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A power distribution system (PDS) delivers electrical power to a load safely and
effectively in a predetermined format. Here format refers to necessary voltages,
current levels and time variation of either as required by the empowered system. This
formating is usually referredasicondi ti oni ngo. The researc

dissertation presents a complete system focusing on low power energy harvesting,

conditioning, storage and regulation.

Energy harvesting is a process by which ambient energy piagéetenvironment is
captured and converted to electrical energy recent years, it has become a
prominent research area in multiple disciplinBsveral energy harvesting schemes
have been exploited in the literature, including solar energy, mechaeigy, radio
frequency (RF) energy, thermal energy, electromagnetic energy, biochemical energy,

radioactive energy and so on. Different from the large scale energy genexa&oyy



harvesting typicallyoperates imilli -watts or even micravatts powetevels.Almost
all energyharvesting schemes requstagesf power conditioning anthtermediate
storagd batteries or capacitors that reservoir energy harvested froemtr@®nment.
Most of the anbient energyluctuates and is usually weaklThe purpse of power
conditioning is to adjust the format of the energy to be further usedntemnchediate
storage smoo#s out the impact of the fluctuations on the power deliverethéo

load.

This dissertation reports an end to end power distribution systatnintegrates
different functional blocks including energy harvesting, power conditioning, energy
storage, output regulation and system control. We studied and investigated different
energy harvesting schemes and the dissert@limres emphasis on radisequency
energy harvesting. This approabbs proven to be a viable power source for-low
power electronics. Howevett, is still challengingto obtain significant amounts of
energyrapidly and efficientlyfrom the ambient. Availabl&F power is usually very
weak, leading to low voltage applied to the electronics. The power delivered to the
PDS is hard to utilize or star@his dissertation presents a configuration including a
wideband rectenna, a switched capacitoltage boost conerter and a thin film
flexible battery cell that can be-oharged at an exceptionally low voltag&e
demonstrate thahé system is able to harvest energy froocommercially available
handheld communication device at an overall efficiency as high a%4/.Besides

the RF energy harvesting block, the whole PDS includssla energy harvesting

block, a USB recharging block, a customer selection block, two battery arrays, a



control block and an output blocKkhe functions of each of the blocks have been

tested and verified.

The dissertation also studies and investigates several potential applications of this
PDS. The applications we exploited include aliralow power tunable neural
oscillator, wireless sensor networks (WSNs), medical prosthetics aradl sm
unmanned aerial vehicles (UAVs). We prove that it is viable to power these potential

loads through energy harvesting from multiple sources.
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Chapter lintroduction

1.1 Motivation

Energy harvesting is a process by which ambient energy present in the
environment is captured and converted to electrical engrgylt has become a
prominent research area and continues to gromspects such asaterials, circuits
design and system integratid2]. Compared tolargescale renewable energy
generation, energy harvestirigpically refers tocollection of milli-watt or even
micro-watt powerlevels Major ambient sources for energy harvesting include solar
energy, radio frequency (RF) energy, thermal energy, kinetic energy and
electromagnetic radiation.

The current interest inenergy harvesting is largely sparkeay the
development of autonomous wireless electronic syst®iieless sensor networks
(WSNSs) which are composed of wireless sensor nigles example application
Typically, each node includes a sensor, a tcanger for wireless communication,
processing and control electronics and power sugplyrder to achieve wireless
communication, the node is usually powered by a battery. However, batteries all have
a limited lifetime They have to be replaced perodicallyrecharged. But replacing
all the batteriesna whol e network doesndt seem reasol
maintainence costare not economically feasiblevhen the number of nodes is very
large Second, some nodes in WSNs mayifecult or impracticalto access without
compromising the system performance. Thivditery disposal raises environmental

concerngl]. Therefore, energy harvesting becomes a promising solutcsupply



sustainable energy to the nodBsiven by the demands, energy harvesting has a wide
range of applicationsncluding embedded wireless sensors for health and bridge
monitoring, powering unmanned aerial vehicles (UAVs) and medical prothetics.

Solar energy is a popular source for enetgyvesting due to its great
abundance. However, it cannot be harvested for electronics at nights, used in shadows
or within structuresRF energy exists almosbiquitouslyin the environmentand it
can be a complementary source for solar energy. Howgvsrusually very weak
These features have made RF energy a viable source for low power electronics, yet
very challenging to obtain significant amounts of energy fast and efficiently from the
ambiancelt is necessary to exploit the possibility to igtate harvesting schemes
from multiple energy sources.

The energy from ambient spaiseusually weak and unstable. Additionally, it
needs to be formatted to further power potential electronics. Therefore, the design
power conditioning, energy storage aedulation is of great importance to utilize the
harvested energy efficiently. However, most of the research in literature only focuses
on one aspect dhe problemand lacks the implementation from an integrated point
of view.

Based on these observatiom&g have designed and fabricataad endto-end
power distribution systerwith a focus on RF energyith the block diagram shown
in Figure 11. The PDSis able to harvest energy fromultiple sourcesand can be
used to supply power for a numberwfattended electronic¥he PDS includes: the
transducer that draws energy from the environment (for example, an antenna for RF

scavenging); matching networks that enable efficient coupling of the transducer to the



energy source and to subsequent stageth@fPDS; voltage multipliers, energy
storage subsystems; power conditioning and regulators. These subsystems are shown

in the figure and each will be discussed in detail in subsequent chapters of this thesis.

Microcontroller
Ambient
RF Energy
RFEnergy» Harvester
Power
Solar ' Conditioning et
Unatt
Sl Energy Bloce Banery Joitage » ET:cttfonniSs
Ener » Arrays  Regulator
gy Harvester
USB
USB Recharging
power Hp Block

Figurel.l. Block diagram of the proposed power distribution system

1.2 Overview obifferentEnergy Harvesting Schemes

1.2.1 Solar Energy Harvesting

Solar energy is by far the most significambient energgource on Earth. It
is also referredo as optical energy3]. Because of its abundance agckatest
availability compared to other energy sourceslar energy has been exploited and
utilized in numerous ways. Studies show that ovéf 10f solar energy reachdise
Earth every yeamvhich isovera hundred times more than the second largest energy

source, wind[4]. The available power density differs according to the weather



condition, location on the Earth, the day in the year aedtithe of the day. For
instance, the outdoor power density on the Earth surface is about\i&h? on a
sunny day at noofB]. The indoor optical energy comes from the sun as well as the
illumination. The typical indoor valuenges from 108 W/ €tonl000e W/ €& m

Solar energy is harvested by solar cells, or photovoltaic cells (PVs), by
converting it to electricityA typical structure is shown in Figure2l It is the
physical process known as photoelectric effect. A solelt s basically a
semiconductor diodeA large amount of thdight shinng on the cell is partly
absorbedcreaing electronhole pairs (EHPs)n the processThe dher part of the
light may either be reflected dransmit through the celllheseelectrorhole pairs
create a current flow to external loadBhis process is illustrated by Figure&1The
ideal solar cell would have 100% absorption, 100% electron and hole separation and

be stable forever.

antireflection
layer

absorber |
layer —1

back electrical
contact layer

back junction layer

Figurel.2. A typical structure of a solar cell
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Figurel.3. The electrorhole pair generation process in a solar cell

A typical solar cell can be modeled as a current source and daiquiallel
with each other, as shown in Figurd.1There are also a shunt resistor and a series
resistor.The diode models the-p junction while Ry represents the leakage current

in it. Its value is usually very high.sRnodels the ohmic contacts wittet silicon




Figurel.4. The equivalent circuit of a typical solar cell

There are a few other important parameters of a solar cgllisvthe open
circuit voltage, which is stable at a high light intensity by varies in low power input.
The short circuit currentst, is typically proportional to the incoming light intensity.
The relationship between the output voltageand currentt of a solar cell can be

described by5]:

avV+R 1)
+
=1, 1. ™ 1 VAR (1-1)
R,

where by is the lightgenerated current and can be approximateds@sd is the
reverse saturation current of the diodgisnthe ideality factor of the diode. K is the
Boltzmann constant and T is the temperature in Kelvin. The temperature of the cell
can be deved in Celsius by the following empirical equati@j:

NOCT- 20
Tcell = a G
800N /nt

(1-2)
where Tais the ambient temperature, Gtige incident light intensity in W/f and
NOCT stands for nominal operating cell temperature, which is an empirical
parameter.

In practie, as shown in Figure3,.solar cells are often connected together to
form larger units callednodulesto mee the particular energy demandsurther, the
modules in turn, can be interconnected to produce more power, and the unit is called
an array PV systems can be categorized into two claf8dlat-plate systems and

concentratorsystems, based on the sunlight collection methble difference

between them is that the concentrator system collects sunlight anéddcos the



PV panels with reflectors and lenses, while thepglate system uses direct sunlight

or that diffused irthe environment

HE
;i}g

Figurel.5. (a) PV cell(b) PV cellarray

Currently solar cells can be fabricated from various types of semiconductor
materials in multiple structurg¢g]. Three major types of the PV cells now are silicon,
polycrystalline thin films and singlerystalline thin film[8]. The PV cell market is
now dominated bilicon, including monocrystalline, polycrystalline and amorphous

forms[9]. Silicon is the most popular material for solar cells for a long time. It is the



second most abundant el ement in the eartho

purified to 99.9999% in order to be used as solarmaterials[10]. The molecular
structure in single crystal silicon is uniform, which is suitable for electrons
transferring. On the other hand, sesrystalline silicon lackshe uniformity, so it is
much less expensive to phace. The polycrystalline thin film materials include
copper indium diselenide (CIS), cadmium telluride (CdTe) and thin film silicon. They
are deposited in very thin layers of atoms, molecules or[idljs Single crystalline
thin films include GaAs, which is a higfficiency compound semiconductor of
gallium and arsenic. It has high absorption ratio and insensitive tp rhaking it
very suitable for space applications.

The energy conversion efficiency of a solar cell isirg#f as the ratio of
generatecelectrical power to the incident optical pow@&he reported efficiencies
range from as high aever 25 % tested in labs, tdess than5 % commercial
amorphous cell§l2]. Figure 16 shows a sumary of energy conversion efficiencies
of different technologies. It can be noted that there is still an obvious gap between the

lab results and the PV module efficiencies.
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Figurel.6. Solar cell energy caersion efficiency comparison of different technolodi3

1.2.2 Radio Frequency Energy Harvesting
RF signals are deliberately radiatedually by broadcasting station antennas
and cellular phone antennas to cover a wide range of communication s¢Byices
They can also banintentionallyradiatedby industrial, scientific and medical (ISM)
applications witbut license. There are two features of RF sign#tey are
ubiquitous especially in urban areaandthey areusually weak inpower. A study
which surveyed 560 RF spot measurements for 280 randomly selected residents
living in 161 different homeshows hat the exterior RF power values ranged from
nondetect abl €&, alt belowtiile.géneral public exposure limit of 200
e W/ € Timein-homepower density ranged f r?fl4. nondet e

However, when clos¢o the transmitter, the power density can be much higher.



Consider a single point RF power source transmitting in free space, the power density

at any point can be expressed as the following equation:
1 (1-3)

4pd?
wherePy is the effective power radiated from the soumedd is the distance from

S=PR

the source to the measuring spot. The available power received by an aRtehig (

related to the effective antenna apertdg.(The power can be expressed as:

/2

PRF =S 3’% :%)Q!FW

(1-4)

where o is the wave lGarmsghe intené gain.Mee eRidtions i g n a |
shows that as the frequency of the signal increases (wavelength decreases), the
available power received by the antenna will decréHse.most widely used antenna

types are broadband and circularly polarigEs], since the RF energy to be harvested

is in most cases multibd with different polarizationgrigure1.7 shows theange of

ambient RF powelevelsavailable and various efficiencies reported in the literature.

Typical levels at a 50 m radius

from a cellular base-station tower ANSI/IEEE standard ]
- 0.1 / ~20 limit for 3-30GHz  Incident
Hagerty et al. 2004 / Power
e R SPS-WPT Density
/ %3 B / ==t N (mW/cm?)
:5'::':15(;‘:“:4 H:;:;:S..'1::;2;;::1';:: OO :;;:‘H:Z >
o - - -1 1
10 10 10 10 410 10 10 10‘ % 10°  \isible
sunlight
10 m from FOG aaposn 50V, 52 %
: A0 9 _ () 0 limit for IRE=
emitter at 0.5 W 40 % - 50 880 MH 20 9 0o and
EIRP Brown 1991 ra MAECHadds Chang 1992
and WV \,‘ 7
1990 MHz etal. 199

Figure1.7. Range of ambient RF power available and various efficiencies reported in the
literature[15]
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Although RF energy is usually much weaker in the environment compared to
solar energy, it can be used in situations that solar energy is difficult to access. For
example, RF energy is superior at nights or even cloudy days, and for devices used in
shadowsor within structures. Howevesg certainlevel of signal conditioning has to
be achieved in order to utilize to store the RF energy harvested.

A typical RF energy harvester consists of the following blocks as shown in
Figure 18 an antenna, an impedancetaieng network, an optional filter block and a

rectifier to convert the signal from ac to dc.

RF | d . -
power » Antenna » Tnzicf?i:;e » Filter » Rectifier
DC
output

Figurel.8. A typical structure of an RF energy harvester

In the neaffield region, where the signal wavelengs much greater than the
powering distance, the most widely used antennas are coils. The distances beyond
approxi mately a/ 2"’ ar ef igeelnde rraeé gdiyonc,onwh eree
wavelength.In this region the field strength attenuates with relsped/d, and the
power intensity attenuates according to?lidhere d is the distance between the

power source and the receiving antenna.
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Impedance matching is often necessary in RF energy harvester design to
provide the maximum possible power transfetween antenna and the next stage
especially in systems aiming at low power applications. In time varying waveforms,
the maximum transfer of power occurs when the load impedance equals to the
complex conjugate of the output impedance of the source. Figildshows a simple
illustration of the impedance matching and the equivalent circuit after matching,
where the subscript S denotes source and L denotesAoadll matched design is
important for antennas and rectifiers. The matching network is typiosdide of

reactive components (capacitors and induct

5 Equivalent circuit !
A TETTT  AAA—
= | O

@ AC source 2! E'lu @ RL §

AC source

!

I
|"_

Figurel.9. Impedance matching illustration and the equivalent circuit

Three main configurations are used for impedance matching in energy
harvester designdgransformer matching as shown in Figure 1.9 (a), shunt inductor
matching as shown in (b) and LC network matching as shown in (c). The source in

the figure can be seen aas antenna with a resistor in series. The RC load can be

12



viewed as the rectifier in the next stagdwe transformer configuration is able to
boost the voltage up by k times. However, the cost of this configuration is usually
high [16]. In the shunt inductor configuration, the inductor value must be able to
resonate with the load capacitor described by the following equation:

1
I‘shunt = VVZC (1-5)

where ¥ i s t hé&hediC retwark configuratigruiseable tg boost up the
antenna voltage, which is usually more convenient for the rectifier to use. In order to
achieve the conjugate impedance of the rectiffee matching network LC values can

be calculated as follows:

R 1 :
L= (1-6)

Rn_ I%
RnCInW-'- Rs

-t [R
RWVR.- R

(1-7)

Some custom designed antennas are matched to the rectifiers at a specific
frequency and power level, while some other wide band antenna design seeks the

tradeoff betweeimpedance matching and wide working frequency range.

13
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(b) shuntinductor

V. @ GE: Rng

(€) LC network

Figurel.10. The three most used matching configurations in RF energy harvesters: (a)
transformer; (b) shunt inductor and (c) LC netkvo

Optional filters are needed in an RF energy harvester when the designer wants
to rule out the harmonics generated by the rectifiers and other circuit blocks. The
harmonics could flow back to the antenna and reduce the energy conversion
efficiency [17]. If a filter block is added, two matching circuit will be necessary
including one from the antenna to the filter, and the other from the filter to the

rectifier.
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The rectifiers convert ac signals to dc form for future useillte explained

in details in Section 1,3?ower Conditioning

1.2.3 Other Energy Harvesting Schemes

Mechanical energy harvesting is another active researchTdrsaenergy is
broadly available in the ambient spaaed as a resulbhas attractesnuch attention
[18]. The sources of mechanical energy include vibrations, human body activities,
liquid or gas flow and pressure variatid$. The frequencies of mechanical energy
vary according tohte sources. Human movements generate energy with less than 10
Hz frequency, including active and passive activities, where active movements come
from deliberate motions and passive activite caused by daily routines such as
heel strike.Machinery vibations are typically over 30 HA]. Mechanical energy
harvesters employ one of the following principles for energy conversion:
piezoelectric, electrostatic and electromagnetic. Reported efficiencies range from
below 1% [18] to 20% [19].

Electrostatic converters use variable capacitors to generate energy. The typical
method is to fix one plate of the capacitor, and control the other plate by mechanical
forces. One ofhe advantages of this technique is that they can be fabricated in IC.
The energy can be extracted by either charge constraint tecHRi@juer voltage
constraint techniqu@l]. The harvested ergy can be calculated by the following

equation:

15



==Q(=— —) (1-8)

Piezoelectricity is the effect that some materials turn mechanical stress into
electric field or electric potential. Accordingly, reverse piezoelectric effect refers to
the case wherthe stress and/or strain is turned into electric field. It was disabvere
by Pierre Curie and Jacques Curie in 183D The nature of piezoelectric effect
oriented from the change of electric dipole moments and polarization of the materials,
a reconfiguration and orientation of the dipole indugimnd molecular dipole
moments. Piezoetéric harvesters usually emplogeveral operational modes,
including the most widely used mode 33 and 31. Mode 33 typically relates to energy
harvesting from passive human motion, and mode 31 is more suitable ileveaint
structures, as shown in Figure 1.I'he piezoelectric cantilever beam is configured
with a mass at the tip. Generally, the piezoelectric energy harvesters are modeled as
an ac current source with a capacitor in par@®2]. It is still challenging to integrate

the transducer into ICs.

IVlend

A PZT

Figurel.11 A cantilever beam with a tip mass
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There are 4 general categories of piezoelectric materials: Piezoelectric
polycrystallire ceramics, piezoelectric single crystal materials, piezoelectric and
electrostrictive polymers and piezoelectric thin filfigsvo important parameters are
used to describe the quality of a specific material in piezoelectricity, namely
piezoelectric straiconstant and piezoelectric voltage constant. The two widely used
high energy density materials are polyvinylidene fluoride (PVDF) and relaxor
piezoelectric single crystal.

El ectromagnetic energy harvesting 1is
voltage will be generated with a time variable magnetic flux, as described in the

equation below:

v — (1-9)

The voltage is generated a conductor, typically a coil. And the magnetic
flux can be provided by a permanent magnet. The electromagnetic energy harvester
can be modeled as an ac source with a resistor in series. One of the challenge of this
type of transducer is that the integ@iprototypes are only able to provide very weak
output.

In practice, piezoelectric energy harvesting and magnetic energy harvesting
can be used in the same transducer to increase the output power and energy
conversion efficiency. Figure 2khows a possle structure with the two harvesting
schemes used together. Another idea to enhancing the mechanical energy harvester
performance is to use magnetoelectric compasA@sexample isshown in Figure

1.13. The composites are constructed that they combirezoplectric and

17



magnetostrictive phases in turn, and thus have the chance to convert magnetic field

into stress and improve the vibration energy harvesting efficiency.

Housing

_ _ Coil
Piezoelectric

crystal Magnet

\ Beam

Figurel.12. Multi-mode mechanicalnergy harvester using piezoelectric and

electromagnetic schemes

Piezoelectric
Magnetostrictive

Piezoelectric

Magnetostrictive

Buffer

Substrate

Figurel.13. Magnetoelectric composit@s alayer by layestructure
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The two most widely used thermal energy harvesting schemes are thermal
electric energy harvesters and pyroelectric converfdrermoelectric devices have
been demonstrated successfully on applications such as wireless sensdl8pdes
which rely on temperature gradiem space They utilize Seebeck effect (basically
conversion between temperature differences and electricity), typically containing
semiconductors in p and n type alternatively arrangadcexample is shown iRigure
1.14. They can be modeled as a dc voltage source with a resistor in $éegs.and
n type semiconductors have opposite signs in Seebeck coefficients, providing the
maximum possible output voltage. The two most common materials for
thermoelectriggenerators arBi>Tes andPoly-SiGe Similar to RF energy harvesting,
the thermal resistance of the generators have to be matched to that of the source in

order to maximize the transferred power.

metal
L g
.P type n type
semiconductor semiconductor
| |

Figurel.14. An example structure of a thermoelectric harvester

In comparison, Pyroelectric transducer is an alternative energy harvesting
method based on temporal temperature gradient. It can be modeled as an ac current
source with a capacitor in parallel. Theeoretic maximum efficiency of thermal

energy harvesting is given as followif8):
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h:(TH'Tc)

T (1-10)

whereTh andTc refer to the hot and cold temperaturspesctively. Thisis also called
the Carnot efficiency. The reported efficiencies in literature, however, are usually
well below this value. Efficiencies of 0.02 to 0.05% of the Carnot value have been
repated for Pyroelectric transducer24], and up to 17 % for thermal electric
transducer§25].

Magnetic energy exists near conductors carrying ac current and magnets. This
magnetic energy can be a@mnted into electrical energy by an inductor coil. The
harvester coil can be modeled as an ac voltage source with an inductor in3eries

Note that this magnet energy harvesting is different from the electromagnetic

mechaniener gy harvesting described earlier in
|l aw and Faradayo6és | aw, the power generated
NZpgnif2|2
P=———— 1-11
Zd2 ( )

whereN is the number of turns of the coli; is the surface area of the cal, is the
permeability of the coilf is the signal frequency,is the current amplitude ardlis
the distance from the source and the coil.

Same other schemes for energy harvesting exploited in the literature include

biochemical sourcg26] and radioactive sourc¢®7].

20



1.3 Power Conditioning

There are a number of reasons to conditioe power harvested from the
ambien. For one, the signal may be in ac form and has to be rectified for further use
or storage and vice versaWhat is more, the initial power derived from the
environment is usually not usable to load directly becaugeateetoo weak to meet
the application requirements such as impedance characteristics. Additionally, in order
to store the energy the voltage level has to be high enough to recharge a secondary
battery cell or a capacitor with initial charge on Hven if the signals meet the
loading requirements, power conditioning can adjust the signal to the minimum that
the load needs, and thus reduce the power loss in the syRtemefore, a power
conditioning block is necessary in most cases, to modify voltageuareht so as to
supply the needs of a loading application. Since the majority loading needs are in dc
form, such as wireless sensor nodes and battery recharge, the focusiss#risition
will be on conditioners providing dc voltage.

Most of the power conditioning blocks in the literature are based on voltage
regulators[3]. There aretwo main types[28]: linear regulatorsand switching
regulators while switching regulators include magneticukgors andccharge pumps
(norrinductive switching regulatorsT.he efficiency of a voltage regulator is defined
as the ratio of the output power to the input power.

The most straightforward way to achieve voltage regulation is to use a linear
converter In this case, the converter will serve as a variable resistor. It can be realized
through passive devices such as a Zener diode working in rdvasss region, or

active devices such asmetal oxidg semiconductor fielkffect transist®
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(MOSFETS) working n linear regionFigure 1.15 shows a typical configuration of a

P-channel MOSFET used as a linear regulator.

l Ifeedback

Control

Figurel1.15. Typical linear regulator configuration using PMOS

Switching regulatos usually enjoy higher energy transfer efficiency than
linear regulators since they tend to have lower power[RJssThis is because they
eliminate the power loss on passive devifideal reactance dissipates nowen),
compared tdinear regulators. Magneticbased switching regulators typically use
inductors to transfer energy and capacitors to store en€hgyinductor keeps and
releases energy in switch controlled cyckgure 116 shows a typical configuratin
of a buck converter, which has autput voltage smaller than input voltage. The
conversion ratio of this circuit is proven to [29]:

V
M= (1-12

in
where D is the switching duty cycl@ typical boost converter is shown in Figure

1.17 with a conversion ratiof %
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Figurel.16. A typical illustration of a magnetic switching buck converter

Figurel.17. A typical illustration of a magnetic s<vv7itchirh@ostconverter

Charge pumps are also called electrostatic switchingverters. They
typically include capacitors to store charge, and change their configurdtions
switching in different phases to step up and step down voltaglesir working
processs basicallythroughcharge transfer. The general idea of boosting isharge
multiple capacitors in parallel in one phase, and connect them in series in another to
output a higher voltage. Buck converters skegmilar operating principlbut they
charge the capacitors in series, and shift tireparallel to output. Figre 118 shows
the typical working process of a boost converter. Wadnigher boosting ratio is
desired, designers usually connect several low gain charge pumps in series to achieve
an overall gain of 2 [2]. In that case, seral different clock signals have to be
employed to control each converter. The major power losses in charge pumps come

from the losses in switches.
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Figurel.18. A typical working process of a chargemp. In phase (a) capacitorst@ Cy are
charged in parallel. In phase (b), capacitors are changed into series to output a higher voltage.

Another type of power conditioning converter the switching aedc
convertersThey are also called rectifierA.typical configuration is shown in Figure
1.19, which uses diodes to control the current flow and change it to dc form.
However, diodes have a threshold voltagededo conductThi s At mayes hol do
not be achieved in some low power applications. Allse,voltage drop on diodes

when they are conductingauses power losses. Designers normally use low power
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MOSFETSs to overcome these drawbacks, as they usually have a comparatively lower
voltage drop when conducting. But additional circuits have to beyed to create

clock signals to contrahem

2

Figurel1.19. A typical configuration of a adc switching convertebridge rectifier

1.4 Enerqy Storage

The main energy storage elements in enér@yesting systems are batteries
and supercapacitar§here two differentypes ofbattery system: primary batteries
and secondary batteries. Primary batteries are designed to convert the chemical
energy into electrical energy only once, while secondatieti@s are reversible
energy converterglesigned to discharge and charge repeaf@lly Consequently,
primary batteries are often used for long testoragein low dischargerate
applications on the other handecondaryatteries are preferred in portable devices.
This dissertationfocuses on secondary batteries and supercapacitors since they are

typical choices for energy harvesting systems.
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1.4.1 Batteries

Batteries generate electrical energy by chemical reaction. batiery
typically includes one or more cells, which are electrochemical units cewhact
series and parallel to create the desired voltage and capadkitind each cell
comprisa an anode, a cathode and an ionic conductor also knowteasolyte. The
electrolyte provides the medium for charge transfer between anode and cathode.
There is usually a partition materiadalled a separatdretween the two electrodes
which is permeableotthe electrolyt¢31].

A battery cell can be modeled as ideal voltage sourcwith three passive
elements, as shown figure 120. The voltage source g/decides the openircuit
voltage (OCV). It depends on the charge Q stored in the batteris fRe series
resistance, which models the ohmic contacts between the electrodes and the current
collectors. The capacitore@nodels the doubkayerion concentratioreffect at the
interface of electrodes and the electrolyte, while the parallel resistanapisents

the variougesistanceontributel by the electrodeelectrolytesystem[31].

%!l Rs T
Vi (Q dependent) | Re Vioad

Figure1.20. A typical battery model
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A batteryis characterizethy a number of parameters, such as the open circuit
voltage (OCV), closed circuit voltage (CCV), capacity (in the units of Ampere-hour),
energy content (in the units of Watts-hour) and internal resistaaditionally,
energy density can be representedtly weighirelated energy in Wh/kgand the
volumerelated energy in Wh/L or Wh/cin Some batteries also tend to self
discharge, which is a process to lose charge gradually in open circuit state.

The mos commonly used secondary batteries fall into two categories: Lithium
based batteries (including-ion and Li polymer) and Nickel metal hydride (NiMH)
[32] [33]. Figure 121 shows the volumetric @ngy density versus the gravimetric
energy densityfor common secondary battery typeBhe battery used in this
dissertation is mainly designéar a high gravimetric energy densibgcause in shape

it is thin and flexible. The details of this battery presented in Chapter 4.
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Figurel.21. Volumetric energy density versus the gravimetric energy density for common

secondary battery typ¢3]
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Thin film batteries are designddr integration on silicon wafers using salid
state lithium and they can sustain solder ref[@4]. Several companies have been
working on the mass commercializatioto solve their limitationn low capacity per
areaand highprocessing temperatur§34]. Thick film batteries, on the other hand,

are limited for their soligholymer electrolyte performan¢a5].

1.4.2 Supercapacitors

Supercapacitors, also known agsadtpacitors or doublayer capacitorsare
electrochemical capacitors with comparatively high energy density. They increase
storage density by using nanoporous material, typically activated carbon electrodes
that have large surface areas and are seplamteshort distancg3]. Figure 122
shows a typical structure of a supercapaciitve supercapacitor can be modeled as
an ideal capacitor and two resistors as shown in Figd& Rc represents the series
resistance and &« models the leakage curren€ is the terminameasured

capacitance of the cell.

Electrode Electrolyte  Separalor  pregroite  Electrode
r— O -
9

Activated ' Activated
carbon carbon
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Figurel.22. Structure of a supercapacitor

Figurel1.23. Equivalentircuit of a supercapacitor

Compared to secondary batteries, supercapacitors have a smaller energy
storagedensity (about one to two magnitudes lowdan a battery)However, they
enjoy a higher power density and lower internal resistance. Furtherngheguality
supercapacitors are often expensive. This can be solved by hybrid use of secondary

batteries and supercapacitf@s] [37].

1.5 Summary of Open Literature Results on RF Endagyesting

A number of reports on RF energy harvesting have been published in recent
years. The poweringistanceranges from several centimeters to several mefers.
typical RF energy harvesting system includes a lbesic buildingblocks: a single
antenm or antenna array to receive the RF power wireleaslympedancenatching
network, optional filter and rectifier blockto modify the power tmr from dc, a
power conditioning block to adjust the voltage and current as the applications require,

and a strage unit to keep the energy for future use. Most of the reports in literature
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concentrate on one or a few blocks. On the system level, key parameters include input
power level, powering distance and efficiency.

Let us reviewreports focumg on the sytem leve] as shown in Table-1.
Umeda et al. achieved 1.2 V to recharge a secondary batteryMitthBm input
power at an efficiency of 1.2 [38]. Kocer et al. proposed a wireless temperature
sensor that recovers power 50 MHz RF signals from a W base station 18 m
away( corresponding to an i nci{Be.Atso, Pamgver dens
et al. reported a wireless sensor platform powered by 2.45 GHz RF signarwith
incidentpower density o f 2 [4D)rAosilicod wafedabricatedV/ ¢ m
aqueous NiZn microbattery was proposed [#1] with a RF energy receiver which
can deliver more than 3.5 V with input power krghan 18 dBmThe company
Powercast claimed their produstable to harvestll dBm input power and generate

output voltage up to 5 Y42].
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Tablel-1. Comparison of the receresearch results of RF energy harvesting

Incident Efficiency ,,. Energy
Work level Frequency (%] With antenna Storage
Um‘?gg’;‘] etal. 14dBm 950 MHz = 1.2% No Yes
Kor‘[’gglat al- 123dBm  450MHz  N/A Yes No
Paing et al. 100
[40] e W/ &1 2.45 GHz N/A Yes Yes
S'”ahlft al. O‘;’g:nw 245GHz  N/A Yes Yes
Narrow
Powercast band (850 _ ..,
[42] -11 dBm i 950 10 % Yes No
MHz)
400 MHz
Jab[tg] etal.  s4Bm  and24  3.9% Yes No
GHz
900 MHz
Li [44] -19dBm  and 1800 9% No No
Hz
21 18 GHz
: (Broadband
. This . 30 & W andtested 7.7 % Yes Yes
dissertation or-5.9 dBm with 900
MHZz)
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A comparison of the recent research results mentioned above is shown in
Table 11. These reports clearly demonstrate the feasibility of RF energy harvesting.
However,most of themdo not apply to broad band harvesting, anéfer from low
energy conversion efficiency at low input levels. Moreover, some of the reports only
focus on the open circuit voltage that they can generate, instead of the output power
that the system can deliver keep into a storage unih [38], authors mentioned +e
charging to a commercially available secondary battery with 1.2 V, b fenl
describe the recharge and discharge characteristics as well as the compatibility of the
battery cell when used in &F energy harvesting systeddditionally, it does not
have antenna set up for practical yd@] claims that they have achieved 10% energy
conversion efficiency from11 dBm power level. However, the energy storage
solution was not provided and harvesting was conducted in a narrow bandimidth.
[44], a dual bananergy harvester that obtaioger 9% efficiency for two different
bands (900MHz and 1800MHz) at an input poweloasas-19dBm. The DC otput
voltage of this harvester is over Iwhder optimized loading conditions. However,
further experiments showed that this harvester was not able toadaxge capacitor
load or recharge our battery, as will be illustrated in SectionTaése consierations
led to the design ofhe switched capacitor converteisedin this dissertationThis
converter is able to source current under the different loading requirements consistent
with a multisource energy harvester and is compatible with other elenoérihe
PDS. Another smilar experimenthas been done recentlgnd reported on in the
literature. Thi s system generates 12.39 W of outr

316 . 2 343].eCampared to this work, this dissertation reports an RF energy
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harvesting block with a broadband range of 2 to 18 GHz and the block stores the
energy into a thin film battery. It is able to harvest endrgs a lower input power
(254. 6 ¢ W) wiicienhy, aad ithallog/sh fer renergyf storage through the
battery recharge process as wdll.has the highest efficiency and lowest input power

level among results that have broadband characteristic and energy storage solutions.

1.6 The ProposeBower Dstribution System

We propose &ower DistributionSystem (PDS) that focuses on RF energy
harvesting TheRF energy harvesting block includes a widebesatenna, a DOC
voltage boost converter and asupercapacitor/battery hybrid cddlock [45]. The
block is able to harvest RF energy from a commercially available -hattd
communication device at an overall energy harvesting efficiempcyo 7.7 %. The
block diagram is shown in Figure24.[46]. The rectenna uses low turn on Schottky
diodes for rectification, and has a wide band of input frequftisly The Cockcroft
Walton capacitor boost converter has been designed and fabricated to meet the
multiplication needs ofthe systen{47]. A unique, flexible cell based on ruthenium
(IV) oxide/zinc redox chemistry has been developed. It has a kmhamging voltage
of less than 1.2 V, which allows the system to harvest the low RF power from the
environment[48] [49]. The rectenna was fabricatéd receive as much power as

possible from the surroundings, and efficiently pass it to the voltage converter. The
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voltage converter boosts upet weak RF signal to the level that can charge the thin
film battery. Theblock also demonstrates that the battery can behagged from low

power RF sources.

Energy source

. Switched L
o Wideband | capacitor || Thin film N Unattended

rectenna voltage converter battery electronics

Energy harvesting system

Figurel.24. Block diagram for th&F energyharvestingblock

The system also include a solar energy harvesting block, aretB@rging
block, anultra-low power microcontroller, a voltage regulator to shape the output
voltage to stable 3 V, and two secondary battery aragsh of the battergrrays
contains4t hin film battery cell s. The whol e s
potentiallyreceiving energy fronthe RF source, USBource and solar energy source,
storing it in the battery cellstabilizing the output voltage amttiving a variey of
unattended electronic8Vhich source (or sources) the block draws from depends on

the local strength of the sourdhe whole systerstructureis shown in Figurd..1

1.7 Summary of Contributions

o0 RadioFrequency Energy Harvesting System Design
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U Established menergy harvesting system structure that caafmied to a
range of energy source scenarios including solar, RF, vibrational, thermal,
etc.

U Analysis of operations and power consumption of a low power switched
capacitor voltage convertebesignedandfabricateda six stageswitched
capacitordc to dcconverter(including an IC version and a PCB version)

The chip was fabricated through IBM 130 nm 8RF pracess

i Tested and characterized the onvertero6s perf or manc
demonstratedn enegy conversion efficiency up to 40.53 %.

U Designed and fabricated a broad band rectennalfelow power RF
energy

U Tested and characterized the broad band rectenna for intended input power
levels.

U Studied and analyzed thHmatterycharging requirements & ruthenium
oxidebased flexible battery cell.

U Design and fabricate a complete RF energy harvesting system with broad
band harvesting range and energy storage in a high specific capacity thin
film flexible ruthenium oxiddatterycell.

U Demonstratedhata Ruthenium based flexible thin film battery cell can be
recharged by a commercially available walkie talkie with an efficiency as

high as 7.7%.

o0 Low PowerDistributionSystem Integration
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Completed a survey of different energy resting schemes and system
blocks.

Selecedand integrated a commercidlar celloptimally suited to for use
with the PDS developed in this dissertatiorDemonstrated battery
charging with this solar cell PDS integration

Designed and implemented a satell recharging protection circuit
Implemented a USB regulator to recharge the thin film battery from USB
source.

| mpl emented a voltage regulator to s mi
provide a constant voltage output.

Verified, measurd and charactezed the solar cell converter, tharcuit
boardversion of switched capacitor convertdre USB converter and the
output voltage regulator.

Programmed aaltra-low power microcontroller to choose energy sources
fl exibly, moni t orandtcdnteol the systeneoparation.d6 p ot en
Integrate an entb-end power distribution system that is able to harvest
energy from different sources and provide stable output to a variety of
unattended electronics. The system is comepletel-powered with the
cambility to select the energy sources smartly and control the system
operation efficiently.

Designed and fabricated a prototype PCB of the power distribution

system.
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U Provided a complete solution for low power applications to employ

ambient energy harvestiag its power source.

o Potential Application Investigation

U Designed anultra-low power analog neural oscillatdunable in both
frequency and duty cycle

U Investigatedthe typical power consumption of a low power wireless
sensor node and assessed it &sad of the proposed power distribution
system.

U Measured and characterized a medical prosthetics systemteotilicedit
as a load to theystem.

U Studied the power consumption of a UAV apesentedhe improved

structure with the system equipped oaspower source
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Chapter 2Broadland Rectenna Design

2.1 Antenna Overview

An antennais a required elemerior harvesing RF energy. lis a device to
convert between radiated power carried in an els@gnetic wave and circuit power
(voltage and curreptat the radio terminalfb0]. The antennaoperation isbased on
Maxwelld €quations[51]. In a RF energy harvesting system, the antef@saa
receivej intercepts electromagnetic waves passing loycmvert them into electrical
signals.

A typical antenna can be modeled as an ac voltage source a series impedance
[52], as shown ifrigure 2.1 Pgrris the power the antenna receivBgis the radiation
resistance, which stasdor the power used for receiving electromagnetic waRes.
is the loss resistance, representing the actual resistance including the materials of the
antenna and dielectric losXant can be eithemductive or capacitive deperah the

specific antenna

R ant

A
7 N

—AAANW—{ T

Rs Rioss Xant
o

Figure2.1. Equivalent circuit of an antenna
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There are a number of parameters that antenna designers have to pay attention
to. Power gain is the ratio of the maximum power density that an antennadczte
from a certain angle at an arbitrary distance to the power density at the same distance
of a hypothetical isotropic antenna. It can be thought of as the actual maximum power
density over the ideal (lossless) average power def&ffy The effective atenna
apertureis closely related to the available power an antenna can deliver as expressed
in the equation (R). Some other key parameters include path loss, polarization,

efficiency, directivity and so on.

2.2 Design Aalysis

A rectenna is a hybrid gnantenna and Schottky diogéaced at the antenna
feed point For RF energy harvesting purpesa broadband dualircularly polarized
spiral rectenna was designed and fabricated based on the previous Wbk &6
performance reliesn Harmonic Balance (HB) analysis, which is performed in the
frequency domainof Fourier space and divides the circuit into a linear and a
nonlinear part.

Concerning the extreme bandwidth of interestfrequency independent
antenna design is desired. It has been verified that if the shape of an antenna,
consisting ofa metal in air, is entirely determined by angles, the antenna will be
frequency independent because it is invariant tange of scal¢s3]. This leads to a

logarithmicspiral antennavhichis defined by the following equatidBl]:

r=re*’,0¢ ¢ (2-1)
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wherer and (i are the polar coordinates,is the expansion coefficient defined as

L is the arm width, as shown in Figure 2.2. The spiral antenna usually has

1
tan(f )’
two or more arms. The equation applies to each Ar@chottky diode was used at
the feed point, the center of the antenna without matching netwéHough the
antenna itself is &quency independent, the diode impedance varies with incident
power level. However, because of the wide raoigi@put power levels this design is
aiming at, it is difficult to design and integrate a matching network for every case.
Therefore, the rectifrewill achieve an optimum impedance matching only at one
incident power level, but mismatch for every other. It would be useful to know the
centerfrequencyat a givenpower level to increase efficiency by modifying the

antenna shape and addematchingnetwork.

Figure2.2. Shape ot designed single spiral antenna
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Since the input RF power is usually very low, rectenna arrays are employed to
achieve larger surface area and as many as possible polarizations. The basic array is 2
by 2, in which two rectennas are connected in series as a group, and two groups are
conneted in parallelSothe DC impedance is the same as a single rectenna. One pair
is placed to receive left hand circular polarization, and the other pair to receive right
hand circular polarization.

Finally, a 4 by 4 rectenna array is implemented with thef2 by 2 arrays in

parallel. Each block differs its orientationby — from the predecessor to achieve

horizontal and vertical polarizations for low frequendi#S]. A photograph of the

designed rectenna is shown iiglie 23.

Figure2.3. The designed broad band rectenna
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2.3 Rectenna Fabrication and Testing

The Schottky diode chosébo integrate with the antenna SMS7630 with
package S&9 from Skyworks Solutions IncThe device is knowrfor its high

conversion efficiency and insensitivity to misma{&4]. The diode parameters are

showninTable2Z as gi ven i n atadheet manuf act ureos
Parameter | SMS7630
Is fA 5.107°
B, [} 20
N 1.05
TT /s % 1t
('j() /pF 0.14
Vi/V 0.34
M 0.40
Eg /eV 0.69
XTI 2
Feo 0.5
By /V 2
Ipv /A 1-10~4

Table2-1. Parameters of Schottky diode SMS7630

During the fabrication, a square piece of PCB is used that had copper plating
on both sides. One side of the PCB was coated with photoresist. Theusgal was a
pattern reprinted on transparency several times to block any UV light from coming
through. The mask was then overlaid on the PCB, exposed to UV light and then
developed out. The PCB with the pattern overlay was then etched with ferric ehlorid
leaving behind the patterned rectenna array.

The rectenna was tested under an input signal of 900 MHz andn@\@&n?

power density.This RF power source was used later as the input of the energy
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harvesting systenA load of 102Y was used at theectema output. Tle test yields

an energy conversiorefficiency of 19.4%. Also as stated ir{15], the antenna
achieves a power efficiency of 20 when the incident power density reaches 0.07
mW/cn?. It alsocharacterizea frequency range of 218 GHz with singleone and
multitone incident waves. This frequency range was not further verified because of
power source restriction®etails of design and fabrication of the rectenna can be

found in[15].
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Chapter 3:Switched Capacitor DC DC Converter Design

3.1 Power Loss Analysis tiie Switched Capacitor DG DC Converter

As mentioned in Chapter 1 Section 1.3, switchedacdor (SC) voltage
converters glso known as electrostatic switching conver@rscharge pumpsare
converters that periodically switch capacitors to realize voltageugtegtepdown or
some combinatiamAn ideal model oin SC voltage converter is shown in Figure 3.1.
Rois the output impedance and FRepresents the loadhey donot employ inductors
in energy transfer process, and therefore enables simpler and more compact design.
They wusually have a higher efficiency thar
from power loss in passive deviceBhe reason we chose a SC vo#agoost
converter is that it is able to generate a desired voltage level, and at the same time
store the charges in the component capacitors as well, providing a better driving
ability for supercapacitors and battertean the regular resonant voltage weners
However, they still have both static and dynamic power loss, which eventually

determinstheir efficiencies at a given load.

44



\ /’
. )|
N =41}= ;
0 11t >
r | ) - =
V N ,'I l =] =N < RL
\"-h__f'f e x> g

Figure3.1. Ideal model of a SC voltage converter

The major power los of an SC voltage convertasccurredin the connecting
switches[2]. Typically, the more stages the design has, the more energy lost there
will be. Consider the energy transfer process in FiguzeAssume in phas@), as
shown in Figure 2 (a), the input source charges up the capacobecause there is

a vol t ag eV.@he énkrgyrinereaseeon @paciiprs:
DE. 05C My & VB G¥ VOBG V (3-1)
where DV is the voltage change &@p. While the energy provided by tlseurce is:
DE, ¥yint % Q VFG V (32

where t is the charging timey is the effective charging current for simplicity, and
Qc is the new charge stored @. So the energy loss in the switch is just the

difference between the two:

DE. =B, £D05€ V D5Q=V (3-3)
Similarly in phas€b), whenCp discharges as in Figure 3.2 (b), the energy loss on the

switch is 0.9Q . DV | whereQ'. is the charge transferred in phase 2.
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(b)

Figure3.2. lllustration of energy loss in switches in switched capacitor converter

There are some other forms of energy losses in SC converter. For example,
conduction losses are the energy lost as heat dissipatedtoh e s wiohc heso
resistorsDynamic loss at the switching point is another important faétisio, gate
drive losses happen when charging and discharging the transistor gates. It can be

calculated as follows:
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DVe, B _
Ot )(T) ¥, f (3-4)

Feo = Vcic(%) = \R(Cq

whereV; and ic stand for the voltage and current of the gate, respectiielyg.the
charging time of theyate, T is the switching periodDV.is the difference between

gate voltage and high level of clock sign@d. is the effective capacitance of the gate

and f is the switching frequency. The equation indicates that the energy loss is

proportional tahe switching frequency and gate capacitance.

3.2 Circuit Structure

An SC boost voltage converter was designed and fabricated t&@ngM
8RF LM 130 nm CMOS proces with 6-2 metal option47]. Figure 3.3 shows the
schematic of the converter in three stage illustratidime design includesall the
switchesfor a six-stage converter, excefur the external capacitord’his provides a
maximum available output voltageeventimes the input voltage through the external
capacitors, and a user can select the output multiplication factortfi®minimum
(1x input) to the maximum (7x inpuf) by connectingan external electrolytic
Cc a p a s positiver padd tahe ouput. In the schematic, the top switches are made
from nMOS transistors only, but the middle and bottom switches are made using
transmission gates (combinations of nMOS and pMOS transistors) to transfer the
accumulated potential oraeh capacitor to the next stage witte leastloss. The

input can be useid both phases without any wait or sleep modes of operation.
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Figure3.3. Schematic of SC voltage converter in three stage #itisir

As shown in Figre 3.4, the converteworks intwo different phases. In phase
one (L=1,1=0, Fig 3.4(b)), all capacitors are conneciadcparallel, and are charged
up by the input voltage. The output is disconnected from other components. Then,
during the battery charging phase=0, 1=1, Fig 3.4(c)), the parallel configuration
of capacitors is changed into series. The output is connected to the load with a
boosted voltageThe transistors have a power supply of 1.5-\ure 35 shows the
layout of the chip. All the pads in the chip are pctad by electrostatic discharge
(ESD) diodes as shown in Figure 3.6, which will clamp the voltage on the pad
between 0 to ¥ and protet the circuitsFigure 37 is a photograph of the chifi has

a size of 1 mm by 1 mm, and Figur® 8hows the block diagram of the chip at work.
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Figure3.4. Operations of switched capacitor voltage converter

Figure3.5. Layout of the SC voltage converter
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Figure3.7. Photograph of the S@ltage converter
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External Capacitor Array
(6 100uF Cap)

Figure3.8. Block diagram of the SC converter chip at work

3.3 Simulations and Experiments

3.3.1 Basic Function verification

First, a simple test was performed to verify the basic functions of the SC
voltage converterkFigure 39 shows the outpulvaveformof a threestag converter
for a 0.35V input at 20Hz clock signal using 106F threeexternal capacitorsAs
analyzed in Setion 3.2, the output (around 1.4 V) is four times the input sigred. T
PMOS body contacts in converter switches are connecteah texternal 1.5V DC

power supply.
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Figure3.9. Threestage converter opeian for 0.35 V input at 20 Hz switching using 1B

external capacitors

3.3.2 Capacitivé.oadChargingSimulations andexperiment

A 1 OFCcapacitor was connected as a load to the SC converter. The SC
converter used 0.25 Vhput with five stage boostingnd 1 Hz clock signal. The
external capacitors used FfThesimuldtienreSuis conver
of this configuration are shown in Figurel@. The left figure shows the whole
charging process, and the right one is magnified version ofuhe. It shows that
the voltage increases by ripples because of the switching nature of the converter.
Figure 3.1 is the measurement results of the semiconductor parameter analyzer
HP4156B The load voltage increases similarly, with a minor differemcthé final
voltage.This could be related to theelf-dischargeof the load capacitaand the non
idealities of the converter capacitosgain, the righthand sidefigure shows the

magnified version of the charging curve.
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Figure3.10. Simulation results dbad voltage il 0 G- capacitor charging
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Figure3.11. Experiment results dbad voltage il 0 G- capacitor charging

At the input end,the rectified voltage is 0.25 V. The input current was

simulatedin Cadenceand measured bggilent 34410A Multimeterin LABVIEW .

The simulation results are shown in Figure23t indicates that as the load voltage

increases during the charging processjnpeat current decreases in average. It is due

to that as the voltage difference between the load and the SC converter output

decreases, the charge transferring process becomes slower, which further decreases

the voltagalifference between the input and tenvertercapacitor and decreases the

53



charging current. The right figure is a magnifieersion of the input current, which

shows regular pulses with respect to the switching frequency. The measurements are

shown in Figure 3.3, with similar results to # simulations. But the current values

are more irregular. Part of the reagonthis mayinclude thepresencef noise in the

environment since the current values are generally sraalll sensitiveto external

pick-up.
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3.3.3 Frequency Dependencyeriments

A large capacitor (1000 ¢F) was used as load to check the frequency
dependency ofhe SC voltageconverter Here, the convertesnly used three stages
Also, a number of different clock signal (provided by external signal generator)
frequencies ranging from 0.2 Hz to 20 kiwth a 50% duty cyclehave been tested
to find the optimumfrequency The eternal capaciors are100 ¢F and the input
voltageis 0.35V. The results with different clock frequencies are compared mainly
by their dficiencies and charging speed.

Thesuppliedenergywas calculated as:
_ A .
EConsumption_ m)V(t) Qt)dt (35
where in this casey/(t)is constantly 0.3%/ from the input power supply. The current

was integrated fromi, tol;, which is thetime of thewhole charging process. The

energy consumed iheMOSFETs 6 bodi es and egaculdien ar e
because they are several magnitudes smaller than the input energy. Therefore, the

efficiency of the converter is defined as:

Energy Transfer efficiency: B 3100% (3-6)

consumption
where E_,, is the energy stored in the load capacitor, calculateéd)@/z.

Figure.3.8 shows the results of measuremeand the inner graph is a
magnifiedversionof 400 - 700 seond sectionsegments of the chang period All
testsare stopped when the capaciteoltage reache%.38 V. The plotsfor the 2 Hz,

20 Hz, and 20Hz tess show similar charging curvesdicating minimal frequency
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dependence for the range of frequencies .udsdhownin Table3-1, the0.2 Hz, 2
Hz and 20 Hz test have almost the same resultsefergy transfer efficiency

approximately 4@6, for acharging timeof about 10 minutes
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Figure3.14. Frequency dependency of 10 capacitor charging with 0.35V input and

three 10 F external storing capacitors
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Table3-1 Frequency Dependency of the converter in the 1000uF capacitor charging

Clock ChargingTime Supplied Stored Energy Transfer
Frequency [sec] Energy Energy Efficiency

[Hz] [mJ] [mJ] [%]

0.2 953.5 2.352 0.952 40.48

2 611.5 2.349 0.952 40.53

20 617.5 2.394 0.952 39.77

200 629.5 2.555 0.953 37.30

2K 755.5 2.755 0.953 34.59
20K* 755.5 3.010 0.852 28.31

As shown inthe figure as the clock frequency goes higher, the saturation
voltage goes lowelThis is the result of thérequency dependency the dynamic
power consumption of CMOS switchigb]. As a resulof thesetests,a2 Hz1 20Hz

clock frequency rangerasusedfor furthercharging tests.
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Chapter 4Energy Storage Solution: A Supercapacitor/Battery

Hybrid Cell

4.1 Cell Overview

Ultrathin galvanic cells are of technological importance because they can
comply with a variety of form factors and electronic system packages, and have
shown promise for flexible electronic syster#9]. Research toward developing
flexible power sourcewas triggered by the various potential applicationfiexfing
or66wearabl ed6 [B6l.ectronic devices

A lightweight flexible thin film galvanic cellhas beendeveloped using
monoparticulate film®f activated carbomndruthenium (IV) oxide as the cathode,
and spray depositedinc, as the anod¢48] [49]. Referring to this system as a
supercapacitor/battery hybrid cell is justified by the observation that it provides the
desired properties of both capacitors and gatvaalls in a power delivery system.
Specifically, it enables burst energy delivery, upon demand, and long term power
delivery, as well.

The battery provides several other advantages for energy hagvegstem
applications. Firstit has the highedpecific charge storage capaciper unit areaf
any commerciallyavailable thin film cell 4.4 mAh-cm? over projected electrode
areg. Also, the typical rechargeable battery cells nge relatively high recharge
voltages Li-ion batteries for exampléypically operate at 3:8.7 V, andrequireover
4 V to recharge. The cell described herean be recharged at an exceptionally low

voltage of1.2 V (which is theopen circuit voltage othe battery afterbeing fully
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charged) meeting thdow voltagerequirement of RF energy harvestifiy]. Given

that a series of voltage wgonversions is botimefficient and affected by parasitic
losses, this requiremeabnstitutes a major barrier to implementing RF char{fn&d
Furthermore, the battery is less than 0.5 mm thick (prior to the optimization of
padkaging materials), and flexible and can be fabricated undep&2square meter.

The cathode ithis systemis hydrated RUYIV) oxide, whichis a material with
several unique capabilitieRl9]. Firstly, RuG:-nHO is a mixed protoielectron
conductorthat can generatelltra-high pseudo capacitand®9] [60]. Secondly,it
exists in a multiplicity of oxidation states to allow grace discharge profile which is
suitable for low power applications. Alsoydrated Ru(lV) oxide enables easy
construction of hybrid power sourcetbatteries and supercapacitors. Spealfy, a
RuG::nH,O cathode with a metallic anode can operate as a battery, while two
identical RuG;-nH20 electrodes can serve as a supercapacitor. Fifrli§,-nH-O
exists as nanpowder with a large specific surface area, which facilitates the
electroative process.Figure 4.1(A) shows thechematic of the assembled cell
Different parts of the cell are listed in the figure caption. Figure 4.1(B) is an

illustration of the flexibility of the battery.
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Figure4.1. (A) Crosssection of the singleheet ZinRuQG,-nH,O galvanic cell: & Zn anode;
20 RuGy-nH.0O /activated carbon cathode, wheré Jaastecontaining Ru(lV) oxide
nanoparticles and Bbgraphite film current collector;® separator; @ packaging and
sealing materials. (B) Photograph ofassembled ultrathin cg49].

The simplified chemical reaction in the cell is governed by the following
equationg48]:
RuQ; + 2H' + 2¢ ¥ RUW(OH)2 (4-1)
ZnK Zn*t+ 2¢ (4-2)
The oxidation state of ruthenium changes from 4 to 2 by adding two electrons and

protons. An oxidizable counter electrode provides the anode reaction. Metallic zinc

was used in the cell, providing the electrons to form the current flow.

4.2 Electrical Charadristicsof the Battery

The batteries were tested for specific charge capacity, cycle life and self
discharge current leakage. Figure 4.2 shows the discharge curv ¢orf ghick film

RuGnHO cel | . | t wa s loadoandnttee dinalevoltagwas 2080 ofl k q
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the maximum value. The capacity reachedn®@h.cm'? as the maximum and 25

mAh-cm' 2 before the voltage dropped below 0.8 V. Additionally, the internal leakage

current was measuragingthe method described [B1], and found to be less than

100 nA. Figure 4.3 shows the discharge curve of a thin flexible single sheet Zn
RuUGnHO cel |  with a 50 0napprozimdteehicknask of L mma d . It
including packagand an active electrode area of 9cifhe tdal charge the battery

delivered is 760nAh, corresponding to a specific capacity of 84Ah-cm'2,

Ewe/V
L
U vwiTon-0)

n
=]

time/h

Figure4.2. Discharge curve of a thick fillRuG:nH,O gal vanic cell over 1

curve shows theell voltage and red curve shows the capddi®y.

61



1.4

1.3

1.2

11

Ewe/V

0.9

0.8
0.7
06
0.5

0.4

0 5 10 15 20
time/d

Figure4.3. Capacity monitoring for a representative thin and flexibleRir0,-nH20
galvanic cel[49].

Figure 4.4 displays a life cycle test of the battery cell. In the experiment, the
battery was di s loddérlgmrendte and reahargad atl 1025 Y for
another minute. A total of 800 such cycles are shawtiné top figureThe bottom
left figure shows the early cycles and the bottom right shows the laterTdreeburst
energy supply capability is illustrated in Figure 4.5. A P cail was discharged in a
short circuit and maintained current over 20 mA feore than 2 minTable 41
shows a comparison of the specific capacity and recharge voltage between this

galvanic cell and several commercially available thin film rechargeable batteries.
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Recharge

Specific capacity voltage

Galvaniccell Source

mAh/cn?
( ) V)
25 (before cell
Zn/RuCG-nH0 Present work voltage drop below <125V
0.8V)
C/LiCoO, Manufacturer A 15 >4.0
Manufacturer B 0.080
Manufacturer C 0.050
Manufacturer D 0.030
C/LiFePQ Manufacturer E 0.47

The discharge profiles of the battery cells demonstrate distinct regions of
operation. Figure 4.6shows the first 40 hours ofthinfimb at t er yds di schar g
over a 1 Kq | oad. didchargecurve (blue)sl a mixeirg ofon o f t
capacitive behavior and cathode material reduction. The capacitance of the battery
can be modeled by fitting an R€ansient curvéred)to this portion of the discharge
data, so an estimate of the capacitance could be obtaliesl.test has been
performed across a range of cells to obtain capacitances ranging from 1.78 F to

463 F.
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0.6
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Figure4.6. First 40 hours of a JHishatgeprojiéfitetheé i sc har ge
capacitive region of the battery operation

4.3 Battery RechamExperiment with SC Voltage Converter

The bat t er oadabilitywas tuttharrtegted by using signals from the
SC converter (analyzed in Chapter 3) as input. Thhegge test inaldes three steps
at follows: 1) initial discharge, 2) recharge,s&cond discharge. The first discharge
consumes part of the batterybdés energy to i
second discharge, the change in potential after the converteeshhggbattergan
be observed, by comparison with the first discharge.

The battery was discharged through &gl | oad f or 16 hours a
shown inFigure 4.7a), the load voltage dropped from 1.171 V to 0.735N\¢te that
by using a battery with bower initial voltage, this discharge time can be reduced.

The following recharging test was set up with0.25 V input from external power
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supply,andsix 100 F external storing capacitofer asix stage convertefThis qave

a 1.75 V open circuit output. A 506 duty cycle andl Hz clock signalwere
implemented to control the charging procédse battery wasecharged for 24 hours.
Figure 4.7b) showsthe increasing potential duringecharging. Then the battery was
connected tdhe 1kq | oad agai n f or nofitorthe potentiad s
change. As shown in Figuee7(c), the battery stagtito provide energy from 1.002
V. Compared to th load voltage before chargin@. 735 V), the resultglemonstrate

that the DCDC corverteris working properlyand is ableéo recharge the battery
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1.2+

1.1

1-

0.9+

0.8+

0.7 - 1
f Time [h]

@)

Voltage [V]
1.1-

1.05 -]

1-

0.95 -

0.9+

0,85

0.5-1

[}

Time [h] 24

(b)
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0 Time [s] 501
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Figure4.7. Results of the battery cycle test. Ri¥chargingest results for 16 houf¢ K q
load), (b) Potentialchange during 24 hours charging (0.25 V input, 1 Hz clock signal), and
()10 minutes dischardgoadng after charging
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Chapter 5Power DistributiorSystem Integration

5.1 Solar Energy Harvesting Block

As discussed in Section 1.2.1, solar energy has theegteavailability
compared to other energpurceslit has been commercialized in numerous fields and
still has a large potential markdtherefore, the systemeportedhere implemented a
solar energy harvesting block as one of its energy sourbessola cell used here is
from Solarmade with the modalmber3-1.5100. Under full sun conditions, it has
an open circuit voltage (OCV) of 1.5 V and a short circuit current (SCC) of 100 mA

[62]. A photo of the model series is shown in Figure 5.1.

Figure5.1. Photograph of solar cells used in the system

The battery cells described in Chapter 4 are able to operate normally when
they are rechargetb 1.4 V. Significant damage has not been observed in the
experiment in terms of overcharging. However, charging protection circuit is still
designed here in solar energy harvesting block. The circuit uses a feedback loop

involving an operational amplifielhe circuit diagram is shown in Figure 5.2.
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To solar |
cell — Ct1

+
] Battery
— C3

I

Figure5.2. Solar cell recharging protection circuit diagram

D1 is a Schottky barrier diode with a low turn on voltage of 0.28 V. It makes
sure that the currémonly flows from the solar cell to the battery. So when the solar
cell has an output voltage lower that the battery potential, D1 will prevent the battery
from providing energy to the solar cell. D2 is a micropoweandgap voltage
referencediode with a reverse regulation voltage of 1.2 V. It sets the reference
voltage for the operational amplifi¢op-amp) Ul. Ul is used as a comparator. Its
power supply terminal is connected to the battery output. The positive input is
connected to a resistor networknsgsting of R1, R2, R4 and R5. Assuming the solar
cel | has an adequate output voltage, and t
lower than the voltage of the negative input terminal (1.2 V), Ul will provide an
output signal close to ground (log), and the transistor Q1 is off. In this case, solar
cell will recharge the battery. However, when the battery potential reachesthd V,
feedback network will present 1.2 V input to the positive input terminal of U1. Then
the output of the opamp chages to logic 1, which turns on the transistor Q1. It

therefore shorts the solar cell, and the recharging stops. In another case, if the solar
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cell does not have enough voltage to recharge, D1 will block the battery current from
flowing back. A list of allthe components used in this circuit is shown in Tabkle 5
(resistors and capacitors arely shown for their valu@sThis circuit is also suitable

for use with a number of other different solar cells, which adds more flexibility to the

system.

Table5-1. List of components used in the solar cell recharging protection circuit

Symbol in the diagran  Value Component Company
D1 NSR0140P2T5C On Semiconductor
D2 LM185-1.2 Linear Technology
Ul LMV951 Texaslnstrument
Q1 S11035X Vishay
C1 100 nF
C2 1000
C3 100 nF
R1 15 Kk
R2 470
R3 2.2
R4 4 . 3
RS 47 k
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The solar energy harvesting block was tested to charge up a €200
capacitor. The experiment was conducted in door, and an iPhone flashlight was used
as the light source. Figure 5.3 shows the voltage profile of the capacitor during
charging.The capacitor was charged up in a few seconds, and the voltage saturates at
abaut 0.84 V. This is because the iPhoflashlight was not strong enough to let the

solar cell reach 1.5 V output.

0.9 T T T T T T T T
0.85
0.8

0.75F

Voltage [V]
o
o ©
a N

o
o

0.55

0.5

0.45

: A L 1
0.40 2 4 6 8 10 12 14 16 18
Time [s]

Figure5.3. 2200 F capacitor charging with the system solar energy harvesting block and
iPhone flashlight

The efficiency of charging can be calculated as follows. The energy stored in

the capacitor during charging is

1
Estored = E

C\2 —; C\ 2200 10° (0.84 0.2-) 0.6 (51

NI

where M is the initial capacitor voltage, ancd: 6 the voltage at the end of charging.
The input energy was measured as the output of the solar cell. The current values

were sampled every 0.17 s and an average voltage value of 0.7 V is used in the
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calculation. he total input energy is calculated as a summation of all the sample

points.

T
Einput = aVv,ldt 4.27mJ (5-2)
0

whereT is the total charging timé&/aveis the averag output voltage of the solar cell,

dtis the sample interval. Therefore, the solar block charging efficiency is:

h= Estored _OGTL] A7% (5_3)
Eppue 1.27MJ

The major power loss in this block comes from the charging protection circuit.
Also note that this efficiency does not include the power loss in the solar cell. The
reason to choose a large capacitor as the charging load is that it could provide a more
acairate calculation result of the charging efficiency. Additionally, as the light source
is restricted in this experiment, it is hard to use the iPhone flashlight to charge the
battery cell, especially considering the batteries in the system all work al@oVvard

typical operations.

5.2USBRecharging Block

Invented byAjay Bhatt [63], Universal Serial BugUSB) is an industry
standard devebped in the midl990s that defines the cables, connectors and
communications protocolgsed in abusfor connection, communication and power
supply betweercomputersand electronic devicedt is a convenient power source
widely existing on personal computers, tablets amdomobiles As of 2008,

approximately 6 billion USB ports and interfaces were in the global marketplace, and
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about 2 billion were being sold each y¢é4]. Because of its stability, USB power

will be used as the primary source for this energy harvesting system when available.
USB has an output voltage of 5 V, with maximum current up to 5 A in USB

3.0. The signal has to be conditioned in ordeettharge the battery cell discussed in

Chapter 4The chip implemented here is TPS62250eakzurrentlimited step down

converterfrom Texas Instrumen{§5]. It has an input voltage range fror62/ with

peak output currdérof 1 A. It operates &.25MHz fixed switchingvith efficiency up

to over 90 %.The peripheral components are selected to provide a constant output

voltage of 1.4 V, which is suitable to recharge the battery Thed.circuit diagram of

the whole configration is shown in Figure &.

TPS62250DRV L1 Vi
Vp=2Vto6V 2.2 uH 1.4V
O VIN SW L_ 7V Na: O
Cin R1 P [ O
4.7 6F—— EN 570kQS T T 22pF
FB —L— Cour
GND ] 10 uF
L R2
= MODE 200 kQ

i
)_

Figure5.4. Circuit diagram of the step down converter for USB recharging

5.3 Output Voltage Reqgulator

A battey 6potential decreaseover timewhenit dischargs. However, for

most of the applications utilizing energy harvesting, the load requires a constant
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voltage supply. Therefore, an output voltage regulator is needed in the system to
provide a desired output.

One of the common choices is the low dmg (LDO) regulator. It typically
includes an erroamplifier, a pass transistor,reference circuit, a feedback network,
and some loading elemeni86]. Since an average low draut voltage regulator
consumes several miWatts ofpower, this typical scheme is not suitabletfos low
powerbatteryoperated systenBased on power considerations, our first solution is to
use a single depletion mode transistor connected in series with other circuit elements.

As shown in Figure 5.5.

Battery S D
—L R

Figure5.5. Schematic diagram of single series voltage regulator

The operation principle of the circuit is based on the different resistance
characteristics within two MOSFET operation regiofs.the battery discharges, the

depletion mode MOSFET transitions from saturation region to linear region, with a
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decrease in its internal resistance. This transition serves to attenuate the current early
in the battery cycle and increase the current irdte part of the battery cycle with a
feedback mechanisntherefore, the lifetime of the battery is increasBae average
power dissipation in the regulator is only
applications.
In order to provide more stabdeitput voltage, several commercial chips were

compared by their input/output range, power consumption and efficiency, as shown in

Table 52.
Table5-2. Voltage regulator comparison
Chips nput (V) Output (V) Max output Efficiency Quiescent
current current

MAX1920 si55 151825 00 A 90% 50 ¢/

[67] 3
LT1[16%£]}3.3 3.8- 20 33,5 700 mA N/A N/A
LT[%S?M 251 55 0.61 5.5 1.25A 96% 20 &

LTC3564 from Linear Technologyis selected as the core of the voltage
regulator in the systerfor its high efficiency low power consumptiorand wide
input/output rangdt has an input voltage range of 2.5 V to ¥.5a supply current of
2 0 with efficiency up to 96 %The output voltaggemporarilysetto be 3 V,
which is common for a variety of electronic applicatiolhslso can be adjusted by

modify the configuration around the chifhe circuit diagram is slwn in Figure 5.
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2.2 uH

VIN SW

LTC3564

RUN VB
GND

L

Figure5.6. Circuit diagram of output voltage regulator

The voltage regulating block was tested with two different resistive loads as
shown in Table 8. The output voltage is stable around 3 V within the typical
operation voltage range of the battery cellse results indicate a voltage regulating

efficiency over 8%, whichverified the specifications in datasheet.

Table5-3. Testing results of voltage regulating block based on LTC3564

Input Input Output Output

voltage current voltage Load Input power power Efficiency
48V 2 mA 303V 1 kqgq 9.6mw 9.2 mwW 96%
48V 24 mA 3.33V 100 ¢ 1152mw 1109 mW 96%

5.4 MicrocontrollerOverview

The completepower distribution system (PDSicludes 2 battery arrays.
While one array is working, the other array will be recharged by energy harvesters. A
contr ol bl ock i s needed to monitor the bat

batteryarrays. Also, some energy sources may not be availaldense time; and
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even if multiple sources are available, choices have to be made to select the most
stable one for battery rechardgehere are other functiorthat need to be realized

such as clock signal supply and system shut domemergencyThe mostsuitable

way to deal with all these functions with flexibility is to use a microcontroller.
However, there are some requirements for the microcontroller to be used in this low
power system, including power supply as low as 3 V, aitdlow power
consumpion, preferably in microwatt level, which rules out most of the options. The
microcontroller chosefor the systenis anEM6819 from EM Microelectroni€70].

The microcontroller function blocks can bseparatedinto 5 different
categorieg70]: power management and security functions, memories and CPU core,
clock selection, clock switching and system peripherals, digital and analog internal
peripherals and communication interfaces via the 10.pads

EM6819 has a power supply range from 0.9 V to 3.6 V with less@laiW
power consumption in staby mode aB kHz clock signal. Measurements also show
t hat it has |l ess than 40 &eW power consum

detection function. Figer57 shows an overview of the microcontroller.
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PC[7:0] PB[5:0] PB[7:6] M

Figure5.7. EM6819 overview70]

The power managnent block assures a proper system start at power up with
Power on reset and power check function. The internal Brownout supervises the CPU
and core internal power supply and asserts a vésen thecircuit is underminimum
voltage. The watchdog functiamonitors the CPU executiomndthe VLD can be
used to monitor internal or external voltages. Its results are available to the user to
take actions accordingly. The BIOC convertercan be switched on by demand.

The memories and CPU core block containsttel FLASH memoriesthe
nonvolatile data memory (mapped into the FLASH memory), the RAM and the
vendor supplied application subroutines (R@MI) for nonvolatile memory

modifications. CR816 microprocessor ca@nother essential part of the block
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The cbck selection, clock switching bloctakes care of all internal and
external clock sources. It synchronizes the clocks where needed and assures that the
system won 0 tduestd faufty clac& switahingg(i.e avoids switching to a
nonpresent clock sace). This block is also an essential part of the low power
architecture by minimizing the total energy consump@ml budgetingthe active
clocking nodes.

Digital and analog internal peripheraisntains all the user peripherals such as
timer, Serial peipheral interface $PI) bus analog to digital converterADC) and
other functional blocksThese peripherals are configurable and fully adjustable to the
user application.

Communication interfaces include all tlegternal communication channels
groupedAll communication goes through at least 1 of the max 2& W@th several
internal functions such as, serial interface, PWM, dgggpy outputsnappng to the
10Gs.

There are four distinctive operation modes in the microcontroller: Active,
Standby, Sleep ahPowerdown. In active mode, CPU will be running and all the
functions are ready to be used. The other three modes are specific for low power
applications. In these modes, CPU will be in standby without clock, and only part of
the functions may be used.

A block diagram of the microcontroller is shown in Figur8. S.he circled
blocks are the key parts used in tRIBS The clock frequency used in this cas8is
kHz, since i ttltesystéeraperationreandosuitgbte infloov power mode.

A Voltage level Detector (VLD) is employed to monitor the battery potential and
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decide the status of the battery arralse IRO & Event block on the right is to
handle the interrupt generated by voltage detector, and react to it accordinggys

are used to cordf the recharging time and also provide low frequency clock signal
for the SC voltage converter discussed in Chapteift® microcontroller also
operates in sleep mode during recharging the battery, with only the sleep counter to
wake it up. It has threé® ports and a General Access Serial Port (GASP) for power

supply and programming.

Ultra Low Power 8 bit Flash pController:
0.9V supply, DC-DC Converter, ADC, OpAmp, EEPROM, 8 to 32 leads

/ Power subplv\ i
0-38V H Voltage Level
BrownOut DBetector ROV
DC-DC Up-Converter ’°::.':" H [ Watch Dog r‘"‘°"“"’
2.4V, 2.5V, 2.0V, 3.3V Pawar Check 32— levels SECURITY
i vsue,Pa.pc If:
Vm.p. n.qumy /
SPNVM (FLASH)
16.5 kByto RAM ROM-APR CoolRISC 8-bits MEMORIES
Bata Instruction 812 Bytes Appiicaton i 16 rogaters <coRrRE
Mom ory Momory Pully statie Sibesitnes i HW msplier
Max 12k8 Max & kinser
Crystal 323Hz | RC KMz l \
Sleep Rototd cLock
e —_ Counter ‘ ‘wako-up
Crystal or RC 2 MHz wakesup ’ Controller sysTaM
Resonator RC 16 MHz
e -
Timar®, i OPERTIONAL
i Digital
Timord b H iseiawms AMPLIFIER e
. . o i Tomp
238 bit or 18 b 8 bits. H Sensor 31 s Amalog
. Fri PWM . Fraq Gan master o i 8channes berrvinale,
nput capure Input capure save ¥ PERIPHERALS
sompare f] | Ovtput sompar H
z—ne{o:———ie BITS PORT & case
8BITS PORT B \
PUbup, prtbdown Pubup, pulkdown "
[ ¢ r iy ki, Sophnw A1 or woh UART i Oo"s
Rac.at & Waka-up PWM, Signale Moni
ADC, VLD, OPA, Vel ADC, VLD, OPA CAEH interface e
Timer start & clock Timver start & clock
I P Sianel P, Signale 2wire & TM_A]

Figure5.8. Block diagram of the microcontroller EM6819
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5.5 System Overview

5.5.1 Battery Arrays

A fully rechargedbattery celldiscussed in Chapter Has an open circuit
voltage of 1.2 V. In order to provide stable 3 V output with sufficient current
supply, the single array of 4 batteries is seleciée. batteries will provide energy in
series, and be rechargedparallel. A total of 2 battery arrays are employed for the
completelystandalonesystem. While one array is providing energy to the load, the
other array will be recharge@he battery combination can be readily adjusted with
respect to the different outprequirements and the specific application.

The battery array uses a similar configuration as the SC voltage converter, as
shown in Figure ®. When D =1, D =0, all the four batteries (BB4) are recharged
in parallel by the energy harvesters; whers1 and D =0, four batteries are changed
to series connection, providing a maximum output voltage of 448 tnes 1.2 V)
which is converted to 3 V by the volegonverter discussed in Section 5.3. As the
discharge continues, the output voltaehe battery arrawill drop but the voltage
converterwill keepthe load voltage as 3 V. The other array uses complimentary
control signals. Wherb =1 and D =0, four batteries are recharged in parallel and

when D =1, D =0, they are changed to series connection to discharge.
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Figureb.9. Circuit diagram of a single battery array

The switch selection is critical in this low power system. Since the switching
frequencyis low (could be hours or days depending on the specific applications), the
key issues woulde the static and dynamic power consumption, especiallprthe
resistance. The component selected in the syst&M@35X[71], as shown in Figure
5.10. The maximum ratings are shown in Figure 15.The static and dynamic
specifications are shown in Figure 3.1t has two omplementaryn- and p-channel
MOSFETSs, which are used as a transmission gate switch. Compared to a single
NMOS or PMOS, a transmission gate has smalleresistance and lower dynamic

power consumption.

Figure5.10. Internal circuit of Si1035X71]



ABSOLUTE MAXIMUM RATINGS (T, = 25 °C, unless otherwise noted)

N-Channel P-Channel

Parameter Symbol 5s ‘ Steady State 5s Steady State | Unit
Drain-Source Voltage Vps 20 -20 y
Gate-Source Voltage Vas +5

. . Ta=25°C 190 180 -155 - 145
Continuous Drain Current (T; = 150 °C)? Ta=85°C Ip 120 130 110 105
Pulsed Drain Current® Ipm 650 - 650 mA
Continuous Source Current (Diode Conduction) Is 450 380 - 450 - 380

Ta=25°C 280 250 280 250

Maximum Power Dissipation? Ta=85°C Pp 145 130 145 130 mw
Operating Junction and Storage Temperature Range Ty Tetg - 5510 150 °C
Gate-Source ESD Rating (HBM, Method 3015) ESD 2000 v

Figure5.11. Absolute maximum ratings of Si1035X1]
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SPECIFICATIONS (T, = 25 °C, unless otherwise noted)
Parameter | Symbol | Test Conditions Min. Typ. Max. Unit
Static
Vps=Vgs. Ip =250 pA N-Ch 0.40
Gate Threshold Voltage Vasith) DS~ s D v
- Vps = Vas: Ip = - 250 A P-Ch | -040
N-Ch +0.5 +1.0
Vpg=0V,Vgg=+28V
GateBody Loak | bs as P-Ch 05 | +10 |
ate-Body Leakage Gss Ve OV Ve — 245V N-Ch +15 +3.0
ps=rhiesm=E P-Ch +10 | +30
Vps=16V, Vgg=0V N-Ch 1 500 A
n
_ Vps=- 16V, Vgs=0V P-Ch -1 - 500
Zero Gate Voltage Drain Current Ipss -
Vpg=16V,Veg=0V, Ty=85°C N-Ch 10
Vpg=-16V,Vgg=0V, T,=85°C P-Ch -10 WA
. | Vps=5V,Vgg=4.5V N-Ch | 250 N
- m
On-State Drain Curren Dion) Vps=-5YV,Vgg=-45V P-Ch _200
Vas=4.5V, Ip=200 mA N-Ch 5
Vgs=-45V, Ip=- 150 mA P-Ch 8
Vgs=2.5V,Ip=175mA N-Ch 7
Drain-Source On-State Veg=-25V,Ip=125mA P-Ch 12
Resi 2 Rps(on) Q
esistance Vgs=1.8V,Ip=150 mA N-Ch 9
Vgs=-1.8V,Ip=-100 mA P-Ch 15
Vpg=1.5V,Ip=40 mA N-Ch 10
Vps=-15V,Ip=-30 mA P-Ch 20
R Vps = 10V, Ip = 200 mA N-Ch 05 s
Forward Transconductance’ Yrs Vps=-10V,Ip=- 150 mA P-Ch 0.4
] v ls=150 mA, Vgg=0V N-Ch 1.2 v
Diode Forward Voltageai sD lo= 150 mA, Vgg=0V P-Ch 12
Dynamicb
N-Ch 750
Total Gate Charge Qq N-Channel P.Ch 1500
Vpg =10V, Vgg=4.5V, Ip =150 mA
ps =10 ¥ Yas i e 75
Gate-Source Charge Qgs p.ch 150 pC
P-Channel .
Gate-Drain Charge Qgq Vos =-10V. Vas=-45V,Ip=-150mA | N-Ch 22
P-Ch 450
N-Channel N-Ch 75
Turn-On Time ton Vpp =10V, R =470
Ip=250 mA, Vgey =4.5V,Rg=10Q | P-Ch 80
ns
P-Channel N-Ch 75
Turn-Off Time torr Vop=-10V.R =650
Ip=-150 mA, Vggy =- 4.5V, Rg=100Q | P-Ch 90

Notes:
a. Pulse test; pulse width < 300 ps, duty cycle < 2 %.
b. Guaranteed by design, not subject to production testing.

Figure5.12. Specifications of Si1l035K71]

The datasheet shows that the transmissi
a typical threshold voltage of 0.9 V. This chvas tested with a dc voltage source and
a resistor, as shown in Figurel3. The test results are shown in Tabld.9t shows

an on resistance |l ess than 1 q, which is v
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Transmission gate

el

DC source g Resistor

Figure5.13. Testing circuit and the transmission gate Si1035X

Table5-4. Testing results of Si1l035X

Si1035X on

Supply voltage Load value Load voltage resistance
3.068 V 1.5 kq 3.066 V 0.978
3.067 V 217 q 3.053V 0.995

5.5.2 Microcontrolleimplementation

The EM6819 microcontroller was equippedwith software and hardware
developmentool kits. The EM6819 Tool Kits are based on the REva mokiward
platform that consists of generic motherboardith interchangeable daughter boards
supporting severatarget microcontrollers and an embedded RLink ifecircuit
programming andlebugging[72] [73]. A picture ofthe REva mother board is shown
in Figure 514. The package of EM6819 adopted in the system is TSSOP28 because it

provides enough 1/O ports. The microcontroller was programmed and tested on
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mother board first, and later was mounted on a customized printedt daard

(PCB) for the PDS. The designed PCB will be discussed in Section 5.6.

Figure5.14. The REva mother board for microcontroller EM6373]

The Raisonance CoolRISE16 development kit is a complete solution for
creating software for theCoolRISC 816 family of microcontrollersincluding
EM6819[74]. The development kit comprises many different toolsahatv projects
from simple tohighly complex tasks to be developdthe Raisonancelevelopment
tool has several parts in it. Ride 7 is thetegrated development environment, the
interface for all the other tools, providas editor, a project managand a debugging

user interface thacan be used either with the simulator or with any of several
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hardwaredebugging tools.Rkit-C816 includes the specific tools for project

development. SIMICE C816 serves as the simulator of the core and most peripheral

circuits. RLinkC816 is the JTAG stalard emulatowith USB interface allowing

user to program the C816 on an application board and debug it when it is running.
Figure 5.5 shows the integrated development environment in RLink, which is

driven by RIDE[72]. The bol chain includesin editor, a project managerGiU C

Compiler, an assembler and a linkene program was coded in C language.

L el e I T e

[CREPF 28 « 2R FAOwBe E A8 BEES e e 1@l

D -
. —
—ewe

|

¥

Pinsl o CRIAG P par g &
Jode “2

ey
9
]

[ -

reTTp— -
Wy ——— . ) 221 SETWIT B (i, Sy, A
'

wleh A w—— b C ey e 0

RLRTLLNL

TR

[y . [Ty~ 7

| - B ||

- ae O N e e Tt S
O T e A e T P
L

Figure5.15. Development environment of RLink

Figure 5.5 shows the fun@bnal blocks of the system and the routing of
signal and power linesThe flow chart of the microcontroller program is shown in

Figure 517. In the flow chart, V_USB is the output voltage of USB energy harvester
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block, V_Solar is the output voltage eblar energy harvester block, V_RF is the
outputvoltage of RF energy harvester block, V_Supply is the outpliage of the
system, V_main is the outpubltage of the main battery array and V_backup is the

outputvoltage of the backup battery array.

iy ———————
) : l
ey | : " !
g N . . "
UsB |iiii g V " l
energy 4 l " !
\_harvester ST Charge X V Discharge :
-:‘_y/ control Battery _EL/ control Load
Solar [ circuitry [ array 1 o circuitry | SYSTEM electronics
energy Lo POWER
\_harvester E V SWITCH |
Power lines
( ) Battery e h
RF o arav2 | - » Sense lines
energy A ¥ . Control signal
\havester ) oo L 1 T > lines

Figure5.16. Block diagram of the power distribution system and signal/power line routing
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(b) Discharge and recharge process

Figure5.17. Flow chart of the microcontroller program

As discussed before, the system has three power sources: USB power, solar
energy and RF energy. Depending on user selection, one of theniiree chosen
asthe power supply tthe systemThere twobattery arrays are differentiated the
main battery and the backup battery. The main battery delivers power to the power
consumption components and the backup battery is only used when the main battery
is deeply discharged.

When sygem is on, the microcontroller initializes the system by setting the
clock frequency and enabling input, output and intemgpports. The usemay
select one power source out of USB source, solar source and RF sndtlee
system turn®nthe power switch of theorrespondingpower source and turmdf the

rest two. If user made no selection, the microcontroller would do voltage level
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detections and decide for the user. The USB source has the highest priority while the
RF source has the West. That is to say, if the usdpbes notselect any source
manually, the USB supply is always selected by the microcontroller as longsas it
available And the RF supply is selected only when USB and solar sources have no
voltages.

If the system suppl nodevoltageis higher than 3V (four battery cells in
series) the main battery still has enoughergyto drive the circuit, and the system
would go back to the starting point of the loop and choose the new power source. If
the voltage of the supply de is below 3V, the main battery iseakply discharged
and it should be rechargednd thebackuparray serves as the supply temporarily.
When the mairbattery arrays is fully recharged (each of the single cell is over 1.2 V)
the systemwill switch back ¢ let the main battery power thead meanwhilethe
backup array needs to be recharged to compensate the energy loss. After the backup
is fully recharged, the whole loop starts again.

Please refer to Appendix A for the original code.
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5.5.3 Printed Cingit Board Design

A printed circuit board (PCB) has been designed using PCB Artist and
fabricated by Advanced Circuits. It is a 2 layer standard be#hd0.16 cm material
thickness andan area ofl4.3 cmx 13.8 cm.Figure 518 shows he board layout
without copper pouring for viewing clearandée board includes different blocks of
the PDS as shown in the figude. the fabricated board, both sides are poured with
copperin order to reduce crosstalk and increase signal stabiltyphoto of the

fabricated PCB without solderedrmaponents is shown in Figure 5.19

TUrveoioer harvester

Figure5.18. Layout of the power distribution system PCB
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Figure5.19. PCB of the power distribution system

The SC voltage converter discussed in Chapter 3 was also implemented on the
PCB for flexibility. The switches in the converter were also constructed by Si1035X.
Therefore, two versions of the SC voltage converter aadladle including an IC
chip based on IBM 130 nm process, and a discrete version mounted on PCB.

The SC voltage converter in PCB version was tested with a 0.16 V constant
input to charge a 2200 e€F capacitor. The
initial voltage of the capacitor was 0 V. The test stopped when the capacitor voltage
reaches 0.75 V. The average input current was measured to be 0.18 mA. Therefore,
the charging efficiency can be calculated as follows.

Estc,red=%CV§ap % 2200mF (275 062 (5-4)
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B =Vipulud 016/ 0.187A 58 168, (55)

— Estored _0' GZnJ

 Epe 1.68MJ

37% (5-:6)

The efficiency of the SC voltage converter on PCB is a little lower than the
SC voltage converter on chip. This mbg due tothe static and dynaim loss of
parasitic componentsn PCB is larger thait is in the chip. However, this efficiency
value is still reasonable for RF energy harvesting.

The board also includesZ94LPST DIP switch([75] for the user to select
the desired energy source. The switch has four channels. Only three of them are used,

corresponding to the three targeted energy sources.

5.6 RF Energy Harvesting Experimgnt

In the experimentdescribed hetghe RF energy harveatj block (including
the rectenna, the SC voltage converter in IBM 130 nm process and the bat)asy cell
tested off the PCB. Aommercially availablevalkie-talkie was used asnd&rF source
generator placedat 0.5 m distancefrom the rectenna. It operatesing Frequency
Hopping Spread Spectrum (FHSS) technology in the 900 MHz ISM frequency band,
and has a maximum output power of 1[W6]. Note that the output voltage of the
antennavaries with the distance to the sour€he grounds for choosing thidistance
is that at0.5 m the rectenna provides an output suitable to be boosted. The rectenna
receives a power of 0.258W, and a Poynting Theorem calculation yields an input
voltage of 1.83vV. Measurement on the output endre€tenna shows an open circuit

output voltage around 0.38 with ripples of mV magnitude. The voltage converter
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with the full six stage configuration was operated by a 2 Hz an#hb Sfuty cycle

clock signal.Thesystem set u shown in Figure 20.

Figure5.20. Experimental setupf the RF energy harvesting systerhelvoltage converter is

an integrated silicon IC in package being testetherbread board.

The voltage values were collected by Agilent Bd4operated by &elf
designed_abview program remotely. The panel configuration and block diagram of

the Labview program are shown in Figurglsand Figure 22, respectively.
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The test procedure follows three stefiw battery recharge: 1) initial
discharge, 2) batteme-charge, and 3) second discharge. The first discharge of the
battery consumes part of its stored energy, hence, it prepares the battery for being
rechargedandit is also used as a referenddne purpose of the second discharge is to
observe the chaegn potential after the converter hascharged the battery.

The experiments were run twice with different load conditions. In the first
test, the battery was discharged wuérough a
5.23, discharge curve A, the loasbltage dropped from 0.782 to 0.631 V. Secondly,
the battery was charged by the energy harvesting system for 1 h, with walkie talkie
providing the power. Figure B4 showsthe potential increase ovehe charging
procesqfrom 0.669 to 0.725 V). Finallf, he battery was connected
again forabout6 min, in order to observe the second discharge. As showigure
5.23, discharge curve B, the battery stasourcing energy from 0.710 \Compaed
to the load voltage prior to 4#&harging (0.81 V), the load voltage of the battery has
increasedafter recharging Results show that the battery is successftélgharged,

and the system is working properly.
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The energy harvesting efficiency of this system can be calculatedl@sd.
The walkie talkie uses a small loop antenna to radiate RF signals. According to the

derivation in[77], the power radiated from this antenna can be expressed by:

_n(P 4 2 .1
P=h(=)ka"| I, 1+ 57
(12)(a)|0|[ J(kr)gl (5-7)
Wher ea:37d Ohms, k is 27/ o,0isthe cusentt he | oo
value flowing in the | oo(n>>Htesecorsetni s 33 c¢n

within the bracket can be neglected, and the equation can be treated as fé@rfield
We assume the walkilkie transmits power isotropically, so the input power of the
system can be expressed as

Fi)nput = 4%:2 @ (5_8)

Where:Prr is the total power emitted by the walkekie, r is the distance
between walkidgalkie and rectenna, and\ is the metal area of rectenna.
Consequently, the charging efficiency can be calculated as

IR

= —sore 2 ; (5-9)
P & P _tO

input input

Where: Eswore IS the energy stored irhé battery as a result of the charging
operation. The battery cellused in this experimentan be modeled as a 2 F
supercapacitoas discussed in Section 412is the total charging timeA charging
efficiency of 5.8 % has been achieveds shown in Tabl&-5. This calculation

met hod can be named as the fAcapacitance mo
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Table5-5. Values in alculation ofrechargingefficiencyu si ng fAcapacitance mo

me t hio tHedfirst experiment

Estore t Plnput Pconverter q_
[ mJ] [sec] [ mW] [mW] [%]
105.9 3600 05092 0.00884 5.8

To verify this efficiency, another calculation is performed. The final battery
potential of the first discharge, 0.631 V, is used as a reference. Next, the output power
of the second discharge is integrated over the time period from the beginning of
dischage, till the voltage drops back to 0.631 V. The integration result is the extra
energy that is recharged into the battery. This yields a stored energy of 118.5 mJ, and
an overall efficiency 06.5%.Thi s cal cul ati on met hod can be

ref er e n c e, withehe talwudation equation shown as follows:

tay /2
~V

Estore = nE dt (5_10)
0

wheretq stands for the time from the beginning of second dischartii ttee voltage
drops back tahat before the recharg@he relatedvalues in this calculation are

shown in Table ®.
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Table5-6. Values incalculation ofrechargingefficiencyu s i ng fAvol t age referenc

the first experiment

Estore td Pmput d-
[ mJ] [sec] [mW] [%]
118.2 261 0.5092 6.5

A second test was repeated simijato the one described abqvevith a
differenta discharging loagnd discharging timeFirstly, the battery was discharged
t hrough a 5 0 Outeg.Aslstmandn Figare 25,3ischairge curve A, the
load voltage dropped from 1.15 to 0.83 V. Secondly, the battery was charged for 1 h
by means ofthe energy harvesting system, with the walkikie providing the
power. Figure 26 revealshe potential increase ovéne chargingprocesgfrom 0.89
to 1.16 V). Finally, the batterl3swams conne
order to obsemr the second discharge. As showrfFigure 5.25 discharge curve B,
the battery staed sourcing energy from 0.90 V (There was an initial voltage drop of
ca. 0.2 V, from the open circuit voltage to the load voltage. Load voltage was taken as
the actual vahge of the battery)Compaedto the load voltage prior to 4&harging
(0.83 V), the load voltage of the battery has increasftelr rechargingand the
battery is successfullyre-charged. Table 57 shows the charging efficiency
calculationbased onthé c apaci t anc e rnothisedstiTmegefficraecy h o d 0
value with this method 6.6 %. On the other hand,singt he fivol tage r ef e
calcul ationo, the tot al’.7%. dreretpated valees aree r si o n

shown in Table 8.
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Table5-7. Recharging efficiency calculatians i ng Acapacit anottke model i ng

second RF energy harvesting system test

Estore t Plnput Pconverter q
[mJ] [sec] [ MW ] [mW] [%]
121.1 3600 0.5092 0.00384 6.6

Table5-8. Values in alculation ofrechargingefficiencyu s i ng fAvol tage referenc
the second experiment

Estore ta Plnput d-
[ mJ] [sec] [mW] [%]
140.9 118 0.5092 7.7

A comparison of the two experiments and their efficiencies are shown in

Table 59.

Table5-9. Comparison of two RF energy harvesting experimentgtaidefficiencies

calculation
ACapaci AVol t ac
Discharge load model in referen
efficiency efficiency
First test 1 kaq 5.8% 6.5%
Second test 500 ¢ 6.6% 7.7%
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In the typical operation of the PDS, four battery cells will be recharged in
parallel, which will presentraeeffective capac#énce4 times the single cell. In order to
verify the RF recharging still works, a third test was tarrecharge 4 batteries in
parallel with the RF energy harvesting block.
Firstly, the batteries werdischargedn series hr ough a 1 kq | oad f
minutes. As the blue dibarge curve shown in Figure 3.the load voltage dropped
from 4.90 V to 3.71 V. Note that the voltage is about four times as high as the
previous experiments because four bateells were placed in series. Secondly, the
batteres were charged for 1 h by th&F energy harvestinglock, with the walkie
talkie providing the powens the same way in previous experimeiiigure 528
shows the potential increase ovée chargingprocessfrom 1.03to 1.14 V). Finally,
the battery was connected, again, tolHe | o a283 sfiroarder to observe the
second discharge. As shownHigure 5.29 the battery staed sourcing energy from
3.72V. Compaedto the load voltage prior to 1&harging 8.71V), the load voltage
of the battery has increasedter recharging andthe battery is successfullye-
chargedTable 5310s hows t he charging effiweitagency cal ¢
reference calculatian i n t hi s t e salue withTthiemetddfigil®. ency v
This is slightly smaller than the best value we have observed for single battery
recharge This may be caused by the internal resistance of battery cells that give rise

to more power loss during recharging.
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Table5-10. Values in alculation ofrechargingefficiencyu si ng fAvol tage referen

in 4 battery experiment

Estore td P'”PUt d-
[ mJ] [sec] [mW] [%]
130 114 0.5092 7.1

5.7 Discussionsf the RF Energy Harvesting Experiments

Another way to measure the recharge process of a secondary battery is
measure the input voltage and current of the batteryTdal. is not entirely accurate
for the system described hehe that case@lescribeda voltmeter anch current meter
have to be usedt the same time when performing the charging experiment. The
resistance of the voltmeter, current meter and the internal resistance of the battery cell
will all consume part the energy that we calculateirtggrating the current and
voltage over time. In other word, it will increase the apparent efficiency by spuriously
including energy that is not stored in the battery cell (but rather, delivered to
A p ar a sAdditioralyy,.the switching nature of th8C voltage converter makes
the input current very difficult to measure asappears tospike constantly. fe
voltage and current dataere collected bythe Agilent 34410 operated remotely by
LabView. The sampling rate in the program is close to the S@ecter switching
frequency and thus is inaccurate to measureettact input current directly.To
address this issuéwvo other methods were developed and showed similar results
shown aboveTherefore, the methadthusdevelopedare fairly accurate way to

calculate the efficiency.
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The harvesting experiments described here negihectRF waves reflected
from the building walls. The reflection coefficient of electromagnetic wave is
defined ag78]:

_ZL B Zs

511
Z +2. (511

whereZsis the impedance toward the sourZejs the impedance toward the load. In
the experimentZsi s t he I mpedance of air, approxi ma

building walls can be reasonably estimaiethethat of concrete:

ZS = \/E (5-12)
eS

where s is the magnetic permittivity antl is the electrical permittivity.
Most common dielectric materialsicluding concrete are nonmagnetit makeses

very close to that of aif79]. The relative electrical permittivity of concrete can be
. Z . .
estimatedo be3. SoZ, =%, and G= - 0.268 where the minus sign stands for a

180 degreephase shift Reflectivity generally refers to the ratio of refted
electromagnetic wave power to the incident wave power, and is usually defitmed as
magnitude squared of the reflection coefficig8®]. In this case, the reflectivity is

0.07, which means only about 7 % of the radiovegahitting the walls will be

reflected. Further, the reflected wave power will attenuat(%aswherer is the
r

distance that the waves travBssume theadio wave from the walkie talkie travels 3

m moreto the nearest wall, and then travels another 3 m to the rectenna, the power

densitywill decrease to bé% of the initial output. Combing the 7 % reflection ratio,
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the powerdensity of thereflectedwaveto the rectenna can be iesated to be 0.07 x

1
4 0 .0060 The direct incident powerportion of the rectenna is
4p(36)
- =0.32, which i thar itude | So the reflected part of th
——— =0.5Z, which ismore thar8 magnitude larger. So the reflected part of the
40(0.5mY g g P

power can beeasonalyl neglected.

Note that RF engy is an exceptionally weak environmental source. The input
source in the experiment shown above was chosen largely for its availability and
because it allows us to study charging efficiencies at the lower power extreme.
Beamed sources are applicable ¢tual use for higher power needs. They emit over a
l imited solid angl e ?ofaanbrdiectiondl angenna).oFere r t h e
example, microwave magnetron type sources are available of 1000X the power output
used in the studylhe output fromtese sources can be beamed into a target area of
approxi nfgtwehley el®ais the sourceonsadee! engt h)
of magnitude increase in power on target. Between the higher power of the source
and the compact nature of the beam, &lidcrease in incident energy is possible.
Therefore, when operated in a bearee@rgy mode, we can expect G.11.0 W

output power from our energy harvesting system

5.8 Power Budget of the PDS

In order to operate normally, the PDS must have a positetepower.
Otherwise, the microcontroller will shut down the system, and all the operations will

be stopped. This section will examine each case with only one power source is
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available. When multiple power sources are available, the PDS will have a latger n
power budget.

Let us first examine the worst case scenario, when only RF energy is
available. According to the previous experiment results, the energy stored in the
battery cells is 130 mJ in 3600 s. The power can be provided by this harvested energy
is36. 1 & W. The battery arrays provide powe
efficiency of 96 %. The final out put power
to drive the microcontroller and the possible load. As described previously, the
microcontrol er consumes | ess than 6 €W in standt
In practice,the microcontroller works in standby mode most of the time, and only
executes the functions occasionally by sensing the voltages and providing commands.
The real duty cycle epends on the application. If the load consumes comparatively
more power, the duty cycle of microcontroller will be larger, since it needs to switch
the battery arrays more often, and the frequency of giving commands to the system is
higher. On the otheramd, if the load does not consume much power, the duty cycle is
smaller.

If the system is used in a situation where only RF energy is available, more
likely than not, the load will be very power efficient (for example, a low power
wireless sensor). The thary should be able to power the sensor for a very long time
(likely several days) before it needs to be recharged. In a conservative estimation, let
us assume the duty cycle is 20 %, which should be far larger than the practical

situation.In this casethe average power consumption of the microcontroller will be:

109



P =40mW 30.2+6 MV 9.8=12.8 /& (5-13

mc_ ave

Therefore, the power can be delivered to the load is:

P, =34.7m\W -12.8mMN=21.9 (5-14)

load

As will be shown in Section 6.2, this power is sufficient to supply the needs of
a low power wireless sensor node in normal operation (the power consumption is 19
e W) .

If we calculate the total efficiency from receiving the RF power to the power
that carbe finally delivered to the load, it is:

P. 219

— _load

P, 509.2

n

£3% (5-15)

Note that in the experiment of RF energy harvesting, the input power source
was placed tstudy the PDS performance at the lowest input power limit, and that is
the data used to estimate the power budget here. If the input power level is higher, the
efficiency will be higher, and the power budget will be better.

If only the solar energy is aWable, the solar cell in the PDS is able to provide
about 100 mW under full sun condition. As shown in Section 5.1, the solar energy
harvesting block is able to recharge at an efficiency of 47%. So the energy delivered
to the battery i947 mW. After the wvltage regulation block, the output power becomes

45.1 mW. Even if we assume 100% duty cycle of the microcontroller (no standby

mode) , the power it consumes is only 40

power available.
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The USB recharging block ses as a backup power source for the PDS. If a
USB power port is available, the battery arrays will be charged up rapidly and the
PDS will recover to full power conditions in minutes. The evaluation of the power

budget in this scenario will be trivial.

5.9 Investigation ofAlternative Solutions tthe RF energy harvesting block

There are several other topologies in the literature for rectifier circuit used in
RF energy harvesting. One of the widely used rectifier circuit is Villard voltage
doubler.A multistage dual band RF energy harvester based on an resonant inductive
coupler and Villard voltage doublevgas reportedy Li et al in[44] [81] [51] [82]

[83].

Initial efforts were made to use this circuit topology in the PDS described
here. Li has shown that the dual band energy harvester obtains over 9% efficiency for
two different bands (900MHz and 1800MHa) an input power as low a$9dBm.

The DC output voltage of this harvester is over 1V. With the microstrip antenna and
the dual band RF energy harvester Li also described, the circuit was able to generate 1
V from input powers as low a8 dBm. This inpupower level was higher than that
required by the RF energy harvesting block has achieved as shown in Section 5.6

utilizing the switched capacitor approach. Additionally, the output 1 V is not high

enough to recharge the battery with its high capacitdnged s r e gemdrated wer e
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by an optimized resistive load not usable in the battery charging network described
here.

The first test was run by usirgreceiving antenna and dual band RF energy
harvester. The RF power came frametwork analyzer through coaxial cable and a
transmitting antenna. The circuit was able to generate 0.2 V from an RF signal as low
as-16.5 dBm at 940 MHz.

To be utilized in the PDS, a new RF energy harvesting block was formed by
the receiving antenna and dual band RF energyekter and the SC voltage
converter described in Chapter 3. The input power was the same as described above,
since 0.2 V is suitable to be boosted by the SC voltage converter and generate a
voltage to recharge the battery. The normal operation of theo§&y& converter in
the PDS is shown in FigureZ. The yellow waveform is the input signal, about 0.2
V constant. The blue waveform is the output signal, a square waveform with peak
value of 1.4 V. And the output voltage of this new RF energy harvelstool was
shown in Figure 80. The input voltage dropped to near zero when the six capacitors
were shifted into parallel configuration for charging. And the output voltage was
square wave but the peak value was only about 0.2 V. This was not enoughg® ch
a large capacitor or the battery. This figure indicates that the SC voltage converter
was not driven properly by the dual band RF energy harvester. The charge was not
adding up to the expected value (six to seven times 0.2 V). This was because the RF
energy harvester was not sourcing enough current (or power) to charge the capacitors
in the SC voltage converter. So all the six capacitors were partially charged, and

provide an output voltage much lower than the ideal value.
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Figure5.29. Normal operation of the SC voltage converter in the PDS (yellow waveform is
the input signal, blue waveform is the output signal)
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Figure5.30. The operation of SC voltagenverter working with the dual band (yellow

waveform is the input signal, blue waveform is the output signal)

This RF energy harvesting block was then tested to charge two large
capacitors, 100 eF and 2200 ¢ F.sfolldnve char gi
Assuming the initial voltage of the capacitor is 0. The energy stored in the capacitor
Is:

1

Ecap =5 CVZ

> CVea (5-16)

where \4atis thesaturation voltage of charging. The input energy of the block is:
E, =Rt (5-17)

where R is the output power of the network &wer, and t is the total charging time.

Therefore, the efficiency can be expressed as:

Eca
h=—22 (5-18)

Note that the efficiency calculation is a conservative estimation based on the
assumption that all the power transmitted from the network analyzer is received by
the circuits. However, this is not true because only part of the energy from the
transmitting antenna will be received by the receiving antenna. Therefore, the
calculation results of the efficiency will be smaller than what they really are. During
experiments, the two antennas were placed at a certain distance and angle that the
received power reaes the maximum value. The experiment results are summarized

in Table 511. The results show that the capacitor can only be charged up to a fairly
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low value. The larger the capacitance is, the lower the saturation voltage. The

efficiency is also low.

Tale 5-11. Large capacitors experiment results of the dual band RF energy harvesting block

Capacitor

Vsat : : Pin d
value Charging time
(e Fl V] Jne [dBm] [%]
2 minutes 8
100 0.27 seconds -13 0.057
2200 0.03 Sminutes 30 .13 0.006
' seconds '

In order to generate a larger output voltage in the switched capacitors, and
considering the weak driving ability of the circuits, smaller value capacitors were
used in the SC voltage conweerrteeprl.ac®Bhle byi x
capacitors. The experiments were conducted again to observe the saturation voltages
and efficiency. However, in this set of experiments, multiple clock frequencies were
tested to find the optimum one for capacitors with new values. 83terdsults are
summarized in Table-52. It indicates that as the clock frequency increases, the
charging time decreases, so the efficiency increases. In the table, only the highest
efficiencies are shown. When cloavergonng t he
efficiency reached 2.6 %. However, the saturation voltage was still not enough to be

used in the PDS.
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Table5-12. Large capacitors experiment results of the dual band RF energy harvesting block

with 1 e€F capacitors in the SC voltage converte
Clock
Capacitor Ve Charging P, frequency q
value V] time [ dBm] for SC [%]
[ € F] converter
[HZ]
100 0.2 4 minutes -12 2 N/A
100 0.2 3 minutes 12 20 N/A
34 seconds
100 0.2 1 minute 26—, 200 N/A
seconds
100 0.2 15s -12 2k N/A
100 03 lminute 18—, 2k N/A
seconds
100 0.2 2s -12 20k 1.6
100 0.3 7s -12 20k 1.07
2200 0.2 28s -12 20k 2.6

In conclusion, because of the comparatively weak driving ability of the dual
band RF energy harvester, it is hard to make it compatible to the PDS described in
this dissertation The reason we chose a SC voltage boost converter is that it not only
generate a higher voltage, but it uses capacitors to store the charges that are

harvested as well, providing a better driving ability for supercapacitors and batteries
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than the dual band RF energy harvester. However, as showed in this Section, this dual
band RF mergy harvesting block is capable for harvesting energy from very low
power level, and has potential gifferent applications where the load does not

require great driving ability.
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Chapter 6Potential Applications Design and Measurements

One of the earl& proposed applications of wireless powering is in the area of
biology pacemakej84]. In this dissertation several potential applications have been
designed or surveyeid the following sectiongor the prgposed power distoution
system, including anltra-low power neural oscillator, a wireless sensor network and
a prosthetics systefB5]. This chapter provides a reference for futanplementation

of the PDS to the specific applications.

6.1 An Ultra-Low PowerTunable NeuraDscillator for Biological Rhythmic

Behaviors

6.1.1 Neuon Oscillation Overview

Animals, including humas) are systems of complicated neural netw¢86.
The electrical properties of neurarells, combining with synapses, enable brain
circuits to perform the prodigious feats of computation that make intelligible the
torrent of sensory information confronting us each second. By combining
neurophysiologic principles with silicon engineeringsearchers are able to produce
analog integrated circuits with the functional characteristics of real nerve cells and
synapses. The silicon neural system represents a step towards constructing artificial
nervous systems that use more realistic principlegofal computation than existing
electronic neural networkf87]. Biological neurons consist of a cell body with

dendrites branchirgut from it, and an axon emerging from the cell body generally in
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the opposite directiorA typical neuron structure is shown in Figure @.thie majority

of the neuron's surface (cell membrane) is covered with synaptic sites. Neurons
communicate with each other via a variety of synaptic arrangements: Axodendritic
(Axon to Dendrite), Dendrodenddt (Dendrite to Dendrite), Axoaxonic (Axon to
Axon), and Reciprocal Synapsg8]. Mimicking the operation of neuron cells and
synapses in silicon circuits is a subject of ongoing research interest. In addition to
high-level features such as ability to perform complex pattern recognition and motor
control, autonomous learning, adaptability etc. also theléowl features, such as
robustness against noise and fault tolerance, make the-itspired system an
attractive altern@e computing model which could be appropriate for designing

systems in contemporary and future integrated circuit technol@$gs

Neuron
Dendrite Axon terminal

Node of
Ranwvier

Schwann cell
Myelin sheath
Nucleus Y

Figure6.1. Structure of a typical neuron. Adapted fr{g0].

Among various functions of neural network, oscillatory or rhythmic
behaviors exist in almost every animal and most of them are produced without

receiving any particular extrinsic oscillatory stimul{&l]. Some of the eadst
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experiments in physiology were aimed at understanding the underlying mechanisms
of rhythmicity in nerve axons. The most obvious roles for rhythmic activity occur in
motor activities such as animal gaits, respiratory rhythms, and feeding and mating
paterns, and also in human electrocardiographic (ECG) and electroencephalographic
(EEG) signals. There ia majorline of research in the computational intelligence
field thatseeks to mimi@ specific aspect of biological systems, i.e., their rhythmic
nature and exploits this feature for solving a wide class of problems encountered in
biomedical and technical sciendé4].

An ultra-low powerneural oscillator with tunable duty cycle and frequency
is designedand simulated in Bpice 16 using 1.2um CMOS procel@2]. The
building blocks for this design are discussedSection 6.1.2 In Section 6.1.3
analysis of the whole neural network will be presentddhe simulation results in

Pspice will be own in sectior6.1.4

6.1.2 Research Background

The mathematical description of the neural oscill@ddressed in detail in
Matsuoka's workg91]. He proved that neurons generate the rhythmic patterned
output andanalyzed the conditions necessary for the steady state oscill&enzmise
of the simplicity,the neuron modek very often used to desigyscillator circuits
Part countand low power advantages obtained over other approatlods asthe

Stein neural radel, the Van der Pol oscillator, anthe HitzHugh-Nagumo model
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[93]. In recent decades, more models for neural oscillator and different applications
based oM a t s u wdtkdna@ves been proposé¢dd].

Typically, a compact neural network is made up of neusodiesand
synapses. The research of spiking neuron models has started many decades ago,
beginning with HodgkiHu x | ey 6 s p i o n e 95]i Whge thisdetalted i n 195 2
approach produces a comparatively accurate model, it is computationally intensive
and requires estimation of a large number of free parameters. Since then, many
models have been made in order to reduce the complexity of the original one.
Typically however, reducing the model complexity also reduces the biophysical
accuracy and the number of neural behaviors that can be reproduced by the model
[96]. The leaky integratandfire (LIF) Model is an applicable to many thetical
studies in neurobiology. Izhikevich reviewed ten models including Hoegkixey
and LIF, comparing them with his own approg@7]. His simplified approach
(hereafter denoted as Al ZHba equatooosmrndget ns o nl
is able to reproduce many complex neural behaviors.

On the other hand, as a critical element in sjpitsed neural computation,
synapse function is modeled in many different circuit implementations with different
computational gals in mind. In many computations, a narrow, square pulse of
current is all that is necessary to model the synaptic current. In other situations, a
longer postsynaptic current profile is desirable to extend the effects of extremely
short spike durationsr@o create a specific time window of interact{68].

In this design two circuitsare integratedone for neuron cell and another for

synapse, and build a compact neural network achieving oscillation behavior based on
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them. This novel neural oscillator is tunable in both frequency and duty cycle. The
potential applications of this circuit include image texture analysis, robot control,
artificial neural system desigatc.[86] [87] [94].

The model of neuron celised in thisdissertationstarts with areport by
Jayawan H. B. Wijekoon and Piotr Dud@®]. The proposed circuit is loosely based
on thelzhikevich neuron modgB7]. The synapse circuit that this design based on is
presented by Rock Z. Shi, and Horiugh0]. The circuit consists of eight transistors

and one capacitor.

6.1.3 Cicuit Structure and Operation
The block diagram of the oscillator is shown in g 6.2 It consists of 3
neuron circuits and 4 synapse circuits, with a Schmitt trigger to control the

oscillation. The operation of each block is discussed below.

Synapse 1 Neuron 2 }
¥ v
: Switch 1 Switch 2 oo s
Nelil on Synapse 3 SChmm wite Synapse 4
Tnggel >
Syl Neuron 3 ]

Figure6.2. Block diagram of the oscillator

A. Neuron circuit
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As shown in Figre 6.3 the implemented neuron model consists of two state
vari abl es: Amembrane potent i adpeserftedpy and
voltages across capacitors, @nd G respectively. The circuit comprises three
functional blocks: membrane potential circuit, slow variable circuit and comparator
circuit (the transistors M1 and M2 are shared by the membrane potentialoand sl
variable circuits). In the membrane potential circuit, the capacitant€grates the
postsynaptic input current, plus internal currents which depend on the state of the cell.
Similarly, in the slow variable circuit the capacitari@tegrates the cuents that non
linearly depend on U and V. The comparator detects the spike and generates pulses
(Va and W) that perform the aftespike reset. Various spiking and bursting firing
patterns are obtained by tuning two voltage parameterand/ s, which conrol the
reset mechanism. Rige 6.4shows the change of U and V with the input current. A

detailed analysis of this circuit can be found98y].

Slow variable circuit

Postsynaptic
current -

pike Ou

Membrane potential circuit Compamtor circuit

Figure6.3. The compacsilicon neuron circuif99]
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Input current
50nA

OA ~
2V

A /S A
ov Slow variable (U)

av

S WWWW Membrane potential (V)
ov

Figure6.4. Change of Slow variable and Membrane potential with input

B. Synapse Circuit

As shown in Figre 6.5 all transistors are operated retsubthreshold region.
Input voltage spikes are applied through an inverter (will be shown later) onto the
gate of the PMOS ML1. Yysets the current through M7 that determines the time
constant of the output synaptic current. The voltage on the capactionverted to a
current by transistor M6 , sent through th
source foll ower M3 1T M4. The drain current
M6 produces an inhibitory current. A simple PMOS transistor with the satee ga
voltage as M5 can provide an excitatory synaptic current. Both of these two kinds of

synapse configuration will be used in the oscillator design. A more detailed analysis

can be found if100].
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L

Figure6.5. Circuit diagram of the synapfE00Q]

C. Schmitt Trigger

A Schmitt Trigger (ST) is implemented to control the oscillatibime circuit
structure is shown in Figure 6.6 arttypical transfecurves of the Schmitt trigger
are shown in Figre 67. Curve A in Figire 6.6corresponds to the output of the
Schmitt trigger changing from a low to a high, while curve B corresponds to the
output of the Schmitt trigger changing from a high to a low. Aysteresis present in

the transfer curves is used to control the system.
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- T
Input 0— 3—0 Output

Figure6.6. Circuit diagram of the Schmitt Trigger

A

VDD
Output, V

o — B I
Vsm Vison Input, V

Figure6.7. Schematic anttansfer curves of Schmitt trigger

A detailed analysis of the ST can be found58]. The relationship between

the transition voltages and the size of transistors is giveéhebfpllowing equations:

b WL VDD- Gy,

(6-1)
bz |-1W3 VSPH' VTHN

EZWSLB :( VSPL )2
be LWs  VDD- Vo Vo

(6-2)

D. Oscillation
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As shown in Figre6.2, Neuron 1 serves as a driving source for Neuron 2 and
Neuron 3.Its firing must becontinuously to maintain oscillatiom the system. It
releases excitatorgynaptic pulsesshown as greearrows thatserve as input tthe
oscillating pair. Neuron &and 3 fire one after another. And while one of them is
firing, it creates neural inhibitigrshown as red arrows, to prevent the other one from
becoming active.

The control block of this system is a Schmitt Trigger (ST). It receives signal
from Neuron Zdiscussed in next paragraph), and provides a digital signal to control
two switches (digital use of nFET). However, Switch 1 is directly controlled by the
output of ST, while Switch 2 is controlled by the ST through an inverter. So the two
switches are antrolled in opposite logic levels. Here, Switch 1 enables Synapse 3,
and Switch 2 enables Synapse 4, so only one inhibitory synapse will be effective, that
is, only one neuron (neuron 2 or 3) will fire, while the other one wikilencedby
the inhibitay synapse.

The exact input of the ST isc\th Synapse 3, the voltage of capacitor C as
shown in Fig. 3. Simulation shows that Mcreases when neuron 2 fires; and Vc
decreases when neuron 2 is inactive. Consider that at beginning neuron 2 is firing and
neuron 3 is inhibited by synapse 3 from neuron 2. Therefore, the input of the)ST (V
increases until it reaches the upper high transition voltage of the trigges,then
the triggerds output flips from dtwa o O0; ar
switches, turning Switch 1 on and Switch 2 off, which shuts off synapse 3 and turns
on synapse 4. And synapse 4 starts to suck

2 stops firing, and neuron 3 becomes active. ThenyiW decrease until it rezhes
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the lower limit of Schmitt trigger (31, and the trigger flips back, completing a

whole period of the oscillation.

E. Tunability

1) Duty cycle: From previous analysis, it could be inferred that the firing
time for neuron 2 in one period determined by the rising speed of M synapse 3,
and the firing time for neuron 3 is determined by the falling time of the same voltage.
So tuningthe rise and fall timewould change the duty cycle. This speed is also the
charging speed of the capacitorin synapse 3, shown in Fig. 4, which is controlled
by Vu By adjusting this bias voltage, we are able to achieve variable duty cycles.

2) Frequency: Since the input voltage of the Schmitt trigger is confined
between two transition voltages of the ¢y, the frequency of oscillation is
controlled by the difference of those two voltages, namely\and \spL. If the
difference is small, the time forcMo move between them would be small, and the
frequency would be large, and vice versa. The rangepefation frequency is
determined by ¥pH -Vspi, Which could be designed to close to 0, or close to the
supply voltage. The switching speed of the circuit is another important factor that
affects the frequency range. The frequency is not determined by MNaulthe

driving neuron).
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6.1.4 Simulation Results

The design is constructed with 1eZn CMOS process in Pspice 16.01. It
consists of 90 transistors, with a supply voltage &f.3Note that in the simulation
results, the spikes are so dense that theyllkelsolid rectangles.

1) Symmetrical Oscillation: A 1uA constant current input is applied to the
source neuron (neuron 1 in EHig 6.3. Neuron 2 and 3 are set to be completely
symmetrical. The transition voltages of the Schmitt trigger age~1.1 V, and
Vspi=1.3V. The transient simulation result is shown in Fig. 6. It could be seen that
after a certain amount of time to stabilize, the oscillating pair starts to fire
symmetrically. In this case, the oscillating frequency is 20 kHz. The total power
disgpation is 75¢W. This power consumption is larger than the power stored in the
battery cell in experiment described in Chapter 5 (3®W). However, the
experiment only tested the RF energy harvesting with a comparatively weak power
source With the helpof solar energy harvesting block and the USB recharging block
in the PDS, or with a stronger RF power source, this power consumption can be
easily satisfied. The red (light) part represents neuron 2, and the blue (dark) part

stands for neuron 3, shownFhigure 6.8.
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Figure6.8. Symmetrical oscillation

2) Tuning of duty cycle and frequency: According to the analysis in Section
6.1.3 duty cycle of this oscillator is controlled bysW neuron 2. Figre 6.9shows a
simulation result of different ¥(0.64V for the upper figure, and 0.62V for the lower
one). It can be seen that a largeygiwes rise to a larger duty cycle of neuron 2,
which is consistent with the previous analysis. Again, red paruson 2, and blue

part is neuron 3.

Figure6.9. Tuning of the duty cycle
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