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ABSTRACT

DESIGN AND IMPLEMENTATION OF LOW POWER INTERFACE
ELECTRONICS FOR VIBRATION-BASED ELECTROMAGNETIC ENERGY
HARVESTERS

Rahimi, Arian
M. Sc., Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Haluk Kiilah
Co-Supervisor: Assist. Prof. Dr. Ali Muhtaroglu

September 2011, 131 pages

For many years batteries have been used as the main power sources for portable
electronic devices. However, the rate of scaling in integrated circuits and micro-
electro-mechanical systems (MEMS) has been much higher than that of the batteries
technology. Therefore, a need to replace these temporary energy reservoirs with
small sized continuously charged energy supply units has emerged. These units,
named as energy harvesters, use several types of ambient energy sources such as
heat, light, and vibration to provide energy to intelligent systems such as sensor
nodes. Among the available types, vibration based electromagnetic (EM) energy
harvesters are particularly interesting because of their simple structure and suitability
for operation at low frequency values (< 10 Hz), where most vibrations exits.
However, since the generated EM power and voltage is relatively low at low
frequencies, high performance interface electronics is required for efficiently

transferring the generated power from the harvester to the load to be supplied.

The aim of this study is to design low power and efficient interface electronics to

convert the low voltage and low power generated signals of the EM energy
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harvesters to DC to be usable by a real application. The most critical part of such
interface electronics is the AC/DC converter, since all the other blocks such as
DC/DC converters, power managements units, etc. rely on the rectified voltage
generated by this block. Due to this, several state-of-the-art rectifier structures
suitable for energy harvesting applications have been studied. Most of the previously
proposed rectifiers have low conversion efficiency due to the high voltage drop
across the utilized diodes. In this study, two rectifier structures are proposed: one is
a new passive rectifier using the Boot Strapping technique for reducing the diode
turn-on voltage values; the other structure is a comparator-based ultra low power
active rectifier. The proposed structures and some of the previously reported designs
have been implemented in X-FAB 0.35 um standard CMOS process. The
autonomous energy harvesting systems are then realized by integrating the developed
ASICs and the previously proposed EM energy harvester modules developed in our
research group, and these systems have been characterized under different
electromechanical excitation conditions. In this thesis, five different systems
utilizing different circuits and energy harvesting modules have been presented.
Among these, the system utilizing the novel Boot Strap Rectifier is implemented
within a volume of 21 cm’, and delivers 1.6 V, 80 pA (128 pW) DC power to a load
at a vibration frequency of only 2 Hz and 72 mg peak acceleration. The maximum
overall power density of the system operating at 2 Hz is 6.1 pW/cm’, which is the
highest reported value in the literature at this operation frequency. Also, the
operation of a commercially available temperature sensor using the provided power
of the energy harvester has been shown. Another system utilizing the comparator-
based active rectifier implemented with a volume of 16 cm’, has a dual rail output
and is able to drive a 1.46 V, 37 pA load with a maximum power density of

6.03 pW/cm’, operating at 8 Hz.

Furthermore, a signal conditioning system for EM energy harvesting has also been
designed and simulated in TSMC 90 nm CMOS process. The proposed ASIC
includes a highly efficient AC-DC converter as well as a power processing unit
which steps up and regulates the converted DC voltages using an on-chip DC/DC

converter and a sub-threshold voltage regulator with an ultra low power management



unit. The total power consumption on the totally passive IC is less than 5 uW, which

makes it suitable for next generation MEMS-based EM energy harvesters.

In the frame of this study, high efficiency CMOS rectifier ICs have been designed
and tested together with several vibration based EM energy harvester modules. The
results show that the best efficiency and power density values have been achieved
with the proposed energy harvesting systems, within the low frequency range, to the
best of our knowledge. It is also shown that further improvement of the results is

possible with the utilization of a more advanced CMOS technology.

Keywords: Vibration-based energy harvester; Electromagnetic power generation;
High efficiency, low voltage AC-DC conversion; Low power interface IC design, on-

chip power management design.
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TITRESIME DAYALI ELEKTROMANYETIK ENERJI URETECLERI ICIN
DUSUK GUCLU ARAYUZ ELEKTRONIK DEVRELERININ TASARIMI VE
UYGULAMASI

Rahimi, Arian
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Dog¢. Dr. Haluk Kiilah

Ortak Tez Yoneticisi: Yrd. Dog. Dr. Ali Muhtaroglu

Eyliil 2011, 131 pages

Uzun yillardir, tagmabilir elektronik cihazlar i¢in ana gii¢ kaynagi olarak piller
kullanilmaktadir. Ancak, entegre devreler ve mikro-elektro-mekanik sistemlerin
(MEMS) olcekleme oranindaki gelismeler pil teknolojilerininkinden ¢ok daha hizli
ilerlemistir. Bu nedenle, pil gibi gecici enerji rezervuarlarimi siirekli olarak enerji
ireten kiiciik boyutlu modiillerle degistirme ihtiyact ortaya c¢ikmistir.  Enerji
iiretegleri olarak adlandirilan bu modiiller, ortamdaki 1s1, 151k ve titresim gibi enerji
kaynaklarini kullanarak duyarga aglar1 gibi akilli sistemlere enerji saglarlar. Mevcut
enerji iretecleri arasinda elektromanyetik (EM) iiretegler basit yapilari ve pek ¢ok
titresimin bulundugu diisiik frekans degerlerinde (<10 Hz) calismaya uygunluklari
nedeniyle 6n plana ¢ikmaktadirlar. Ancak, diisiik frekanslh titresimlerden {iretilen
EM gerilim ve gii¢ diisiik oldugu igin, iiretilen enerjinin siiriilen yiike verimli bir
sekilde iletilebilmesi icin yiiksek performansh arayliz elektronigi devreleri

gerekmektedir.

Bu caligmanin amaci, EM enerji lreteglerinde iiretilen diisiik voltaj ve giicteki

sinyalleri gercek uygulamalarda kullanilabilecek dogru akima ceviren diisiik giicte
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calisan verimli bir arayiiz elektronigi tasarlamaktir. Bu tiir elektronik devrelerin en
onemli elemant AC/DC (Alternatif Akim / Dogru Akim) dogrultuculardir. Ciinkii
devrenin, DC/DC (Dogru Akim - Dogru Akim) ceviricisi, gii¢ yoneticisi gibi diger
tiim bloklarinin performanst AC/DC dogrultucuda firetilen dogru akima baglidir. Bu
sebeple, iireteci uygulamalari icin uygun olan bir¢ok dogrultucu iizerinde
calisilmistir. Daha 6nceden tasarlanmis dogrultucular, kullanilan diyotlarin iizerinde
olusan yiiksek gerilim kayiplari nedeni ile diisiik verimde ¢evirme oranina sahiptirler.
Bu caligmada iki tip dogrultucu yapisi dnerilmistir: bunlarin ilki diyotlarin agilma
gerilimlerinin diigmesini saglayan "Boot Strapping" teknigini kullanan yeni bir pasif
dogrultucudur; digeri ise karsilastirict yapisi lizerine kurulu ultra diisiik giic
harcayan aktif dogrultucudur . Onerilen bu yapilar ve daha énceden rapor edilmis
birka¢ baska tasarim X-FAB 0.35 um standart CMOS teknolojisinde {iiretilmistir.
Daha sonra bagimsiz enerji liretim sistemleri, iiretilen entegre devre ve daha dnce
arastirma grubumuz tarafindan gelistirilmis EM enerji {lretegleri kullanilarak
gerceklenmis ve farkli elektromekanik uyarma kosullart altinda  karakterize
edilmiglerdir. Bu tezde, farkli devrelerden ve enerji iiret¢lerinden olusan bes farkli
sistem sunulmustur. Bunlar arasinda, 2 Hz frekansta ve 72 mg tepe ivmelenmesinde
¢alisan, "Boot Strap" dogrultucu kullanan 2lcm’ hacmindeki ozgiin sistem,
baglanan yiikel.6 V, 80 pA (128 uW) dogru akim giicii iletebilmektedir. 2 Hz
calisma frekansinda sisteminin maksimum gii¢ yogunlugu 6.1 pW/cm’’diir ki bu da
bu calisma frekansi ic¢in literatiirde rapor edilmis en yiliksek degerdir. Ayrica
piyasada bulunan bir sicaklik duyargasinin, bu enerji iiretecinden saglanan gii¢ ile
stiriilebilecegi gosterilmistir. Karsilastirict yapisi igeren aktif dogrultucu kullanan
diger bir sistem ise 16 cm’ hacimde 8 Hz calisma frekansinda cift cikisli 1.46 V,
37 uA’lik bir yiik siirebilmektedir ve bu sistemin maksimum gii¢ yogunlugu da

6.03 pW/cm tiir.

Bunlarin yanida, EM enerji iireteci igin bir sinyal iyilestirme sistemi de TSMC
90 nm CMOS teknolojisi kullanilarak tasarlanmns ve simule edilmistir. Onerilen
entegre, yiiksek verimli bir AC/DC dogrultucu ve dogrultulan gerilimi ¢ip tizerinde
DC-DC geviricisi ve voltaj regiilatorii kullanarak yiikseltecek ve regiile edecek ultra

diisiik giic yonetimi iinitesi igermektedir. Bu pasif entegre devrenin toplam gii¢
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tilketimi 5 pW'tan azdir ve bu deger yeni nesil MEMS tabanli EM enerji iiretecleri ile

beraber kullanim i¢in uygundur.

Bu calisma kapsaminda, yliksek verimlilikteki CMOS dogrultucu entegre devreleri
tasarlanmig ve birkag titresim tabanli EM enerji lireteci modulii ile birlikte test
edilmistir. Sonuglar, sunulan enerji iirete¢ sistemlerinin diisiik frekanslarda bilinen
en verimli sistemler oldugunu ve en yliksek giic yogunluklarina sahip olduklarim
gostermektedir. Buna ek olarak, daha gelismis bir CMOS teknolojisi kullanarak

tasarlanacak devrelerle daha iyi sonuglara ulasilabilecegi de gosterilmistir.

Anahtar kelimeler: Titresim-tabanli enerji iireteci; Elektromanyetik (EM) giic
uretimi; Yiksek verimli, diisiik voltajli analogtan dijtale ¢evirici (AC-DC); Diisiik

giiclii entegre devre tasarimi, ¢ipte gii¢ yonetimi tasarimi
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CHAPTER 1

INTRODUCTION

The wireless systems technology with a wide variety of applications in portable and
implantable devices has been rapidly growing during recent years. The advances in
Microelectronics and Micro Electromechanical Systems (MEMS) technology have
allowed the realization of portable low power and low cost micro sensors and
actuators which find many applications in our daily life. Some of these applications
are biomedical implants for health care and monitoring systems, industrial like
structural health monitoring sensor networks, and in automotive industry as in tire
pressure monitoring systems. The main power sources for these portable electronic
devices are batteries; however, the improvement in the battery technology is not as
fast as the Microelectronics and Integrated Circuits technology [1] . While these
systems scale down, the lack of compact and efficient power sources has become a
limitation in enabling the increased utilization of them in wireless applications; since,
the use of bulky batteries as well as their frequent replacement in such systems is
impractical. Therefore, there is a widespread need for compact and efficient energy
harvesting devices that are lifetime, low cost, and environmental friendly to power
the portable systems. Fortunately, the reduced power demand in new generation
integrated circuits has allowed the use of energy harvesters as primary power sources
in those small systems. As a result, temporary energy reservoirs like batteries can be
replaced with energy storage elements in such systems, which are continuously being

charged using the ambient energy sources.

Although, many efforts have been done to design and implement mechanical

transducers to harvest energy from ambient energy sources, only a few studies try to



improve the performance of interface electronics for energy harvesters. This is
particularly important due to the low voltage and low power characteristics of the

harvested energy.

This thesis aims to design ultra low power interface electronics to convert the low
voltage and low power generated signals of the electromagnetic energy harvesters to
DC to be usable by a real application. This chapter gives an introduction on the
energy harvesting motivation and required interface electronics with a focus on
vibration-based electromagnetic energy harvesting systems. Section 1.1 describes
the available ambient energy sources and different methods of energy transduction
and their potential to be usable as a power source. Section 1.2 explains the operation
principle of electromagnetic energy harvesters, and a state-of-the-art review of the
technology. Sections 1.3 explains the typical interface electronics for vibration-
based energy harvesters with each subsection describing the specific design
considerations for most commonly available types including piezoelectric,
electrostatic, and electromagnetic energy harvesters. Section 1.4 provides a
comprehensive list of goals and achievements to be considered by this thesis study,
and Section 1.5 ends the chapter by giving the outline of the thesis including a

summary of contents.

1.1 Ambient Energy Sources and Energy Harvesters

The most commonly available ambient energy sources are heat, light, and vibration
[2] - [4]. Table 1.1 presents the energy sources, transduction methods, and power
density of the most recent energy harvester modules ([5], [6]). The power density of
the energy sources has been compared for 1-year and 10-year lifetime in separate
columns. In the case of ambient energy sources, the power density stays the same for
long lifetime due to the availability of the free source in the nature through the time;
however, it significantly decreases for the capacitive sources using electrochemical
transduction (last three rows). The other disadvantages of these limited sources are
relatively low power density, need for replacement, and the environmental issues
associated with disposal; making them not suitable for long lifetime operation in

portable and wireless systems.



Table 1.1: Comparison of energy scavenging sources, their transduction mechanism,

and power density.

. Power Density | Power Density
Transduction 3 3
Energy Source Mechanism (pW/em”) (pW/em”)
1-year lifetime | 10-year lifetime
. 15,000 sunny 15,000 sunny
Solar Photovoltaic 150 ctoudy 150 ctouay
Piezoelectric
Vibration Electrostatic 4-800 4-800
Electromagnetic
Temperature Gradient Thermoelectric 60 @.5 ¢ 60 @.5 ¢
gradient gradient
Radio Frequency @ 2.4| Electromagnetic 400 @ 1 m 400 @ 1 m
GHz [35] Induction 158 @ 5 m 158 @ 5 m
air: 200-800
Fluid Flow Wind, Wave water: -
500 mW/cm’
Batteries (Lithium) Electrochemical 89 7
(non-rechargeable)
Batteries (Lithium) Electrochemical 13.7 0
(rechargeable)
Fuel Cells (methanol) Electrochemical 560 56

Photovoltaic solar cells are good alternatives for long lifetime operation with a high
power density compared with other ambient energy sources, but the amount of
sunlight highly depends on the geographic location and is not always available
especially for indoor applications. A thorough description, operation principle, and
comparison of ambient sources and energy harvesters can be found in [4]. Among
these energy sources, vibration is particularly attractive due to its abundance. Some
vibration sources in the environment are vehicle motion, human movements, and
seismic vibrations that widely vary in frequency and amplitude. However, most of
these vibrations occur at low frequencies (<10 Hz), leading to low power levels at the

output, introducing some challenges in the efficient system design.

In vibration-based energy harvesters, the relative displacement of a mechanical

structure leads to generation of electrical energy. Energy can be harvested from



these vibrations by using different methods such as piezoelectric, electrostatic, and
electromagnetic transduction. In electromagnetic energy harvesters, the relative
motion of a magnet with respect to a coil induces a voltage across the coil based on
Faraday's law of induction. In piezoelectric scavengers, the vibration results in a
strain and stress over the piezoelectric material, and this generate an output voltage
across its terminals. In electrostatic harvesters, the vibration leads to movement of
plates of a variable, previously charged capacitor, and an output voltage variation is
generated. The micro fabrication of them is easily achievable due to the availability

of variable capacitors using MEMS technology.

Piezoelectric and electrostatic energy harvesters can provide high output voltages;
however, most of the reported modules operate at high excitation frequency range,
which makes them not suitable for ambient low frequency applications [7].
Although there are electrostatic and piezoelectric energy harvesters reported in the
literature that can provide considerably high output voltages at low operation
frequencies [8] - [12]; they have high output impedance values, and thus require
extra impedance matching networks, resulting in additional design complexity and

power losses.

On the other hand, electromagnetic energy harvesters are inherently better candidates
for the applications at low frequency range (1-10 Hz) due to the presence of a magnet
which acts as a mass, decreasing the resonance frequency. They have low output
impedance (few Q’s to kQ’s), easier to implement, and do not rely on extra
components such as electrets or external voltage supplies as in the case of
electrostatic harvesters. However, the electromagnetically generated peak voltage is
relatively low for vibrations at low frequency leading to some challenges in the

efficient design of their interface circuitry.

1.2 Electromagnetic Energy Harvesting

In electromagnetic energy harvesters, the electrical energy is generated by the
relative motion between a permanent magnet and a moving coil and a voltage is

induced across the coil based on Faraday’s law of induction:



d¢ _ d(;(B'A"D (1.1)

H=-"L=_
s0==" dt

where € is the electromotive force induced voltage, @ is the magnetic flux density, B
is the magnetic field strength of the utilized magnets, A; is the area of each coil turn,
t is time, and n is the total number of coil turns. The operation principle

representation of the generator is shown in Figure 1.1.

Coil Tums
V. | /
/ /;/ = /_J Z(t)
Vout e /; ’/,
/ -
% =7

Resonating
Cantilevers

Figure 1.1: The operation principle of electromagnetic energy harvesters [13].

The relatively simple structure of these energy harvesters may allow the realization
of macro model devices in which each mechanical parameter could be easily varied
in order to see the direct effect of it on the output voltage and power ([14], [15]).
Most of the reported electromagnetic energy harvester modules operate at vibration
frequencies larger than 50 Hz in order to achieve high power density levels. Hami et
al. introduced a resonant energy harvester that is able to produce 2208 pW/cm® AC
power density at a resonance frequency of 322 Hz [16]. This power level is obtained
only when the input frequency is matched with the resonance frequency. Ching et al.
presented a multimodal resonant energy harvester with an rms power density of
830 uW/cm’, yet the vibration frequency ranged between 60—110 Hz [17]. Beeby et
al. fabricated a cantilever and coil-based electromagnetic energy harvester with
optimized magnet geometry, which can generate 306 pW/cm® at 52 Hz input

vibration [18].
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Figure 1.2: The frequency up-conversion based electromagnetic micro generator

[19].

It is observed from the reported energy harvesters that the power density of the
device tends to diminish as the operation frequency and the device volume decrease.
However, it's desired to power the portable and wireless applications using efficient
energy harvesters which operate at low frequencies as the frequencies in the nature
are in the range of 1-10 Hz. In addition, small size is also essential for these
applications. Several attempts have been made to increase the output power of these
generators while keeping the operation frequency at a low level ([20] - [22]). A
novel method, called frequency up-conversion, utilizing the magnetic pull force
between a permanent magnet and a magnetic material to up-convert the operation
frequency of the harvester, has been proposed by Kulah and Najafi [20]. In this
method, the magnet moving on a diaphragm with the ambient vibration frequency
periodically catches and releases a magnetic piece which is placed on a cantilever for
up-converting the vibration frequency, hence increasing the energy harvesting
efficiency. The reported energy harvester prototype has a power density of 0.05
uW/em® within a practical prototype volume of about 2.3 cm’, operating at 1 Hz
input vibration frequency. A micro fabricated version of this device is also reported
by Sari et al. [21] (Figure 1.2). In [22], another method called mechanical frequency
up-conversion has been proposed which eliminates the use of an extra magnet for
realizing the up-conversion. The reported power density of the energy harvester
prototype is 184 pW/cm?® for a device volume of 2.96 cm’ operating under 10 Hz
vibration frequency. The frequency-increased generation technique has been used in
[23] to harvest low frequency vibrations (Figure 1.3). In this design, a power
generation magnet has been placed on a diaphragm having a resonance frequency

higher than the ambient vibrations. At presence of low frequency ambient
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vibrations, the inertial mass vibrates and touches and releases the magnet on the
diaphragm, resulting in a high frequency oscillation at the output. The device with a
volume of 43 cm’ is able to generate a peak power of 57 pW under a 2 Hz vibration

frequency.

Coll
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Figure 1.3: The reported frequency-increased generator for low frequency harvesting

[23].

The above electromagnetic energy harvesters do not consider the interface
electronics and report the mechanical transducer design and measure the generated
AC voltage. They use a load resistance equivalent to the resistance of the utilized
coils and report the AC generated power. These studies tend to overestimate the
available power to a realistic load, since they ignore the potentially high losses
associated with the power processing network to rectify the generated power and
make it usable by a real device. On the other hand, the primary disadvantage of the
electromagnetic energy harvesters is the relatively low generated voltage levels
compared to similar size piezoelectric and electrostatic energy harvesters. This adds
to the importance of the interface electronics to be high performance, enabling the
electromagnetic energy harvesters as a feasible power source for powering the sensor

networks.

1.3 Interface Electronics for Vibration-based Energy Harvesters

There are different approaches that will be briefly introduced in this section, which
are followed in the design of the interface electronics for piezoelectric, electrostatic,

and electromagnetic energy harvesting devices. However, the interfacing electronics
7



are all composed of similar blocks in the system level. The generic interface
electronics for vibration-based energy harvesters is depicted in Figure 1.4. It
includes an AC-DC power converter as the foregoing block; since the generated
voltage is alternating and needs to be converted to a DC voltage. The power
processing unit includes post-DC-conversion blocks such as DC-DC converters to
step up the primary converted DC voltage, and voltage regulators to control and
smooth the converted DC voltage. The energy storage element could be a
rechargeable battery, a super capacitor, or any other storage component. The power
management unit is required before delivering the converted voltage to the load
which decides whether to provide power for the output load based on the input
conditions. For instance, it disconnects the path to the load whenever input power is
not available or not sufficient to drive the load; letting the storage capacitors be
charged up to a desired threshold and connects the path afterward. The main
consideration in designing each block is to consume as low power as possible such
that the total power consumption of the interface circuitry is much lower than the

input harvested power.

| Interface Electronics .

| AC/DC _
Power Power 1 Load
Transducer Power .
Processing Management I (Sensor Node)
I Converter .
. Energy Energy I
Storage Storage
I Element Element

Figure 1.4: The generic interface electronics for vibration-based energy harvesting.

1.3.1 Interface Electronics for Piezoelectric Energy Harvesters

Piezoelectric energy harvesters can naturally provide high output voltages depending
on the amplitude and frequency of excitation and membrane characteristics.
Therefore, there are many types of interface electronics which are reported for power
conversion of these energy harvesters. The primary disadvantage of them is the

relatively high output impedance (in the range of MQ's) which is generally much



higher than the input impedance of the upcoming interface circuitry, not allowing the
direct connection of them to the network. The model of a piezoelectric device
together with the conventional piezo voltage doubler is depicted in Figure 1.5 [24]
where the piezoelectric device is modeled as a current source in parallel with its
output impedance. The source current should charge and discharge the Cp at each
period of the input; so, a high portion of the current is wasted for this operation,
because Cp is large. In this design, a switch-based converter has been proposed for
piezoelectric energy harvesters, in which a switch makes a short circuit path between
terminals of the device once in each period. This increases the charging rate of Cp
while the switch is ON; therefore, much higher amount of source current is used to
charge the output instead of the internal capacitor, which increases the performance

and the converted output power significantly.

Piezo Harvester Voltage Doubler

y VRect
T A
lp | Cp|l Rp
C‘D — g }g YAN ::CRE(:T
A\

Figure 1.5: The piezoelectric energy harvester model, and the conventional piezo

voltage doubler [24].

In [25], an adaptive method has been proposed which continuously transfers the
maximum power from the harvester to the load. The design needs extra components
and driving instruments for controlling the Pulse Width Modulation (PWM) DC-DC
converter and is complicated. In [26], a piezoelectric energy harvesting system is
proposed which uses the conventional Villard multipliers using the custom ultra low
threshold-voltage diodes. In [27], simpler types of passive and active rectifiers are
proposed for a resonant piezoelectric membrane. An impedance matching network
has been used for interfering with the electronics. It is stated that active rectification

is a possible solution for high efficiency power conversion where an efficiency of
9



more than 90% has been achieved for load currents greater than 5 pA. A passive
rectifier using boot-strap technique has also been reported in [27] which utilizes the
internal capacitance of the piezoelectric device in one half of a period to store
voltage, leading to a full wave passive rectifier where a maximum efficiency of 70%

is achieved.

1.3.2 Interface Electronics for Electrostatic Energy Harvesters

The electrostatic energy harvesters generate peaks of DC voltages and therefore; they
don't require a rectifier, which is a very power hungry component. Their main
drawback is the very huge generated voltages (e. g. 300 V) which are much higher
than the breakdown voltage of standard CMOS processes when they work in the
constrained-charge mode, making them not compatible with standard processes. An
alternative way is to operate them in voltage-constrained mode where their output
voltage is clamped to a battery voltage and is constant. In this mode, the resulting
harvested charge is transferred to the battery using a control unit as shown in Figure
1.6. The reported power electronics for these devices generally use a rechargeable
battery as the storage element and transfer the charge by clamping the output voltage

to the constant voltage of the battery ([28], [29], [30]).

/ ____________ -~
Energy Power \
( Conditioning Conditioning  Loads h
q Intermittent
q Charger b
q . ) / F——{ Load ] h
ectrostatic | |
—% Harvester ~ Energy 0 Load ] (=)
Storage
Energy il SiP Wireless H
Source Micro-Battery ~ Micro-Sensor /
\ —

Figure 1.6: Typical interface circuitry for electrostatic energy harvesters [30].

1.3.3 Interface Electronics for Electromagnetic Energy Harvesters

Most of the related publications in the literature report the electromagnetic transducer

design and optimization and do not consider the design of interface electronics and
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power conversion. Some of the published works use simple bridge rectifiers and
smoothing capacitors which are integrated with electromagnetic energy harvesters
[4], [5]. The system performance of these designs is low due to the low conversion

efficiency of the interface electronics, even though the transducer is optimized.

There are a few examples in the literature that combine an electromagnetic energy
harvester with more sophisticated customized power electronics for a full-system
solution. In [31] an electromagnetic energy harvesting system is proposed which
uses a diode bridge rectifier and PWM DC-DC converter. The converted DC voltage
is boosted using a feed-forward and feedback PWM boost converter (Figure 1.7).
The maximum output power of 4 mW has been achieved; however, the volume of the
system is large and it operates at 41 Hz. This is not suitable for ambient low
frequency energy harvesting applications. Furthermore, the designed interface
electronics needs an extra 3.3 V supply which not only increases the system volume,

but is costly and needs periodic replacement.

Boast converter
1 B )
]
H ==
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: |
! 1
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| capacitor
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J - e |
:RI :h ' ﬁ | :
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> <L o1
EM 3 © : Fixed duty
1 ! cycle voliage
i :
] ]
v v

Sawtooth Vs
Figure 1.7: The proposed PWM method for electromagnetic power conversion in

[31].

In [32], conventional Villard multipliers are used to convert and boost the generated
voltage of the energy harvester which is based on Frequency-Increased Generation

technique operating at 2 Hz. The design uses low efficiency conventional interface
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electronics and has similar size as the one in [31], yielding a lower system power

density.

The state-of-the-art electromagnetic energy harvesting systems are usually large and
have low power density due to poor power conversion efficiency. Also, most of the
previously reported works are not suitable for ambient vibrations due to the high
resonance frequency and narrow band operation. There is an imminent need for a
compact energy harvesting System-on-Package (SoP) that comprises of an energy
harvester module and integrated interface electronics which can efficiently rectify
low AC voltage levels with low power from low frequency vibrations to guarantee

the maximum power transfer from the harvester to the load.

1.4 Objectives of the Thesis

The aim of this thesis is to design and implement low power and high efficiency
interface electronics to be used for power extraction and conversion from vibration-
based electromagnetic energy harvesters operating at minimum vibration frequency.

A comprehensive list of objectives of this thesis is as following:

1. Study and characterization of the required blocks for the design of high
efficiency interface electronics for vibration-based electromagnetic energy

harvesters.

2. Design and implementation of a highly efficient interface electronics
including different types of rectifiers, optimized for the demanded
applications. These rectifiers include a passive rectifier to convert the low
power generated voltages of the electromagnetic energy harvesters to DC
without using any extra battery and active rectifiers with a very high

conversion efficiency at low AC voltage levels.

3. Implementation of platforms for testing the fabricated ASICs by integrating
the energy harvester modules and the fabricated interface electronics as a
complete System-on-Package in order to realize autonomous systems that are
able to harvest energy under low frequency vibrations and convert it to a

usable signal for powering an external application.
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4. Design of an energy harvesting IC in an advanced low threshold (LVT)
CMOS technology as interface for next generation MEMS-based
electromagnetic energy harvesters. This circuitry includes a highly efficient
AC/DC converter as well as a power processing unit which steps up,
regulates, and manages the power transfer between the interface electronics

and the load.

1.5 Outline of the Thesis

The rest of this thesis is divided into 5 chapters, beginning from Chapter 2 describing
the detailed theory and analysis of all the building blocks of the interface electronics.
The state-of-the-art designs for each block as well as a brief literature review for

each block is explained in this chapter.

Chapter 3 describes the design and simulation results of the passive and active
rectifier blocks which are implemented in a 0.35 um CMOS process to be integrated
with the energy harvester modules. The detailed design considerations and

optimization techniques are also discussed in this chapter.

Chapter 4 introduces the design and simulation results of the interface ASIC in a
90nm CMOS process which includes some blocks that cannot be implemented in the
previous technology for the required system specifications. The low-voltage and
low-power scheme is the main consideration in design of this ASIC. The maximum
efficiency and best achievable performance results using this technology is also

given.

Chapter 5 gives the experimental results of the fabricated ASIC in 0.35 pm CMOS
process including different designed circuits. The integration of the blocks in the
fabricated ASIC with several electromagnetic energy harvester modules has also
been done and the realized system prototypes are tested. In the end, the performance
comparison of the proposed energy harvesting systems with the ones available in the

literature has been presented.

Chapter 6 ends this thesis by summarizing the achievements during this study and

showing the path of future research under the thesis subject.
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CHAPTER 2

INTERFACE ELECTRONICS FOR ENERGY
HARVESTERS

The aim of an energy harvesting system is to power up an applicable load such as a
sensor node which generally needs a DC power supply. Therefore, the interface
electronics is required to be integrated with energy harvesters to convert the
alternating generated voltage to a smooth and usable voltage. Most of the past
studies have used a simple matched resistive load at the output of the harvester
modules, and reported the generated AC power delivered to this load. However,
there are potentially high losses associated with the power conversion network which
is comparable to the amount of harvested power, recognizing the importance of
interface electronics. The reported energy harvesters including rectifying electronics
are mostly piezoelectric transducers, as their output voltage is relatively high [24] -
[27]. On the other hand, there are few examples in the literature that combine an EM
energy harvester with customized power electronics for a full-system solution [31] -
[32]. Furthermore, the rectification efficiency of these systems is low due to the
voltage drops across the utilized diodes, as these systems employ conventional

passive rectifiers.

This chapter explains the operation principle, analysis, and literature review of all the
building blocks that are required for the interface electronics of a vibration-based
energy harvester. The important design considerations which are taken into account
for the vibration-based energy harvesters are also discussed. Section 2.1 gives the
overview of the blocks that are discussed in this chapter by introducing the operation

of each block and explaining how it relates to other blocks in the system. Section 2.2
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describes the operation of passive and active rectifiers which are used in AC-DC
converters and the state-of-the-art rectifiers which are proposed for low power
energy harvesting applications. Section 2.3 explains different types of DC-DC
converters and the specific design requirement for on-chip and low voltage energy
harvesting interface electronics. It also introduces the charge-pumps which are an
important family of on-chip DC-DC converters and gives the simple theory and some
state-of-the-art charge-pump designs. Section 2.4 gives the concept of voltage
regulation and the limitations with the conventional voltage regulator designs. It also
introduces the alternative designs which are proposed for the ultra low power voltage
regulator blocks. Section 2.5 states the idea of on-chip power management and its
importance in power harvesting applications. Section 2.6 summarizes this chapter

and gives a short view of the next chapter.

2.1 System Level Overview

Figure 2.1 shows the system level overview including the building blocks of a typical

vibration-based energy harvesting interface electronics.

Interface Electronics I

DC-DC Voltage I
I 7| Converter Regulator
Energy 1 AC-DC 4 Energy A | LOAD
Harvester I'| Converter Storage '
. Element Il
I .| Control Energy |
Unit Storage
° Element IlI
I Energy I_ J I
E?;?,::%?l Power Management .

Figure 2.1: System level overview of the interface electronics for vibration-based

energy harvesters

The AC-DC converter is the first block in a vibration-based energy harvesting
system which converts the AC voltage to DC and stores it on the first storage
capacitor (energy storage element I). The DC-DC converter is required to change the
level of converted DC voltage depending on the peak value of the input AC signal

and input mechanical excitation. For electromagnetic energy harvesters, it's
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generally required to boost the DC voltage to a value greater than the maximum
input peak voltage due to the small AC generated voltages in order to deliver a
higher amount of DC output to the load than the input peak voltage. Energy storage
element II stores the output voltage of DC-DC converter. The final block is the
voltage regulator block which guarantees the stability of the desired voltage level at
the output to be delivered to the load which is independent of input excitations. Due
to the varying input characteristics, a power management block is also needed to shut
down the load whenever the load power demand is higher than the harvested power.
This will continue by the time that enough voltage is stored on the output capacitor,
then, the power management block will connect the load to the interface electronics.
Energy storage element III stores the permanent voltage of the harvesting system and
is normally selected to be larger than other two capacitors to store more energy. The
control unit includes the circuits which are used to operate the other blocks such as
an oscillator which is used to drive the DC-DC converter and the control scheme
which is required to manage their operation. Also, a voltage reference will be

generated inside this block which will be used for the voltage regulator block.

2.2 The AC-DC Converters

The core of the AC-DC converters is a rectifier which rectifies the cycles of an
alternating input voltage or current such that the rectified waveform is able to charge
an output capacitor, yielding a DC voltage. There are two types of rectifiers: passive
rectifiers and active rectifiers. Passive rectifiers are generally composed of diode
bridges. A half-wave or full-wave diode bridge can simply rectify the AC signals
and is generally used for AC-DC converters. However, due to the low voltage and
low power characteristics of the signals to be rectified in energy harvesting
applications, the voltage drop and power dissipation of the utilized diodes become a
critical design consideration. Therefore, either low Vg diodes available in special
semiconductors technologies could be used or circuit techniques are required to be
employed in standard design processes for increasing the performance of power
conversion. For the cases, where the peak of the signal to be rectified is low, active
rectifiers may also be preferred, however, as the name implies, these rectifiers should
be supplied with and external power supply. This may still be acceptable for some

energy harvesting applications where the converted DC supply could also be used for
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powering the active block; however it still needs a pre-charged or rechargeable
battery. Another scheme which is proposed in this study is to use a passive block to
drive the active rectifier and use the active circuit as the main AC-DC converter.

This is explained in more detail in section 3.4.
2.2.1 Passive Rectifiers

Passive rectifiers are circuits that rectify the AC voltages based on a diode-based
operation, simply a diode bridge rectifier where no external power supply is required.
In IC design, diode-connected transistors are normally used for on-chip diode
operation. The very simple rectifier is a half-wave diode rectifier in which positive
peaks of input signal is passed through the diode and negative peaks are lost. An
improvement is the simple full-wave bridge rectifier (FWBR) which is most
commonly used in the literature in which four diodes are employed in a bridge,
realizing the full-wave rectification. Due to the high voltage drop across the diodes
and low power conversion efficiency, Schottky diodes with smaller threshold voltage
are employed for some energy harvesting applications; however it introduces another
problem related with their high reverse current which affects the total performance.
This effect is studied in an interface electronics design for a piezoelectric energy

harvester in [33].

An improved version of the FWBR is the gate cross coupled rectifier (GCCR) which
is proposed to increase the converted power from inductive RF energy harvesters
[34]. Both FWBR and GCCR structures are shown in Figure 2.2. In GCCR
topology, a pair of diode-connected transistors in FWBR is replaced with a pair of
cross-connected NMOS transistors, where the first pair of transistors rectifies the
input AC voltage and the second pair passes the rectified current through its drain-

source. These two circuits are in more detailed explained in section 3.2.
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Figure 2.2: The schematics of (a) full-wave bridge rectifier (FWBR), and (b) gate
cross coupled rectifier (GCCR).

In integrated circuits design, techniques could be used to alleviate the threshold
voltage of the diode-tied transistors to increase the performance of rectification
without using an external battery. One of these techniques is utilized in [27] where a
passive rectifier based on boot-strap technique is proposed for piezoelectric energy
harvesters. The advantage is to use modified diode blocks within the architecture
which is the same conventional topology based on the operation principle of the
piezoelectric devices and has been previously explained in section 1.3.1. Figure 2.3
shows the schematic where the diodes, D, and D, are reduced turn-on voltage diodes
which are used in a full-wave configuration. At negative peaks of input voltage, the
bottom part of the circuit in Figure 2.3 (b) (D, in Figure 2.3 (a)) clamps the input to
ground to charge up the internal capacitor of the piezoelectric device, and D; rectifies
and stores the voltage on the output capacitors. A modified version of this rectifier

has been proposed in this study and will be explained in next chapter.
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Figure 2.3: The full-wave passive rectifier for piezoelectric energy harvesters [27].
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A passive method for increasing the power extraction from wirelessly powered
devices by decreasing the voltage drop across the rectifying transistors has been
proposed in [35]. Figure 2.4 shows the schematic in which M; and M, are gate-
cross-coupled transistors which pass the current which is rectified by other two
modified diode blocks. The transistors M; and My contribute during rectification by
closing the current from the input source to the output capacitor at one peak of the
input voltage. At positive peaks, when the negative terminal of the input source goes
lower than ground, transistor Mg starts conducting and connects the gate of Mg to
ground, forcing it to turn on, because its source terminal is connected to Vi,
Therefore, the gate of My will also be connected to the positive terminal of input
source and starts conducting and closing the current path. As a result, two drain-to-
source voltage drops are replaced with two threshold voltage drops in this
configuration compared to a diode bridge rectifier, and the output voltage at positive

peaks is:

Vou =V — (VDS,Ml + VDS,M4) (2.1)

M,

| MR

M 3

Figure 2.4: The passive full-wave rectifier for wirelessly powered devices in [35].

This design shows a power conversion efficiency greater than 90% for high input
voltage peaks [35]. However, it cannot provide high efficiency at low input voltages

due to its operation principle which is explained as following: Although the voltage
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drops across the transistor channels is decreased, since the utilized controlling
transistors (Ms - Mjo) need a minimum threshold voltage difference to turn on and
drive the pass transistors, M3 and My in Figure 2.4; this design cannot operate for
very low input voltages (lower than V1y) and it has a very low performance for low
voltage ranges (< 2 V) according to [35]. However, it has an improved performance
for high input voltage peaks compared to conventional passive rectifiers. Therefore,
based on the reported works, there is a major missing point in the literature for high

efficiency, low voltage passive rectification.
2.2.2 Voltage Multipliers

The voltage multiplier circuits are networks of passive components such as diodes
and capacitors which convert the input AC signals to DC and multiply it stage by
stage. Their advantage is the simple structure and easily integrated to any system to
generate and step up the DC voltages from input AC signals without using any
magnetic component. However, its main limitation is very low power conversion
efficiency due to the threshold voltage of the utilized diodes, which depends on the
number of stages. Two voltage multiplier architectures which have been widely used

in the literature are Dickson and Villard voltage multipliers.

Figure 2.5 depicts the two stages of Dickson voltage multiplier which has been
extensively used in the literature, especially for RF energy harvesting [55] - [57]. By
increasing the number of stages, higher DC voltage could be converted at the cost of

losing power.

2-Stage Dickson Multiplier
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Figure 2.5: The two stage Dickson multiplier.

The operation principle could be explained as the following: In Figure 2.5, C1 and
C3 are the AC bypass capacitors and C, and C,y store the DC voltage. If C; is

chosen large enough to filter DC, node A follows the AC input signal. Capacitor C,
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and diode D, form a half-wave rectifier such that the DC voltage after the first stage

at node B is,
Vg =Vi_ peak Vi (2.2)

where Vy, is the threshold voltage of the utilized diodes. Similarly, the voltage at
node C is the sum of the DC voltage from node B and the amplitude of the input AC.
The Vpp voltage is then,

VDD = 2 X (VIN—peak - Vth) (23)

As it can be seen from equation (2.3), low threshold-voltage diodes are needed to
increase the output DC voltage and the power conversion efficiency. Since they are
not available in the utilized CMOS process, several methods have been proposed to
increase the performance of this multiplier using special technologies. In [56], a
Dickson multiplier with 16 stages have been proposed for RF to DC conversion,
where special type Zero-Vr transistors available in TSMC 0.25 pm CMOS, are used.
The circuit is able to generate up to 4 V from 150 mV AC peak voltages with 11.4 %

power conversion efficiency.

The second widely used multiplier is the Villard type as shown in Figure 2.6. The
peak of the input AC voltage is stored over the capacitors and is stepped up in each

stage similar to previous discussion on Dickson multiplier.
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Figure 2.6: The 4-stage Villard multiplier [59].
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2.2.3 Active Rectifiers

The main job of a rectifier is to turn on the charging path from the input to the output
whenever the input AC voltage is higher than the output DC. Active rectifiers
simply use a comparator and a switch to monitor the input and output and charge the
output at the times that Vi, > V. Higher conversion efficiency can be achieved
with active rectifiers, due to the much smaller drop voltages compared to passive
rectifiers. However, due to the cost and size of the required extra battery, they may
not be suitable for energy harvesting applications where the realization of a fully

self-powered system is intended.

In [27], an active rectifier which is utilized in a voltage doubler configuration is
proposed for piezoelectric energy harvesters. The conversion efficiency of more
than 90% 1is achieved for load currents above 4 pA while the active power
consumption is 165 nW. The more efforts have been done to boost the performance
of active rectifiers by modifying the switching schemes, switch transistor
optimization and comparator design. In [36], a full-wave rectifier which uses a pair
of gate-cross-coupled transistors and a pair of active diodes, is presented. In this
design, a 4-input comparator is used with a reverse current control (RCC) scheme to
turn on the active diode exactly at the time that input goes higher than output (Figure
2.7). Therefore, the conversion efficiency is improved by improving the switching
times of the active block. A conversion efficiency of about 90% is achieved for

input peak voltages higher than 2 V.
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Figure 2.7: The 4-input comparator-based active rectifier utilizing RCC switching

[36].

The power consumption of the active rectifier must be as low as possible in order to
achieve a high system efficiency which is more explained in section 5.5.5. Due to
the need for a double comparator rectifier for full-wave rectification, the required
power consumption is double of a comparator. Another approach for an active
rectifier which is full wave while utilizing only one active rectifier is proposed in
[37] and [38]. In this design, a negative voltage converter (Vnvc in Figure 2.8 (a))
firstly, converts the negative peaks of the input voltage to positive in a gate-cross-
coupled configuration. However, this voltage cannot be used to charge up an output
capacitor since it is not rectified and backward reverse current discharges the output
capacitor. Therefore, by using an active rectifier using single switch as in Figure 2.8
(b), it's possible to charge the output capacitor and store the DC voltage from
positive peaks. Although, this design benefits from the low voltage drop and high
conversion efficiency for high AC input voltage peaks (> 2 V), it has the same
problem as the proposed passive design in Figure 2.4 for lower AC peaks. This is
due to the fact that a minimum voltage peak (Vv > Vrg) is required to turn on the
transistors in Figure 2.8 (a) such that those transistors conduct and the whole circuit
operates. Therefore, it still cannot have high conversion efficiency for low AC input

peaks (< 1 V) which is the case for electromagnetic energy harvesters.
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Figure 2.8: The negative voltage converter utilizing active switch in [37].
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2.3 DC-DC Converters

DC-DC converters are the second critical blocks in the interface electronics design
for energy harvesting applications, as they change the level of converted DC voltage
to a desired value. They may be boost (step up) or buck (step down) converters,
depending on the level of the input AC peak voltage and the converted DC voltage of
the rectifier stage. Several switching converter designs are reported in the literature;
however, only a few of them are targeted to operate efficiently in low power
conditions. Conventional DC-DC converters based on inductors are not suitable for
energy harvesting applications due to the high power losses which are much higher
than the harvested power. Switching DC-DC converters based on charge-pumps are
good candidates to be used in low power and low voltage applications as they are not
depending on the inductors and can be easily integrated into a chip. A good
converter design must have a high power efficiency across a wide range of DC input
voltages. The typical efficiency of the converters operating in low power range of

20 pW is above 60% [39] - [43].
2.3.1 Switching DC-DC Converters

The switching DC-DC converters can widely be categorized into two bunches:
inductive-based and capacitive-based converters.  Inductive-based converters
normally use a modulation technique to charge the inductor and use the stored
current to boost the DC voltage over a capacitor. On the other hand, capacitive-
based converters generally use a switching scheme to change the level of DC voltage

by transferring the charge between capacitors.
2.3.1.1 Inductive-based Switching Converters

The inductive-based converters use an LC network and operate based on tracking the
input voltage by using a Pulse Width Modulation (PWM) technique to regulate the
output voltage, as is shown in Figure 2.9. The voltage boosting operation of the
inductive converter can be explained in two phases: (1) the inductor, L;, charges up
from the voltage source whenever the switch transistor is on, and (2) the stored
current is transferred into the output capacitor, boosting its voltage, when the switch

is off. The Vggr is the feedback voltage that monitors the input voltage. The
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comparator turns on the switch transistor whenever the sawthooth voltage goes
higher than the Vrgr. Therefore, the Vs of the switch is modulated and a regulated
output voltage is converted at the load side. This converter is capable of driving load
currents in the range of a few hundred micro-amperes to amperes. The inductor size
required to realize a highly efficient LC based converter at light loads is too large
(typically in the range of 100 nH to 1 pH) to have an integrated on-chip solution
[39].
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Figure 2.9: The schematic of the PWM switching converter using feedforward
control [31].

2.3.1.2 Capacitive-based Switching Converters

The capacitive-based solution operates on the principle of charge transfer between
capacitors to build the required output voltage. Their main advantage is the
integration capability into a silicon chip, due to the availability of on-chip capacitors
in standard processes. This type of converter is mainly used in applications requiring
a lower load current which is within the range of tens of micro-amperes to a few

hundred milli-amperes.

Figure 2.10 shows the schematic of the 4-stage switched capacitor DC-DC converter
proposed in [44]. It works in two operating phases. Firstly, when CLK is high, the
top NMOS switches and bottom transmission gates turn on, making all the capacitors

parallel to each other and connected to Vier. In the second phase, when CLK goes
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low, the capacitors are in series and a voltage close to 4xV,. is stored at the output.
A 1 V output voltage is generated using this converter for an input power of about
25 uW. Ata 10% duty cycle, a 0.9 V output across a 5 MQ load is generated which
delivers 162 nW of DC power to the load from 2.5 mW of input power.

Figure 2.10: The switched capacitor DC-DC converter proposed in [44].

There are more different networks for realizing a switched capacitor converter:
Ladder, Dickson, Fibonacci, Doubler and the Series-Parallel network. Extensive
analysis and comparison of these different topologies is done in [43], where an
optimization technique using cost metrics involving optimal area and total

capacitively stored energy is also presented.
2.3.2 Charge-pump DC-DC Converters

The charge-pump circuits are type of switched capacitor converters that work on the
principle of charge sharing between the input and output capacitors during non-
overlapping clock phases. Their main advantage is that they do not rely on inductors
and as a result; they could be implemented on chip via CMOS technology. For
vibration-based energy harvesters, charge-pumps could be used in order to get rid of
the input transformer in low voltage applications, which makes the design fully

integrated.

Different types of charge-pumps have been introduced in the literature. The first

proposed charge-pump circuit is the simple Dickson design [45] (Figure 2.11). The
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operation is based on pumping the charge to the next stage such that in every stage,
ideally, one step up of the input voltage is reached. The efficiency of the Dickson
charge-pump is low due to the power losses over the utilized diodes because of their
non-zero threshold voltage. Dickson has shown that ideally output current is

independent of the number of stages [46]:
Out f X ( pump Str ay) X V (24)

where, fis the clock frequency, C,.»p is the intentional coupling capacitance, Cgy 1S
the stray capacitance per node, and V' is the voltage by which capacitors are charged

and discharged.
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Figure 2.11: The conventional Dickson charge-pump [45].

It's also possible to show that output voltage depends on many parameters as:

C 1,,
Vou =V +N|:(C+C jXVCLK _VTHj|_VTH _N-(MJ (2.5)

s

where N is the number of stages, Vi is the clock amplitude, and V7 is the forward

bias diode voltage. The voltage swing at each stage of a Dickson charge pump is:

c I
AV = v | dou |
(C+CJX cix ((C+CS).fj (26)

Therefore, by selecting C >> C;, the full term can be approximated as Vg, when C

is significantly larger than Cs and 1,,, is small. The fundamental problem related

with the Dickson charge-pump is the increase in the Vy of the utilized diodes due to
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the significant body effect at higher stages, when bulk of the NMOS transistors are
grounded. Voltage gain at stage N is:

Voltage gain = AV -V, (N) (2.7)

where Vg (N) is the diode threshold voltage at stage N. Therefore, for 7' stage

Dickson charge pump, the output voltage is,

T
VOut Z(I/m - VTH (N)) (28)

N=1

Therefore, this type of charge-pump circuit is not suitable for low voltage
applications due to the high power losses. There are many efforts which have been
done to boost the performance of the charge-pump circuits. These methods include
the 4-phase charge pump utilizing the 4-phase clocking scheme, the modified 4-
phase charge pump, the boosted pump clock scheme, a CTS scheme, and several
hybrid versions of these combinations, to get around problems of Vg dependence
and to increase the circuit efficiency for chips operating below 2.5 V supply voltages.
A wide discussion on charge-pumps theory, different types of charge-pumps and

their design considerations has been brought in [47].

In the conventional 4-phase charge pumps, the pumping gain can be increased by
increasing the source to gate voltage drop using the special 4-phase clocks, so the
gain degradation due to threshold voltage can be alleviated. Also a 2x—4x boosted
pump clock source is often used as an easy way to increase efficiency and obtain

higher output voltages.

In the CTS scheme, an additional pass transistor is added for each stage; the gate of
the pass transistor is controlled by the next stage voltage, which is in opposite phase.
In [48] an inductor-based charge-pump circuit has been proposed to boost the
voltages from very small levels down to 0.2 V. The charge-pump structure is the
same to previously reported designs; however, it uses a pass transistor with a series
inductor connected to Vpp (Figure 2.12). When the clock changes its state, the

current through the inductor cannot change instantaneously and therefore, spikes of
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higher voltages will be generated depending on the value of inductance. This leads

in generation of higher voltages than input supply at the cost of an off-chip inductor.
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Figure 2.12: The structure of the inductor-based charge-pump circuit for low voltage

applications [48].

Due to the body effect related with NMOS switches, lower conversion efficiency is
achieved in the circuits which use NMOS transistors. In [48], an all PMOS approach
has been proposed for a charge-pump circuit which utilizes two auxiliary PMOS
transistors for diminishing body effect and 4-phase clocking. The conversion

efficiency of 70% is achieved for a load current of 15 pA with a 4-stage charge-

pump.

A major improvement to degrade the effect of Vi in a conventional charge-pump
circuit is to use CMOS cross-connected design as in [49]. In this design, the
threshold voltage of the diode-connected transistors is replaced with the sum of
drain-to-source voltages of a PMOS and NMOS transistor, which is typically much
lower than Vrg. The body effect problem related with transistors in higher stages, is
also solved using this topology, since the performance is related to Vpg and not
directly dependent to Vy. This circuit has been implemented in a 0.35 pm CMOS
process and show a significant improvement in the amount of output voltage over
previously reported charge-pump circuits. An optimized version of this design has

been simulated in 90nm CMOS process and is explained in section 4.4.
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Figure 2.13: The cross-connected CMOS charge-pump for low voltage applications

[49].

2.4 Voltage Regulators

A voltage regulation block is required for achieving a constant and reliable output
DC to be delivered to the load. There are several methods of voltage regulation to be
discussed in this section. Among them, the most important design consideration for
an energy harvesting application is to be as low power as possible. In other words,
the quiescent power which is consumed by the voltage reference block and the
regulator block should be much lower than the harvested power. Therefore, many
conventional voltage regulators which consume milli watts of power or hundreds of

micro watts could not be used for energy harvesting applications.
2.4.1 Linear Voltage Regulators

The simplest available regulator is a DC-DC linear voltage regulator, which regulates
any input voltage higher than the required output voltage to a targeted stable DC
output voltage. The voltage difference between the input and the output, referred to
as the dropout voltage, is dissipated as heat across a pass transistor (Figure 2.14 (a))
in the output signal path. This internal power loss makes the linear regulator the
most inefficient power converter when used in a system where the required output
voltage is significantly lower than the input voltage. Figure 2.14 (b) shows the

schematic of the LDO, where a comparator compares the generated voltage of a
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voltage reference with output and drives the pass transistor. The voltage gain of the

linear regulator is,

V V
LDOVoltage Gain = -2+ = o <]
g in I/out + Vdo (29)

where Vou, Vin, and Vg, are the output, input and dropout voltages of the regulator,
respectively. Therefore, the regulated output voltage of an LDO regulator is always

lower than input voltage, as shown in the equation.
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Figure 2.14: The operation principle of linear voltage regulator [39].

If Lou 1s the output load current and 4 is the internal circuitry loss, then the efficiency

of the LDO is given as,
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P V. xI
LDO Efficiency : = — ou__oul %100
ff y ﬂLDO ])[n I/in X ([out + [q) (2 10)
Assuming negligible losses in the regulator circuitry (Ig),
Mipo ® I};m (2.11)

in

Equation (2.9) suggests that linear regulators are power efficient only when the
output voltage is close to the input voltage and their efficiency peaks only when the
dropout voltage is small. Earlier work done on energy harvesting using linear
regulators in [51] suffers from low overall conversion efficiencies because of the

larger difference between Vi, and Vgt
2.4.2 Sub-threshold Voltage Regulation

In previous section, it is stated that conventional regulators are not good candidates
for energy harvesting applications due to their low power conversion efficiency and
high quiescent power consumption. The comparison of specifications for a low

power voltage regulator and conventional regulators is given in Table 2.1.

Table 2.1: The comparison of specifications of low power voltage regulation and

conventional voltage regulators.

An LDO for energy
Specifications A conventional LDO
harvesting application

Output capacitance 250 pF 5 uF
Load current range 0.1 pA—-25 pA 0.1 mA—- 100 mA
Quiescent current <1pA <100 pA
PSRR (Power Supply]

o . @100 kHz <-20 dB @1 kHz <-20 dB
Rejection Ratio)
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2.4.2.1 Sub-threshold Voltage Reference Designs

The voltage reference block generates a voltage which is independent of the input
voltage and temperature. Because a voltage reference circuit is always active by
drawing current from the power supply, its power consumption should always be
kept as low as possible by operating most of the transistors in sub-threshold region.
Typical band-gap voltage reference generators are not suitable for the low voltage
and low power applications. Most of them generate a reference voltage higher than
1.2 V; however sub-1 V reference voltage is required in low voltage applications.
Also, they use a BJT which is not available in many standard CMOS processes and is
area hungry. Therefore, MOSFETs operating in sub-threshold region could be used
in generating a PTAT voltage.

In [51], a voltage reference design is proposed which utilizes the fact of operating a
pair of transistors in sub-threshold region and a pair of them in saturation region.
Figure 2.15 shows the schematic in which M and M3 are high Vry transistors that are
biased in sub-threshold region and M, and My operate in saturation. Two current
mirrors force the same currents to be passed through transistors which are biased in
different modes. As a result, by solving the equations of currents for saturation and
sub-threshold regions, it's possible to show that a voltage independent current, I, is

generated as below:

— ILICOX(W:‘-/L4) 2 VV;/L.%
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Figure 2.15: The sub-threshold voltage reference proposed in [51].

The generated I is then passed through diode-connected M transistor and Vggr is

generated as below:

mV, [W,/L,  (W/L
Voo S 4l gl sl s 2.13
RE e N 1\ W,/ L, [Wl/Llj @13

The generated Vggr is totally independent of power supply while the design doesn't

use any resistors for keeping the power consumption of the circuit in a low level.
This decreases the amount of area demand, significantly. In order to operate the
circuit in the lowest power consumption level, the Iy current, related with the
transistors working in the saturation region must be kept minimum. Therefore, the
M, transistor in Figure 2.15 is biased such that Vgsa = Vs to ensure lowest possible

current:

I _#Q)x(—Wz/Lz)szTz;nz(_Ws/ sz (2.14)

0,min ~— 2 VVI /Ll

Also, the (W/L), and (W/L); must be kept as low as possible to achieve lowest power

consumption.
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2.4.2.2 Sub-threshold Voltage Regulator Designs

A series voltage regulator is normally used together with a voltage reference to
regulate the input voltage. A typical voltage regulator stage for low voltage passive
RFID applications has been shown in Figure 2.16. The first stage is a comparator
which compares the output regulated voltage with a reference voltage. The second
stage is a buffer stage and the third stage is the pass transistor which regulates the
output voltage. The power consumption of this circuit mostly depends on the power

which is consumed by the op-amp stage and should be kept in the minimum level.

1st stage 2nd stage 3rd stage
: Vin
o= O
] . Ro3
. : < Vo
: : - J.
i ' Co
" g |
O : ' - O
J_ : . "o’ Added
- ey ’ hiasing

e source

Figure 2.16: The typical voltage regulator stage for low voltage applications [53].

2.5 On-Chip Power Management

A power management may refer to a wide range of applications in the literature;
however, in interface electronics of energy harvesting applications, it means how the
connection between the converted power of the harvester and the output load is
controlled. This is particularly important when the energy harvester is connected to
power up a real load like a sensor node. The power management unit continuously
monitors and controls the power demand at the load side and the harvested power of
the mechanical transducer and shut down the load when enough power is not

available. In the standby mode, the system waits for the storage capacitor to reach a
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minimum voltage and connects the load after this point. Since this block is active all

the time, it should also have a very low quiescent current drawing from the supply.

In [54], a simple power management block has been used for thermoelectric power
harvesting (Figure 2.17). There are two comparator circuits which decide to charge
up the output reservoir by comparing the fed back output voltage and the voltage of

the thermoelectric generator.

VERY LOW-V LOW-V
TE OUTPUT 1* Boost INTERNAL BUS 2™ Boost HIGH-V BUS
—=Tii 00s | 1 [ oos
N - Stage J_ = | Stage —LTBATI'ERY'
A : + Async. + n
PuI:!;r\;scen L - 4_2;3833: PulseGen = . 1_201]?:;9:
Threshold Threshold

Figure 2.17: The thermoelectric power management unit proposed in [54].

In [55], a mode selector has been used to track the converted DC voltage supply and
two trip points have been generated using resistive ladders, by which the output
enable signal goes low or high. The quiescent power consumption of this block is

2.7 uW at maximum.

2.6 Summary of the Chapter

In this chapter, a complete overview on the required building blocks for realizing a
typical energy harvesting interface electronics has been discussed. The theory,
design and the state-of-the-art designs for each block is explained. Based on the
provided information, special design considerations are required for low voltage, low
power energy harvesting applications and with respect to that, a discussion for each
block is given. Next chapter explains the design and simulation results of the
proposed energy harvesting circuits in 0.35 pm CMOS process which are compatible

with the mentioned design considerations in this chapter.
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CHAPTER 3

THE ENERGY HARVESTING IC IN 0.35 pm
CMOS TECHNOLOGY

The previous chapter introduced the different building blocks that are needed for a
typical energy harvesting interface circuitry. Among them, the highly efficient
rectifiers are the most important blocks for a vibration-based energy harvesting
system due to the alternating output characteristic. On top of that, the other post-DC-
conversion blocks including active rectifiers, DC-DC converters, and the voltage
regulators use the provided DC voltage of the first rectifier block in a fully self-
powered system. Therefore, the rectifier efficiency as the very first block in an

interface circuitry plays a significant role in the total performance of the system.

In this chapter, the theory, design, and simulation results of different rectifiers are
explained, which have been designed in a standard 0.35 pm CMOS process that is a
low cost and widely available technology. Some of the previously reported passive
rectifiers have also been simulated and their performance results are compared with
the proposed architectures. Section 3.1 explains the general overview of the IC by
introducing the implemented blocks. Section 3.2 explains the theory and simulation
results of the previous most commonly used passive rectifiers. Section 3.3 gives the
schematic, design and simulation results of the proposed passive rectifier which is
designed for low voltage and low power applications. Different metrics of the
rectifier are simulated and characterized, and also, a performance comparison of the
proposed design and pervious reported designs is given. Section 3.4 presents the
design and simulation results of the proposed active rectifier for low voltage

applications. Section 3.5 describes the limitations and challenges of a standard
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design environment and states the potential improvements that are expected once
moving to a more advanced technology for low power applications. Finally, section

3.6 summarizes this chapter.

3.1 The Energy Harvesting IC Overview

The proposed energy harvesting IC includes different types of rectifiers which are
implemented on the same chip. Since all circuit topologies are different, and they all
share the same substrate, only one of the circuits could be operated at a time, and all
other pads should be remained open circuit. Figure 3.1 shows the top level view of
the ASIC with different circuits which have been designed and implemented. In the
remaining sections of this chapter, the design and simulation results of each of these

circuits have been discussed.

NMOS Gate Cross
Diode Bridge Coupled
Rectifier Rectifier
CMOS
: Opamp
PMOS Negative
Diode Bridge Voltage
Rectifier Converter
Proposed Proposed
Active Dual-rall Passive Boot-
Output Rectifier Strap Rectifier

Figure 3.1: The overview of the energy harvesting IC in 0.35 um CMOS technology.
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3.2 The Common Passive Rectifiers

In this section, different passive rectifiers which have been previously reported and
most widely used in the literature are explained. The main reason of explaining them
is to make a fair comparison between the newly proposed design and previously

reported circuits, while using the same technology.

Passive rectifiers are circuits that rectify the AC voltages based on a diode-based
operation, simply a diode bridge rectifier. In IC design, diode connected transistors
are used as diodes. Figure 3.2 (a) shows the simple structure: a full-wave bridge
rectifier (FWBR) in which the output peak voltage is two diode threshold-voltage
drops below the input:

Vour =Vin — 2] Viww | (3.1

Hence, the total conversion efficiency of this circuit is low, especially for low input
AC voltages. Reducing the rectifier drop voltage, decreases the power dissipation of
the rectifiers and improves its power conversion efficiency. The voltage drop of the
diode connected transistors in Figure 3.2 (a) which are operating in saturation region

is:

21,
#,Co (W /L)

Vs H Vs 1= Viu +\/ (3.2)

where Vgs, Vps, and Vg are gate-to-source, drain-to-source, and the threshold
voltage of the transistor, Ip is its drain-source current, p,Cox is the intrinsic
transconductance, and W and L are width and length of the transistors in the utilized
technology, respectively. Vg is a process dependent parameter and could be
minimized by eliminating the body effect [54]. In order to minimize the second term
in (3.2), the (W/L) of the transistor should be increased as much as the area

availability and the parasitic capacitance permits.
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Figure 3.2: (a) The full-wave bridge rectifier, (b) the gate-cross-coupled rectifier.

The Vg of the diode-connected transistors could be reduced to very small values (~
100 mV) using special technologies and combined semiconductors [23]. However,
very small Vry transistors are not available in standard CMOS processes, even
though they are widely required, especially in low voltage applications such as in
interface electronics for energy harvesters. Therefore, circuit techniques are
employed to decrease the effective Vry of the transistors while remaining in the same

standard technologies.

An improved version of the FWBR is the gate cross coupled rectifier (GCCR) [23]
where a pair of diode-connected transistors are replaced with a pair of cross-
connected NMOS transistors (Figure 3.2 (b)). In this configuration, a pair of
transistors rectifies the AC input and one pair only passes the current through its
drain-source. Therefore, the threshold voltage of the diode connected transistors
(Mn3; and My in Figure 3.2 (a) is replaced with the drain-source voltage of the
NMOS transistors (My; and My, in Figure 3.2 (b)) and full-wave rectification is

achieved where,
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VOUT = VIN - (| VTHP | +VDSN) (3.3)

where, Vrpp, and Vpgn are the threshold voltage of the PMOS diode and drain-to-
source voltage of the NMOS cross coupled transistors, respectively. This results in
higher conversion efficiency due to the lower Vps of the diode-tied transistors.
Figure 3.3 and Figure 3.4 show the simulation results of the transient response of the
FWBR and GCCR circuits with (W/L) of the diode-tied transistors and the gate cross
coupled transistors as 20 um/0.35 um and using Coyr =100 nF, R =100 kQ for a
floating sinusoidal voltage source with frequency of 1 kHz and 1 V peak and 5 V
peak, respectively. For a 1 V peak input, the generated output voltage is significantly
lower for FWBR compared with GCCR due to the high threshold-voltage transistors
available in the utilized standard CMOS process (|[Vup [=0.73V, Vran=0.55V). For
higher input AC voltages, the effect of high threshold voltage is less and the gap
between the output voltages is smaller, as depicted in Figure 3.4 for a 5 V peak input.
The other simulation results describing the behavior of the circuits are placed in the

next section for the comparison purposes with the proposed BSR design.
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Figure 3.3: The transient simulation result of the FWBR and GCCR designs for a
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Figure 3.4: The transient simulation result of the FWBR and GCCR designs for a
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3.3 The Proposed Passive Full-Wave Rectifier

In previous section, two most commonly used passive rectifiers for energy harvesting
applications have been discussed. The gate cross coupled rectifier (GCCR)
significantly improves the performance of rectification compared to full-wave diode
bridge rectifier (FWBR); however, the efficiency is still low due to the voltage drop
over a pair of diode-tied transistors. In this section, a new design of a passive full-
wave rectifier in standard 0.35 pm CMOS process, which is developed in the frame

of this study, has been described.
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Figure 3.5: (a) The proposed boot-strap rectifier (BSR) schematic, (b) the view of the
BSR design which shows the modified diodes together with the gate-cross-coupled

(GCC) transistors.
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This proposed design utilizes the gate cross coupled transistors as in [23] for current
passing through the drain-source (as described in section 2.2.1) and the rectification
is served using a pair of boot-strap connected modified diodes in order to reduce the
threshold voltage of the diode connected transistors [24], increasing the conversion
efficiency. Figure 3.5 shows the proposed rectifier schematic, which includes a pair
of gate-cross-coupled (GCC) transistors and a pair of boot-strap connected

transistors, forming together a full wave rectifier.

In this structure, My; and My, are the GCC transistors; Mpi, Mp,, and Mps are the
boot-strap transistors, where Cgg; is the boot-strap on-chip capacitor, such that the
whole highlighted block in Figure 3.5 acts as a modified diode. In order to eliminate
the body effect, hence, to decrease the Vy of transistors, the bulk connection of
NMOS transistors is directly connected to ground and body effect plays no role for
them. For the PMOS transistors, Mp;- Mp4, since their source is connected to Vi
which is largely varying while the transducer is connected, there is high risk of latch-
up. As another consideration for these transistors, since each of them is placed in a
separated N-well, there is a high risk that the vertical PNP transistor turns ON,
increasing the substrate leakage current. Therefore, Mpg;-Mpps are utilized as the
bulk regulating transistors to dynamically boost the bulk of PMOS transistors to the
higher available voltage to avoid the latch-up effect of PMOS devices [23].

— o
Vour
MPB1

e
Me4 i

Meps2
VIN

O

Figure 3.6: The bulk regulation concept to avoid latch-up in PMOS transistors.

This phenomenon is explained in more detail in Figure 3.6. The bulk and drain
connections of Mpg; and Mpp, transistors are connected to the bulk connection of

Mp;. Whenever Mp; is ON (Viy > Vour + Vrap1), Mpg; also starts to conduct since
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the Mp; and Mpp; share the same source and Mpg; connects the substrate (N-Well) to
the highest voltage at this time (Vin). At the time that Vi is less than Vour by at
least one Vrpp;, Mpg; conducts by connecting the bulk to Vour. Therefore, the bulk
of the main PMOS device is connected to the highest available voltage at all the
time, diminishing the body effect.

Figure 3.7 presents the simplified half-circuit schematic of the modified diode,
explaining the operation principle. The boxed block shows the modified boot-strap
connected diode with anode terminal connected to one terminal of Vpy and the other

terminal of it is connected to the drain of the GCC transistor, M.

(o]

VIN
(~)
&
2

-

Figure 3.7: The simplified half-circuit schematic of the modified diode block.

The output capacitor starts being charged through the diode-connected transistor,

Mpi, when,

VOUT = (VI - VDSNZ )_ | VTHP] | (3.4)

where Vrup) is the threshold voltage of Mp;, and Vpgn» is the drain-to-source voltage
of Myy. While the output node is being charged through Mp;, a charge will be

captured on the internal capacitor, Cgs; and the voltage across it will be:
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VCAP = VOUT_| VTHPS |: (VIN _VDSNZ )_| VTHP] | _| VTHPS | (3.5)

At the beginning of the operation, since the output voltage has not been fully charged
and while the source-gate voltage of it is higher than its threshold voltage
(|VTHP1|+|VTHP5|>|VTHP2|), Mp, starts COIlduCtil’lg and Cgg; starts being charged. The

gate voltage of Mp, (Vcap) increases up to its cut-off point:

Vscz = (V[N - VDSN2) - VCAP :| VTHPZ (3.6)
By substituting (3.2) into (3.3),
Voo = Vv = Vosva) = Veur = Vigps (3.7)

VSG2 = (VI - VDSNZ) - VCAP

(3.8)
= (VI - VDSNZ) - (VOUT_ | VTHPS ) =] VTHPZ |
Vv =Vosva) = Vour 1 Viwps IF Vigp, | (3.9)
Vour =Viv = Vups | =1 Vipa ) = Vs (3.10)

As observed in equation (3.7), the threshold voltage of the diode-connected transistor
in GCCR design is replaced with the difference of the threshold voltages of Mp, and
Mps. Therefore, the effective threshold voltage is significantly decreased compared
to FWBR and GCCR configurations (equations (2.1) and (2.3), respectively). Thus,
the converted output DC voltage, the output power, and the AC/DC power

conversion efficiency are increased.

The proposed BSR circuit and the previously reported FWBR and GCCR circuits are
simulated using X-FAB 0.35 pum standard CMOS process under Cadence
environment. Two latter circuits have been validated in order to make a realistic

comparison with the proposed structure. The designs are optimized in such a way
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that all three circuits achieve the highest DC output. Table 3.1 summarizes the

selected (W/L) values of transistors of the proposed design.

Table 3.1: The (W/L) values of transistors of the proposed BSR design.

Transistor W/L (um)
Mg, Mp4 1/0.35
Mg, Mp; 20/0.35
Mps, Mps 6/0.35
M, M2 20/0.35

Mpg1, Mppsg 1/0.35

Figure 3.8 and Figure 3.9 show the transient response of the BSR circuit using Cour
=100 nF, Rr=100 kQ for a floating sinusoidal voltage source with frequency of 1
kHz and 5 V peak and 1 V peak, respectively.
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Figure 3.8: The transient simulation result of the BSR rectifier for a sinusoidal input

voltage with 5 V peak using Coyr=100 nF, R;=100 kQ.
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Figure 3.9: The transient simulation result of the BSR rectifier for a sinusoidal input

voltage with 1 V peak using Coyr=100 nF, R;=100 kQ.

The output DC voltage is closer to the peak value of the input voltage for higher peak
AC inputs (Figure 3.8) which shows the higher efficiency of the passive circuit for
higher input peak values. This voltage can reach the peak value of the input AC
source at maximum. The Vcap trace has also been shown in order to see the effect of
bulk regulation technique to eliminate the body effect. By comparing equations 3.2
and 3.7, both of them have same terms except plus Vryp, and minus Vypp; for Vour
and Vcap, respectively. Therefore, the Vour is at a higher value compared with

Vcar, as expected from above equations.

The converted output voltage of a rectifier can reach the peak value of the input AC
voltage for an ideal diode with zero threshold voltage, if there is no load connected at
the output to discharge the storage capacitor. In order to find out the effect of input
peak variation on the voltage conversion behavior of the rectifier, the voltage

efficiency is defined as,

v,
Voltage Efficiency [%] = —224.2C (3.11)

Peak , AC
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Figure 3.10 depicts the voltage efficiency of three rectifiers at different sinusoidal
input voltage peak values at frequency of 1 kHz for the no-load output case. The
voltage efficiency for the proposed BSR circuit is above 80% for input voltages
higher than 700 mV peak and is more than 90% for input peak voltages of more than
2 V. It drops for the input peaks of less than 500 mV due to the high threshold
voltage transistors which are available in the utilized standard CMOS process.
However, the same voltage efficiency of 80% is reached for GCCR and FWBR after
2.5V and 4.5V peak input voltages, respectively. This proves the much higher
performance of the proposed BSR design in converting the AC voltages to DC,

especially for low voltage AC inputs.
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Figure 3.10: The voltage efficiency of the BSR circuit for different input voltage

peak values at no-load condition.

In order to check the performance of the rectifiers; they are also tested under
different load conditions. The output storage capacitor could be of any size and its
value doesn't define the final converted DC voltage. Instead, its value yields the

amount of storable energy at the output by increasing the storage time while:

Output Stored Energy[J] =P, x At (Charging Time) (3.12)
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Also, by increasing the output storage capacitor value, the ripple of the output
voltage will be decreased due to the increased time constant of the circuit. Figure
3.11 shows the converted output voltage for a typical sinusoidal input of peak 2 V,
versus the output load resistance values. The resistive load parallel with the output
capacitor has been swept from 1 kQ to 10 MQ. By decreasing the load resistance,
the output voltage also starts to decrease due to the higher rate of output capacitor

discharge.

VOUT (V)

1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
R.(Q)

Figure 3.11: The output voltage of the rectifiers versus different load values for a

sinusoidal input voltage of peak 2 V.

Figure 3.10 depicts the voltage efficiency of the rectifiers versus different input
values at no-load condition. However, as another comparison, the output voltage and
voltage efficiency of the circuits have been compared while a typical 50 k€ load is

connected at the output, depicted in Figure 3.12.
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Figure 3.12: (a) The converted output voltage, (b) the voltage efficiency of the

rectifiers versus different input peak values for Ry =50 kQ.

Another metric to be taken into account for comparing the rectifiers is their power

conversion efficiency. This is done by comparing the input with the output power.

The input power is the generated AC power from the AC source and the output

power is the converted DC power at the output:

(3.13)

input [rms | X I/input [rms]

=7

input

P
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Poutput =101 * Vouiner (3.14)

The power conversion efficiency is then defined as,

P
Power Efficiency [%)] = %x 100 (3.15)
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Figure 3.13: The converted output voltage and the power conversion efficiency of the

rectifiers for different load values.

Figure 3.13 shows the converted output voltage and the power conversion efficiency

of the rectifiers under different load conditions ranging from 2kQ - 10 MQ for an AC
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input voltage of 2 V peak and 1 kHz frequency. The converted output voltage and

power conversion efficiency is significantly higher using the proposed BSR design.

In this section, a novel design for a passive rectifier has been described and the
simulation results showing its performance over previously reported circuits, are
presented. In a passive design, effort is done to alleviate the effective threshold
voltage of the diode-based operations. However, the threshold voltage still could be
lowered using an active design which dynamically compares the input and output
voltages using an external comparator. Next section gives the design and
optimization which has been made for an active rectifier design to reach the

maximum conversion efficiency.

3.4 The Proposed Active Full-Wave Rectifier

The theory, design, and operation of the active rectifiers as well as their state-of-the-
art have been fully described in section 2.2.2. The proposed active design is a
comparator-based full-wave rectifier with dual-rail output which is designed to
convert the generated AC voltage to a smooth DC voltage with a high efficiency.
Figure 3.14 shows the schematic of the proposed design in which two comparators
along with the two switch transistors (Msp and Msy). When the input voltage is
higher than V., the comparator turns ON the switch Mgp to charge the positive
output capacitor. The switch Mgp is OFF during the negative cycles of the input
voltage to keep the charge on the output capacitor. Negative DC voltage (Vout.) i
stored on the second capacitor when the second comparator activates the switch Mgy

in a similar manner, during negative cycles.

An external double supply (Vpp and Vss) is used to power the comparators as shown
in Figure 3.14. Therefore, the comparators should consume as low power as possible
such that the consumed power by the circuit is much less than the generated power of
the energy harvester; hence the complete system efficiency remains high. Also, the
active rectifier should be optimized for the desired voltage range in order to deliver

the maximum power from the harvester to the load.
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Figure 3.14: The schematic of the proposed active rectifier.

An important issue in the design of the active rectifier is the selection of the (W/L)
ratio of the switch transistors to maximize the output DC voltage. Generally, a high
(W/L) is selected for the switches to decrease the DC voltage drop over them,

increasing the converted output voltage on the storage capacitors.

The simulations show that, the above statement holds for input voltages higher than
500 mV for the given technology and increasing (W/L)switen doesn't necessarily lead
to higher output DC voltage for lower amplitude AC inputs due to the higher
backward discharge current. Figure 3.15 (a) depicts the simulation results of the
circuit for a sinusoidal input voltage with V=200 mV at no-load condition for two
different Wyiten values, where Lgyien 1S kept at 1 um. Figure 3.15 (b) shows the
output ripple and the effect of the backward discharge current. When the input
voltage goes below the output, the switch does not turn OFF immediately due to the
non-zero input voltage offset of the comparator, resulting in the backward current
flow from the output capacitor to the source which decreases the DC voltage output.
This is presented by two simulation results in Figure 3.15 (b) with green and black
traces showing the output voltage for Wiyieh=10 pum and Wgyicn=200 pm,
respectively. 15 mV higher output voltage is reached for Wyiten=10 um, where the

backward discharge current is lower. The selection of the transistor dimensions also
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affects the ripple of the output voltage. For higher Wgyich values, since the switch
transistor is ON for a longer time, the output ripple will be non preferably higher.

This is also presented in Figure 3.15 (b).
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Figure 3.15: The simulation results of the active rectifier for sinusoidal input with
Vpeak=200 mV; (b) the output ripple and backward discharge current - when input
goes below the output, the switch is still ON which discharges the capacitor, for two

different Wyiech values (10 um and 200 um), while Lgyiteh 1 1 pm.
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Figure 3.16: The (W/L) ratio required to reach maximum output at different input

voltage amplitudes.

Figure 3.16 depicts the optimized (W/L) switch ratios leading to maximum DC output
voltage for different input peak voltage levels. The simulations show that the effect
of the backward discharge current can be neglected for input voltages with 500 mV
amplitude and higher. Below this value, the (W/L)swich ratio should be selected
according to the results presented in Figure 3.16. Considering the AC output voltage
range of a typical EM energy harvester [10], the (W/L)switen=10 is selected.

Figure 3.17 illustrates the schematic of the designed comparator, where the transistor
dimensions are also presented. The input transistors are selected relatively large (300
um / 3 um) to minimize the input offset of the comparator [27], maximizing the
power conversion efficiency. In order to keep the circuit in the lowest power
consumption mode, a very low (W/L) ratio (0.4 um / 150 pm) is chosen for the
current source transistor, Mps such that the supply current is kept as small as

possible, while all the transistors except Mp; operate in sub-threshold region.
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Figure 3.17: The schematic of the designed sub-threshold comparator in X-FAB 0.35

um CMOS. The dimensions of the transistors are in um.

3.5 Challenges and Limitations of the Standard 0.35 pm CMOS
Process

In the area of vibration-based energy harvesters, especially electromagnetic
transducers, the generated signals from the harvester, are not only low voltage, but,
very low power. Therefore, in the design of rectifying electronics for such kind of
applications, the voltage drop over the transistors and the dissipated power are major
concerns and should be kept as low as possible. The standard CMOS processes,
including the utilized CMOS process in this work, generally don't contain low
voltage electrical models and are not efficient for energy harvesting applications.
The efficiency of interface circuitry could be significantly improved by moving to an
advanced technology where smaller range of voltages can be processed with higher
performance. Apart from that, in the design of power processing unit (Figure 1.4),
there are active blocks that need power to operate and their consumed power should
be kept much lower than the generated power. This could be achieved in a design
environment that different types of transistor models are available such that biasing
the transistors in sub-threshold region and forcing them to consume least amount of

power is feasible (to be discussed in Section 4.3).
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As discussed in this chapter, while the amplitude of the alternating signal increases,
the effect of dissipated power across the interface electronics diminishes. Therefore,
one alternative is to use small size and efficient transformers to step up the AC signal
and use the stepped up voltage as the input of the interface electronics. This option is
considered reasonable to be used together with EM energy harvesting systems as
their size is comparable to the unavoidable magnets in these systems. However,
because transformers cannot be integrated onto the chip; this cannot be used for
MEMS-based energy harvesters and transferring to an LVT (Low Threshold
Voltage) CMOS process is needed.

3.6 Summary of the Chapter

In this chapter, the design, and simulation results of the proposed energy harvesting
IC in 0.35 um CMOS process has been demonstrated. The designed ASIC includes
different types of rectifiers which are specifically designed to interfere the low power
and low voltage electromagnetic energy harvesters. The design of a newly proposed
passive and active rectifier has been explained. The passive one uses BSR technique,
improving the conversion performance of the system with respect to the previously
reported rectifiers in the literature. The active rectifier uses an optimized
comparator-based design for very high efficiency power conversion performance.
Finally, the limitations of a standard CMOS process for low-voltage energy
harvesting applications have been discussed. Next chapter describes the design and
simulation results of a new energy harvesting IC in an advanced CMOS technology,

suitable for next generation MEMS-based energy harvesters.
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CHAPTER 4

THE ENERGY HARVESTING IC IN 90 nm
CMOS TECHNOLOGY

In the previous chapter, the design and simulation results of the proposed energy
harvesting IC in the standard 0.35 um CMOS has been explained. The novel designs
for rectifiers have been developed and analyzed using this technology. However, in
the design of power processing unit discussed in section 1.3, better performance is
achievable using an advanced low voltage CMOS technology for a typical energy
harvesting interface circuitry. In this chapter, the theory, design, and simulation
results of different blocks of a complete energy harvesting interface electronics are

explained, which have been designed in TSMC LVT 90 nm CMOS process.

Section 4.1 explains the overview of the IC by introducing each implemented block.
Section 4.2 describes the design of ultra low voltage charge-pump circuit and the
simulation results proving its improved performance over conventional charge-
pumps. Section 4.3 presents the design of a low power ring oscillator based on
current starving method to be utilized together with the charge-pump circuit of
Section 4.2. Section 4.4 explains the theory, design and simulation results of a sub-
threshold voltage regulator suitable for low voltage and low power energy harvesting
applications.  Finally, Section 4.5 summarizes this chapter by highlighting the

achievements and important design points.

4.1 The Energy Harvesting IC Overview

Figure 4.1 shows the overview of the proposed architecture for the energy harvesting
IC in TSMC 90 nm CMOS process. The energy harvesting IC includes different

blocks which are implemented on the same chip, realizing a complete interface
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electronics to be incorporated with an electromagnetic power generator. The
maximum expected power consumption of each block has also been depicted. The
designs for highly efficient rectifier including both passive and active designs have
been fully explained in previous section in 0.35 pm CMOS process. In the
remaining sections of this chapter, the more focus has been taken for the design and
simulation results of each of the remaining blocks in Figure 4.1 including the DC-DC
converter, the voltage regulator designs, and the power management unit, with

expected maximum current consumption values.

TSMC 90nm CMOS
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Energy Harvesting Power IC Storage 3 Storage
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Figure 4.1: The overview of the proposed energy harvesting IC in 90 nm CMOS.

4.2 The Designed Charge-Pump DC-DC Converter

The theory and state-of-the-art designs for different charge-pump circuits have
previously explained in section 2.3.2. In this study, a CMOS low voltage charge-

pump circuit utilizing the cross connected transistors has been designed.

Figure 4.2 shows the schematic of the designed charge-pump circuit in TSMC 90 nm
CMOS process. The Vry problem which is the main source of low efficiency in most
charge-pump circuits has been significantly solved using this design due to its
replacement with the drain-to-source voltage which is much smaller than the

threshold voltage.
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Figure 4.2: The 4-stage cross-connected CMOS charge-pump circuit for low voltage

applications.

Figure 4.3 shows the simulated output voltages of the designed charge-pump circuit
for Ri=100 kQ and C,,= 100 pF. In order to make a comparison, the simulation
results of conventional Dickson charge-pump have also been shown. The utilized
cross-connected design shows a significantly higher performance due to its decreased
threshold voltage mechanism. For the input voltages above 0.4 V, or load current
higher than 4 pA, an output voltage of 1 V is generated at the output which is high
enough to be used for driving other next blocks such as voltage reference block. The

generated voltage stays above 2 V for the input voltages higher than 0.6 V.
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Figure 4.3: The simulated output voltages of the charge-pump circuits for Ri=100
kQ and C,,= 100 pF.
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The charge-pump circuits have also been tested under different load conditions for a
fixed amount of input voltage. Figure 4.4 shows the generated output voltage of the
circuits while the load value has been swept from 1 kQ to 1 MQ for an input voltage
of 0.6 V. The cross-connected design is able to generate output voltages more than 1

V for the load values higher than 30 kQ.

Output Voltage (V)

1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
R.(Q)

Figure 4.4: The output voltage of the circuits for different output loads for V;,=0.6 V.

Table 4.1: The design parameters of the charge-pump DC-DC converter.

My and Mp (W/L) 5 pm /200 nm
Cross Connected
Cl-Cg 5 pF
My (W/L) 20 pum/ 100 nm
Dickson
Cpump 5 pF

4.3 The Oscillator Design for the Charge-Pump Circuit

As shown in Figure 4.2, there are two non overlapping clocks in the design of the
utilized charge-pump which expresses the need for an oscillator. Normally, ring
oscillators are used to generate an on-chip oscillator in CMOS technology. The
power consumption of a ring oscillator depends on the output load capacitor,
operation frequency and the supply voltage. In this work, a current starved ring

oscillator has been designed to greatly decrease the power consumption of the
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oscillator as shown in Figure 4.5. The EN pin in the input of the NAND gate,
enables the circuit to oscillate when is logic high. In this design, a separate current
source formed by the left part of the circuit generates a current and biased the digital
blocks of the oscillator using that current. A maximum total current of 1 pA is

drawn from the power supply using this method for an oscillation frequency of 2 - 7

MHz.
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Figure 4.5: The current-starved ring oscillator designed in TSMC 90 nm CMOS

Process.

Table 4.2: The (W/L) of the ring oscillator circuit in Figure 4.5.

Transistor W/L
Mp, 200nm / 20 pm
Mxi1-Mns 200nm / 600 nm
Mp2-Mps 200nm / 600 nm
My, Mp (NAND) 200nm / 600 nm
My, Mp (INV) 200nm / 600 nm
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4.4 The Designed Voltage Regulator

The theory and different designs for voltage regulators have been previously
discusses in Chapter 2. There are a few architectures which are proposed for the low
power energy harvesting applications and the main design for it has been shown in
section 2.4.2. Figure 4.6 depicts the schematic of the designed voltage reference
generator. It consists of a current source generator in the left and a circuit to create a
supply and temperature independent voltage reference. The current source sub-
circuit is based on a f multiplier self-biasing circuit and uses a MOS resistor Mg
instead of an ordinary passive resistor. This greatly decreases the required area of
the circuit by operating the My transistor in the linear region. The bias-voltage sub-
circuit accepts the current through PMOS current mirrors and generates the reference
voltage. The bias-voltage sub-circuit consists of a diode-connected transistor (Mxys)
and two differential pairs (Mns-Mn7, Mns-Mng) and is based on the translinear
principle. All the MOSFETs are operated in the sub-threshold region except for
MOS resistor Mg, which is operated in deep triode region. An operational amplifier
and NMOS current mirror (Mx;, Mn2) are used to improve the power supply

rejection ratio (PSRR) and line sensitivity of the circuit.
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Figure 4.6: The schematic of the designed voltage reference in TSMC 90 nm CMOS.
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The sub-threshold MOS current I, can be expressed as
I, =Klyexp((Ves =V )/ nVy) 4.1)

where K is the aspect ratio (=W/L) of transistors, Io(= f(n—1)V7’) is the process-
dependent parameter, V7 (= kzT/q) is the thermal voltage, V7y is the threshold voltage
of a MOSFET, and 7 is the sub-threshold slope factor. In the circuit in Figure 4.6,
the current /p flowing in the circuit is determined by the ratio of My3; and My and

the resistance of MOS resistor Mg, and it is given by
Ip = BVier = Vi Vyin(K, / K,) (4.2)

where f is the current gain factor. In the bias-voltage subcircuit, gate-source
voltages of transistors (Vgs wmns through Ves auwe) form a closed loop with the

reference voltage Vgzgr , so it could be found that,

VREF = VGS JMN5 VGS,MN6 + VGS JMNT T VGS ,MN 8 + VGS ,MN9

2K K (4.3)
= VGS,MNS + UVTln(ﬁ
where,
Visaws =V +0Vpin(31, /1 K1) 4.4)

Because the voltages in the Vggr equation have negative (Vn) and positive (Vr)
temperature dependence, respectively, a constant voltage reference circuit with little
temperature dependence can be constructed by adjusting the size of the transistors.
Note that the threshold voltages of the transistors in the source-coupled pairs (Mye-

Mn7, Mng-Mnpo) are canceled each other by source-coupled circuit configuration.

The temperature dependence of the threshold voltage can be given by Vg = Vi
—kT, where Vrpy is the threshold voltage at absolute zero, and « is the temperature
coefficient of the threshold voltage [61]. On the condition where Vigr — Vi <<

kT, temperature coefficient of reference voltage is,

65



AV wer — k4 1k g In Ognk KKK

kz
In(—) (4.5)
dT q ky,(n-1) K.K.K, Kk

A constant voltage with a zero temperature coefficient could be achieved properly by
setting the aspect ratios such that dVggr /dT =0 in equation (4.5). Then, the output

voltage Vgzgris given by
Vier = Vo (4.6)

Therefore, the circuit generates the threshold voltage of MOSFET (Mxs) at absolute
zero temperature. Figure 4.7 shows the op-amp which has been used in Figure 4.6
and operates in the sub-threshold region. Table 4.3 presents the W/L ratio of the

transistors which are used in Figure 4.6 and Figure 4.7.
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Figure 4.7: The sub-threshold op-amp which is designed and utilized in Figure 4.6.

Table 4.3: The W/L ratio of the transistors of the voltage reference generator.

Transistor W/L
Mp;- Mps 10 pm/ 10 pm
Mni1, Mn; 60 um /3 pm
Mz, Mg 600 pm /2.8 pm
Mxs, M7, Mo, Mo 6 um/3 pm
Mns, Mne 252 um/ 3 pm
Mg 500 nm /20 pm
M, M 2 um/2 pm
M;, My 200 nm/ 10 pm
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Figure 4.8 shows the simulation results of the generated Vggr for different supply
voltages. Based on the transistor configurations and design for temperature
compensation, a reference voltage of 485 mV is generated while Vpiy is slightly
higher than 500 mV. The variation of Vggr is within the range of = 6 mV for 0.6 <
Vupply < 2.8 V. Figure 4.9 shows the output Vrgr voltage for while the temperature
has been swept within a range of 0° to 60° C, where the voltage variation is about 12
mV. The power consumption of the voltage reference generator is 1.5 pW at

maximum.
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Figure 4.8: The generated Vggr for different supply voltages.
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Figure 4.9: The generated Vggr for different temperatures.
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Figure 4.10: The voltage regulator stage with previously designed voltage reference.

Figure 4.10 shows the designed voltage regulator stage along with the previously
designed voltage reference block. It consists of a PMOS input operational amplifier
and a pass transistor to regulate the input voltages. The amplifier compares the
voltage difference between the reference voltage and the output DC voltage and

drives the pass transistor accordingly.
4.5 Summary of the Chapter

In this chapter, the design, and simulation results of the proposed architecture for
energy harvesting IC in TSMC 90 nm CMOS process, has been demonstrated. The
designed ASIC includes different blocks which are required to realize a complete
energy harvesting interface electronics. The designs that were discussed in this
chapter include the charge-pump DC-DC converter, the on-chip ring oscillator, and
an ultra low power voltage regulator block. The achieved power consumption of
each block is the least, reported in the literature. The proposed IC is a novel solution

to be interfered to low voltage and low power micro power generators.
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CHAPTER 5

THE EXPERIMENTAL RESULTS AND
IMPLEMENTED ENERGY HARVESTING
SYSTEMS

This chapter describes the experimental measurements related with the fabricated
energy harvesting IC and the constructed energy harvesting systems. Firstly, the
proposed block diagram for each energy harvesting system is given in which each
type of the energy harvester module is integrated with its interface electronics
depending on the characteristics. Then, the design and implementation of the
constructed prototype is explained. Finally, the constructed energy harvester systems
have been tested at different external vibration conditions and the performance
parameters of the system including the energy harvester mechanical characterization
and results of the interface electronics for each input excitation have been explained.
Section 5.1 describes the implemented energy harvesting system by using discrete
components. Although it is not a very efficient system, it shows the feasibility of
integrating the energy harvesting module with circuitry and highlights the important
parameters for an efficient system design. Section 5.2 explains the measurement
results of the system which is composed of an energy harvester based on frequency-
up-conversion method and a highly efficient passive rectifier in 0.35 pm CMOS
process. In Section 5.3, a modified version of the system in 5.2 is presented in which
the same circuitry is combined with an energy harvester module which operates in a
smaller frequency range, suitable for ultra low frequency applications. Section 5.4
describes operation and measurement results of a very compact electromagnetic
energy harvesting system. Section 5.5 ends this chapter by explaining the system

which uses an energy harvester module similar in Section 5.4 and an active rectifier
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for converting the generated power with maximum efficiency. Also, the proposed
architecture for providing the power of the active rectifier using a network of small

sized discrete components is explained

5.1 The Energy Harvesting System Utilizing Discrete Components

In this section, the implementation and measurement results of an energy harvesting
system which uses an interface electronics by discrete components, is explained.
The feasibility of integrating an energy harvester with some electronics, the effect of
threshold voltage on the total performance of the system, and the powering up a

commercial IC using the provided supply has been demonstrated.
5.1.1 The System Block Diagram

Figure 5.1 shows the block diagram of the system based on discrete components. A
two stage Dickson charge pump circuit has been used to realize the rectification and
step up as described in section 2.2.1. A transformer (1:15) has also been used to
efficiently step up the AC voltage at the first stage to avoid the use of more low-
efficient charge pump stages. The last stage enclosed in a dashed box in the figure is
used as a realistic active load including a commercially available IC, as discussed

later in next section.

The block which is driven by the provided supply
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Figure 5.1: The block diagram of the system based on discrete components.
70



5.1.2 The Frequency Up-Conversion Energy Harvester

The utilized electromagnetic energy harvester, or micro-power generator, was
constructed at our lab based on mechanical frequency up-conversion [2, 3]
technique, as depicted in Figure 5.2 (a). The structure consists of a fixed-free
cantilever beam with a pick-up coil attached on the free edge, a magnet placed on a
vibrating diaphragm, and a mechanical barrier arm. The system is designed in a way
that the resonance frequency of the cantilever is much higher than the resonance
frequency of the support to realize the mechanical frequency up-conversion. This

module is beneficial for harvesting very low frequency ambient vibrations (< 10 Hz).

Figure 5.2 (b) and (c) show the operation principle of the energy harvester module.
At the presence of low frequency external vibrations, the support carrying the
magnets move from its rest position (a), upwards (b), or downwards (c), following
the initial acceleration. The barrier arm touches, bends, and releases the cantilever
during this movement. When the cantilever is released, it vibrates at its resonance
frequency, which is much higher than the ambient vibration frequency. The same

stimulus occurs when the support is moving in the opposite direction.
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Figure 5.2: The EM harvester operation principle: (a) rest position; support moving

(b) upwards, and (¢) downwards [36].

As a result, up-conversion is realized twice in each period of the excitation. This
causes a change in the relative position of the pick-up coil with respect to the
magnet, and a decaying sinusoidal voltage is induced across its terminals with a
frequency much higher than the excitation frequency. With this, higher power levels
could be harvested from low ambient vibration frequencies. The detailed analysis

and simulation results of the utilized energy harvester structure have been previously
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reported in [21]. Figure 5.3 shows the output voltage waveform across the pick-up

coil at an excitation frequency of 5 Hz.
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Figure 5.3: The measured output voltage of the energy harvester at Fexcitation=5 Hz.

5.1.3 The Experimental Results

Figure 5.4 depicts the constructed energy harvester prototype based on frequency up-
conversion technique. The cantilever is 9 mm long, 7.5 mm wide with two cascaded
7.5x7.5x7.5 mm’ magnets placed on the support. The displacement of the cantilever
tip before release from its rest position is around 2 mm. The diaphragm is vibrated at
an excitation frequency of 5 Hz with a shaker table, imitating the ambient vibration.
The up-converted frequency, or the resonance frequency of the cantilever, is around

150 Hz in this prototype.

The schematic of the rectifier stages has been depicted in Figure 2.5 at section 2.2.2.
Two rectifier circuit prototypes were built, one using standard Vry IN4007 diodes,
and the other using lower Vg Germanium 1N60 Schottky diodes. The capacitance
values are selected as C;=C,=Cs=1 pF, and C4=C,,=10 pF (Figure 2.5) to minimize
output ripple. Figure 5.5 shows the output 4.5 V DC which is achieved for a load
current of 5 pA, which has a generally acceptable output ripple of only 2.5%.
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Figure 5.4: (a) Side, and (b) top view of the constructed harvester prototype.
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Figure 5.5: The output DC voltage of the system using Co,=10 pF at I} 0,¢=5 HA.

Figure 5.6 indicates the measured sensitivity curves for output voltage, output power,
and power conversion efficiency for both regular diode and Schottky 1N60 diode
implementations. The output voltage, power, and power efficiency of the two
variations of the interface circuit are validated with a range of resistive loads. The
schottky diode implementation performs better than the implementation with regular
diodes due to the lower threshold voltages. For the load current between 15-20 pA,
an efficiency of 35% is achieved using schottky diodes, whereas the efficiency does

not exceed 25% using regular diodes.
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efficiency, with varying DC load current, and Vry.

A comparator in synchronous rectifier configuration (Figure 5.1) was selected as the

active load [5] to demonstrate a real application of the provided supply of the energy

harvester.

rectifier which compares the input AC voltage to the output DC voltage at node D,
utilizing the provided voltage of the system at node C. Figure 5.7 shows the

synchronous rectifier output. A voltage of 2.5 V is achieved at the output of node D.

The LTC1540 comparator IC has been used at the core of the active
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The top smooth signal shows the output DC voltage at node D. The level of the
highest peak of the stepped up AC signal at the second winding of the transformer is

3 V and is also shown in Figure 5.7.
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Figure 5.7: The stepped-up harvested voltage and the output DC voltage of the

synchronous rectifier.

In this system, an interface circuit is presented for a vibration based electromagnetic
(EM) energy harvester which works with the mechanical frequency-up-conversion
principle. The AC signal of the Energy Harvester is fed to the circuit and an
acceptable value for the output voltage with a reasonable ripple is achieved. At load
current of 5 pA, a DC voltage of 4.5 V with a 2.5% ripple is achieved. The
maximum power efficiency of 35% is validated with a voltage range of 2-2.5 V and
a load range of 15-20 pA. It was concluded from the experiments that the combined
efficiency of the rectification and step-up could be further improved when the design

is integrated into an IC process with low Vg options.

5.2 The Energy Harvesting System Utilizing Highly Efficient CMOS
Passive Rectifier Operating at 10 Hz

This section presents the constructed vibration-based electromagnetic energy
harvesting system utilizing the novel and highly efficient passive interface
electronics. This system is composed of an energy harvester module, and a compact
0.35 um CMOS IC, which have been previously explained. The proposed system is
realized as a complete System-on-Package and is fully validated. It is capable of

powering a 1.5 V, 15 pA load with 65% conversion efficiency, and 5% ripple, at an
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external vibration frequency of 10 Hz. The recorded efficiency is the highest
achieved value for vibration-based EM energy harvesters with passive rectification to

the best of author's knowledge.
5.2.1 The System Block Diagram

The energy harvesting module operates based on the same principle as described in
5.1.2, up-converting the environmental low frequency vibrations for increased AC
power output. The interface circuitry is based on the proposed passive boot-strap
rectification technique (BSR) which has been fully explained in 3.3. Figure 5.8
depicts the block diagram of the proposed system. The system consists of an energy
harvester module, a transformer, a power IC, and an external output capacitor to
store the converted DC voltage. The generated AC signal is stepped up using a
(1:10) small-sized transformer. The power IC converts the stepped-up AC signal to
DC by using a boot strap rectifier (BSR), and stores it on the output capacitor. Two
other state-of-the-art rectifiers (explained in 3.2) are implemented on the same chip,
in addition to the proposed BSR, to make a realistic performance comparison. Figure

5.9 shows the wire-bonded 0.35 pm CMOS ASIC which is used during testing.

IDUQOQ, AsIC =.

o c Transformer BSR

o 9:") EM (AC Step—up)g,\ St :5

=] : --{ FWBR + ——_ Olorage

8 e T | T
> Ly L. . . »

= L.—.-l GCCR +---!

Figure 5.8: The block diagram of the proposed system operating at 10 Hz.

Figure 5.9: The implemented 0.35 pm CMOS ASIC packaged for testing.
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5.2.2 The System Implementation and Experimental Results

Figure 5.10 depicts the constructed prototype of the proposed system. The
electromagnetic energy harvester module consists of a fixed-free cantilever beam
with a 200-turn pick-up coil attached on the free edge, two cascaded 7.5x7.5x7.5
mm’ magnets placed on the diaphragm, and a mechanical barrier arm. The generated
voltage across the coil terminals is stepped-up with a (1:10) transformer. The power
IC which does the AC/DC conversion is placed on a ceramic substrate and the

generated DC voltage is stored on a 10 pF capacitor.

T1 to the Load

Mechanical Barrier Arm  Cantilever

l Output _ -
Capacitor
| COI| _

Interface
ergy Harvestmg .
Module Transformer

Figure 5.10: The constructed energy harvesting system prototype.

The constructed energy harvesting system has been tested using a shaker setup.
Figure 5.11 shows the full test setup, which is composed of a shaker table, a control
unit, an amplifier, an accelerometer, and an interface computer. The desired control
input values, such as acceleration, velocity, and displacement levels, are all entered

to the system through the user interface running on a computer.
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Figure 5.11: Test setup and photograph of the components and measurement devices.

The energy harvester module has been stimulated at 10 Hz external vibration
frequency for each of the validated circuit types. Two periods of the generated
voltage at the energy harvester terminals are depicted in Figure 5.12 after step-up

using the transformer, while the up converted frequency is around 100 Hz.
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Figure 5.12: The generated output voltage of the energy harvester after the step-up.

All three implemented circuits have been validated with the same energy harvester
module to provide a realistic comparison. The load current for each circuit was
swept within 2 - 42 pA range by modifying a resistive load connected in parallel
with the output capacitor. The output voltage, the output power, and the power
efficiency of the rectifiers have been characterized for each configuration. Figure

5.13 presents the validation results. A maximum efficiency of 65% for 1.5 V, 15 pA
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load is achieved with the proposed BSR design, whereas the conversion efficiency is
less than 30% for FWBR and GCCR designs, proving the significance of the reduced
threshold voltage of BSR diodes. The improvement in the efficiency is roughly

100% compared to the previously reported interface circuit topologies.

Figure 5.14 depicts the output DC voltage and its ripple, generated by the BSR
circuit. The ripple value is 67 mV over 1.4 V, which is less than 5% of the output
voltage level for a 10 pF storage capacitor. The ripple values associated with FWBR
and GCCR are also presented for the same voltage, showing that the BSR circuit

provides a better ripple performance.
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Figure 5.13: (a) The output voltage, (b) the output power, and (c) the power
conversion efficiency of different rectifiers versus the output load current. The

current is swept within a 2 - 42 uA range.

Table 5.1 presents the comparison of performance results using 3 rectifiers for the
proposed system operating in 10 Hz and Table 5.2 summarizes the proposed system
specifications. The results of this work have been presented in Transducers'l
conference [15].
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Figure 5.14: The output DC voltage of BSR and the ripple values for different

rectifiers at Vo =1.4 V.

Table 5.1: Comparison of performance results using 3 rectifiers for the proposed

system operating in 10 Hz.

Rectifier Pmax (WW) Efficiency (%) Ripple (mV)
FWBR 7.5 25 86

GCCR 14.5 30 126

BSR 20 65 67

Table 5.2: The proposed system specifications operating in 10 Hz.

Operation Frequency

10 Hz

Magnet Specification

Two NdFeB Magnets
7.5x7.5x7.5 mm’

Saturation Magnetization 12T
Number of coil turns 200
Interface IC Technology X-FAB 0.35 ym CMOS
Max. power conversion 65%
efficiency (for 1.5 V 15 pA load)
Max. output power 22.5 uW

Max. output voltage ripple

67 mV (over 1.5 V)
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5.3 The Energy Harvesting System Utilizing Highly Efficient Passive
Rectifier Operating at 2 Hz

This section describes the results of an electromagnetic energy harvesting system
operating at very low frequency vibrations (< 5 Hz). In order to achieve high power
output from ultra low frequency vibrations, the same frequency up-conversion
mechanism has been used for realizing the energy harvester module. Also, a new
prototype is constructed utilizing the larger volume magnets and higher turn coil.
The complete system has a larger volume compared to the presented system at
section 5.2; however it is able to harvest high power at presence of ultra low
vibration frequencies. Furthermore, the reliable operation of a commercially
available temperature sensor, as a realistic load, has also been demonstrated by using

the energy harvester as a DC supply, operating at minimum external vibration level.
5.3.1 The System Implementation

The system block diagram is the same as in Figure 5.8 where the passive BSR design
has been used as the interface electronics for efficient power conversion. Figure 5.15
shows the implemented energy harvesting system which is designed to operate for
ultra low frequency vibrations. The electromagnetic energy harvester module
consists of a fixed-free cantilever beam with a pick-up coil attached on the free edge,
five cascaded cylindrical magnets placed on a support. Two mechanical barrier arms
are formed on the tip of the cantilever and the support. The generated voltage across
the coil terminals is stepped-up using a (1:4) transformer. The coil has 1000 turns
and its resistance (47 ) is matched to the primary DC resistance of the transformer
to transfer the maximum power from the coil to the interface electronics. The power
ASIC which does the AC/DC rectification is placed on a ceramic substrate and the
generated DC voltage is stored on a 10 uF SMD capacitor. The stepped-up AC
signal is converted to DC by using the passive interface electronics and is stored on
the output capacitor. The core of the AC/DC converter is a boot-strap rectifier (BSR)
as in 5.2 which is able to rectify the induced AC voltage with high efficiency without
using any external battery or start-up circuitry. Similarly, two other most commonly
used passive rectifiers are also implemented on the same chip, in addition to the
proposed BSR, to make a realistic performance comparison. The details of the
utilized interface electronics are given in Table 5.3. The resistive loads have been
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used to validate the interface electronics; in addition, a series of temperature sensors
have also been used as the load to prove the operation of the energy harvesting

system at low vibration levels (< 100 mg).

Mechanical Barrier Arm

Energy Harvestin = ) OCL)
gl\);lodule g Cantilever Transformer  Capacitor

Figure 5.15: The constructed prototype of the energy harvesting system operating at

2 Hz.

Table 5.3: Specifications of the interface electronics.

IC Technology X-FAB 0.35um 2P4M CMOS

BSR: 120umx170pm
Active Chip Area GCCR: 50pm*50pum
FWBR: 30pm>40pm

Chip Area with Bond 2

Pads 0.3 mm

CMOS |V1p|//ViN 0.73V/0.55V

On-chip Cgs poly-poly, 5 pF

Storage Capacitor 10 uF, AVX-CER 0805
Capacitor Dimensions 2 mm %x1.25 mm x0.5 mm
Transformer Type NEUTRIK, NTE-4
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5.3.2 The Experimental Results

The constructed energy harvesting system has been tested using a shaker setup, the
same as in Figure 5.11. Figure 5.16 shows two periods of the generated AC voltage
where an excitation frequency of 2 Hz has been up-converted to 100 Hz, under 72

mg peak acceleration while no interface network is connected.
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Figure 5.16: The generated AC voltage under 2 Hz, 72 mg peak acceleration

excitation.

The constructed system has been tested at different external vibration conditions and
the performance parameters have been recorded. The energy harvester module was
validated to operate under ultra low vibration levels over a frequency range of 2 Hz-
10 Hz and acceleration range between 0.072g - 1.81g. The system is targeted to
operate at very small vibration frequency and acceleration (< 100 mg) levels which
are abundant in many environments and generate DC voltage usable by an external
load. The constructed system is able to operate at higher frequency and acceleration
excitations; however, the test results are limited with the operation range of the

shaker setup.

Figure 5.17 presents the performance characterization results of the energy

harvesting system utilizing BSR as the interface electronics in terms of the generated
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output voltage (Figure 5.17 (a)) and power (Figure 5.17 (b)) for several output load
currents at four different excitation frequencies. For this characterization, the output

DC load current is measured as:

v
out ,DC

I, = 2 (5.1)
Load

where Vou, pc 1s the converted output DC voltage, which is stored on the output

capacitor, and Ryo,q 1s the resistive load at the output. The input power is measured

as the rms AC power and the output power is the converted DC power on the storage

capacitor as follows:

Pinput = ICoil[rms] X VCOil[rms] (52)
])out - ]out x Vout,DC (53)

The conversion efficiency of the active rectifier is the ratio of the total DC output

power to the generated AC input power:

Conversion Efficiency [%]= Lo x 100 (5.4)

input
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Figure 5.17: The converted output DC voltage and output power of the system

utilizing BSR as the interface electronics for different load currents under four

excitation frequencies while excitation displacement is 9 mm.

It is seen from Figure 5.17 (a) and (b) that, as the excitation frequency increases, the

converted output voltage and power is continuously increased for higher operation

frequency values, due to the higher available generated power of the energy

the range is limited at lower frequencies due to the less

However,

harvester.

since the storage capacitor is fully

>

available generated power at higher load current

At higher
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excitation frequencies, the generated power is also expected to start decreasing at

some point farther than the one for lower frequencies.
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Figure 5.18: The generated AC voltage across the coil of the energy harvester

module for (a) 4 Hz, (b) 7 Hz, and (c¢) 10 Hz excitation frequency while BSR

interface circuit is connected at no-load output condition.
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Figure 5.18 shows the generated voltage waveforms across the coil of the energy
harvester for three different excitation frequencies, where the up-converted
frequency is the same (100 Hz) for all three cases as it depends on the resonance
frequency of the cantilever. The generated voltage of the energy harvester decays
after the release of the cantilever, until the next contact to the support (Figure 5.16).
However, at higher vibration frequencies, the rms value of the generated voltage is
increased due to the fact of shorter intervals between damping of the decaying
sinusoidal waveform. Therefore, the finally converted output voltage and power is
increased. This implies a higher rate for charging the output capacitor at higher
excitation frequencies, which accounts for the increased output voltage and output

power of the system (Figure 5.17).

The maximum achieved output power of the energy harvesting system operating at
2 Hz, 72 mg peak acceleration, is 128 pW at 80 pA load current where a 1.6 V DC
voltage is generated. It is also possible to extract a 310 uW of DC power over a

2.5 V load and 124 pA under an excitation frequency of 10 Hz.

Figure 5.19 presents the comparison results of the output voltage, the output power,
and the power conversion efficiency of three implemented rectifiers on the same IC,
which have been tested with the same energy harvester module at 2 Hz and 72 mg
external vibration. The load current for each circuit is swept within 5 - 95 pA range
by modifying a resistive load connected in parallel with the output capacitor. A
maximum efficiency of 75% for 3.4 V, 17 pA load is achieved with the proposed
BSR design, and the efficiency stays above 60% for a relatively wide range of load
currents (< 50 pA). The maximum generated output power is 40 pW and 55 pW for
the FWBR and GCCR designs, respectively, which is less than half of the proposed
structure (128 uW) under the same conditions. Table 5.4 presents the specifications

of the proposed system.
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Figure 5.19: (a) The output voltage, (b) the output power, and (c) the power
conversion efficiency of three implemented rectifiers versus the output load current

at excitation frequency of 2 Hz.



Table 5.4: The summary of system specifications.

Operation Frequency 2 Hz

15 mm (diameter)x2.5

M t Di i
agnet Dimension mm(height) x 5

Saturation Magnetization 1.2 T

Cantilever Dimensions 15 mm x 15 mm

Cantilever Resonance 100 Hz
Frequency

Number of Coil Turns 1000

Coil Resistance 47 Q

The System Volume 21 cm’ (70 x 20 x 15)
Max. Output Power 128 uW

Max. Power Density 6.1 pW/ecm’

5.3.3 The Operation of a Temperature Sensor Network Utilizing the

Energy Harvesting System Working at 2 Hz

The proposed system is combined with a commercially available temperature sensor
[25] to demonstrate its feasibility with a real application. The sensors are tested in a
temperature controlled oven which is controlled by LakeShore Croyotronics® 330
cryogenic temperature controller. Temperature and output voltage is read by Agilent
VEE® with Lakeshore Cryotronics® and Agilent® 34401 Multimeter via GPIB

connection.

Figure 5.20 shows the performance results of the temperature sensor
characterization. Two sets of sensors are tested such that one set is supplied using a
regular DC supply and the other set is supplied by using the proposed energy
harvesting system, operating with 2 Hz, 72 mg vibrations. According to Figure 5.19,
the energy harvesting system utilizing BSR as the interface electronics is able to
deliver 3 V DC voltage at 20 pA load current. Figure 5.20 (a) shows the comparison

of the output of two temperature sensors, one operated with a DC supply, and the
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other one operated by using the energy harvester.

difference of the output voltages of temperature sensor sets according to:

Voltage Difference[%] =

Output Voltages Difference

Output Voltage (V)

Percentage (%)
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Figure 5.20: (a) The results of the temperature sensor using both energy harvesting

system operating at 2 Hz, 72 mg acceleration, and external power supply, (b) The

difference percentage of the output voltage of temperature sensors driven by

harvester and power supply.
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The voltage difference of the temperature sensor outputs are less than 2% over the
measurement range, which is within the specifications of the temperature sensor,

showing that the energy harvester is able to supply a practical load.

5.4 The Compact Electromagnetic Energy Harvesting System
Utilizing Passive Interface Electronics

In this section, a compact vibration-based EM energy harvesting system utilizing
passive rectifier as interface electronics has been presented. The energy harvester
module consists of an AA-battery sized cylinder tube with an external coil winding, a
fixed magnet at the bottom of the tube, and a free magnet inside. The transducer is
able to operate at low external vibration frequencies within a relatively high
bandwidth. The generated AC voltage is converted to DC using an optimized gate
cross coupled (GCC) rectifier circuit in order to decrease the effective threshold
voltage of the utilized diodes, increasing the DC output power delivered to the load.
The autonomous system, composed of an EM energy harvester module and a 0.35um
CMOS IC, delivers 11.6 uW power to a 41 pA load at an external vibration
frequency of 12 Hz. The volume of the total system is 4.5 cm’, and the overall

system power density is 2.6 pW/cm’.
5.4.1 The System Block Diagram

Figure 5.21 (a) presents the block diagram of the proposed energy harvesting system.
The system consists of an energy harvester module, a power ASIC and an external
storage capacitor. The kinetic energy resulting from the ambient vibrations is
converted to electrical energy by using an in-house EM energy harvester where an
induced voltage is generated across a coil due to the motion of a magnet with
external vibrations. There is no peripheral requirement such as a start-up battery,
step-up transformer, etc. for the IC in order to start or maintain its operation. Figure
5.21 (b) depicts the schematic of the utilized energy harvester module which consists
of a cylinder tube with an external 1200-turn coil winding, a fixed magnet at the
bottom of the tube, and a free magnet inside. The same poles of the magnets face
each other to suspend the free magnet. The free magnet starts moving in presence of

external vibrations.
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Figure 5.21: (a) The system block diagram, (b) the schematic of the energy harvester

module.

5.4.2 The Experimental Results

The fabricated prototype of the proposed system is shown in Figure 5.22. The total
volume of the prototype is 4.5 ¢cm’ including the energy harvester module, the
interface electronics, and the external storage capacitor. A small-sized 10 uF SMD
0805 capacitor, mounted on the same substrate next to the IC, is used for storing the
output DC voltage. The constructed system has been characterized for different
excitation vibration frequencies and the generated rms voltage across the coil has
been depicted in Figure 5.23. Also, the harvested AC waveforms at three different
frequencies are depicted in Figure 5.24. The highest induced rms voltage (650 mV)
is reached for an excitation frequency of 12 Hz and the operation bandwidth of the

harvester is 2.5 Hz.
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Figure 5.22: The fabricated compact energy harvesting system prototype.
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Figure 5.23: The output RMS voltage of the energy harvester for different excitation

frequencies.

Figure 5.25 shows the comparison of the output voltage and output power of the
implemented circuits against the load current which is swept within a 1 pA to 64 pA
range. The maximum output power of 11.6 uW is achieved using the GCCR design
however the maximum extracted power of FWBR is 2.35 uW which highlights the
improved performance of threshold-voltage reduction effect of GCCR design in a

standard CMOS technology.
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Figure 5.25: The output voltage and output power of two rectifiers versus load

current which is swept from 1 to 64 pA.

Figure 5.26 illustrates the generated AC voltage of the energy harvester module and
output DC voltage with a mechanical excitation profile of 12 Hz, 2.26g peak
acceleration at output Ij,,¢=41 pA where maximum output power is achieved. The

induced peak-peak voltage is 2.75 V with 650 mV rms and converted output DC
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voltage is 285 mV with 50 mV ripple (for R; =7 kQ). The system specifications are
summarized in Table 5.5. The results of this work have been presented in

Eurosensors 2011 conference [60].
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Figure 5.26: The output of the energy harvester module (blue) and converted DC
voltage (green) at Iy oaq=41 HA.

Table 5.5: The compact energy harvesting system specifications.

Operation Frequency 12 Hz
Magnet Dimensions 4x4x4 mm’
Number of coil turns 1200

Coil resistance 60 Q

IC Technology 0.35 um CMOS
The System Volume 4.5 cm’
Max. Output Power 11.6 pW
Max. Power Density 2.6 pW/ecm®
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5.5 The Fully Self-Powered Energy Harvesting System with Highly
Efficient Active Dual Rail Output

In previous section, a compact EM energy harvesting system is presented which uses
a passive interface electronics. However, as discussed in section 3.2, the conversion
efficiency of passive rectifiers is low due to the voltage drop across the diode-based
blocks. In the other hand, active rectifiers can provide much higher conversion
efficiencies as they can be optimized to have very low voltage drop and therefore
very high conversion efficiency. Their main obstacle is that they need an extra

power supply for powering the active blocks.

In this section, a fully self-powered electromagnetic energy harvesting system
utilizing a double coil transducer and a highly efficient dual rail active rectifier (as
described in section 3.4) is presented. The proposed compact EM energy harvesting
system has a larger volume than the system presented in previous section; however,
it attains high power generation density when subjected to low frequency vibrations.
A dedicated coil provides the required DC power to drive the active rectifier without
the need for any battery. The +/- DC voltage pair for the active rectifier is generated
through a network of ultra-low threshold voltage diodes and chip capacitors. The
complete harvesting system is implemented as a System-on-Package (SoP) with a
size of a C-Type battery, and delivers a smooth dual rail DC voltage which can

directly be utilized by common sensor networks.
5.5.1 The Proposed Energy Harvesting System

Figure 5.27 presents the block diagram of the designed energy harvesting system.
The system consists of an energy harvester module, a set of surface-mounted discrete
diodes and capacitors, a custom power ASIC, and two external output storage
capacitors. The kinetic energy resulting from the ambient vibrations is converted to
electrical energy through a low cost and simple EM energy harvester, where an
induced voltage is generated across the terminals of two separated coils (Coil 1 &
Coil 2). The harvested AC signal on Coil 2 is fed to the bias generator network of
rectification and step-up circuits that is built from ultra low threshold-voltage diodes
and small sized capacitors. The network converts and steps up the AC signal into

two DC voltage supplies, Vpp and Vgs. The produced double supply voltage is used
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to provide DC power for the ASIC active rectifier, which converts the main AC
signal on Coil 1 to dual rail DC, and stores it on two external output capacitors, Cou+
and C,y.. The interface electronics is packed on a compact circular PCB and placed

below the energy harvester module.

v Custom IC Vs
IDDDDD'; I Active Rectifier I 44—t
r\ > Vpp Coutr
EM Coil 1V > e OuT+
Energy N o—] Vss
Harvester > Voo
> L 0uT-
Vss
V.

e

10 uF 10 uF

I1l

Cout-
4t

A Y

Half-wave Rectifier

e

i |

¢
L-q,] Disckson Rectifier

\ Coil 2° o—u—o _°VSS
; .—||—.
Dual Rail Bias Generator

SMD Devices

Figure 5.27: The block diagram of the proposed energy harvesting system utilizing

active dual-rail output.

5.5.2 The Utilized Energy Harvester Module

The utilized energy harvester module is a simple and low cost EM energy harvester
structure [23-24], which is adopted as the power source for the system (Figure 5.28).
The package structure is similar to the module in section 5.4 and is a cylinder tube
with a cylindrical hole inside it and two caps at bottom and top ends. A magnet is
fixed on the bottom cap, and a free magnet is placed inside the tube such that the
same poles of the magnets face each other to suspend the free magnet. Two separate
coils are wound around the designated cavities on the outer boundary of the tube

with lengths hy. and hge.
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Figure 5.28: The detailed structure of the EM harvester module together with the

schematic view of the overall system.

The free magnet starts moving and travels through the tube at presence of external
vibrations, inducing AC voltages across the terminals of the two coils. There are

several forces acting on the magnet during motion which are: the gravitational force

mg , input force to the system by the vibration Fi , magnetic repulsion force
-
resulting from the interaction with the fixed magnet F .., electromagnetic damping
- -
force of the magnetic field of the coils Fscoin, air damping force Fs.air, frictional
-
force between the tube walls and the magnet edges F s, and the crash-impact force

F crasn which exists during the momentum change when the magnet touches to the

upper cap [23]. So, the net force on the magnet can be formulated as:
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- - -

- - - - - -
Fnet = mg+ Fin+Fmag+Fb,coil+ Fb,air+Fﬁic+Fcrash = ma(t) (56)

- -
where m is the mass of the magnet, g is the gravitational acceleration, and a(¢) is

the instantaneous acceleration of the magnet. The last three terms in (5.6) are

dissipative force terms and these should be minimized for a more efficient energy
. > . . . . . .
conversion. Among these, F'»ar1s minimized by introducing a hole on the upper

5
cap, and Fsicis minimized by using rectangular magnets while the tube is

cylindrical. The losses during the non-elastic collusion between the magnet and the
upper cap could be reduced by using a proper non-magnetic spring; however this is
not preferred for the sake of structural simplicity. Another option is to use a third
magnet attached to the upper cap as in [24], however this sets the operation

frequency of the system much above the desired range (< 10 Hz).

The operation frequency of the energy harvester is determined by the force
interaction between the magnets (hence, the sizes of the magnets), the mass of the
free magnet, and partly by the total length of the cylindrical tube for the cases where
the magnet crashes the upper cap during operation. The desired operation frequency
range of 6 to 10 Hz is reached by using a 5.3x5.3x0.5 mm® fixed magnet and a
7.5x7.5x15 mm® free magnet placed inside a 50 mm-long cylindrical tube having 4
mm and 10 mm inner and outer radius, respectively. The total size of the system is

kept close to the size of a regular AA or C-Type battery.

The number of turns of the coils around the tube is determined regarding the overall
performance and efficiency of the system. Different prototypes with different coil
turns have been tested at different vibration conditions. A system with 600 turns for
both coils has been characterized, operating at 6 Hz, rectifying low amplitude
induced voltages; another system is also presented with a high power density,
optimized for relatively high input voltage levels, with coil turns of 600 and 300 for
Coil 1 and Coil 2, respectively. The details of these are discussed in Section 5.5.5.
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5.5.3 The Dual-Rail Interface Electronics

The core of the interface electronics is the active rectifier which has been previously
described in 3.4. A bias generator block comprising of high performance and very

small sized discrete components is used to power the active blocks using Coil 2

(Figure 5.29).

Vout+

ffffffffffff

| Cout+
=

==

VDD
VSS
\|
g | (L i}
——WWW——0 >0

Figure 5.29: The schematic of the interface electronics.

Figure 5.30 shows the schematic of the bias generator block that generates a dual rail
DC voltage (Vpp and Vgs) from Coil 2 to power up the active rectifier. A two-stage
Dickson charge pump [25] is used to generate VDD (Section 2.2.2), which rectifies
and steps up the AC voltage on Coil 2. The low threshold-voltage diodes are needed
to increase the output DC voltage and the power conversion efficiency. Since they
are not available in the utilized CMOS process, this block had to be built with high
performance and small sized discrete components. Schottky diodes are good
candidates to built up this block as they can provide very low threshold-voltages
(<100 mV). However, they have relatively high reverse current values (> 1 pA),

limiting the efficiency of the circuit. Several types of Schottky diodes have been
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tested considering both of these factors, and ultra-low threshold voltage chip diode,
PMEG2005EL from NXP Semiconductors [26] has been selected to be used in this
block. In order to generate Vsg, a half-wave rectifier circuit using the same diodes
and capacitors are used for powering the negative supply of the active rectifier (Fig.
4). By using this circuit, a smaller |Vss| is generated compared to Vpp, which
enables biasing the active block with a lower power consumption, increasing the
system efficiency. The capacitors, C;, C,, and C; are selected to be 1 pF based on
the targeted frequency range (< 10Hz), and the output storage capacitors, Ciemp+ and

Ciemp- are selected as 10 pF.

Half-wave |

Rectifier |
IC .

Harvester

Figure 5.30: The schematic of the dual rail bias generator.

5.5.4 The System Implementation and Experimental Results

Figure 5.31 (a) depicts the constructed prototype of the proposed energy harvesting
system. The electromagnetic energy harvester module consists of a cylindrical tube
with two caps on top and bottom, one flat magnet which is placed at the backside of
the PCB which also serves as the bottom cap, two cascaded free magnets inside the
tube and two coils with 300 and 600 turns which are wound around the tube (Figure
5.31 (b)). The interface electronics, including the custom ASIC and dual rail bias
generator components, has been implemented on a circular printed circuit board
(PCB), (Figure 5.31 (c)) and is attached under the harvester module. All four storage
capacitors (10 pF) are surface-mounted on the PCB substrate as well. The size
comparison of the prototype with AA and C-Type batteries is presented in Figure

5.31 (d). Table 5.6 presents the specifications of the utilized interface electronics.
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Table 5.6: The Specifications of the active dual-rail interface electronics.

IC Technology XFAB 0.35pm 2P4M CMOS
. 0.0572 mm” (active chip area)
Chip Area 0.3 mm” (with bond IP;ads)
CMOS |V1p|/ V1N 0.73V/0.55V
Schottky Diodes Philips PMEG2005EL
Diode Area 0.6 mm”
V Forward Bias, Diode 125 mV
Diode Reverse
Current <lnA
Chip Capacitors AVX-CERO0805
Capacitor Dimensions 2 mm x%1.25 mm x0.5 mm
Total PCB Area 3.14 cm®
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Figure 5.31: Photographs of the proposed energy harvesting system. (a) fixed magnet
attached to the backside of the PCB, (b) the free magnet placed to the cylindrical
tube, (c) photograph of the PCB indicating the utilized diodes, capacitors, and the
CMOS IC, (d) completely assembled system, and (e) size comparison with AA and
C-type batteries.

The fabricated energy harvesting system has been tested using a shaker setup similar
to Figure 5.11, which is composed of the energy harvesting system prototype, a

shaker table, a control unit, an amplifier, an accelerometer, and an interface computer

(Figure 5.32).
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devices.

The constructed energy harvester system has been tested at different external
vibration conditions and the performance parameters have been recorded for each
mechanical excitation. The test results of two different prototypes are presented in
this section, with different number of coil turns. The first prototype with 600 turns
each for Coil 1 and Coil 2, is designed for high efficiency operation at low vibration
excitation levels, leading to low generated power values. The second prototype is
optimized for operation at higher generated power levels, and has 600 and 300 turns

for Coil 1 and Coil 2.

The prototype with 600 turns for both Coil 1 and Coil 2 has been tested where the
system operates at 6 Hz, inducing 500 mV peak voltage across Coil 1. Figure 5.33
(a) and (b) show the generated AC voltage, on Coil 1 and Coil 2, respectively. The
peak-to-peak displacement amplitude is 7 mm, corresponding to a peak acceleration

level of 0.5g.
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Figure 5.33: Generated output voltage of the energy harvester across (a) Coil 1, and

(b) Coil 2. Both coil turns are 600.

Figure 5.34 shows the generated peak-to-peak voltage on both Coil 1 and Coil 2 for
different vibration frequencies. The highest induced peak-to-peak voltage for both
coils has been reached for an excitation frequency of 7 Hz at 7 mm peak-to-peak
displacement. However, the results at 6 Hz, 7mm peak-to-peak excitation has been
presented in order to show the performance of the interface electronics at low

induced voltage levels.
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Figure 5.34: The output peak-to-peak voltage of the energy harvester for different

excitation frequencies with a displacement of 7 mm.

Figure 5.35 presents the performance characterization results of the interface
electronics for the specified vibration conditions in terms of the output voltage,
output power, and the circuit conversion efficiency for several output load currents.

For this characterization, the output DC load current is measured as:

-V

out—

V.

out+

out R (57)

Load

where Vo and V.. are the positive and negative output DC voltages, which are
stored on the output capacitors, and Ry, is the resistive load which is placed
between dual rail outputs. Figure 5.35 (a) depicts the converted output DC voltages
versus the load current. The input power is measured as the rms AC power and the
total output power is the summation of the stored DC power values on the storage

capacitors. These are formulated as follows:

Bnput = ICoill[rms] X VCoill[rms] (58)
Pout = ]out X (Vout+ - Vout—) (59)

where P, is the total output power of both positive and negative outputs for the

same I, value.
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Figure 5.35: (a) The converted positive and negative output voltages, (b) the output
power, and (c) the AC/DC power conversion efficiency of the main rectifier, versus
The vibration frequency is 6 Hz and the peak-to-peak displacements 7 mm,

corresponding to a peak acceleration of 0.5g.

Iout-



The conversion efficiency of the active rectifier is the ratio of the total DC output
power to the AC input power across Coil 1,

Conversion Efficiency [%] = Ko, 100 (5.10)

input
Figure 5.35 (b) and (c) depict the total DC output power and AC/DC power
conversion efficiency of the rectifier versus the load current. The results prove that
the designed interface electronics is able to convert the low voltage (500 mV pea) and
low power (< 5 pW) AC signals to DC. The efficiency of the interface electronics
remains over 80% for load currents below 6 pA. The generated DC power is
maximized at 5.5 pW over a 13.5 pA (17 kQ) load with 68 % conversion efficiency,
while providing a 0.42 V dual rail DC supply with Vg, and V. are realized as
0.162 V and -0.261 V, respectively.

In order to demonstrate the high input voltage case, arising from a higher amplitude
and higher frequency vibration, the second prototype with coil turns of 600 and 300
for Coil 1 and Coil 2, respectively, has been characterized. The maximum induced
voltage for this system is reached for 8§ Hz, 8 mm peak-to-peak excitation,
corresponding to 1.03g peak acceleration. Figure 5.36 (a) and (b) show the

generated AC voltage for this case on Coil 1 and Coil 2, respectively.

Figure 5.36 shows the generated peak-to-peak voltage of this prototype for different
vibration frequencies while the displacement is set to 8 mm. A relatively wideband
operation is observed for frequencies between 6 Hz and 10 Hz. The frequencies

higher than 10 Hz could not be tested due to the limitations of the shaker table.
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Figure 5.37: The output peak-to-peak voltage of the energy harvester for different

excitation frequencies with a displacement of 8 mm.

111



o
P T = O B B —
o 'ap ! 1 1 o\ 1 1 1 1 0 1
W@ | Lo i | | T i
|..«|m|cum||_|| < | e I M B O L — oo [ Lo
= 1 i T o i 1 T 1 1 1 1 1
o V 1 1 1 I 1 1 1 1 1 1 1 1
> g 1 1 1 1 1 1 1 1 1 1 1
o 'S ! 1 1 1 1 1 1 Qo ! 1 1 1 1
S 5 1 1 1 1 1 I2) 1 1 1 1 1
R _r--ﬁ---c-oOu--."---"- T eIy T C CT N
R R TN
(s _N 1 1 1 1 1 1 1 F " " " " "
va - T i o e S
1 1 1 1 1 1 1 ..qum 1 1 1 1 1
o N - |5 | i i i
1 1 1 1 1 1 = 1 1 1 1
A R - L B e e =T N T S
1 1 1 1 1 1 I o 1 1 1 1 1
1 1 1 1 1 1 { .m bqna 1 1 1 1 1
I N 1% . N\
| mea = |8 ! i i i i
1 1 1 1 1 = 1 1 1 1 1
1 1 1 1 1 L} (@) N 1 1 \ 1 1
1 1 1 1 I 1 1 1 1
et At - e s N S
| 1 | 1 1 (o] O 1 1 1 1 1
1 1 1 1 1 I ] O 1 1 1 1 1
1 1 1 1 1 1 s 1 1 1 1 1
bbb @tk b N\
1 1 1 1 1 1 | 1 1 1 | 1
1 ] 1 1 1 1 1 1 1 1
1 ] 1 1 1 1 | 1 1 1 h 1
1 ] 1 1 1 1 1 1 1 1
R SR R > R SEE L NN EERS e S R
1 ] 1 1 1 1 1 1 1 1 1
1 ] 1 1 1 1 1 1 1 1 1
1 ] 1 1 1 1 ’ 1 1 1 1 |
o [ A <> W U S A | R R [ S L _||||/.|||
F--1 = -1 1 r T 1 | i
o A | | | i i N\
I R | | i i oY
—t—+— —t—+—+— t t t t t
S © o o S o S o N =] 0 © < N
(A) @3e3jon 3@ andano (mn) 1amod 5@ indino

100

20

10

AT TSI roT oo
ikl e
il

60 -~
50 +----
10 +----

(%) Adua1d143 uoiIs1dAUO)

0

20 30 40 50 60 70 80 90 100
Load Current (pA)

10

Figure 5.38: (a) The converted positive and negative output voltages, (b) the output

power, and (c) the AC/DC power conversion efficiency of the main rectifier, versus

The vibration frequency is 8 Hz and the peak-to-peak displacements 8§ mm,

Iout-

corresponding to a peak acceleration of 1.03g.

Figure 5.38 presents the performance characterization results of the interface

electronics for the specified vibration conditions and coil turns for a wide range of
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output load currents. The designed circuit is able to generate 54 pW DC power over
a 37 pA (40 kQ) load with 85 % conversion efficiency, while providing a 1.46 V
dual rail DC supply with Vg, and Vg, are realized as 0.62 V and -0.84 V,

respectively.

It is seen from Figure 5.38 (a) that the converted output DC voltage decreases in
amplitude almost linearly with increasing load current (decreasing load resistance)
implying the higher discharge rate of the output capacitors at higher load current
values. However, the relatively low slope indicates the efficient conversion of the
AC voltage to DC. The conversion efficiency is almost constant (> 90%) for a load
current range of 1 to 20 pA. The efficiency tends to decrease slightly for higher load
current values since the mechanically generated input power starts to limit the
charging rate of the output capacitor. In other words, the discharge rate of the output
capacitors with a resistive load in parallel is higher than its charging rate; leading to
the conversion efficiency drop of the active rectifier. However, the efficiency

remains above 80% up to 42 pA of load current.

Figure 5.39 (a) and (b) show the generated AC input power on Coil 1, and the
conversion efficiency of the active rectifier versus different resistive loads,
respectively. It is seen from Figure 5.39 (a) that the input AC power generated over
the coil is dependent on the output load resistance of the system. As the output load
increases, the generated AC power decreases. This can be explained as follows:
According to (5.8), the generated input power is the multiplication of the induced
voltage across the coil by the coil current. Since the coil has a very low impedance
compared to the effective input impedance of the rectifier, it could be said that the
induced voltage across the coil depends only on the mechanical input characteristics,
independent of the electrical network which is connected to the coil. Furthermore, in
a similar way, the current of the coil depends on the connected electrical network and
output load of the AC/DC converter. By decreasing the output load impedance
connected in parallel with the output capacitor (increasing the load current), higher
current is drawn from the coil, and the generated AC input power from the energy

harvester is increased.
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Figure 5.39: (a) The generated AC input power, and (b) the conversion efficiency of

the AC/DC converter versus load values.

5.5.5 The System Efficiency

A portion of the generated power is consumed by the operation of the active rectifier
block. Hence, while calculating the efficiency of the total system, the consumption
of the active rectifier should also be considered. The system efficiency is defined as:

P —P . (5.11)
SySl‘em EﬁiCiency [%] — output Active Consumption x 100

input

According to equation (5.11), maximizing the system efficiency requires the
minimization of Pactive Consumption, the amount of power that is consumed by the active
rectifier during AC/DC conversion. The active rectifier is designed to operate for a
wide range of supply voltages (Vpp and Vss); however its power consumption- is

variable for different supply values, affecting the total system efficiency. Since the
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active block needs a minimum DC voltage supply to operate, the total system needs a
minimum vibration input, hence minimum induced voltage in order to start power
conversion. By increasing the number of coil turns, it is possible to induce higher
voltages for the same vibration condition. Similarly, it is also possible to operate the
system at a lower mechanical vibration levels. However, the power consumption of
the active circuit becomes higher at higher induced AC voltages, which decreases the
total system efficiency. Therefore, a compromise must be made between the coil
turns and amount of generated voltage to maximize the total system efficiency. In
order to investigate this phenomenon, several prototypes with different coil turns
have been tested under different input vibration conditions. Table 5.7 presents the
prototype coil turns, vibration conditions, and the corresponding performance results.
The maximum achieved system efficiency is 81% for a 37 pA load current
corresponding to 40 kQ load resistance (54 uW), and 600 and 300 turns for Coil 1
and Coil 2, respectively while the input excitation frequency is 8 Hz with a peak
acceleration of 1.03g. The volume of the total system including the mechanical
transducer and interface electronics is 16 cm’ and the corresponding maximum

power density is 6.06 pWem™ for the above configuration.

It should also be noted that the case A in Table 5.7 (as in Figure 5.35), presents a low
vibration level condition for the proposed system, for which the interface electronics
is mainly designed. A system efficiency of 80% is also reached for this case, proving
the operation of the electronics for low input AC voltage conditions. In addition to
this, the consumption of the rectifier is much lower than the other cases. On the
other hand, since the input power is low, the generated power at this configuration
also low, leading to a low output power and power density. If the input vibration is
increased (cases B-D), the output power increases with the cost of a decrease in the
system efficiency. In such cases, since the peak amplitude of the AC signal is
higher, the rectifier has to be biased with higher Vpp and Vg, resulting in an increase

in its power consumption, and a decrease in the total system efficiency.
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Table 5.7: The prototype coil turns, vibration conditions, and the corresponding performance results.

Excitation Peak Acceleration Max

Generated  Active Power ) The maximum system
Achievable i

Coill / Coil2 (xg)/F. Hz)/ Peak t
Case ot 0il2 (xg) requency (Hz)/ Peak to Voo (V)/ Consumption efficiency
#Hturns Peak Displacement (mm) Output Power
VSS (_I/) (/,[VV) @ ILaad» Paul
(uw)
Y 80% @
0.5/6/7 1.2/0.45 0.16 5.5 575 A, 3.5 pW
B 73% @
0.57/6/8 1.5/0.75 1.7 11 16.5 pA, 11.5 pW
—c— 600/600 2% @
52%
0.69/7/7 2.8/1.4 30 89 50.5 wA, 76 W
D 46% @
1.03/ 8/ 8 32/15 47 125 54 pA, 100 pW
E 2% @
0.69/7/7 1.95/0.83 4.6 72 33 pA, 43 uW
5 600/300 1% @
81%
1.03/8/8 2/0.85 5.4 97 37 pA, 54 pW
o,
300 /300 1.03/8/8 2/0.85 5.4 19 62% @

15 pA, 16 pW




Another point that should be discussed is the achieved system efficiency
improvement by using the designed rectifier ASIC. This is done by comparing the
efficiency values of the system utilizing the ASIC and the discrete dual rail rectifier
constructed on the PCB. Naturally, the system is able to convert the generated AC
voltage by using only the passive circuitry on the PCB without the active rectifier
ASIC. For instance, the Dickson charge pump could be used to generate positive
output voltage from Coil 1, and the half-wave rectifier could be used to generate
negative output voltage from Coil 2. In this configuration, both coils are utilized to
generate DC voltage s without the active ASIC. Figure 5.40 illustrates the obtained
total output DC power and the conversion efficiency of the system by testing the
described scenario. The maximum generated power is 34 uW at 41% conversion
efficiency and the maximum conversion efficiency of 44% is achieved for a load
current of 19 pnA when compared to the 81% maximum efficiency of the proposed
system at 37 pA, proving the improvement realized by introducing the ASIC to the
system. Table 5.8 summarizes the comparison results of the interface circuitry with

and without the active ASIC.
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Figure 5.40: Test results of the rectifier composed of only discrete components,
without utilizing the active ASIC. Coil 1 is connected to the Dickson charge pump
to generate positive output and the half-wave rectifier is used to generate negative
output voltage from Coil 2. The specifications of the system are summarized in

Table 5.9.

Table 5.8: The comparison of performance results of the interface circuitry with and

without ASIC.

Max. Output Max. Load
Circuitry Max. Efficiency
Power (uW) Current (nA)

System eff. 81%
With ASIC 97 99
Conversion eff. 95%

Without ASIC 34 System eff. 44% 62
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Table 5.9: Summary of System Specifications.

Operation Frequency 6-10 Hz

Fixed Magnet Dimensions 5.3x5.3x0.5 mm’

Free Magnet Dimensions 7.5%x7.5x7.5 mm’ x2

Saturation Magnetization 1.2T

Number of Coil Turns 300/600

Coil Resistance 300 #turn 27.5 Q
600 #turn 55 Q

Max. Efficiency 81 % (@ 37uW)

Vsail-to-rail @ max. eff. 1.46 V (0.62 V& -0.84 V)

The System Volume 16 cm®

Max. Output Power 97 uW

Max. Power Density 6.03 pWem™

5.6 The Performance Comparison of the Realized Energy
Harvesting Systems

In this study, different types of electromagnetic energy harvesting systems have been
constructed based on the integration of an electromagnetic micro power generator
and high performance interface electronics.  Depending on the electrical
specifications of the energy harvester module and the range of generated voltage and
power, some specific interface circuitry is decided to be interfered, realizing the

energy harvesting systems.

Table 5.10 shows the comparison of the realized electromagnetic energy harvesting
systems and the state-of-the-art. The shaded parts of the table are the systems that
have been realized during this study and are explained in this chapter. Although
there are many efforts to improve the power density of electromagnetic energy
harvesters, there are a few publications that integrate the EM generator and
customized interface electronics, expressing the usable amount of power (DC
power). There are many other EM energy harvester modules in the literature;
however, most of them give the AC power values only and therefore aren't

comparable with the complete systems in Table 5.10.
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Table 5.10: Comparison of the proposed energy harvesting system with literature.

Max System

Ref Volume Operation Max Output Efficienc Power Density Circuitr Additional
’ (cm®)  Frequency (Hz) Power (W) (%) y (uW/em®) y Requirements
(1]
5.1 - 5 35 35 - Dickson rectifier Ly i, cliseieie
components
52 15 10 20.5 65 1.33 RSSO ISR o i e
rectifier
5.3 21 2 128 75 6.1 Passive BSR Step-up
rectifier transformer
5.4 4.5 12 11.6 _ 2.6 e GOC -
rectifier
Active AC/DC
5.5 16 8 97 81 6.03 Oy, Dk D COMTE
. on PCB
rectifier
Diode AC/DC, ..
[31] 31.5 41 4 mW ; 126 pC/DC pwy  Additional 3.3V
battery
boost converter
Cockcroft- Low eff. discrete
23] 08 2 37 i 1.32 Walton multiplier  components
[32] 43 10 30-100 ) ) Cockcroft- Low eff. discrete

Walton multiplier  components




Based on the measurements, the proposed system in 5.3, demonstrates a 6.1 pW/cm®
power density at ambient vibration frequency of only 2 Hz. The system is suitable to
directly be utilized by common sensor networks, as one example was shown in

section 5.3.3.

5.7 Summary of the Chapter

In this chapter, the experimental results related with the integration of the
implemented interface electronics and the electromagnetic micro power generators
have been explained. In each of the sections, the results of one type of interface
electronics which is incorporated with a specified electromagnetic energy harvester
is given. Firstly, the block diagram of the proposed system including the operation
principle of the overall system is discussed and then, the experimental results of the
systems under different electromechanical conditions are given. Finally, a further
discussion is given for each system describing the achievements and limitations of

each realized energy harvesting system.

In the end of the chapter, the fabricated energy harvesting systems are compared with
the state-of-the-art electromagnetic energy harvesting system, discussing the system
design, system specification, and the overall system performance results. The
proposed energy harvesting systems proved to show the highest performance

compared with the reported systems.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

In this thesis, highly efficient interface electronics for electromagnetic energy
harvesters have been designed, and implemented. The aim of the interface
electronics is to convert the low voltage and low power generated signals of the
electromagnetic energy harvesters to a DC voltage to be usable by a real application.
The implemented interface electronics are finally merged with the previously
proposed mechanical transducers in METU MEMS center and complete energy

harvesting systems have been developed.
Accomplishments and results of this thesis work are listed as following:

1. A comprehensive and detailed study has been made on the building blocks and
their design considerations which are required for the realization of high efficiency
interface electronics for vibration-based electromagnetic energy harvesters. A state-
of-the-art literature review has also been made for all the blocks to characterize the

available architectures and highlight the points that need improvement for each

block.

2. New architectures are proposed for high efficiency rectifiers which are required to
convert the low power generated voltages of the electromagnetic energy harvesters to
DC without using any extra supply (battery). The performance comparison of these
designs has also been made with previous designs to prove their improvement and to
show the feasibility of highly efficient power transfer from low power energy

sources.
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3. The mechanical transducers based on the available theory for electromagnetic
energy harvesters have been developed and incorporated with the implemented
circuits in X-FAB 0.35 um CMOS process to realize energy harvesting systems.
During this study, five different prototypes have been fabricated and tested for a
wide range of input excitations and are fully validated. Also, the operation of a
commercial sensor as a potential application for these systems has been proven. The
measured power densities out of the systems in this work are the highest reported in
the literature. As an instance, a power density of 6.1 pW/cm’ is reported for the
system operating at an external vibration frequency of only 2 Hz which is a

significant improvement in this area.

4. A complete energy harvesting IC including more active circuits such as charge-
pump DC-DC converter, the on-chip ring oscillator, and an ultra low power voltage
regulator block, has been designed in TSMC low threshold (LVT) CMOS technology
The simulated power consumptions are among the lowest reported in the literature
and the feasibility of providing such power has previously shown. Therefore, the
proposed solution is suitable for next generation MEMS-based electromagnetic

energy harvesters.

5. Part of the results of this work has been presented in conferences such as
TRANSDUCERS'l I and EUROSENSORS XXV and in IEEE Sensors Journal. Also,
another journal paper has been recently submitted to the Sensors and Actuators: A.

Phys. Journal.

Since this work is one of the first conducted researches on interface electronics
design for electromagnetic energy harvesters, there is a high potential of further

research. A comprehensive list of future works is listed below:

1. Due to the unavailability of MEMS-based electromagnetic energy harvesters, the
implemented systems are macro power generators; they were not microfabricated.
Currently, there is research going on developing MEMS-based power generators
with considerable output power in METU MEMS center. The previously
manufactured ASIC and the prospective ASIC could be combined with the MEMS-

based energy harvesters to realize complete micro power generation systems.
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2. The designed ASIC in TSMC 90 nm process is to be sent for fabrication. The
fabricated IC's will be tested with the energy harvesters.

3. Design of a load as a real application to be added on chip next to interface IC to
have the complete system fully integrated. This load is preferably a CMOS

compatible sensor such as a temperature sensor.

4. The incorporation of the realized system with some RF MEMS-based device to be
able to transmit the data wirelessly. Such system, could be a solution for biomedical

implants or any other environment that is inaccessible and needs remote monitoring.

124



[1]

[4]

[8]

REFERENCES

J. A. Paradiso and T. Starner, “Energy Scavenging for Mobile and Wireless
Electronics,” IEEE Pervasive Computing, vol. 4, issue 1, pp. 18-27, 2005.

P. B. Koeneman, I. J. Busch-Vishniac, and K. L. Wood, “Feasibility of Micro
Power Supplies for MEMS,” J. Microelectromech. Syst., vol. 6, no. 4, pp. 355—
362, 1997.

M. Mizuno and D. G. Chetwynd, “Investigation of a Resonance
Microgenerator,” Journal of Micromech. & Microeng., vol. 13, pp. 209-216,
Mar. 2003.

P. D. Mitcheson, E. M. Yeatman, G. K. Rao, A. S. Holmes, and T. C. Green,
“Energy Harvesting From Human and Machine Motion for Wireless Electronic

Devices,” Proc. IEEE, vol. 96, no. 9, pp. 1457—-1486, Sep. 2008.

S. Roundy, P. K. Wright, and J. Rabaey, “A Study of Low Level Vibrations as
a Power Source for Wireless Sensor Nodes,” Computer Communications, vol.

26, no. 11, pp. 1131-1144, 2003.

Knight, C., J. Davidson, and S. Behrens, “Energy Options for Wireless Sensor
Nodes,” IEEE Sensors Journal, vol. 8, no. 12, pp. 8037-8066, 2008.

E. E. Aktakka, R. L. Peterson, and K. Najafi, “A Self-Supplied Inertial
Piezoelectric Energy Harvester with Power-Management IC,” Proc. of Int.

Solid-State Circuits Conf., pp. 120-121, Feb. 2011.

Y. Naruse, N Matsubara, K Mabuchi, M Izumi, and S Suzuki, “Electrostatic
Micro Power Generation from Low-Frequency Vibration Such as Human
Motion,” Journal of Micromech. & Microeng., vol. 19, no. 9, 094002, 2009.

T. Tsutsumino, et al. “Seismic Power Generator Using High Performance
Polymer Electrets,” Proc. of MEMS 2006, Istanbul, Turkey, pp. 98-101, Jan.
22-26, 2006.

125



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Y. Suzuki, et al. “Micro Electret Energy Harvesting Device with Analogue
Impedance Conversion Circuit,” Proc. of PowerMEMS 2008+microEMS 2008,
Sendai, Japan, pp. 7-10, Nov. 9-12, 2008.

L. Gu, “Low-Frequency Piezoelectric Energy Harvesting Prototype Suitable
for The MEMS Implementation,” Microelectronics Journal, vol. 42, pp. 277-
282,2010.

T. Galchev, E. E. Aktakka, H. Kim, and K. Najafi, “A Piezoelectric Frequency-
Increased Power Generator for Scavenging Low-Frequency Ambient
Vibration,” Proc. of MEMS 2010, pp. 1203—1206, Hong Kong, Jan. 24-28,
2010.

I. Sari, T. Balkan and H. Kulah, “Design and Optimization of an
Electromagnetic Micro Energy Scavenger with Parylene Cantilevers,” Proc. of
PowerMEMS 2007, Freiburg, Germany, pp. 81-84, November 28-29, 2007.

A. Rahimi, O. Zorlu, H. Kulah, and A. Muhtaroglu “An Interface Circuit
Prototype for a Vibration-Based Electromagnetic Energy Harvester,” Proc. of
Int. Conf. on Energy Aware Computing, Cairo, Egypt, Dec. 16-18, 2010.

A. Rahimi, O. Zorlu, A. Muhtaroglu and H. Kulah “A Vibration-Based
Electromagnetic Energy Harvester System with Highly Efficient Interface
Electronics,” 1 6" Int. Conf. on Solid-State Sensors, Actuators and
Microsystems, Transducers’l I, Beijing, China, pp. 2650-2653, Jun. 5-9, 2011.
M. El-Hami, P. Glynne-Jones, N. M. White, M. Hill, S. Beeby, E. James, A. D.
Brown, and J. N. Ross, “Design and Fabrication of a New Vibration-Based
Electromechanical Power Generator,” Sens. & Actuators: A, Phys., vol. 92, no.
1-3, pp. 335-342, Aug. 2001.

N. N. Ching, H. Y.Wong, W. J. Li, P. H. Leong, and Z.Wen, “A Laser
Micromachined Multi-Modal Resonating Power Transducer for Wireless
Sensing Systems,” Sens. & Actuators: A, Phys., vol. 97-98, pp. 685-690, Apr.
2002.

S. P. Beeby, R. N. Torah, M. J. Tudor, P. Glynne-Jones, T. O’Donnell, C. R.
Saha, and S. Roy, “A Micro Electromagnetic Generator for Vibration Energy
Harvesting,” Journal of Micromech. and Microeng., vol. 17, no. 7, pp. 1257—
1265, Jul. 2007.

126



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

I. Sari, “Design, Fabrication and Implementation of A Vibration-Based MEMS
Energy Scavenger for Wireless Microsystems,” Ph.D. Thesis, Middle East
Technical University, Sept. 2008.

H. Kulah and K. Najafi, “Energy Scavenging From Low-Frequency Vibrations
by Using Frequency Up-Conversion for Wireless Sensor Applications,” IEEE
Sensors J., vol. 8, no. 3, pp. 261-268, Mar. 2008.

I. Sari, T. Balkan, and H. Kulah, “An Electromagnetic Micro Power Generator
for Low Frequency Environmental Vibrations Based on the Frequency Up-
Conversion Technique,” J. Microelectromech. Syst., vol. 19, no. 1, pp. 14-27,
2010.

O. Zorlu, E. T. Topal and H. Kulah, “A Vibration Based Electromagnetic
Energy Harvester Using Mechanical Frequency Up-Conversion Method,”
IEEE Sensors J., vol. 11, no. 2, pp. 481-488, Feb. 2011.

T. Galchev, J. McCullagh, R. L. Peterson, and K. Najafi “A Vibration-
Harvesting System for Bridge Health Monitoring,” Proc. of PowerMEMS
2010, Leuven, Belgium, pp. 179-182, Nov. 30-Dec. 3, 2010.

Y. K. Ramadass, and A. P. Chandrakasan, “An Efficient Piezoelectric Energy
Harvesting Interface Circuit Using a Bias-Flip Rectifier and Shared Inductor,”
IEEFE J. Solid-State Circuits, vol. 45, no. 1, pp. 189-204, Jan. 2010.

G. K. Ottman, H. F. Hofmann, A. C. Bhatt, and G. A. Lesieutre, “Adaptive
Piezoelectric Energy Harvesting Circuit for Wireless Remote Power Supply,”
IEEE Trans. on Power Electronics, vol. 17, no. 5, Sept. 2002.

M. Marzencki, Y. Ammar, and S. Basrour “Integrated Power Harvesting
System Including a MEMS Generator and a Power Management Circuit,”
Sensors & Actuators A: Phys., vol. 145-146, pp. 363-370, 2008.

T. T. Le, J. Han, A. V. Jouanne, K. Mayaram, and T. S. Fiez, “Piezoelectric
Micro-Power Generation Interface Circuits,” IEEE J. Solid-State Circuit, vol.
41, no. 6, pp. 1411-1420, Jun. 2006.

E. O. Torres, and G. A. Rincén-Mora, “Self-Tuning Electrostatic Energy-
Harvester 1C,” IEEE Trans. On Circuits and Systems-1I: Express Briefs, vol.
57, no. 10, Oct. 2010.

127



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

E. O. Torres, and G. A. Rincén-Mora, “A 0.7 um BiCMOS Electrostatic
Energy-Harvesting System IC,” IEEE J. Solid-State Circuits, vol. 45, no. 1, pp.
189-204, Jan. 2010.

E. O. Torres, and G. A. Rincon-Mora, “Electrostatic Energy Harvester and Li-
Ion Charger Circuit for Micro-Scale Applications,” IEEE Midwest Symposium
on Circuits and Systems, San Juan, Puerto Rico, Aug. 6-9, 2006.

X. Cao, W. J. Chiang, Y. C. King and Y. K. Lee “Electromagnetic Energy
Harvesting Circuit With Feedforward and Feedback DC-DC PWM Boost
Converter for Vibration Power Generator System,” IEEE Trans. on  Power

Electronics, vol. 22, no. 2, pp. 679-685, Mar. 2007.

T. Galchev, J. McCullagh, R. L. Peterson, and K. Najafi, “Harvesting Traffic-
Induced Bridge Vibrations,” in Proc. of 16th Int. Conf. on Solid-State Sensors,
Actuators and Microsystems, Beijing, China, pp. 1661-1664, Jun. 5-9, 2011.

S. Kang, Hyejoong Kim, Hoseong Kim, and C. Baek, “Circuit Requirements
for MEMS-Based Mechanical to Electrical Power Conversion,” Proc. of SPIE,
vol. 6885 68850H-1, 2008.

M. Ghovanloo and K. Najafi, “Fully Integrated Wideband High-Current
Rectifiers for Inductively Powered Devices,” IEEE J. Solid-State Circuits, vol.
39, no. 11, pp. 1976-1984, Nov. 2004.

S. Hashemi, M. Sawan, and Y. Savaria, “A Novel Fully-Integrated Dropless
Voltage CMOS Rectifier for Wirelessly Powered Devices,” IEEE 19" Int.
Conf. on Microelectronics, Cairo, Egypt, Dec. 29-31, 2007.

Y. H. Lam, W. H. Kim, and C. Y. Tsui, “Integrated Low-Loss CMOS Active
Rectifier for Wirelessly Powered Devices,” IEEE Trans. Circuits & Systems-11:
Express Briefs, vol. 53, no. 12, Dec. 2006.

C. Peters, J. Handwerker, D. Maurath, M. Ortmanns, and Y. Manoli, “A Sub-
500 mV Highly Efficient Active Rectifier for Energy Harvesting
Applications,” IEEE Trans. Circuits & Systems, vol. 58, no. 7, Jul. 2011.

C. Peters, O. Kessling, F. Henrici, M. Ortmanns, and Y. Manoli, “CMOS
Integrated Highly Efficient Full Wave Rectifier,” IEEE Int. Symp. on Circuits
& Syst., New Orleans, LA, USA, pp. 2415-2418, May 27-30, 2007.

128



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

V. P. Arumugam, “Efficient RF Energy Scavenging and Ultra-Low Power
Management for Powering Wireless Sensor Nodes,” M.Sc. Thesis, Oregon

State University, Dec. 2009.

Y. K. Ramadass and A. P. Chandrakasan, “Voltage Scalable Switched
Capacitor DC-DC Converter for Ultra-Low-Power on-Chip Applications,”
Proc. IEEE Power Electronics Specialists Conference, pp. 2353-2359, Jun.
2007.

J. Kwong, Y. K. Ramadass, N. Verma, and A. P. Chandrakasan, “A 65 nm
Sub-Vt Microcontroller with Integrated SRAM and Switched Capacitor DC-
DC Converter,” IEEE J. Solid-State Circuits, vol. 44, no. 1, pp. 115-126, Jan.
20009.

M.D. Seeman, S.R. Sanders and J.M. Rabaey, “An Ultra-Low-Power Power
Management IC for Energy-Scavenged Wireless Sensor Nodes,” Proc. IEEE
Power Electronics Specialists Conference, pp. 925-931, Jun. 2008.

M. D. Seeman, “A Design Methodology for Switched-Capacitor DC-DC
Converters,” Ph.D. Thesis, University of California, Berkeley, EECS
Department, May 2009.

T. Salter, K. Choi, M. Peckerar, G. Metze and N. Goldsman, “RF Energy
Scavenging System Utilising Switched Capacitor DC-DC Converter,” [EEE
Electronic Letters, vol. 45, no. 7, Mar. 2009.

J. F. Dickson, “On-Chip High-Voltage Generation in MNOS Integrated Circuit
Using an Improved Voltage Multiplier Technique,” IEEE J. of Solid-State
Circuits, vol. SC-11, no. 3, 1976.

A. Muhtaroglu, “Sustainable Power Management of Microelectronics,” Ph.D.

Thesis, Oregon State University, Aug. 2007.
Feng & Tapan, “Charge Pump Circuit Design,” McGraw Hill Press, 2006.

A. Richelli, L. Colalongo, S. Tonoli, and Z. M. Kovacs-Vajna, “A 0.2—-1.2 V
DC/DC Boost Converter for Power Harvesting Applications,” IEEE Trans. on

Power Electronics, vol. 24, no. 6, Jun. 2009.

129



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

N. Li, Z. Huang, M. Jiang, and Y. Inoue, “High Efficiency Four-phase All
PMOS Charge Pump without Body Effects,” Proc. Int. Conf. on
Communications, Circuits and Systems, pp. 1083-1087, Fuijan, May 25-27,
2008.

M. D. Ker, S. L. Chen, and C. S. Tsai, “Design of Charge Pump Circuit with
Consideration of Gate-Oxide Reliability in Low-Voltage CMOS Processes,”
IEEFE J. Solid-State Circuits, vol. 41, no. 5, May 2006.

T. Le, “Efficient Power Conversion Interface Circuits for Energy Harvesting

Applications,” Ph.D. Thesis, Oregon State University, Feb. 2008.

G. De Vita and G. Iannaccone, “A Sub-1-V, 10 ppm/°C, Nanopower Voltage
Reference Generator,” IEEE J. of Solid-State Circuits, vol. 42, no. 7, Jul. 2007.

F. S. Wai and P. K. T. Mok, “Design of an Ultra-low power voltage regulator
for RFID applications,” Hong Kong University of Science and Tech., available
online: www.ece.ust.hk/public/activities/fyp/fyp06/poster MP3a-06.pdf.

A. Muhtaroglu, A. Yokochi, and A. V. Jouanne, “A Sustainable Power
Architecture for Mobile Computing Systems,” Journal of Power Sources, 178

pp. 467475, 2008.

F. Kocer, “Remotely Powered Wireless Telemetry,” Ph.D. Thesis, University
of Michigan, 2005.

T. T. Le, “Efficient Power Conversion Interface Circuits for Energy Harvesting

Applications,” Ph.D. Thesis, Oregon State University, Feb. 2008.

F. Kocer and M. P. Flynn, “A New Transponder Architecture with On-Chip
ADC for Long-Range Telemetry Applications,” IEEE J. of Solid-State
Circuits, vol. 41, no. 5, May 2006.

T. T. Le, K. Mayaram, and T. Fiez, “Efficient Far-Field Radio Frequency
Energy Harvesting for Passively Powered Sensor Networks,” IEEE J. of Solid-
State Circuits, vol. 43, no. 5, May 2008.

P. D. Mitcheson, T. T. Toh, “Energy Harvesting for Autonomous Systems,”
Norwood, MA: Artech House, Inc., 2010.

130



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

A. Rahimi, O. Zorlu, A. Muhtaroglu, and H. Kulah, “A Compact
Electromagnetic Vibration Harvesting System with High Performance
Interface Electronics,” Proc. of EUROSENSORS XXV, Athens, Greece, Sept. 4-
7,2011.

K. Ueno, T. Hirose, T. Asai, and Y. Amemiya, “A 300 nW, 15 ppm/°C, 20
ppm/V  CMOS Voltage Reference Circuit Consisting of Subthreshold
MOSFETs,” IEEE J. Solid-State Circuits, vol. 44, no. 7, Jul. 2009.

L. Wang, T. J. Kazmierski, B. M. Al-Hashimi, S. P. Beeby, and R. N. Torah
“An Integrated Approach to Energy Harvester Modeling and Performance

Optimization,” Proc. of Behavioral Modeling and Simulation Workshop, San
Jose, CA, USA, pp. 121-125, Sept. 20-21, 2007.

E. Bonisoli, et al. “Dynamic Simulation of an Electromechanical Energy
Scavenging Device,” IEEE Trans. on Magnetics, vol. 46, no. 8, pp. 2856-2859,
Aug. 2010.

P. Constantinou, et al. “A Model of a Magnetically Sprung Vibration Generator
for Power Harvesting Applications,” IEEE International Electric Machines &
Drives Conference, 2007. IEMDC’07, vol. 1, pp. 725-730.

The product datasheet of “PMEG2005EL,” very low Forward-Voltage Ultra
Small Schottky Barrier, NXP Semiconductors.

B. Razavi, “Design of Analog CMOS Integrated Circuits,” McGraw Hill press,
2001.

A. Hastings, “The Art of Analog Layout,” Upper Saddle River, NJ: Prentice-
Hall, 2001.

131



