the bottom can be arranged like metal M1, low-
loss polymer, metal M2, low-loss polymer, and 3D printed material. The metal M2 can
be used as the ground plane and the metal M1 can be used as the microstrip line compo-
nents. Therefore, the effects of the substrate loss due to 3D printing core substrate can be
minimized.

The low-loss polymer developed in this section is BCB. The relative dielectric constant

is 2.65 and the loss tangent is 0.002 at 10 GHz [60]. Compared with SU-8, the loss tangent
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Figure 7.51: The inkjet-printed BCB patterns.

of the BCB is much smaller. Thus, inkjet-printed BCB can be used to replace the SU-8 and
realize a high-performance fully additive manufacturing packaging process for mm-wave

applications.

7.6.2 Layer Thickness Characterization

The inkjet-printable BCB ink is developed and used to print test samples as shown in Fig-
ure 7.51. The top little squares are 4 mm by 4 mm and are used to characterize the layer
height as shown in Figure 7.52. The substrate used is a Rogers RT 5870 with 1 oz cop-
per cladding. The BCB ink is inkjet printed with 20 um drop spacing on the copper. The
printed samples are dried on the hot plate at 140 °C for 10 minutes. Then, the samples are
sintered in a vacuum oven filled with Nitrogen. The sintering temperature is 248 °C and
the sintering time is 1.5 hours. As shown in Figure 7.52, sharp edges with good wetting
and adhesion on the copper can be observed. Furthermore, there are no discontinuity or
empty holes in the middle of printing. Thus, good quality printing can be proven using the

developed BCB ink.
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Figure 7.52: The inkjet printing BCB squares for layer thickness characterization.

The profilometer measurement of the inkjet-printed BCB with 1-layer, 3-layer, 5-layer,
7-layer, and 9-layer printing is demonstrated in Figure 7.53. Multiple samples are fabri-
cated and measured. As shown in Figure 7.53, the consistency between different samples is
very good. The comparison between different numbers of printing layers is shown in Fig-
ure 7.54. The 1-layer printing is not enough and the variance within the center flat region
is large. However, the variance becomes smaller when more layers are printed. The coffee
ring can be observed at 3-layer and 5-layer printing. While at 7 and 9 layers of printing,
since the pad size is small, too many materials accumulated at the middle and protrusion
can be seen. As shown in Figure 7.55, a larger 8 mm by 8 mm pad is printed using 12
layers of BCB inks. Ever with 3 more layers of printing, the flat region without protrusion

can be observed. Therefore, each layer of BCB is about 5 um.

230



=
o
N
o

8r 7 15+ 4
= ol 1T | =
2 2107 -
5 5 5 - 4
T 2 ——Sample 1 1 T ——Sample 1
= =Sample 2 0 = =Sample 2
Oty e Sample3| & (W 0 | Sample 3
===Sample 4 ===Sample 4
-2 : : : : -5 : : : :
0 1 2 3 4 5 0 1 2 3 4 5
Distance (mm) Distance (mm)
(b)
30 T T 60 T T T T
2571 ] 501 T ~ ]
s T -,
E20¢ 1 E40f 1
= =
£15 1 £30 .
=3 2
% 10t ——Sample 1 1 % 201 ——Sample 1 .
= =Sample 2 = =Sample 2
50 F e Sample 3 ] RO . Sample 3
===Sample 4 ===Sample 4
O kst ! I T | 0 | I I !
0 1 2 3 4 5 0 1 2 3 4 5
Distance (mm) Distance (mm)
© (d)
80 " " . .
70 1 i 1
60 B R 1
g ?/ S
5 501 :,.‘, \\ T
=40t \ .
2 \
% 30 i —Sample 1 \
20 — —Sample 2 1
I A s Sample 3 k |
101 —-—Sample 4
0 1 2 3 4 5
Distance (mm)
(e)

Figure 7.53: The profilometer measurement of the inkjet-printed BCB with (a) 1-layer, (b)
3-layer, (c) 5-layer, (d) 7-layer, and (e) 9-layer printing.
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Figure 7.54: The thickness comparisons between different numbers of layer.

7.6.3 Via Holes Characterization

The inkjet-printed via holes with different diameters are shown in Figure 7.56. 12 layers
of BCB is printed with a thickness about 60 um. The designed diameter sizes of the via
hole are also included in the figure. As shown in Figure 7.56, the minimum diameter
which is printed successfully is 400 um. The printed via holes can be used to realize both
micro vias and through vias. The measured dimensions under the microscope are shown in
Figure 7.57. As shown in the figure, the printed via holes are all smaller than the designed
values. Furthermore, the vertical size is smaller than the horizontal size. The reason is
that the inkjet printer prints the horizontal strips and thus, horizontal features will be more

accurate.

7.7 Summary

The objective of this chapter is to develop a fully additive manufacturing packaging pro-

cess and applied the process to realize an energy-autonomous SiP design. Four pieces of
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Figure 7.55: The profilometer measurement of the inkjet-printed BCB with 12-layer print-
ing and the pattern is a larger 8 mm square.
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Figure 7.56: The inkjet-printed via holes with different dimensions using BCB ink.

research are introduced in this chapter to achieve the goal. Additive packaging has gar-
nered an increasing amount of interest due to its promising industrial scalability, enormous
material choices, and topological patterning versatility. The effort described in the first
research benchmarks the performance of the additive manufacturing packaging approach

relative to its commercial counterpart for the integration of devices operating in the 5G
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Figure 7.57: The measured sizes of 12-layer via holes under microscope with diameter
equals (a) 400 um, (b) 500 um, and (c) 600 um.
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mm-wave bands. The approach first demonstrates the fully inkjet-printed integration of a
tunnel diode, a component empowering a plethora of emerging applications in these fre-
quency bands, before comparing it to its pre-packaged counterpart. To enable an accurate
and quantifiable comparison, the measured properties of the two integrated diodes were
de-embedded using a TRL extraction method before their lumped element models were
determined and compared. The comparison demonstrates a general and often significant
reduction in all the packaging parasitics, up to 53%, using the additive approach. This result
adds upon the growing evidence supporting the superior electrical performance of additive
packaging for the integration of mm-wave dies and strengthens the appeal for the develop-
ment of ultra-compact and ultra-high-performance fully additive manufacturing mm-wave
SiP.

After showing evidence of the superiority of the additive manufacturing process for
packaging structures, a fully additively manufacturing process using 3D and inkjet print-
ing is proposed in the second research. The process is then used to fabricate antenna and
packaging structure at mm-wave range for 5G applications. The 3D printed flexible mate-
rial, FLGRO?2, is applied to the flexible mm-wave packaging application. The fabrication
process and material characterizations including solutions to surface treatment for ink ad-
hesion, smoothing of the surface roughness, and balancing the CTE mismatch between the
flexible material and the SNP ink are proposed. Then, the proposed process is used to
fabricate a broadband 5G package-integrated antenna. The measured S;; of the proposed
package-integrated antenna is smaller than -10 dB from 22.4 GHz to 30.1 GHz. Besides,
the measured realized gain is larger than 5 dBi from 22 GHz to 30.5 GHz. The differences
in the realized gain within the operating bandwidth are smaller than 3 dB. The FBW is
29.3 %. The proposed antenna is broadband enough to cover the whole 5G band from 24.5
GHz to 29.5 GHz. The size of the antenna is 5 mmx9 mm which is 0.44)\g x 0.79)\g. Ra-
diation patterns within the operating band are also measured. Finally, a proof-of-concept

demonstration of SiP design is fabricated.
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Since the fully additive manufacturing packaging process is proposed and characterized
in the second research, the third research focuses on integrating energy harvester inside the
packaging to realize a fully autonomous SiP design. The 3D-printed ramp structures and
inkjet-printed transmission lines on the top of them are suitable for mm-wave inter-layer
connections because lower parasitics are induced to the system. Moreover, a SiP design
for backscattering sensor is proposed. It has to be stressed that an RF energy harvester
operated at 26 GHz which is embedded inside the packaging using additively manufactur-
ing techniques is proposed for the first time. The output voltage of the harvested energy
at a distance of 20 cm away from the source is 0.9 V with transmitted EIRP equals to 59
dBm. The harvested energy is large enough to power the TS3001 timer for backscattering
and can support all energy requirements of the entire SiP module so that the SiP design is
fully energy-autonomous and no external board or components are required. The system
size can be shrunk to the package level and thus paving the way for a multitude of novel
miniaturized energy-autonomous modules for wearable, IoT, and 5G applications.

Finally, the fourth research develops a new low-loss inkjet-printable BCB ink. The
BCB ink provides 10 times smaller loss tangent compared with SU-8. The BCB ink is
put to test and the layer thickness as well as the via holes are characterized. The BCB ink
demonstrates good jetting, adhesion, and printing quality.

From the fabrication point of view, a new fully additive manufacturing packaging pro-
cess is proposed, characterized, and put to test. The complex 3D structures which help
improve the performances are fabricated and measured. Furthermore, a new low-loss
inkjet-printable polymer is developed and tested. The new material brings the additive
manufacturing to high-frequency applications. From the energy harvester point of view,
the first SiP design with embedded energy harvester is demonstrated. Since the SiP module
is energy-autonomous and fully functional, no exterior components or boards are required.
Thus, the functional system size is shrunk from the board size to the packaging size. This

serves as a new application for the energy harvester.
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CHAPTER 8
CONCLUSION AND CONTRIBUTION

8.1 Conclusion

The objectives of the works presented in this dissertation are proposing innovative energy
harvester designs realizing with a new additive manufacturing fabrication process. The
proposed energy harvesters can be used to eliminate the requirement of charging or re-
placement of batteries and thus, realizing energy-autonomous wearable WSNs, real-time
health monitoring systems, [oT, and smart cities. The proposed additive manufacturing
process can be utilized to realize high-performance RF and mm-wave systems, packaging
structures, and SiP modules.

In this dissertation, a novel on-body wireless sensor network system is proposed. The
system is fully energy-autonomous and the reading ranges of the sensor tags are drasti-
cally enhanced utilizing a wearable and flexible energy harvester harvesting energy from a
two-way talk radio. For the first time reported, the proposed energy harvester utilizes not
only the DC power to drive an RF power amplifier but also the second harmonic to build
a mobile carrier emitter to significantly enhance reading ranges of on-body sensing RFID
tags. The output DC and 929 MHz powers are 16.5 and 13 dBm, respectively, while the
transmitting power from two-way talk radio is 34.3 dBm and the distance is 9 cm. The 929
MHz antenna is designed along with an AMC structure to reduce the interference from the
human body. Moreover, the custom 3D-printed flexible substrate is applied to the AMC
design to eliminate the limitation of the substrate thickness of off-the-shelf materials. The
inkjet printing masking technique is also applied to the fabrication of the energy harvester
on nearly every flexible substrate to reduce the cost. A custom backscattering tag which

operates with —5 dBm of input power was realized and an ammonia sensor was integrated

237



into the backscattering tag to demonstrate the inherent advantage of the proposed system to
IoT applications requiring multiple wireless sensors and tags. The reading range was ex-
tended to more than 270 m by integrating the RF amplifier which is powered by harvester
energy. Moreover, multiple experiments are performed to demonstrate multiple-tag inter-
rogation and gas detection capabilities. The effects of the human body on the performance
is also investigated. A design process is proposed to consider the human body effects and
accurately predict the near-field coupling power level.

A long-range microfluidic backscatter sensing system is proposed. The actuation forces
to move the fluids inside the microchannel are provided by an energy-autonomous microp-
ump system. Since the actuation forces are provided autonomously, the conventional in-lab
microfluidic applications can now be applied ubiquitously. The proposed energy harvester
harvesting from both a near-field 464.5 MHz two-way radio and a far-field UHF RFID
reader (850-950 MHz) simultaneously. The near-field energy provides a high power level
while the far-field energy is continuous. Both advantages can be integrated with a power
management circuit. Furthermore, a new additive manufacturing process is proposed to
realize microchannels, and a proof-of-concept sweat sensor is realized using this process.
The proposed fabrication method can realize microchannels with lower cost, shorter proto-
typing time, and more complex 3D structures. The backscatter topology is used to detect
the variation of the conductivity in the fluid and extend the reading range to more than 22
m. Furthermore, the effects of clutters in a complex environment are minimized due to the
use of backscatter topology.

The first broadband and miniaturized planar Yagi AiP design which can cover all three
major 5G NR operating bands from 24.25 GHz to 40 GHz while maintaining a small form
factor is also demonstrated. The FBW is 49% and the size for the antenna element is 3.05
mm X 5.56 mm which equals 0.25 Ay x 0.45 \y where )\, is the wavelength at 24.25 GHz.
Both the single element and the 2-by-1 array design are simulated, fabricated, and mea-

sured. The glass multi-layered packaging process with a new low-loss polymer material
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is used to realize the designs. The element gain is higher than 4 dBi and the array gain is
higher than 6.2 dBi within the entire operating band. The normalized radiation patterns at
E-plane and H-plane are demonstrated and the main-beam directions are consistent within
the entire band. The cross-polarized patterns at the main-beam direction are smaller than
-15 dB. The AiP design is then integrated with broadband rectifiers to form a broadband
energy harvester which covers all three major 5G NR operating bands.

The first fully additive manufacturing multi-layer process including inkjet and 3D print-
ing is proposed for mm-wave packaging structures and modules. The low-loss polymer
BCB is characterized to further improve the performance of the fabrication process. The
structural flexibility offered by 3D-printed substrates can help reduce the parasitics which
are important at mm-wave frequencies. Furthermore, the first package-integrated mm-wave
energy harvester is reported. The energy harvester is embedded inside a 3D-printed cavity
and the antenna is printed right on the top of it to reduce the size. The harvested energy
at 26 GHz is large enough to power up a TS3001 timer for backscattering. 0.9 V output
power is measured at 20 cm range with 59 dBm EIRP, while more than 1 m range is ex-
pected while the full 75 dBm EIRP for 5G communication is used. The package-integrated
energy harvester can support the energy requirements for the entire SiP module and thus
enabling the drastic shrinkage of the size of the fully energy-autonomous system from the

board level to the packaging level.

8.2 Contribution

The contributions of each work are evaluated with four perspectives:
1. Innovative energy harvester topologies to improve performance
2. Designs to increase the harvested power level of the energy harvester
3. Novel energy harvester applications

4. Advancement in the additive manufacturing process
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As shown in Table 1.1, these are the same criteria as used from the very beginning.

8.2.1 Innovative Energy Harvester Topologies

1. On-body long-range sensing network
(a) The first energy harvester to utilize both the rectified DC power and the har-
monics generated during rectification to achieve two different functions.
(b) The DC power can be used to power micro-controller unit or ICs.

(c) The second harmonics at 929 MHz is used to create a carrier emitter to signif-
icantly increase the reading range of backscattering RFID system to more than

270 m.

8.2.2 Increase Harvested Power Level

1. On-body long-range sensing network
(a) Harvesting energy from a near-field 464.5 MHz two-way radio with large RF
power density.

(b) The DC output at the load is 17.5 dBm.
2. Microfluidic health monitoring system

(a) Harvesting energy from both a near-field 464.5 MHz two-way radio and a far-

field UHF RFID reader (860-960 MHz).

(b) The near-field two-way radio supports high power density while the far-field

UHF RFID reader provides continuous RF power.

(c) A power management circuit is utilized to integrate both the near-field and far-

field energy so that the system can have advantages of both kinds of sources.
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(d) The energy harvester is carefully designed so that the highest efficiency for 860-
960 MHz is at low power level (3 dBm) while the highest efficiency for 464.5

MHz is at high power level (18 dBm). This meets the real using situation.
(e) Duty cycling is achieved by the power management circuit to reduce the mini-
mum required input power.

3. Glass packaging AiP and SiP designs

(a) The first UWB energy harvester which covers all three 5G NR operating bands.

(b) The first UWB and miniaturized AiP design is proposed to cover all three 5G

NR operating bands crom 24.25 to 40 GHz.

(c) Two rectifiers are proposed. One covers from 24.25 GHz to 29.5 GHz with 25%
RF-DC efficiency at 15 dBm input power. The other covers from 37 GHz to 40

GHz with 25% RF-DC efficiency at 15 dBm input power.

(d) The UWB energy harvester is realized by combining the proposed UWB and

miniaturized AiP, two rectifiers, and a diplexer.

8.2.3 Novel Energy Harvester Applications

1. On-body long-range sensing network
(a) The sensors are all powered by an energy harvester and thus, no batteries are
required.

(b) The on-body carrier emitter is realized using an energy harvester and is used to
extend the reading range. The reading range is more than 70 m with SNR 14.7

dB. The reading range can be extended to more than 270 m with 3 dB SNR

(c) A design process is proposed to predict the received power from the near-field

coupling and consider the human body effects.

2. Microfluidic health monitoring system
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(a) The first energy-autonomous micropump system is realized using energy har-

vester technologies.

(b) The energy-autonomous micropump system can be used to drive any microflu-
idic applications. Thus, the proposed micropump system can expand the mi-

crofluidic applications from in-lab use to ubiquitously applicable.

(c) The health monitoring is realized by energy-autonomous backscatter sweat sen-
sor. The change in the conductivity is detected and converted into the modulated
backscatter signals. Compared with sensors detecting resonance frequencies,
the signals using this topology is easier to be detected with a much longer range

(22 m) in an environment with clutters.

3. Glass packaging AiP and SiP designs

(a) Harvesting energy from broadband 5G signals.
(b) Package-integrated energy harvesters.

(c) The broadband AiP design covers 24.5 GHz to 40 GHz with a miniaturized
size of 3.05 mm x 5.56 mm which equals 0.25 )\ x 0.45 \y where )\, is the
wavelength at 24.25 GHz.

(d) The AiP design has a steady 4 dBi gain within the operating bandwidth.

(e) A diplexer can be used to integrate two rectifiers covering 24.5 GHz to 29.5
GHz and 37 GHz to 40 GHz with the proposed AiP design to realize a broad-

band energy harvester which covers all 5G NR operating bands.

4. Additive manufacturing 3D SiP module

(a) The first SiP module with embedded energy harvesters harvesting energy from

5G signals is proposed.
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(b) The SiP module can be fully powered with the embedded energy harvester so
that no exterior boards are required. Therefore, the functional system size is

shrunk from the board level to the packaging level.

(c) The output voltage of the energy harvester is 0.9 V at 20 cm away from a 59
dBm EIRP energy source. More than 1 m of operating range is expected with

the full-power 75 dBm EIRP 5G signals.

8.2.4 Advancement in Additive Manufacturing Process

1. On-body long-range sensing network
(a) The inkjet- and 3D-printed flexible AMC is used to reduce the interferences
from human body.
(b) The spacer in the AMC is 3D-printed with customized thickness to achieve the
optimized performance.
2. Microfluidic health monitoring system
(a) A new additive manufacturing process to realize microfluidic channels is pro-
posed.

(b) The process can realize microfluidic channels with lower cost, shorter time, and

more complex structures.

(c) The sweat sensor is realized with the proposed additive manufacturing process.

3. Glass packaging AiP and SiP designs

(a) A new low-loss polymer, JSR, is used in the glass packaging process.
(b) Since the polymer is liquid-type, it is easier to be coated on glass without
warpage.
4. Additive manufacturing 3D SiP module
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(a) The proof of the superiority of additive manufacturing packaging process over
the conventional packaging process is demonstrated. The parasite capacitance
from the additive manufacturing packaging is 2.14 times smaller than the con-

ventional packaging while parasite inductance is 1.74 times smaller.

(b) Inkjet printing and 3D printing are integrated together to realize a high-performance

packaging process.

(c) The relative dielectric constant and the loss tangent of the 3D printing material

is characterized.

(d) The 3D printed structures such as cavities, ramps, and through via are charac-

terized and the best printing receipt is developed.

(e) The surface roughness is improved and the CTE mismatch between the 3D
printed material and the inkjet-printed conductive traces is solved by coating a

thin layer of SU-8 polymer.

(f) The proposed process is utilized to realize an energy-autonomous SiP module

with multi-layer 3D packaging structures.

(g) Low-loss inkjet-printable BCB polymer is developed to improve the proposed
additive manufacturing packaging process and push the process to high-performance

mm-wave applications.

(h) The printing thickness and via hole resolution of the low-loss BCB polymer is

also characterized.
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