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ABSTRACT

A FULLY-INTEGRATED AND BATTERY-FREE INTERFACE
ELECTRONICS FOR LOW VOLTAGE VIBRATION-BASED
ELECTROMAGNETIC ENERGY HARVESTERS

Ulusan, Hasan

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

August 2013, 92 pages

Energy harvesters use environmental energy sources such as heat, light, and vibration,
and convert them to electrical energy. The development of micro-scale energy
harvesters together with the decreasing power demand of new generation integrated
circuits, allow the use of these harvesters as energy source in microsystems as an
alternative for batteries. Energy harvesting can then be used for supplying power to the
sensors which operate in inaccessible environments, as an enabling technology.
However, the generated electrical energy from vibration is in AC form, and design of an
efficient and low power interface electronic circuit is crucial especially if the generated
voltage and power of these harvesters are at low levels.

The aim of this study is to design a fully-integrated and battery-free interface circuit for
electromagnetic (EM) energy harvester with low voltage output. The voltage generated
by EM energy harvesters is considerably low (<1 V) at low vibration levels (< 10Hz).
Hence a low voltage and highly efficient interface circuit must be designed in order to
efficiently transfer the power generated by the harvester to the load at a standard system
voltage.

The interface circuit requires various blocks for efficient power transfer from the
harvester to the electrical load. Firstly, there should be an AC to DC converter or a
rectifier for converting the generated AC voltage to a DC voltage. Another important
block is the DC to DC converter which enables the step-up of the converted voltage to a
desired value. Finally, a voltage regulator block should be used for obtaining a stable DC
voltage as of a typical battery. The amount of power dissipated by the interface
electronics must be kept as low as possible compared to the generated power since the
available output power from the harvester is typically low.
v



The designed interface circuit includes all necessary blocks for a full system solution and
shows good performance especially at low input AC voltages (<0.5 V peak). The circuit
includes a novel rectifier circuit which uses an AC/DC doubler structure to benefit from
the full cycle of the input signal. The proposed rectifier uses active diode structure to
minimize the effective voltage drop at the output. The comparator circuits utilized at the
active diodes are powered internally by another passive rectifier and external power
requirement of the circuit is eliminated. The DC/DC converter block of the interface
circuit includes a low voltage charge pump and a low power on- chip oscillator design.
The final block of the system is a low power voltage regulator which regulates the output
to 1 V DC voltage.

The proposed interface electronic is designed and fabricated by using TSMC 90 nm
CMOS technology. The designed system is merged with an in-house EM energy
harvester module and tested with various vibration conditions. The maximum power
conversion efficiency of the rectifier stage of the circuit is 67%, while providing 0.61 V
for 40 pA load, and it is able to operate down to 100 mV input peak voltages. When the
rectifier block is combined with the DC/DC converter, the circuit is able to generate
more than 1 V output voltage on 1 MQ load resistance for input peak voltages higher
than 0.4 V.

During the tests of the fabricated IC, it is observed that the voltage regulator block does
not operate as expected. The reason for this is investigated through tests and
simulations, and it is concluded that the fabricated transistors were slower than the
typical transistors in this specific IC run. The regulator block is then re-designed to be
more robust to fabrication variations for another IC run.

In the frame of this study, a low voltage CMOS interface electronics have been designed
and tested together with a vibration based electromagnetic energy harvester module. The
results show that the designed rectifier has the lowest operation voltage among the fully-
integrated and self-powered interface circuits for low vibration range, to the best of our
knowledge. Furthermore, the rectified voltage is stepped up with the DC/DC converter,
so that the output of the circuit reaches to typical battery voltages even with very low AC
input signals, enabling the use of the system as an alternative energy source for wireless
microsystems.

Keywords: Self-powered rectifier, low voltage AC/DC conversion, vibration-based

energy harvesting, electromagnetic energy harvester, Low power interface electronic
design, on-chip power management design.
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DUSUK VOLTAJ SEVIYELERINDE CALISAN TITRESIM TABANLI
ELEKTROMANYETIK ENERJI URETECLERI ICIN TAMAMEN
ENTEGRE VE PIL GEREKTIRMEYEN BIR ELEKTRONIK DEVRE

Ulusan, Hasan
Yiksek Lisans, Elektrik ve Elektronik Miithendisligi Bolimii
Tez Yoneticisi: Dog. Dr. Haluk Kiilah
Ortak Tez Yoneticisi: Yard. Dog. Dr. Ali Muhtaroglu

Agustos 2013, 92 sayfa

Enerji tiretegleri sicaklik, 151k ve titresim gibi gevresel enerji kaynaklarini kullanirlar ve
bu kaynaklarin elektrik enerjisine ¢evirimini saglarlar.  Mikron dlzeyli enerji
iireteglerinin gelismesi ve yeni jenerasyon entegre devrelerin diisik gliclerde
calisabilmesi sayesinde, bu sistemlerin bataryalar yerine enerji kaynagi olarak
kullanilmasini saglamaktadir. Bunun sonucunda enerji iireteceleri ulasilmasi zor alanlara
yerlestirilmis sensorlere giic saglamak amacli kullanilabilirler. Titresimden iiretilen
elektrik enerjisi AA formunda oldugundan dolay1; verimli ve diisiik gii¢lii bir arayiiz
elektronik devresi, o6zellikle diisiik gii¢ ve voltaj seviyelerinde Uretilen sinyaller icin
6nemli rol oynamaktadir.

Bu c¢alismanin temel amaci diisiik voltaj seviyelerinde c¢alisan titresim tabanl
elektromanyetik (EM) enerji Uretecleri icin tamamen entegre ve pil gerektirmeyen bir
elektronik devrenin tasarlanmasidir. Diisiik titresim seviyelerinde (< 10 Hz) EM enerji
iireteglerinden elde edilen voltaj seviyeleri de diigiiktiir (<1 V). Bundan dolay1 diisiik
voltajlarda ve yiiksek verimlilikte ¢aligan bir arayiiz devresinin tasarlanmasi iiretilen
gliclin yuke aktarimi i¢in 6nemli bir rol oynamaktadir.

Uretilen giiciin verimli bir bigimde elektriksel yiike aktarilabilmesini saglamak igin
arayiiz devresinin farkli bloklardan olusturulmasi gerekmektedir. Ilk olarak, iiretilen AA
(Alternatif Akim) voltajint DA (Dogrusal Akim) voltajma cevirmek icin bir AA/DA
cevirici veya dogrultucu kullanilmalidir. Bir diger 6énemli blok ise ¢evrilin DA voltaji
istenilen degere getirecek bir DA/DA ceviricisidir. Son olarak, pil goérevi gorecek sabit
bir DA voltaj1 Uretmek icin bir voltaj regiilatorii blogu kullanilmalidir. Araytiz devresi
tarafindan tiiketilen giic miktar1 iretilen glice gore miimkiin oldugunca kiiciik
tutulmalidir ki enerji lireteci ile arayiiz entegre devresinin baglanmasi kullanigli olsun.
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Tasarlanan sistem tam bir sistem ¢0zimu saglamaktadir ve 6zellikle disiik giris voltaj
degerleri (< 0.5 V peak) i¢in ¢ok iyi performans gostermektedir. Devre giris voltajinin
bitin tepe-tepe voltajim kullanmasini saglayan AA/DA ciftleyici (AC/DC doubler)
yapisim kullanan yeni bir dogrulayici tasarimi igermektedir. Onerilen dogrulayic
devresi ¢ikis voltajindaki voltaj diisiimiinii minimize etmek ic¢in aktif diyot yapisini
kullanmaktadir. Kullanilan aktif diyotlardaki karistiric1 devrelerinin gii¢ gereksinimini
karsilamak icin ekstra bir pasif dogrultucu devresi kullanilmis ve devrenin disardan gii¢
alma problemi giderilmistir. Devrenin bir diger kismi olan DA/DA ¢evirici devresinde
tamamen entegre bir yapi olusturmak igin diisilk voltajda ¢alisan bir sarj pompast ve
diisiik giicte calisan bir osilatdr devresi tasarlanmistir. Tasarlanan sistemin son blogu
diisiik giicte calisan ve ¢ikis voltajini 1 V'a regiile eden bir voltaj regiilatorii devresidir.

Onerilen arayiiz elektronigi TSMC 90 nm CMOS teknolojisi kullanilarak tasarlanmis ve
urettirilmigtir. Tasarlanan sistem bir elektromanyetik enerji iireteci ile birlestirilmis ve
farkl: titresim kosullarinda test edilmistir. Devrenin dogrultucu kisminin en yiiksek giic
verimliligi, 0.61 V c¢ikis voltaji ve 40 PA yik akim kosullar1 altinda %67 olarak
Olciilmiistiir ve dogrultucu devresi 100 mV giris tepe voltajindan yiiksek degerlerde
calisabildigi dogrulanmistir. Dogrultucu ve DA/DA cevirici devresi birlestirildiginde
elde edilen devre, 0.4 V'tan yiiksek giris tepe voltajlar i¢in 1 MQ yik direnci ile 1 V'tan
fazla ¢ikis voltaji liretebilmektedir.

Uretilen arayiiz devresinin (IC) testleri sirasinda, devrede bulunan voltaj regiilatoriiniin
istendigi gibi calismadigi gézlemlenmistir. Yapilan testler ve simiilasyonlar sonucunda,
iiretilen transistorlerin kullanilan teknolojideki tipik transistdr performanslarindan daha
yavas calistigt dogrulanmistir. Bunun sonucunda regiilatér blogu iiretimden kaynakli
sapmalara daha dayanikli olacak sekildeyeninde tasarlanmugtir.

Bu caligsma kapsaminda, diisiik voltajda ¢alisan bir CMOS arayiiz elektronigi tasarlanmig
ve titresim tabanli bir elektromanyetik enerji iireteci ile test edilmistir. Sonuglar,
tasarlanan dogrulayici devresinin diigiik titresimlerde ¢alisan tamamen-entegre ve pil
gerektirmeyen arayiiz elektronikleri i¢inde bilinen en diisiikk ¢alisma voltajina sahip
oldugunu gostermektedir. Bunun yaninda, dogrultulan voltaj DA/DA gevirici devresi ile
yiikseltilerek diisiik seviyelerdeki AA giris voltajlarinin bile tipik bir pil voltajina
ulagsmasi saglanmistir, boylece tasarlanan sistem kablosuz mikrosistemler icin alternatif
bir gii¢ kaynagi olarak kullanilabilmektedir.

Anahtar kelimeler: Kendi giiciinii saglayan dogrultucu, disiik voltajlar i¢in AA/DA

cevirici, titresim tabanli enerji iireteci, elektromanyetik enerji lireteci, diisiik giicli arayiiz
elektronigi tasarimi, ¢ip seviyesinde gii¢ yonetimi tasrimi.
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CHAPTER 1

INTRODUCTION

Improvements in microelectronics and MEMS technology increasingly enabled portable
low cost and low power micro devices. These portable devices have become a part of
our daily life in many application areas, such as wireless sensor networks, direction
sensors as accelerometer and gyroscopes, automotive systems e.g. tire pressure
monitoring systems, implantable systems for health care and monitoring, and military
applications. For many years, batteries have been used as the main power sources in
these systems. However, the advance of the battery technology is not as pronounced as
that of the MEMS technology. In addition to their large dimensions with respect to the
portable systems, limited capacity of the batteries make them unsuitable for embedded
applications. Moreover, the replacement cost of batteries generates a major obstacle to
the formation of wireless sensor networks with hundreds of nodes [1]. Therefore, using
batteries as the power sources of these systems is impractical when their desired
dimensions and lifespan considered. Hence, the need for efficient and compact energy
harvesting devices for powering these portable systems arises. Low cost, durable and
eco-friendly properties of energy harvesters make them much more attractive. All power
of the new generation integrated circuits can be supplied from energy harvester modules,
because of the reduced power demands of the systems. This results in the replacement of
the temporary storage elements, like batteries, with the continuously self-charging
energy sources.

Studies on the design and implementation of mechanical part of the transducers for
harvesting ambient energy take up a huge portion of the researches on energy
scavengers. However, interface electronics part of the system is also a significant
concern due to low power and low voltage profile of the scavenged energy.
Furthermore, interface electronics helps to manage the harvested energy efficiently.

This thesis aims to design low voltage, low power, and efficient interface electronics for
the signals generated from electromagnetic energy harvesters stimulated by low
frequency environmental vibration. The interface electronics is used for converting the
generated alternating signal to DC and often stepping it up to higher voltage levels to be
utilized at practical applications. In this chapter, a brief introduction to energy
harvesting and interface electronics for vibration based energy harvesters is provided.
The electromagnetic energy harvester system receives the main focus among the
vibration based harvesters due to its challenging low output voltage levels.. Section 1.1
summarizes types of ambient energy sources and the transducers that can be used to
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convert these sources into electrical energy. Section 1.2 explains the operation principle
of electromagnetic energy harvesters and reviews the recent work on the technology.
Section 1.3 describes interface electronics for different types of vibration based energy
harvesters and each type is clarified with examination of a most commonly used circuit
example. Section 1.4 presents the objective of the thesis by considering goals and
achievements gained by the thesis. Finally, the organization of the thesis is outlined in
Section 1.5.

1.1. Ambient Energy Sources and Energy Harvesters

The most well-known ambient energy sources are light, heat, and vibration which are
also widely used as the sources for energy harvesters [2-4]. Some commercially
established products are available such as the wristwatches developed by Seiko and self-
powered calculators [5], [6]. Table 1.1 shows the comparison of energy harvesting
sources and other power sources for including batteries [7], [8]. The table also includes
different transduction mechanisms for these sources and the generated power densities
for 1 year and 10 year lifetimes. Since the ambient energy sources are always available
in the nature, the power density of these energy sources stays constant with the
increasing lifetime (first five rows). Although the power densities of batteries and fuel
cells look superior at short lifetime, the advantage disappears under long term usage.
The additional disadvantage of energy sources with electrochemical transduction is that
they consume precious underground resources. Furthermore, dead batteries need
appropriate treatment to avoid environmental pollution.

Table 1.1: Comparison of energy sources according to generated power densities

Transduction

Power Density

Power Density

3 3
Energy Source Mechanism (uW/_cm _) (uW/c_m )
1-year lifetime 10-year lifetime
. 15,000 15,000

Solar Photovoltaic i sunny : sunny

150 cloudy 150 cloudy

Piezoelectric
Vibration Electrostatic 4-800 4-800

Electromagnetic

Temperature Gradient

Thermoelectric

60 @ 5°C gradient

60 @ 5°C gradient

Radio Frequency @ 2.4 | Electromagnetic 400@1m 400@1m
GHz [35] induction 158@5m 158@5m
. . air: 200-800
Fluid Flow Wind, Wave water: 500 mwW/em® -
Batteries (Lithium) Electrochemical 89 !
(non-rechargeable)
Batteries (Lithium) Electrochemical 13.7 0
(rechargeable)
Fuel Cells (methanol) Electrochemical 560 56
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The data shows that photovoltaic solar cells have higher power density compared to
other ambient energy sources and long lifetime operation. However, performance of the
cell is highly dependent on the environmental variations such as geographic location and
indoor or outdoor usage. Hence, applications of these cells are limited. Further
comparison of ambient energy sources and detailed information about the operation
principles of transduction mechanisms of harvesters can be found in [7]. Vibration based
energy harvesters are especially attractive among these sources due to abundance of
vibration in the environment and clean and higher generated energy profile. The ambient
vibrations can be observed at large variety of forms like human and vehicle motions,
moving structures such as buildings and bridges, seismic noise, and acoustic noise.
These vibration sources has a wide spectrum of frequency, however most of them are
observed at low frequencies (<10 Hz). As a result of these low vibrations the power
generated by vibration based energy harvesters is also low, making efficient system
design challenging.

Basic principle of vibration-based energy harvesters is, with the relative movement of
mechanical structures Kinetic energy is converted to electrical energy. There are three
different methods which are suggested in the literature for electrical energy generation
from vibration-based energy harvesters; electrostatic (capacitive), piezoelectric, and
electromagnetic (inductive) [9-12]. In electrostatic harvesters, the incoming vibration
leads to change the distance between previously charged plates which changes the
capacitance between them. Due to the basic equation between charge and voltage
(Q=CV) the output voltage or charge variation is generated by keeping constant either
charge or voltage, respectively. The structure of electrostatic energy harvesters is similar
with gyroscope or accelerometer where usually they include an inertial mass with comb
fingers. Figure 1.1 shows typical electrostatic energy harvester designs where in plane
type energy harvesters are utilized to convert vibration in plane with the harvester to
electrical energy and out-of-plane energy harvesters uses the vibrations which are
perpendicular to the harvester plane.

R A D) 17
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Figure 1.1: Typical electrostatic energy harvester designs, a) in-plane overlap, b) in-
plane gap closing, c) out-of-plane gap closing converter.



In piezoelectric harvesters vibration leads to deformation of the piezoelectric material
and due to generated strain and stress on the piezoelectric material a voltage change is
observed at the piezoelectric terminals. Figure 1.2 presents a conventional piezoelectric
energy harvester design where a piezoelectric layer is attached on a cantilever beam and
one side of it is fixed on a base. When an external vibration is applied to the system the
cantilever bends and a voltage difference is occurred at two different layers due to this
bending. The tip mass is utilized to arrange the resonance frequency of the harvester.

Piezoelectric >,
layer '

Vout: e

X
N
o,
y

Figure 1.2: Conventional piezoelectric energy harvester design, a fixed-free cantilever
beam with tipmass [13].

The average electrical power generated by a single piezoelectric layer on a fixed-free
cantilever beam is analytically modeled by Lu et al. and can be given as:

_ w?b?h?ed1[e(ly) — p(1)]?

P = R 1.1
— w.1)

8 (1 + bL€33 T)

where w is the frequency of external vibration b and h are the width and thickness of the
beam, L and A are length and thickness of piezoelectric layer, €3 iS piezoelectric
constant in 31 coupling direction, €33 is dielectric constant, R is the load resistance
connected to the harvester, and ¢(x,?) is flexibility of the beam, hence [¢(l)-¢(11)] is the
difference of bending slopes at both ends of the piezoelectric layer.

In electromagnetic energy harvesters, relative movement of a coil and a permanent
magnet causes a magnetic field variation inside the coil and this result with an alternating
voltage generation on the coil due to Faraday’s law of induction. Electromagnetic
energy harvesters are explained in detailed at section 1.2.

High level output voltages can be generated by piezoelectric and electrostatic harvesters
however, most of the reported results are at high frequency applications. In literature,
piezoelectric and electrostatic energy harvesters which show high performance at low
frequency operations is also reported [13-16]. However, because of the high output
impedance of these scavengers they need external impedance matching circuit which
increases the complexity and power requirement of the system.
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On the contrary, due to the permanent magnet used at the electromagnetic harvesters
which acts like a proof mass, resonance frequency of the harvesters is at low vibration
range (1-10 Hz). Moreover, output impedance of electromagnetic harvesters is low (at
most in kQ’s range), implementation of them is much easier, and they have a simple
structure. Different than electrostatic energy harvesters electromagnetic scavengers
don’t require external components like electrets. Although, they have such advantages,
the peak value of induced voltage at electromagnetic harvesters is low at low vibration
which leads to major challenges at the efficient interface electronic design.

1.2. Electromagnetic Energy Harvesters

In electromagnetic energy harvesters, the electrical energy generation principle is based
on Faraday’s law of induction. With the relative movement of a conducting coil and a
permanent magnet the magnetic field enclosed by the coil is changing and a voltage is
induced at the terminals of conductor. The induced voltage depends on rate of change of
the flux and velocity. The flux change is highly proportional to the number of coil turns
and specifications of magnets. Moreover, the whole system design, arrangement of
magnet and coils, area enclosed by each coil turns has significant effects on the
performance of the system.

do  dXiz.(B-Ap)

)=—— =
e dt dt

(1.2)
where ¢ is the electromotive force induced voltage, @ is the magnetic flux density, B is
the magnetic field strength of the utilized magnets, Ai is the area enclosed by each coil
turn, t is time, and n is the total number of coil turns. Schematic that illustrates the
operation principle of electromagnetic energy harvesters is presented at Figure 1.3[17].

G

g

Figure 1.3: Electromagnetic energy harvester operation principle[17].

Previous works in our group show that simple structure of electromagnetic energy
harvesters allows to optimize the harvester with macro model devices [18], [19]. With
the implementation of macro model devices the effect of different parameters (like
number of coil turns) on the generated voltage and power can be observed. Most of the
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recently studied energy harvester modules have operation frequencies larger than 50 Hz
which helps to generate more power. El-Hami et al. presents an electromagnetic energy
harvester that generates maximum of 2208 pW/cm?® AC power density. This power is
obtained at 320 Hz which is the resonance frequency of the harvester [20]. The
generator proposed by Ching et al. is a multimodal energy harvester with 1 cm® volume
and generate maximum power of 830 pw for frequencies between 60 and 110 Hz [21].
Beeby et al. designed a electromagnetic energy harvester where coil of the harvester is
mounted on a cantilever and optimize the magnet geometry accordingly. The harvester
able to generate 306 pW/cm?® power at 52 Hz external vibration [22].

Diaphragm Resonating with Diaphragm Resonating with
Ambient Vibration Diaphragm Beams

Ambient Vibration

\

Diaphragm Beams

Metal for Magnetic Actuation Parylene Cantilevers Metal for Magnetic Actuation Parylene Cantilevers

Figure 1.4: Frequency up-conversion based electromagnetic micro harvester [23].

Previously reported energy harvesters show that the generated power tends to decrease as
the excitation frequency and volume of the devices decrease. However, the frequencies
observed in the nature are lower than 10 Hz and it is desired to use these vibrations for
powering the portable devices. Kiilah and Najafi proposed a novel method for up-
converting the excitation frequency and improve the energy harvesting efficiency [24].
This technique is called as frequency up-conversion and based on magnetic pull force
between a magnetic material and a permanent magnet. In the reported prototype the
permanent magnet is placed on a diaphragm which is moving with the external vibration
frequency and smaller magnetic materials are placed on cantilever beams which have
larger resonance frequency. Operation frequency of the reported device is 1 Hz and it is
able to generate 0.022 pW power with 2.3 cm® device volume. The micro model of the
proposed system is also fabricated ad presented by Sar1 et al. [23] (Figure 1.4). Beside
this, another up-conversion method which is known as mechanical frequency up-
conversion is demonstrated by our group [25]. This new technique helps to remove out
the necessity of the extra magnet. The fabricated prototype generates 62.2 uW power at
10 Hz vibration frequency and volume of the device is 2.96 cm®. Another frequency up-
conversion device is reported by Galchev et al. where the permanent magnet used for
power generation is placed on a diaphragm with a higher resonance frequency [26]
(Figure 1.5). When a low frequency external vibration applied the inertial mass magnet
vibrates and catches and release the small magnet on the diaphragm, hence a higher
frequency output is obtained. The reported device gives 57 pW of maximum power at 2
Hz external vibration and the device volume is 43 cm®.
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Figure 1.5: The frequency-increased generator design for low frequency harvesting [26].

The electromagnetic energy harvesters illustrated above don’t consider the interface
electronic parts of the system. The results include the AC power generated by the
harvesters and calculated by utilizing the resistance of coil as the load resistance. While
considering the usage of the generated power in real load applications they ignore the
losses at conversion of the generated power into a usable form. However, the main
problem of electromagnetic energy harvesters is at low vibration levels the generated
voltage and power is considerably low where most of the case it is lower than turn on
voltage of the transistors. However, in piezoelectric or electrostatic energy harvesters
generated input voltage is higher and it is much easier to rectify it efficiently. Therefore,
a low voltage and efficient interface electronics for electromagnetic energy harvesters is
challenging.

1.3. Interface Electronics for Vibration-based Energy Harvesters

In this section, basic design approached of interface electronic circuits for all types of
vibration based energy harvesters (piezoelectric, electrostatic, and electromagnetic) is
going to be briefly explained. Figure 1.6 presents the common interface electronics
circuit used for vibration based energy harvesters. Since the power generated from the
vibration based transducers is alternating, first block of the circuit is utilized as an
AC/DC power converter which converts the input AC signal to a DC voltage. After the
voltage is converted into DC with the help of power processing block which contains
post DC conversion like a DC-DC convert which step up the incoming DC voltage, and a
voltage regulator which regulates the converted DC voltage. A super capacitor, a
rechargeable battery or other storage devices can be used as the internal energy storage
elements. Finally, a power management block is needed to decide whether the input
conditions are sufficient for powering the load. If the input conditions are below the
desired condition the power management circuit disconnects the connection to the load
and charges the storage element up to chosen threshold. The basic concern at the design
of each sub-block is to decrease the power consumption as low as possible. Hence, with
the minimum power consumption of the interface electronics the efficiency of the system
is maximized.
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Figure 1.6: Basic interface electronic circuitry for vibration based energy harvesters.
1.3.1. Interface Electronics for Piezoelectric Energy Harvesters

Depending on the ambient vibration level and specifications of piezoelectric material
piezoelectric energy harvesters can generate high output voltages. Many kinds of studies
are reported as the interface electronics of these harvesters due to their high output
voltages. However, there is a huge drawback at piezoelectric harvesters that they have
relatively high output impedance (in the range of hundreds of kQ’s) which require extra
circuits before connecting them to network. Figure 1.7 shows the electrical model of the
piezoelectric energy harvester and the conventional voltage doubler used at the
rectification of generated AC voltage [27]. The piezoelectric harvester is modeled as
parallel connection of a current source, a capacitor, and the output resistance. The
harvester should charge and discharge the internal capacitor (Cp) at each period; hence
most of the generated current is lost at this operation due to large internal capacitance.
The design presented in [27], uses a switch based voltage doubler which shorts the
output terminals of energy harvester once in each cycle and provide higher charging rate
for the internal capacitance. This results with higher charge transfer to the load instead
of the internal capacitor, which significantly enhances performance of the output power
conversion circuit.

Voltage Doubler

Piezo Harvester

~d VRFCT
‘]\ L1
lp | Cp|l Rp
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v

Figure 1.7: The electrical model of piezoelectric energy harvester, and the conventional
voltage doubler circuit [27].



In [28], an adaptive piezoelectric energy harvesting circuit is proposed which provide
continuous power flow from input to the load and maximize the power stored at the
output storage element. The design use Pulse Width Modulated (PWM) signal to control
the switch at the DC-DC converter part and discrete controller card is utilized to satisfy
that signal. In [29], an interface circuit for piezoelectric harvesters that does not depend
on the piezoelectric structure’s parameters is presented. The major improvement of the
design is, the inductor used at the DC-DC converter part of the design is minimized
which highly improve the potential of the system to be integrated. In [30], a passive full-
wave rectifier which utilizes the boot-strap technique is illustrated. The internal
capacitor of the piezoelectric harvester is used as the storage element at half of the cycle
like the one in voltage doubler. The proposed circuit gives about 66% maximum
efficiency at 220 kQ load resistance. The same study also includes synchronous rectifier
which utilizes active diodes for rectification. The results show that active rectifier is a
plausible solution for efficient rectification, where the proposed circuit reaches more
than 85% efficiency for the load currents larger than 5 pA.

1.3.2. Interface Electronics for Electrostatic Energy Harvesters

In electrostatic energy harvesters capacitance change of two previously charged parallel
plates leads to harvest energy. The change of capacitance between plates causes to
generate voltage or current from the harvester. The primary problem of the electrostatic
energy harvesters are, the generated voltage is extremely high (e.g. 150 V) which avoids
them to be used with standard CMOS processes. To solve this problem a pre-charge
stage is added after the energy harvester module which is used to charge an intermediate
rechargeable battery (Figure 1.8). At this intermittent charger stage a highly tolerant
components which highly increase cost of the system are used to transfer generated
charge from the scavengers to a constant voltage battery. The reported interface circuits
for electrostatic devices utilize a rechargeable battery as the storage element and reduce
the generated voltage to the desired battery voltage for charging it [31-33].

/ ____________ -~
En.ergy. Power \
{ Conditioning Conditioning Loads b
‘:| Intermittent
q Charger b
q Electrostatic I:I
;Z‘_ Harvester ~ EMergy B
Storage
Energy - |:|
Source Micro-Battery ~ Micro-Sensor /
\ —

Figure 1.8: Typical interface electronics for electrostatic energy harvesters [33].



1.3.3. Interface Electronics for Electromagnetic Energy Harvesters

Most of the reported electromagnetic energy harvesting systems does not consider the
interface electronics part or they only use a simple bridge rectifier as the power
conversion element [2], [7]. Although related works in literature successfully design and
optimize the mechanical transducer part of the system, the overall system performance of
these systems is considerably low due to low efficiency power conversion circuit.

There are only a few works in the literature that presents a full system solution for
electromagnetic energy harvesters by combining the transducers with the custom
designed power conversion circuit. In [34], a full system solution for electromagnetic
energy harvesting which uses a full-wave bridge rectifier and a PWM DC-DC converter
as the power conversion circuit is proposed. Figure 1.9 shows the proposed interface
circuit where the rectified DC voltage is boosted with a feed-forward and feed-back
PWM boost converter and stored on a super capacitor. The operation frequency of the
system is 42 Hz and the maximum power generated by the system is 4 mW. In addition
to high frequency operation of the system, it also requires a 3.3 V power source for the
PWM control signal generator. This external supply source increases the volume and
cost of the system and add extra work load by requiring periodical replacement.
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Figure 1.9: The PWM controlled power management circuit for electromagnetic energy
harvesting applications [34].

In [35], a conventional Cockroft-Walton multiplier is used to rectify and boost the input
AC signal generated by the electromagnetic energy harvester. The converted DC voltage
then stored on a capacitor and with the help of a hysteresis switch which is used as a
power management circuit; the stored charge is periodically transferred to a load. The
ambient frequency applied to the harvester is 2 Hz but the Frequency-Increased
Generation technique is used to step-up the frequency. Like the previous example the
circuit has low power conversion efficiency which yields lower generated output power
density.
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The state-of-the-art electromagnetic energy harvesting systems mostly occupy large area
and have considerably low power output due to low efficiency interface electronics.
Besides, the operation frequency of the previously reported works is kept higher than
ambient vibrations due to the high resonance frequency of the harvesters. There is an
absence at the electromagnetic energy harvesting systems that requires a combination of
harvester with a fully-integrated (low volume) and highly efficient power conversion
circuit that converts low AC voltages with low power dissipation from low frequency
vibrations.

1.4. Objective of the Thesis

The aim of this thesis is to design and implement a low voltage, low power and fully
integrated interface electronics for vibration-based electromagnetic energy harvester
especially with low input power. A comprehensive list of objectives of this thesis is as
follow:

1. Study and specification of the blocks required for the high efficiency
power conversion circuit for vibration-based electromagnetic energy
harvesters.

2. Design and implementation of fully-integrated and battery-free interface
electronics with different types of rectifiers and a DC-DC converter
block. The specified rectifier converts the low AC voltages generated by
the electromagnetic energy harvesters to DC with a fully-self powered
topology which does not need any external battery and has high power
conversion efficiency. The DC-DC converter block efficiently boost and
stabilize the rectified voltage to 1 VV DC voltage.

3. Implement a test platform for the fabricated interface electronics and
integrate it with an in-house electromagnetic energy harvester module.
Test the optimized system to realize an autonomous system that is able
to harvest energy under low frequency vibrations and convert it to a
usable form that generates at least 1 yW output power.

4. Discover the problems encountered at the fabricated chip and identify
reasons of these problems. After verification of the problems, decide
possible solutions to overcome these problems and prepare the circuit for
error free fabrication.

1.5. Outline of the Thesis
The remaining part of the thesis includes 4 chapters. Chapter 2 describes the theory and
design of all of the required sub-blocks utilized at an interface circuit of vibration based

energy harvesters. The literature review of each block with state-of-the-art examples is
presented in this chapter.
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Chapter 3 introduces the design and simulation results of the fully-integrated and battery
free interface electronics for low voltage electromagnetic energy harvester, which was
designed in TSMC 90 nm CMOS technology. The theory of each of the blocks utilized
in the designed system is explained in detailed in this chapter and design considerations
for these blocks are also given.

Chapter 4 gives the experimental results obtained from the fabricated circuit in TSMC 90
nm technology and gives the comparison of the fully integrated and self-powered
rectifier topology with a state-of-the-art rectifier which was implemented on the same
chip. The operation voltage of the rectifier is the lowest achieved value among the self-
powered and fully integrated circuit. The fully-integrated structure of the overall circuit
is one of the main considerations of the system. The performance of the circuit is also
observed with an electromagnetic energy harvester and results are given in this chapter.
The problems encountered at the fabricated chip are also defined and possible solutions
of them are given.

Chapter 5 finalizes the thesis by summarizing the achievements obtained at this work and
outlines possible directions for future works on this topic.
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CHAPTER 2

INTERFACE ELECTRONICS FOR ENERGY HARVESTERS

The main purpose of energy harvesting systems is to utilize the ambient energy sources
to power an applicable load like a sensor node. These nodes generally require DC
supply, however the power generated by vibration based energy harvesters is alternating
(AC). Hence, an interface circuit is required to convert the generated AC signal into a
usable DC voltage. This requirement makes interface electronics one of the fundamental
challenges behind the power harvesting systems. Although the power losses of the
power converter are a big concern at low power levels, this issue is not considered at
most of the reported studies. Most of the reported energy harvesting system with a
rectifying interface electronics are designed for piezoelectric harvesters because of the
high output voltage at piezoelectric energy harvesters [27-30]. On the other hand, there
are some good examples in the literature which gives full system solution for
electromagnetic energy harvesters [34], [35]. However, the power conversion efficiency
of these systems is considerably low due to the losses at the conventional passive diodes
utilized at the rectification.

This chapter describes the operation principle and gives the literature review of all the
necessary sub-blocks of the interface circuits for vibration-based energy harvester.
Section 2.1 explains the overall block diagram of the system discussed in this chapter by
introducing the action of each block and explaining relation of the blocks. In section 2.2,
the passive and active rectifiers which are used for AC to DC converters are examined
and state-of-the-art rectifiers proposed in the literature for low power applications are
illustrated.  Section 2.3 gives brief information about different types of DC-DC
converters and explains design requirements of on-chip and low voltage interface
electronics for energy harvesting applications. Besides, basic theory and some state-of-
the-art examples of charge pump circuits which are significant blocks for on-chip DC-
DC converters are explained in this section. Section 2.4 explains the concept behind the
voltage regulation and conventional voltage regulator circuits. It also introduces voltage
regulator designs for ultra-low power applications. Section 2.5 describes necessity of the
on-chip power management circuits in low power energy harvesting applications.
Finally, Section 2.6 contains a summary of this chapter.
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2.1. Overall Block Diagram of the System

Figure 2.1 shows the overall block diagram of a vibration-based energy harvesting
system including the detailed illustration of sub-blocks of the interface electronics.
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| ”| Converter | Regulator

: Energy

Energy 1 AC/DC Storage ! LOAD
Harvester I Converter Element II
I Energy I
> Power Management > Storage
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I Energy I
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Figure 2.1: Overall block diagram of the interface electronics for vibration-based energy
harvesters

The signal generated by the vibration-based energy harvesters is alternating; hence first
block of the system is an AC/DC converter. This block converts the input AC signal into
DC and stores it on an energy storage element like a capacitor. The second block of the
system is a DC/DC converter that shifts level of the rectified DC voltage where operation
and necessity of this circuit highly depends on level of the input AC signal. At low
mechanical excitations, the input voltage generated from the electromagnetic energy
harvesters is also low, thus the DC/DC converter is usually used to boost the rectified
voltage at low frequency electromagnetic energy harvesting systems. The energy storage
element 1l stores the converted DC voltage at the output of the DC-DC converter.
Finally, a voltage regulator block is used to stabilize the output voltage that is delivered
to the load. The regulator removes the output voltage variation with respect to input
excitation and permanently stores the desired output voltage on an even larger storage
element such as a super capacitor. Since the generated input power changes according to
excitation conditions, a power management circuit is need to cut the power to the load
whenever the input is not able to supply sufficient power.

2.2. The AC/DC Converters

The harvested signal from the vibration based energy harvesters is AC. Hence, the main
block of the AC/DC converters is a rectifier which is used to rectify the alternating AC
voltage or current and charge an output capacitor with a DC voltage. The rectifiers can
be divided into two main types as passive and active rectifiers. Passive rectifiers are
generally composed of half-wave or full-wave diode bridge rectifiers. However, voltage
drop and power dissipation of the used passive diodes become a significant concern at
low voltage and low power energy harvesting applications. Hence, to enhance
performance of these converters, either special semiconductor technologies which
include low threshold voltage transistors can be used or different circuit techniques may
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be applied at standard technologies. On the other hand, performance of the active diodes
is similar with an ideal diode: they pass the current only in one way and have very low
voltage drop. Therefore, in low voltage applications using an active diode may be much
more beneficial compared to passive rectifiers. But, the active diodes need an external
power source to operate. The power requirement of the active diode may also be
supplied from the input; however a pre-charged power source is still necessary for
successful operation. In the next sections detailed information about the passive and
active rectifiers is introduced.

2.2.1. Passive Rectifiers

The operation principle of passive rectifiers depends on a simple diode operation where
no external source is needed. At on-chip IC design technologies, diode connected
transistors are utilized as the diodes. The simplest passive rectifier is a half-wave
rectifier which passes the current at positive voltages and loses the negative input
signals. The improved version of this rectifier is a simple full-wave bridge rectifier
(FWBR) which is composed of four diodes and uses whole input period for rectification
(Figure 2.2 a). In [36], a piezoelectric energy harvesting system which uses Schottky
diodes to eliminate the high voltage drop and low power conversion efficiency is
presented. Although Schottky diodes have low voltage drop, their high reverse current
prevents to have high power conversion efficiency.

In [37], the gate cross coupled rectifier (GCCR) which is the improved version of the
full-wave bridge rectifier is presented. The proposed structure is applied for inductive
RF energy harvesters and proved to improve voltage drop. Figure 2.2 shows schematics
of the FWBR and GCCR structures. To decrease the voltage drop, in GCCR circuit two
diode connected NMOS transistors at the bottom of the FWBR is replaced with two
cross-connected NMOS transistors. Hence, the PMOS diode-connected transistor pair at
the upper part of the circuit rectifies the input with threshold voltage drop (V+4) and the
cross-connected pair passes the current with drain-to-source voltage drop. Detailed
explanation of the GCCR circuit is done at Section 3.2.
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Figure 2.2: Schematic of the (a) full-wave bridge rectifier (FWBR), and (b) gate cross
coupled rectifier (GCCR).
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Figure 2.3 shows a passive full-wave rectifier which enhances the power conversion
efficiency by decreasing the voltage drop across the rectifying transistors [38]. The
proposed architecture includes a cross coupled transistor pair (M; and M) like the one in
GCCR; however the diode connected transistor pair is replaced with modified diodes
which are at the bottom part of the circuit. Operation principle of the modified rectifying
diodes is as follows: when the negative input terminal falls below ground the Mg
transistor starts conduction and shorts the gate of Mg transistor to negative input terminal
which forces Mg to turn ON. When Mg is turned ON, gate of M, is connected to positive
input terminal and it starts to pass the current rectified by M;. At the same time, since
the gate of Mg is connected to positive input terminal it starts conduction and connects
gate of My to ground and turns it OFF. For negative input peaks vice versa operation
occurs at modified diodes. Therefore, output voltage drop is decreased to two drain-to-
source voltage instead of one threshold and one drain-to-source voltage in the case of
GCCR. The output voltage of the proposed circuit at positive peaks can be expressed as:

Vout = Vin — (VDS,M1 + VDS,M4) (2.1)
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Figure 2.3: The proposed modified passive rectifier circuit in [38].

Performance of the design is good at high input voltage peaks; the power conversion
efficiency of the circuit achieves more than 90% for high input voltages. However, at
low voltages (< 2 V), the proposed circuit shows very low performance due to the turn
ON process of control transistors (Ms — Myg). At very low input peak voltages (lower
than V) the control signals cannot be turned ON, hence the proposed circuit is not able
to operate.

Figure 2.4 presents the design proposed in [39] which uses the boot-strap rectification

(BSR) technique to decrease the voltage drop of the passive diodes and enhance the

power conversion efficiency of the system. In the design, a cross coupled transistor pair

(Mn1-Myp) is utilized to pass the current rectified by the boot-strap connected modified
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diodes. The modified diode (at left part of the circuit) is composed of boot-strap
transistors Mp;, Mp,, and Mps and a boot-strap on-chip capacitor, Cgs;. Furthermore,
bulk regulation transistors (Mpg;-Mpgg) are connected to bulks of the PMOS transistors
Mp1-Mp,, to prevent the latch-up at PMOS transistors. As a result, the boot-strap
technique helps to decrease the threshold voltage drop at the rectifying diodes to the
voltage difference Vrups-Vrup2.  Hence, the output voltage of the rectifier can be
expressed as:

Vout = Vin = Vrups| — [Vrup2l) — Vpsnz (2.2)
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Figure 2.4: Schematic of the boot-strap rectifier (BSR) presented in [39].

According to [39], the proposed rectifier achieves 75% power conversion efficiency at
low vibration EM energy harvesting applications which yields to low input voltages.
However, performance of the circuit is still not good at voltages below 1 V.

The reported studies show that passive rectifiers are suitable for on-chip rectification;
however, it is hard to achieve low voltage operation with these rectifiers. Therefore,
works on low voltage (<1 V) and high efficiency interface circuits are inadequate in
literature.

2.2.2. Active Rectifiers

Active rectifier is one of the best solutions for the problem encountered from voltage
drop at the rectifying diodes. Active diodes are simply composed of a pass transistor and
a comparator circuit which turn ON and OFF the pass transistor according to the input.
The active rectifiers act like an ideal diode and charge the output capacitor whenever the
input voltage is higher than the output voltage. Active rectifiers can satisfy much higher
power conversion efficiency, due to the much lower drop-out voltage of active diodes.
However, supply requirement of these circuits is a major drawback in the design of fully
self-powered systems.
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In [30], an improved version of the full-wave voltage doubler circuit, which is explained
in Section 1.3.1, is proposed. The diodes utilized in the circuit are replaced with active
diodes and with this modification more than 90% power conversion efficiency is
achieved for load current more than 4 pA and the power dissipated by the active parts is
around 165 nW. Furthermore, to enhance the boosting performance of the rectifier, more
efforts have been done on optimization of designed comparators and on switching
schemes. In [40], an active AC/DC doubling circuit which can generate output voltages
as high as peak-to-peak voltage of the input signal is presented (Figure 2.5). The circuit
uses two active diodes to rectify the positive and negative portions of the input signal and
generate dual rail positive and negative output voltages. The circuit is able to rectify
input peak voltages as low as 0.2 V with more than 80% efficiency. However both of the
designs presented in [30] and [40] use external power source to supply the power needed
by the active diodes.

Rload

Negative TiT TY1 Positive

output
output Ron Ve(t) p
Hsource
= =C
Vin(i)

Figure 2.5: The voltage doubler circuit using active diodes proposed in [40].
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The power dissipated by the active rectifiers is also affecting the power conversion
efficiency of the overall system; hence, the power consumption of these components
must be kept as low as possible. In conventional full-wave rectifiers, at least two
rectifying diodes are used and this leads to consume two times larger comparator power.
In [41], a full-wave rectifier which uses only single active diode is used. In the proposed
circuit, which is shown at Figure 2.6, negative portions of the input voltage is converted
to positive voltages and the rectification satisfied with only one diode. Furthermore, the
comparator circuit which is utilized to control the switch is designed such that its supply
is coming from the input. Hence, the external power supply requirement of the circuit is
eliminated. Although around 87% power conversion efficiency is achieved by the circuit
the minimum operation voltage of the circuit is depicted as 0.7 V.
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Figure 2.6: Schematic of the a) negative voltage converter (NVC) and b) full-wave
rectifier with NVC and an active diode [41].

Figure 2.7 shows a fully self-powered highly efficient active rectifier circuit which was
designed in 0.35 um CMOQOS technology [42]. The circuit uses peak-to-peak voltage of
the input signal and generates dual rail outputs with two distinct active diodes which are
utilized in active rectifier part of the circuit. A bias generator circuit is implemented by
using SMD components to satisfy the external power requirement of the active diodes.
In the designed system two separate coils are used to for the active rectifier and bias
generator circuit. The circuit is able to operate low in put frequencies (< 10 Hz) and has
larger than 81% power conversion efficiency for a wide range of load current (0-42 pA).
However, the utilized SMD components limit the minimum operation voltage of the
circuit and prevent a fully-integrated system solution. Besides, the utilized second coil
also generates a complexity at the design. An improved version with fully-integrated and
ultra-low voltage rectifier topology is presented in this work and explained in Section
3.2.
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Figure 2.7: Self-powered active rectifier circuit with dual rail outputs [42].
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2.3. DC-DC Converters

DC-DC converters are used as the second stage of the interface electronics for energy
harvesting applications. These blocks are used to shift level of the rectified DC voltage
by either boosting (step-up) or bucking (step-down) it according to the level of the
rectified voltage. There are many switching converters in literature; but, only a few of
them are designed for efficient operation at low power applications. Inductor based
conventional DC-DC converters are not appropriate for low power energy harvesting
applications since they have high power losses. Moreover, it is nearly impossible to
integrate the proper inductors on-chip for such applications. On the other hand, charge-
pump based DC-DC converters are much more suitable at low power and low voltage
application and can be easily integrated since they don’t include inductors. The power
conversion efficiency of low power (about 20 pW) DC-DC converters are typically
above 60% [43-47].

2.3.1. Switching DC-DC Converters

There are mainly two types of switching DC-DC converters: inductive-based and
capacitive-based converters. The inductive-based converters use a modulation technique
to charge the inductor and boost the DC voltage on the output capacitor by transferring
the current on the inductor to it. However, at capacitive switching converters a switching
scheme which is satisfying the charge transfer between the capacitors is used to shift the
level of the DC voltage.

2.3.1.1. Inductive-Based Switching Converters

The inductive-based switching converters use the charge stored on the inductor to boost
the output voltage. Output voltage of these converters is regulated to a desired value
with the help of a Pulse Width Modulation (PWM) technique which is illustrated in
Figure 2.8. The operation principle of the boost switching regulators can be explained as
follows: when the switch M is ON, the inductor L1 is charged via the input source. After
the switch M turned OFF, the charge stored on the inductor is transferred to the storage
capacitor and boost the output voltage. The regulation of the output voltage satisfied
with the comparison of a feedback coming from the input voltage (Vger) and a sawtooth
waveform. When the sawtooth voltage exceeds Vgrer the gate voltage of the switch M is
triggered and turns ON the switch, similarly when it falls below, the switch is turned
OFF. By adjusting the duty cycle of the gate control signal (PWM) the output voltage is
regulated to a desired value. The illustrated converter is able to drive load currents
higher than a few micro-amperes up to amperes. The most usual application of such type
of converters is in high current LED flash drives. In order to satisfy high efficiency at
the desired converter the required inductor must be kept in mH ranges. However, such a
high sized inductor is not suitable to be fabricated as on-chip. Typical value of on-chip
inductors is in the range of 100 nH to 1 pH [44].
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Figure 2.8: Schematic of the DC-DC PWM switching converter using feedforward
control [34].

2.3.1.2. Capacitive-Based Switching Converters

The capacitive-based switching converters’ operation principle is also based on charge
transfer as the one in inductive-based DC-DC converters. However, for this case, charge
transfer occurs between capacitors and generates the required output voltage according to
this issue. Similar with the inductive-based converters, they can either boost or buck the
input voltage. The integration capability of the switched capacitor circuit at a standard
CMOS technology is their major advantage compared to inductive based converters.
These converters are also proper for output currents within the range from a few tens of
micro-amperes to a few hundred milli-amperes.

The basic operation principle of capacitive-based switching converters can be explained
by using the schematic of the switched capacitor DC-DC voltage doubler shown at
Figure 2.9. The operation can be divided into two parts: at first phase switches shown
with “1” are ON and the others are left OFF hence the input voltage (Vpp) charges the
capacitor C;. At the second phase switch “1”s are turned OFF and switch 2s are turned
ON and charge stored on C; is transferred to output capacitor which results with
doubling the output voltage.
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Figure 2.9: Switched capacitor DC-DC voltage doubler [48].
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The switched capacitor DC-DC converter proposed in [49] includes a 4-stage DC-DC
converter (Figure 2.10). At the first phase of the clock all of the intermediate capacitors
are connected in parallel and charge with the help of the input voltage V ... When the
clock is changed to the second phase the capacitors are connected in series and transfer
the charge stored on them to output capacitor which generates nearly 4xV,.. as the
output. The proposed circuit is able to give 1 V output voltage for 25 pW input power
and for 2.5 mW input power it gives about 0.9 V output voltage with 162 nW output
power for 10% duty cycle of the clocks (stays high only at 10% of the period). Although
the circuit finely boosts the input voltage the efficiency of the circuit is very low.
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Figure 2.10: 4-stage switched capacitor DC-DC converter [49].
2.3.2. Charge-pump DC-DC Converters

The charge-pump circuits can be considered as a different type of a switched capacitor
DC-DC converter, their basic principle is continuous charge transfer between input and
output with the help of non-overlapping clock phases. Similar with the switched
capacitor circuits, their main advantage is possibility of on-chip integration which gives
opportunity to design a fully integrated interface circuit for low voltage vibration based
energy harvesters.

In the literature there are different types of charge-pumps. Figure 2.11 shows the first
charge-pump topology which is proposed by John F. Dickson and is named as Dickson
charge-pump [50]. In the proposed circuit the charge-pump is pumping the charge to the
next stage which boosts the voltage at the next stage two times of the previous stage.
Due to the utilized diodes which cause voltage drops and power losses, efficiency of the
Dickson charge-pump is low. Dickson also showed that the output current is
independent of the number of stages for ideal case [51]:

loye = f X (Cc + Cs) XV (2-3)

where, f is the frequency of clock, C. is the intentional coupling capacitor capacitance, C
is the stray capacitance per node, and V_ is the voltage by which capacitors charged and
discharged.
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Figure 2.11: The conventional 4 stage Dickson charge-pump [50].

Output voltage of the charge pump depends on many parameters as:

Ce
Cc+Cs

) Vewk — VTH] —Vry—N- (&> (2.4)

where N is the number of stages, Vcik is the clock amplitude, and Vyy is the forward bias
diode voltage. The voltage swing at each stage of a Dickson charge-pump is:

— CC . _ IOut
AV = <cc T cs> Vew ((cc Ty -f) (25)

Hence, by considering the given equation the full term can be approximated as V¢,
when C; is chosen significantly larger than Cs and loy is small. The main problem of
Dickson charge pump is ground body bias. When bulk of the NMOS transistors
grounded at higher stages body effect at the threshold voltage significantly increase the
voltage drop at diodes. The voltage gain stage N can be expressed as:

Voltage gain = AV — Viy(N) (2.6)

where Vry(N)is the threshold voltage of MOSFET at stage N. Therefore, the output
voltage for K stage Dickson charge-pump is expressed as:

K
Vour = 2 (Vin - VTH(N)) (2.7)

The high voltage drop and high power losses of the Dickson charge-pump prevent its
usage in low voltage applications. In the literature there exist many studies which have
focused on boosting the performance of the charge-pump circuit for low voltage
applications. The boosted pump clock scheme, a Charge-Transfer-Switch (CTS)
scheme, the 4-phase charge-pump utilizing the 4-phase clocking phase, and several
modified version of these topologies are included in the literature which try to eliminates
V14 dependent problems and enhance the efficiency of the circuits operating below 2.5 V
supply voltages. In [52], different types of charge-pumps and their design consideration
is discussed in a detailed manner.
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In the conventional 4-phase charge pumps, gate to source voltage of the transistors is
increased with the help of special 4-phase clocks. Hence, losses due to threshold voltage
drop decreases and the pumping gain is enhanced. Moreover, for further improvement,
using a 2 times or 4 times boosted clock signal is an easy way to increase the efficiency
and the output voltage.

In the CTS scheme, each stage of the charge pump includes an external pass transistor,
where gate of this transistor is controlled by the next stage. Since consecutive stages are
at different phases control of these pass transistors is much more easy and beneficial.
The advantages and disadvantages of different charge pump topologies is also described
in [52].

An inductor-based charge pump circuit which boosts the clock signal with the help of
inductor is presented in [53]. The circuit is able to operate at very low voltages down to
0.2 V. Structure of the charge pump is same with the previous examples; however, it
includes a pass transistor in series with an inductor which is connected to input voltage
(Vpp) (Figure 2.12). The boosting operation can be explained as follow: when the clock
changes its state, the current on the inductor prevents instant change of the the charge
pump. Therefore depending on the value of inductance voltage levels higher than input
voltage observed. Although the proposed circuit finely boosts the input voltage an off-
chip inductor is needed for operation.
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Figure 2.12: Inductor based charge pump structure presented in [53].

The charge pump circuits which uses NMOS transistors has lower conversion efficiency
due to the body effect at the threshold voltage of NMOS transistors. To overcome this
problem a 4 phase charge pump circuit which utilize PMOS transistors as the switches is
designed in [54]. The proposed 4 stage charge pump circuit has 70% power conversion
efficiency for 15 YA load current. The 2 stage charge pump circuit gives about 3.55 V
output voltage for 1.8 V input voltage where the ideal value of the output is 3.6 V.
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Figure 2.13 presents a new charge pump design approach which uses CMOS cross-
connected transistors to degrade the effect of threshold voltage [55]. In the proposed
design, the threshold voltage drop of the diode connected transistors is replaced with
drain-to-source voltage of an NMOS and a PMOS transistor, which is typically much
lower than V1. Moreover, since the voltage drop at the output is not directly related
with the V1, the body effect problem at higher stages is also solved. The circuit is
designed and implemented in 0.35 um CMOS process and results show remarkable
improvement at the output voltage compared to previously reported charge pump
circuits. A modified and optimized version of this design has been implemented in 90
nm CMOS process and explained in Section 3.3.
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Figure 2.13: The cross-connected charge-pump circuit proposed in [55].
2.4. Voltage Regulators

The voltage regulator block is needed to stabilize the output voltage at a desired value so
that battery like behavior is retired. There are different voltage regulation strategies to be
discussed in this section. While considering the regulation strategies for energy
harvesting application the key parameter is the power dissipation of the block. In other
words, the quiescent power dissipated by the voltage reference and the regulator must be
much lower than harvested ambient power. Therefore, many kind of conventional
voltage regulator blocks which requires more than hundreds of micro watts power are not
appropriate and not discussed here.

2.4.1. Linear Voltage Regulators

The simplest and most well-known voltage regulator structure is a DC-DC linear voltage
regulator, which regulates the input voltages higher than the desired output voltage. The
regulation strategy of the circuit is based on dissipating the dropout voltage (voltage
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difference between input and output) as heat on a pass transistor (Figure 2.14 a). This
internal power loss on the pass transistor causes to make the linear voltage regulator the
most inefficient regulator for the input voltages much higher than required output
voltage. The linear voltage regulators are also known as low dropout (LDO) regulators
due to the voltage drop on the pass transistor. Figure 2.14 (b) simple summaries the
operation principle of the low dropout (LDO) voltage regulator, where the comparator
(error amplifier) compares the output voltage with a reference voltage generated from the
input and control the pass transistor and charge the output capacitor into the required
output voltage. The voltage gain of the linear regulator is:

VOut _ VOut

LDO Voltage Gain = =
Vi VOut + Vdo

<1 (2.8)

where Vi, Vou, and Vg, are the input, output and dropout voltages of the regulator,
respectively. As the equation implies the regulated output voltage is always lower than
input voltage.
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Figure 2.14: Operation principle of the linear voltage regulator (LDO) [44].
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The power conversion efficiency of the LDO can be expressed as:

POut _ VOut X IOut

LDO Efficiecny : nypo = P Vi X Upu + 10
i in u q

x 100 (2.9)

where o, and Iq are output load current and internal circuitry loss, respectively. If the
loss at the regulator circuitry (lg) is assumed to be negligible, the power conversion
efficiency can be simplified as:

Nipo = W (2.10)

As the Equation (2.10) implies, the power conversion efficiency of linear regulators is
good only when the output voltage is close to the input voltage and maximized when the
dropout voltage is very small. In [56], a linear voltage regulator circuit is utilized for
energy harvesting application, however the overall power conversion efficiency of the
circuit is low due to high voltage difference between input and output voltages. The
power dissipation of the regulator circuit must be minimized to enhance the power
conversion efficiency of the circuit.

2.4.2. Sub-threshold Voltage Regulation

In previous section, it is declared that conventional voltage regulators are not suitable for
low power energy harvesting applications, due to their high quiescent power
consumption and low power conversion efficiency. Table 2.1 shows comparison of
specifications for a conventional voltage regulator and a low power voltage regulator
[57]. The performance of the circuit can be upgraded to the given conditions by
operating the circuit in sub-threshold region which highly decrease the power
requirement of the circuit.

Table 2.1: Comparison of specifications for a conventional voltage regulator and a low
power voltage regulator [57].

Specifications A conventional LDO An L[_)O for energy
harvesting applications
Output capacitance 5 uF 250 pF
Load current range 0.1 mA — 100 mA 0.1 HA—-25 pA
Quiescent current <100 pA <1pA
PSRR <-20dB @ 1 kHz <-20dB @ 100 kHz
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2.4.2.1. Sub-threshold Voltage Reference

The voltage reference circuit is used to generate a reference voltage which is independent
of the supply (input) voltage and the temperature. Since the voltage reference circuit is
always drawing current from supply the quiescent current of this block must be kept as
low as possible. Most of the typical band-gap voltage references generate reference
voltage higher than 1.2 V. However, in low voltage and low power applications
reference voltages lower than 1 V is required. Therefore, band-gap voltage references
are not suitable for low voltage energy harvesting applications. Instead of them, for
generating a PTAT reference, sub-threshold voltage reference circuits can be used. By
keeping the transistors in the circuit in sub-threshold region the current consumption of
the circuit can be decreased.

In [58], a voltage reference circuit which is only composed of 2 transistors operating in
sub-threshold region is proposed. Figure 2.15 shows schematic of the 2T voltage
reference circuit where the M1 is a special zero threshold NMOS transistor (Native
NFET) and the M2 is a regular NMOS transistor. Since a special zero threshold transistor
is used, by connecting its gate to Vss (negative supply voltage) leads to draw current on
the transistors. Therefore, the current on the transistors is same and since they operate in
sub-threshold region the current on them can be expressed as:

1

% 0= Vigr — Vins
I = 13 Coxr 7 Omy = DV exp (——L 1)
1

myVr
Vier — Vthz)
m, VT

W, (2.11)
= UCox2 E (my — 1)V7g €xp (

where u is the mobility of transistors, C,, is the oxide capacitance of transistors, W/L is
the aspect ratio of transistors, m is the sub-threshold slope factor, V; (= ksT/q) is the
thermal voltage, V1 is the threshold voltage of a MOSFET, and V., is the reference
voltage. The analytical solution of the voltage reference can be calculated by solving
this equation. Equation (2.12) shows the analytical solution of V¢, where both first and
second terms are proportional to absolute temperature with negative and positive signs,
respectively.

mim, mim,
Viep = ———WVin2 = Ven) + WVT ln(

.U1Cox1W1L2)
my +m,

(2.12)
U2Cox2 WLy
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Figure 2.15: Schematic of the 2T voltage reference proposed in [58].

The generated reference voltage is totally independent of the supply voltage and with the
adjustment of the width and length of two transistors temperature insensitive reference
voltage can be achieved. Moreover, since the circuit does not contain any resistor and
only use two transistors, the design is completely area efficient. In order to keep power
consumption of the circuit at lowest level, W/L ratio of the transistors is kept as low as
possible. WI/L ratios of the transistors for different CMOS technologies are also given in
Figure 2.15.

2.4.2.2. Sub-threshold Voltage Regulator Design

A series voltage regulator which takes feedback from the output voltage and compares it
with a reference voltage is usually used in the regulation of the input voltage. Figure
2.16 shows a typical three stage voltage regulator circuit which is mostly used in passive
RFID applications [59]. First stage of the regulator is an opamp which compares the
regulated output voltage with the reference voltage. The second stage is a buffer which
improves performance of the opamp. The final stage is a pass transistor which is used to
regulate the output voltage. Most of the dissipated power in this circuit is consumed by
the opamp stage; hence power consumption of the opamp must be kept as low as
possible.
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Figure 2.16: The typical voltage regulator for low voltage RFID applications [59].
2.5. On-Chip Power Management

The on-chip power management circuit in interface electronics for energy harvesting
applications is used to control the connection of harvested power to the load. The
control unit is particularly needed when driving a real load like a sensor to take the
sensor into standby when the harvested power is not enough to drive the sensor. The
power management circuit both monitors the harvested power and the power requirement
of the load and cuts the connection whenever the harvested power is not sufficient. In
the standby mode, mechanical transducer charges the storage capacitor at the end of the
rectifier and power management circuit turns ON the load connection when it reaches to
enough voltage level. Since the power management block is always active, it must draw
very low quiescent power from the supply.

In [60], an input powered power management circuit for vibration based electromagnetic
energy harvesters is proposed (Figure 2.17). The control generator block is used to
monitor the voltage level of the input. If the input voltage is not sufficient to drive the
load the controller chip disables the operation of oscillator and cut the current drawn by
the resistors R1 and R2. As a result whole the blocks in DC/DC converter part is turned
OFF which causes to draw zero current at the standby. After the input voltage reaches
sufficient level the control generator turns the remaining system ON.
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Figure 2.17: The power converter circuit proposed in [60].

In [61], a mode selector circuit is proposed as the controller unit and two trigger points
are generated by using resistive ladders. At these trigger points, the output of mode
selector is goes from low to high and high to low according to the input voltage level.
The power consumption of this block is 2.7 uW and power consumption of the overall
power converter block is 5 UW in standby mode. When the power management circuit
block takes the converter circuit into standby mode the overall power consumption of the
circuit is highly decreased which leads to charge the intermediate storage capacitor much
faster.

2.6. Summary of the Chapter

In this chapter, detailed description of required blocks for a typical vibration based
energy harvesting interface electronics has been given. The theory and design of each
block is explained with the help of state-of-the-art designs in the literature. Also
important parameters of each block for low voltage and low power applications have
been discussed. Next chapter explains the design and simulation results of the proposed
IC for low voltage and low power vibration-based electromagnetic energy harvesting
applications designed in 90 nm CMOS process.
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CHAPTER 3

THE DESIGNED ENERGY HARVESTING IC IN 90 nm CMOS
TECHNOLOGY

The previous chapter introduced brief description of the required building blocks for a
typical interface circuit for energy harvesting applications. The interface electronics for
vibration based electromagnetic energy harvesters is especially challenging at low
vibration levels due to the generated low peak voltages. Therefore, design of interface
electronics for such systems poses with two basic challenges which are efficient
conversion of incoming AC signal into DC voltage and generation of a stable DC power
source to drive a realized load.

In this chapter, the theory, design, and simulation results of the blocks of a complete
interface electronics circuit for electromagnetic energy harvesters which is designed in
90 nm CMOS technology is explained. Section 3.1 explains general overview of the
proposed energy harvesting system by introducing each sub-block. Section 3.2 focuses
on the design and simulations of the ultra-low voltage fully-self powered rectifier circuit.
Section 3.3 describes the DC/DC converter block for low voltage application which
includes a low voltage charge-pump design and a low power ring oscillator to drive the
charge-pump. Section 3.4 presents theory, design and simulation results of a low voltage
and low power voltage regulator circuit which regulates the output to 1 V DC voltage.
The voltage regulator circuit includes three sub-blocks which are a sub-threshold voltage
reference, a low power voltage divider and a low power comparator. The circuit is
designed to get 1 V stabilized output voltage for input peak voltages larger than 0.35 V
with frequencies below 10 Hz. Finally, section 3.5 summarizes the chapter and points
the achieved goals.

3.1. The Energy Harvesting IC Overview

Figure 3.1 shows the overview of the proposed interface circuit (IC) for low vibration
electromagnetic (EM) energy harvesting applications, designed in TSMC 90 nm CMOS
technology. All sub-blocks of the system is designed and implemented on a single chip
which generate a fully integrated system that is powered with an electromagnetic
harvester. The first block of the proposed system is an AC/DC converter block which
efficiently rectifies the incoming AC signal. After the rectification a DC/DC converter
block is used to change the level of the rectified signal. The DC/DC converter block is
composed of a charge-pump and an oscillator block which helps to step up the DC
voltage. The final block of the system is a voltage regulator block which operates at low
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voltage and low power conditions. The voltage regulator block monitors the output
voltage and compares it with a voltage reference block and gives feedback to the
oscillator block to stabilize the output voltage at a desired value.

DC/DC
Converter
Energy AC/DC Charge onp
Harvester Converter Pump
Energy i Voltage
Storage Oscillator
Element Regulator

Figure 3.1: Block diagram of the interface circuit designed in TSMC 90 nm CMOS
technology.

3.2. AC/DC Converter

The generated peak voltage at vibration based Electromagnetic energy harvesters is
considerably low at low vibration levels. Therefore, converting the generated voltage
into DC is challenging. Various different methods can be applied to rectify such low
voltages [62]. For example, the harvested AC voltage can be amplified which helps to
rectify it much more easily. An active amplifier circuit can be used for amplification;
however it needs an external power supply. A transformer or an LC resonator can be
used for passively amplifying the AC voltage, but non-CMOS components are required
in this method which in turn increases the cost and area of the interface circuit. Besides,
these components have low efficiency performance at low frequencies. A CMOS
rectifier circuit can be used for AC to DC conversion at the first stage. However, using
passive semiconductor diodes causes a forward voltage drop at the output, which is a
significant problem at low voltage levels. To eliminate this problem, active diodes with
much lower voltage drop can be used instead. Performance of the active rectifier is
similar with an ideal diode: it has nearly zero drop-out voltage. However, active
rectifiers require an external power source to operate which is a limiting condition for
energy harvesting applications. In this study a self-powered and fully-integrated active
rectifier topology is designed and implemented. Besides, the conventional gate cross-
coupled rectifier (GCCR) topology is also implemented on the same chip for a fair
comparison between the proposed circuit and previously reported work [37].

The GCCR is the improved version of full wave bridge rectifier (FWBR) which is also
depicted in Section 2.2.1. The GCCR topology includes a PMOS diode connected
transistor pair for rectification and a cross-coupled NMOS transistor pair for passing the
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current through its drain to source. Due to the cross coupled transistor pair the voltage
drop at the output decreases, i.e. one of the threshold voltage drop replaced with a drain-
to-source voltage of an NMOS transistor (Figure 3.2).
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i " _—.l | Vin-|V1hp|-Vosn

B

Figure 3.2: Schematic of the gate cross-coupled rectifier (GCCR) [37].

Output voltage of the GCCR can be expressed as:

Vour = Vin — (IVrup| + Vpsn) (3.1)

where the voltage drop on the diode connected PMOS transistors operating in saturation
region is:

21,
Ve | = [Vep| = |V- _ 3.2
[Vsg| = Vspl = [Vrup| + 1y Cox(W/L) (3.2)

where Vgs, Vps, and Ve are source-to-gate, source-to-drain, and the threshold voltage
of the transistor, I is its source-drain current, u,Coy is the intrinsic transconductance, and
W and L are width and length of the transistors in the utilized technology, respectively.
Threshold voltage depends on utilized process and it is possible to minimize it with the
body effect [63]. To eliminate the effect of second term in Equation (3.2), the aspect
ratio (W/L) of the transistor must be increased as much as possible by considering the
available area and the parasitic capacitances.

Although the GCCR topology shows good performance among passive rectifiers the
power conversion efficiency of the rectifier is still low for low voltage applications and
its output voltage is limited by the peak voltage of the input. The proposed active
rectifier topology enhances the power conversion efficiency of the rectifier by utilizing
active diode as the rectification element which has considerably lower voltage drop and
higher load driving capability compared with a passive diode. Besides, a voltage doubler
topology is used at the circuit to get a dual rail output where the output voltage can reach
up to peak-to-peak voltage of the input.
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Figure 3.3 shows block level representation of the active rectifier circuit where an active
AC/DC doubler structure is utilized to rectify the input and drive the output load. The
utilized active diodes composed of a pass transistor and a comparator circuit where gate
of the pass transistor is controlled with the comparator [62]. The designed rectifier
circuit is improved version of the self-powered rectifier circuit explained in Section 2.2.2
which was previously reported by our group [42]. Similar with the previous design an
additional passive rectifier is used to supply the comparators of the active diodes.
However, a passive AC/DC doubler circuit is utilized instead of the previously utilized
bias generator circuit which includes a Dickson rectifier and a half wave rectifier. With
the help of this modification, power losses at the passive rectifier part of the circuit are
decreased. The improvement at the utilized CMOS technology and custom designed
comparator helps to improve the minimum operation voltage of the circuit. Moreover,
the designed circuit requires only single input voltage and does not require off-chip
components which decreases complexity of the circuit and provides a fully-integrated
solution.

AC/DC Doubler with Passive Diodes AC/DC Doubler with Active Diodes
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Figure 3.3: Block level representation of the proposed active rectifier.

Operation of the active AC/DC doubler circuit is as follows: For positive input signals,
when the input exceeds the positive output (V,.) the output of the comparator at the
positive output side (Comp 1) is changed to low which turns the PMOS pass transistor
ON and charge the positive output capacitor (C,y.). When the input voltage falls below
the positive output the comparator turns the pass transistor OFF and positive charge is
stored on the capacitor. Similarly, for input voltages lower than negative output (Vu.)
the comparator at negative output side (Comp 2) turns the NMOS pass transistor ON and
charge the output node (Vo) negatively. To store the charge on the capacitor (C,.) the
NMOS transistor is turned OFF by changing the output of the comparator to low. It is
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noteworthy that PMOS pass transistors are poor at low levels, so NMOS pass transistor
is used to transfer the charge at negative side.

The positive and negative outputs of the passive AC/DC doubler circuit are used as
power supplies (Vpp and Vss) of the custom comparators utilized in the active rectifier.
The source and bulk of PMOS transistors can be connected to each other due to the N-
well process. However bulk of the NMOS transistors must be connected to most
negative voltage which is negative output of the active AC/DC doubler circuit.
Therefore, at passive AC/DC doubler circuit diode connected PMOS transistors are
utilized for rectification.

Figure 3.4 shows the simulation result of the rectified output voltage taken from passive
AC/DC doubler circuit for different values of W/L ratio of diode connected transistors
for 250 mV input peak voltage, 10 Hz input frequency and 5 MQ load resistance. The
given results are taken for optimization of the rectifier circuit. As the size of the
transistors increase the current handling capability of the rectifier also increases, which
leads to higher output voltage. However, for large sizes, the parasitic components of the
transistors degrade their performance. Besides, the area occupied by the circuit is
increased too much for high valued transistors. As W/L ratio of the transistors is changed
from 100 to 400, the improvement in the rectified voltage is only around 40 mV (~10%).
The effect of this slight difference on the overall circuit performance is relatively small
compared to the increased area and cost. Therefore, W/L ratios of the transistors were
chosen as 100.
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Figure 3.4: Change of the rectified output voltage with respect to the W/L ratio of the
diode connected PMOS transistors.

Since the comparator circuits are powered by the passive AC/DC doubler circuit, a
simulation of the optimized passive AC/DC doubler circuit was done to determine limit
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of the current drawn by the comparators. Figure 3.5 shows change of the rectified output
voltage from the passive AC/DC doubler with the varying load current at 10 Hz
frequency, 250 mV input peak voltage and 5 pF storage capacitors. As expected the
output voltage of the rectifier is decreases with the increasing load current. Figure 3.5
shows that the current consumption of the comparators should be lower than 30 nA to
achieve rectified voltage higher than input peak voltage.
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Figure 3.5: Rectified voltage versus the load current of passive AC/DC doubler at 10 Hz
and 250 mV input peak voltage.

Performance of the proposed active rectifier circuit is improved further by two custom
designed comparator circuits for positive and negative sides. Figure 3.6 depicts
schematics of the comparators utilized at active diodes. At positive output side a
comparator circuit with NMOS input transistors (M, at Figure 3.6 (a)), whose input
common mode range is close to positive supply, is utilized. Similarly, at negative output
side PMOS transistors (Ms4 at Figure 3.6 (b)) are used as the input transistor of the
comparator which has common mode range close to negative supply voltage [64].

Since the supplies of the comparator circuits comes from the passive AC/DC doubler, at
some cases inputs of the comparator exceed the supply voltage. To put the inputs into
common mode range of the comparators, source follower level shifters are utilized.
Since the comparator circuit with NMOS input transistors works at the positive voltages,
level shifting NMOS transistors (Mysi-Myss) are added to reduce the DC level of input
signals of the comparators. On the other hand, PMOS level shifter (Mps;-Mps,) is added
to the comparator circuit with PMOS input transistors. Adding level shifters increases
the sensitivity of the comparators to the voltage difference at the source and drain
terminals of the pass transistors. Hence, the comparator accuracy is increased, which
consequently enhances magnitude of the rectified voltage.
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Figure 3.6: Schematic of the comparator circuits used at (a) positive and (b) negative
output terminals of the active AC/DC doubler circuit.

The designed comparator circuit requires 2 bias voltages (Vgn and Vgp) for proper bias of
the NMOS and PMOS transistors. For this purpose a sub-threshold voltage reference
circuit which works at low voltages with very low power requirement is utilized [65].
Figure 3.7 shows schematic of the voltage reference which was adapted to TSMC 90 nm
technology where Vpgy is taken from gate of diode connected NMOS transistor (Vgrer)
and Vpp is taken from gate of upper bias transistor (My).
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Figure 3.7: Sub-threshold voltage reference circuit adapted to TSMC 90 nm CMOS
technology [65].

Operation principle of the circuit is based on the sub-threshold characteristic of the
transistors. The current expression for an NMOS transistor at sub-threshold region can
be expressed as:

w Vos = Vru Vpbs
Ip = tnCox TVTZ exp (m—VT) [1 — exp (— —)] (3.3)

where |, is mobility of the transistor, C,, is the oxide capacitance, (W/L) is aspect ratio
of the transistor, V; is the thermal voltage (V+=kgT/q; Kz is the Boltzmann constant, q is
the elementary charge and T is the absolute temperature), Vy is threshold voltage of the
MOSFET, m is the sub-threshold slope parameter, Vgs and Vps are gate-to-source and
drain-to-source voltages of the transistor, respectively. If the active load part of the
circuit is taken into consideration and considers Iy as the current passing on My, (l1g), an
analytical solution can be expressed for the reference voltage. For Vps>4V+ the current
expression can be approximated as it is almost independent of Vps. Hence, the reference
voltage can be expressed as:

Ip
VREF = VGSlO = VTH + mVT In <#> (34)

In the given equation all of the parameters other than the transistor current are supply
independent, hence by generating a supply independent current reference, a supply
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independent voltage reference can be generated. For this reason a current reference
circuit which uses self-biasing is utilized to get supply independent current source.
However, the reference voltage has a start-up problem due to the utilized self-bias
circuit. Therefore, a start-up circuit which guarantees proper operation of the reference
circuit is utilized.

To have temperature compensated reference voltage, change of the reference voltage
with respect to temperature must be as low as possible. By considering the current
equation as I, = au,T?f(T) (where o is a temperature independent constant) a solution
for the current can be found. As a result, the temperature dependency of the voltage
reference can be found as:

OVrer _ k1 kg a kg T d(f(M)
T = T_o + m?ln —W s 5 |+ m7{ln(f(T)) + m T } (3.5
Cor (7) ()

where k;, is a temperature independent constant coming from threshold voltage and T, is
reference temperature (T, = 300.15°C). One of the possible solutions of f(T) is a
constant; however this could not be satisfied with sub-threshold transistors. Another
solution for the current equation is,

(3.6)

AT+B)

Ip = a,unTZexp( oT

where A, B, and C are independent of the temperature. Given current equation can be
easily satisfied by the sub-threshold current reference shown in Figure 3.7. The W/L
ratios and type of the transistors used in the sub-threshold voltage reference circuit is
given in Table 3.1. Where the LVT, SVT and HVT MOSFETs are low, standard and
high threshold voltage transistors, respectively.

Table 3.1: W/L ratios and types of the transistors used in sub-threshold voltage reference

Transistor WI/L Type

M, 1pum/ 10 pm SVT MOSFET

M, 1pum/20 pm SVT MOSFET

M3 lum/2 pm LVT MOSFET

Ms, Mg 10 um /5 pum SVT MOSFET

My 5um/5 pum SVT MOSFET

Mo 0.2 um/5 pm HVT MOSFET

Mys, Mys 0.2 um/ 6 pum HVT MOSFET

M,s, Mss, Megs, Mys 0.2um/5 pum HVT MOSFET
Mss 0.2um/4 pm HVT MOSFET
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Figure 3.8 shows simulation result of the voltage reference circuit for varying supply
voltages. The adapted circuit gives about 0.2 V reference voltage for supply voltages
larger than 0.3 V. The variation of the reference voltage from 0.3 VV to 1.5 V is in the
range of £15 mV. Figure 3.9 shows variation of the generated reference voltage with
respect to the temperature. As the temperature has been swept from 0°C to 60°C the
change at the reference voltage is lower than 25 mV. The maximum power dissipation
of the sub-threshold reference circuit is 4.5 nW. Although the reference voltage slightly
deviates from the ideal reference performance the current consumed by the circuit is
considerably low which can be easily satisfied from the passive AC/DC doubler
structure.
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Figure 3.8: Change of the generated reference voltage with supply voltage.
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Figure 3.9: Change of the generated reference voltage with temperature.

After the sub-blocks of the rectifier designed properly, all of the blocks are integrated to
each other and tested. As the final the optimization, size of the pass transistors at the
active diodes are determined according to the simulations. The optimization is made to
ensure the minimum voltage drop with maximum current drivability. In addition to that,
parasitic components of the switches are also taken into account for best solution. As a
result size of the pass transistors is chosen as 100 pum / 500 nm.

Figure 3.10 and Figure 3.11 show transient simulation results of GCCR and the proposed
active rectifier circuits for 10 Hz, 250 mV input peak voltage and 5 uF storage
capacitors. The output voltage of the GCCR circuit is only about 0.185 V for the given
conditions. For the proposed active rectifier both positive and negative outputs are
observed on the same figure. If we consider the dual rail output only about 20 mV
voltage drop is occurred at the output which means that output of the rectifier is about
0.48 V. The results show that the new architecture improves performance of the
architecture more than two times compared to GCCR circuit.

The result in Figure 3.11 also depicts the operation principle of the active diode at
positive output side. As explained earlier, when the input voltage exceeds the positive
output, the comparator output is triggered to low voltage and turn the pass gate ON.
After the input voltage falls below the output the gate signal is again triggered to store
the voltage at the output. The gate control signals are always lower than peak value of
the input voltage; however, the proposed level shifters at the comparators work properly
and the gate signals are accurately controlled.
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Figure 3.10: Simulation result of the GCCR for 10 Hz, 250 mV input peak voltage.
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The following simulations of the active rectifier circuit is observed at 10 Hz input AC
signal frequency and with 5 pF storage capacitors. Figure 3.12 shows change of the DC
voltage at the output of the proposed active rectifier circuit, i.e. difference of positive and
negative outputs with respect to applied input voltage amplitude for open load condition.
As depicted in figure, the rectifier circuit converts the input AC voltage into a DC
voltage with nearly twice the amplitude especially at low input voltages. Moreover, the
circuit operates properly with minimum input amplitude voltage as low as 100 mV.
Since threshold voltage of the utilized low voltage transistors are about 150 mV the
current driving performance of the circuit highly decreases below this voltage; however,
it is still acceptable down to 100 mV.
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Figure 3.12: Output DC voltage versus the input voltage amplitude of the active rectifier
circuit at 10 Hz frequency.

Figure 3.13 shows the transient simulation results of the active rectifier with varying load
resistance. Figure 3.13 (a) depicts the change in output DC voltage versus the load
resistance at 0.25, 0.35 and 0.5 V input voltage. Increasing the load resistance reduces
the load current, which consequently decreases the discharging rate of storage capacitors.
Hence, the output voltage decreases by reduction of load resistance.

Figure 3.13 (b) shows the power conversion efficiency of the active rectifier circuit with
the variation of load resistance at different input voltages. The circuit operates with
power conversion efficiencies higher than 80% with input amplitude voltages of 0.5 V,
0.35 V and 0.25 V when the load resistance is higher than 10 kQ, 20 kQ and 60 k€,
respectively. Power conversion efficiency of the circuit is decreasing rapidly for load
resistances lower than 20 kQ due to increased power losses at pass transistors. The
maximum power efficiency of the circuit is about 90% and is achieved at 40 kQ load
resistance with 0.5 V input voltage amplitude.
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Figure 3.13: (a) The output DC voltage and (b) the power conversion efficiency of the
proposed active rectifier circuit versus load values at different input amplitude voltages
at 10 Hz frequency.
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3.3. DC/DC Converter

The rectified DC voltage at the output of the AC/DC converter block is not at a sufficient
level to drive a real load, hence a DC/DC converter block which steps up the rectified
voltage is required. The theory and design of state-of-the-art examples of the charge-
pumps are previously explained in Section 2.3.2. In this work a low voltage charge-
pump circuit is utilized for boosting operation to satisfy fully-integrated and low voltage
operation.

Figure 3.14 shows schematic of the 3-stage cross-connected charge pump circuit [66].
The utilized circuit solves the efficiency problem of the conventional charge pump
circuits by changing the threshold voltage drop of the pass transistors with drain-to-
source voltage of the cross-connected transistors. The basic element of the charge pump
circuit is cross-connected NMOS pair which doubles the input DC voltage. Besides,
PMOS switches are utilized to satisfy the connection between stages. In this work, to
avoid the latch-up between NMOS and PMOS transistors and improve the threshold
compensation, bulk regulation transistors (Mpg:-Mpg1,) are added to the circuit.
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Figure 3.14: 3 stage cross-connected charge pump circuit.
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The optimum stage number of the circuit is desired as 3 by considering the boosting ratio
and power conversion efficiency of the circuit. The 3 stage charge pump configuration
theoretically boosts the input voltage 4 times. However, little deviations from the ideal
output voltage occur due to non-ideal clocks and voltage drops on the transistors. The
optimized design parameters of the charge-pump circuit are given in Table 3.2, where
low threshold transistors are used at the circuit to minimize the voltage drop at the
output. The optimum boosting capacitance of the circuit is chosen according to the
boosting performance of the circuit. Figure 3.15 shows change of the output voltage of
the charge pump with different boosting capacitances for 0.5 V input voltage, 2 Hz clock
frequency and 1 MQ load resistance. When the boosting capacitance increases the
output voltage also increases; however after a level the increment at the output voltage is
not significant compared to the increment at the area needed by the capacitor. Hence the
optimum boosting capacitance is chosen as 4 pF.



Table 3.2: Design parameters of the cross-connected charge pump.

Components Size
Mn1-Mns 7.5 um /100 nm
Mp1-Mpg 7.5 um /100 nm
Mpg1-Mpg12 500 nm/ 100 nm
CrCG 4 pF
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Figure 3.15: Change of output voltage of the charge pump with respect to size of
boosting capacitance.

As shown in Figure 3.14 for proper operation of the charge pump circuit two non-
overlapping clocks are required which can be supplied with an oscillator circuit.
Typically, ring oscillators are used to generate a clock signal in CMOS technology. The
power consumption of a ring oscillator is directly related with the frequency of the
oscillator, the load capacitance and the supply voltage. Frequency of the oscillator must
be in the range of 1 to 10 MHz for the best pumping performance of the circuit. To
satisfy the required frequency and reduce the power consumption of the circuit a 3 stage
current starved ring oscillator topology which limits the current drawn from the supply is
used at this work [67].

Figure 3.16 shows schematic of the 3 stage current starved ring oscillator with constant
Gm (PTAT) biasing. The inverter circuits at the inner side of the circuit
(M13,M14,M17, M18, M21, M22) forms the ring oscillator part of the circuit and the
PMOS and NMOS current mirror transistors at the outer layer which are biased from the
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bias generator limits current of the oscillator. Only one of these current mirrors is
sufficient for limiting the current; however symmetry at the circuit guarantees the 50%
duty cycle and improves the jitter. Size of the transistors are arranged to get the desired
frequency from the oscillator. Moreover a stray capacitance (C=50 fF) is added before
the last stage to keep the frequency in the operation range.
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Figure 3.16: Schematic of the current starved ring oscillator with constant Gm biasing.

The bias current of the transistors and frequency of the oscillator can be controlled with
the help of the bias generator. As discussed earlier, frequency of the oscillator directly
affects output of the charge-pump and by using this idea; the output voltage can be set to
desired value. For this purpose a PTAT bias generator where the bottom PMOS
transistor (M1) acts like a resistor and used to control the generated current is designed.
The control signal of the oscillator circuit comes from the regulator circuit and used to
control frequency of the oscillator. The bias generator circuit also uses self-biasing to
generate supply independent current source. Table 3.3 shows the design parameters of
the designed 3 stage current starved ring oscillator with constant Gm biasing.

Table 3.3: Designed parameters of the current starved ring oscillator.

Transistor WI/L Type

M, 15um/ 0.1 pum LVT MOSFET

M, 7.5um/1 pym SVT MOSFET

M3, Mg S5um/ 1 pm SVT MOSFET
My, Ms 8um/ 1 pum SVT MOSFET
My 25um/1 pym SVT MOSFET

Mg 1pum/1pm LVT MOSFET

Mg — My 0.24 um/0.72 pm LVT MOSFET

The boosting capacitors used at the charge-pump circuit are considerably high, and such

huge capacitors highly affect performance of the oscillator. Therefore, a driver stage is

added after the oscillator which both satisfies generation of the non-overlapping clocks
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and includes higher sized (stronger) inverters at the last stage for improving the
drivability of the circuit. As the first block of the driver stage small sized (weak)
inverters are utilized that have low parasitic capacitances and don’t affect performance of
the oscillator. Since two non-overlapping clocks are needed by the charge pump, an
extra weak inverter is added to one of the signal paths. Figure 3.17 shows schematic of
the driver stage where OSC is the input coming from the oscillator and CLK and
CLK_BAR are non-overlapping clocks. Table 3.4 shows sizes of the used transistors at
the driver stage where all of the transistors are used as low threshold transistors to
increase the current driving capability of the circuit.

] o
o] oo cum

Figure 3.17: Schematic of the driver stage.
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Table 3.4: Size of the transistors utilized in driver stage.

Transistor W/L
Mp (Weak Inverters) 0.5um/0.1 um
My (Weak Inverters) 0.2um/0.1 pm
Mp (Strong Inverters) 5um/0.1 um
My (Strong Inverters) 25um/0.1 um

Figure 3.18 shows the transient simulation result of the oscillator circuit with the drive
stage for 0.6 V supply voltage and 1 pF load capacitance. The designed circuit is able to
generate two non-overlapping clocks and for the given conditions the frequency of the
clocks is around 6 MHz. Moreover, the added driver stage leads to get sharper rise and
fall time, which also enhances performance of the circuit. If the rise and fall time of the
clocks are not good enough the efficiency of the charge pump significantly decreases.
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Figure 3.18: Simulation result of the oscillator circuit with driver stage for 0.6 V supply
voltage and 1 pF load capacitance.

Figure 3.19 presents the simulation results of the proposed DC/DC converter block.
Change of output voltage of the converter with respect to load resistance at different
input DC voltages is depicted at the figure. The results show that at 0.3 V input supply
voltage and 500 kQ load resistance the circuit is able to give 1 V output voltage which is
the desired value for this work. For larger input voltages the generated output voltage is
higher than 1.2 V for load resistances higher than 300 kQ. The output load capacitance
of the circuit for given simulations is 100 pF. The output voltage of the circuit reaches
up to 1.8 V for 0.5 V input DC voltage where the theoretical value is 2 V. The output
voltages higher than 1 V are going to be regulated with the help of the voltage regulator.

51



18 E——

16 e \fiN=0.25 V it
u +|.--"'-_

1.4

= == Vin=0.35 V AT
o 1.2 y g
g —==\in=0.40 V ,.".’—‘7 O
5 1
2 —Vin=0.45V W
=
o 03 "
5 —0—\in=0.50 V
o]

0.6 p

0.4

0.2

0
1.00E+05 1.00E+06 1.00E+07

Load Resistance (Q)

Figure 3.19: Change of output voltage of the proposed DC/DC converter block with
respect to the load resistance for different input DC voltages.

3.4. Designed Voltage Regulator

The regulation strategy of the circuit is based on tuning the frequency of the oscillator by
feeding the regulator output to the bias generator of the oscillator. A sub-threshold
voltage regulator is designed to give feedback to the oscillator. The advantages of the
sub-threshold voltage regulators compared to the commercial regulators are explained at
section 2.4. The conventional LDO regulators suffer from low power conversion
efficiency when there is a huge difference between incoming voltage and regulated
output voltage. Besides, the unregulated voltage must exceed the desired voltage level to
satisfy the regulation. However, in the proposed voltage regulator structure, it is enough
to reach the desired value which is 1 V for this work.

Figure 3.20 shows block level representation of the proposed voltage regulator [68]. The
basic principle of the regulator is it monitors the output voltage with a voltage divider
and compares it with a reference voltage by the help of an error amplifier. Output of the
error amplifier is used as a feedback to the oscillator bias. When the output voltage
reaches to the desired voltage output of the error amplifier starts to increase and tune the
bias of the oscillator to keep the output voltage at the desired value.
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Figure 3.20: Block level representation of proposed voltage regulator [68].

To minimize the current consumption of the circuit and satisfy low voltage operation, a
sub-threshold voltage reference circuit is utilized (Figure 3.21) [69]. The circuit includes
a current source generator which generates current to create a supply and temperature
independent reference voltage. The current generator uses a MOS resistor (Mg) which
operates in linear region. Using this MOSFET highly decrease the area occupied by the
circuit and eliminates the noises coming from a passive resistor. To satisfy the supply
independent operation the current generator uses a S multiplier self-biasing circuit.
Moreover, NMOS current mirror (My; and My;,) transistors are used to decrease the
effect of channel length modulation and increase the sensitivity of the current generator.
The added NMOS current mirrors and the operational amplifier also improve the power
supply rejection ratio (PSRR) of the circuit.

The current generated by the current generator (lp) is copied to the bias voltage sub-
circuit via the PMOS current mirrors and used to generate the reference voltage (Vgrer).
The bias voltage sub-circuit includes the transistor Mys and two source-coupled pairs
(Mne-Mp7 and Myg-Myg).  All the MOSFETS in the designed circuit except the Mg
operate in the sub-threshold region and the MOSFET resistor My operates in deep-triode
region.
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Figure 3.21: Schematic of the voltage reference designed in TSMC 90nm CMOS [69].

The operation principle of the circuit can be explained by considering the sub-threshold
operation of the transistors. The current expression of a MOS at sub-threshold region
can be expressed as:

Ip = Klyexp (%) (3.7)
where K is the aspect ratio of the transistors (W/L), I,(= B(m — 1)V?) is the process
dependent parameter, V1 (= kgT/q) is the thermal voltage, V4 is the threshold voltage of
a MOSFET, and m is the sub-threshold slope factor. The current generated by the
current source (Ip) is determined by ratio of size of the current mirror transistor pair (Mys
and My,) and the resistance of MOS resistor Mg which takes feedback from reference
voltage. Hence, the expression of the generated current is derived as:

K
Ip = B(Vggr — Vrp)mVrIn (KMM) (3.8)
MN3

where (= pu,C,y) is the current drive strength. In the bias-voltage sub-circuit, the gate-
to-source voltages of the transistors (Mys through Myg) and the reference voltage form a
closed loop, so it can be expressed as:

Veer = Vesmns — Vesune + Vosunz — Vasmns + Vesmno
2KMN6KMN8> (3.9)

= VGS,MNS + mVT In (
KMN7KMN9
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where,
Vesmns = Vg + mVr In(Blp/Kynslo) (3.10)

As the Equations (3.9) and (3.10) imply the reference voltage is completely independent
of the supply voltage. The voltage reference equation has two components, one of them
is related with Vy and the other is related with V. Temperature dependences of V4 and
Vr have negative and positive signs, respectively; therefore a constant reference voltage
with very low temperature dependence can be arranged by adjusting size of the
transistors. The threshold voltages of the source coupled transistor pairs (Mys-My7 and
Mns-Myg) cancel each other as can also be observed from Equation (3.9). The
temperature dependence of V1 can be expressed as:

VTH = VTHO — kT (311)

where Vry is the threshold voltage of the transistor at 0 K, and, x is the temperature
dependence of Vqy. On the condition that mVy and (Vrer-Vrho) << kT, temperature
coefficient of the reference voltage is:

dVREF: mkpg n{ b6qmx KRKN6KN81 (KMN4»)}

—K + n
kp(m — 1) KysKy7Kyo

3.12
T . (3.12)

KMNS

Therefore, by adjusting size of the transistors temperature coefficient of the reference
voltage can be equated to zero (dVgree/dT=0). The reference voltage when this condition
is satisfied, is given by

Vrer = Vruo (3- 13)

Therefore, threshold voltage of Mys at absolute zero temperature is generated as the
reference voltage. Figure 3.22 presents the opamp circuit which is used to improve the
sensitivity of the PMOS current mirrors at the circuit. The circuit is composed of a
single stage differential amplifier and operates in sub-threshold region.

Table 3.5 shows the design parameters of the designed sub-threshold voltage reference

circuit. Since low voltage operation is considered low threshold transistors are utilized at
the circuit.
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Figure 3.22: The single stage sub-threshold opamp which is designed and utilized in
voltage reference.

Table 3.5: Design parameters of the sub-threshold voltage reference (Figure 3.21 and
Figure 3.22).

Transistor W/L

Mp1 - Mps 10 pm /10 pm
Mni, Mns 3um/ 0.1 pm
Mnz, Mns 60 um /0.1 pm

Mns, M7, Mg 6 um/3 um
Mns, Mns 40 pm /0.5 um
Mg 0.5um/ 20 um

Mnb 0.5um/3 um

M; - M, 2um/2 pm
M; - M, 0.2 um/ 10 um

Figure 3.23 shows the simulation result of the voltage reference circuit for the varying
supply voltages. The designed circuit gives about 478 mV reference voltage for supply
voltages larger than 0.6 V. The variation of the reference voltage from 0.7 Vto 2 Visin
lower than £1 mV. Figure 3.24 shows variation of the generated reference voltage with
respect to the temperature. As the temperature has been swept from 0°C to 75°C the
change at the reference voltage is in the range of £5 mV. The maximum power
dissipated by the sub-threshold reference circuit is around 0.75 pW.
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Figure 3.23: Change of the reference voltage with the supply voltage.
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Figure 3.24: Change of the reference voltage with the temperature.
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For the voltage divider of the regulator block diode connected PMOS transistors as
shown in Figure 3.20 are used. Since only two series transistors are used at the circuit
high threshold transistors are utilized to minimize the power consumption of the circuit.
Besides, aspect ratios of these transistors are decreases as low as possible and arranged to
get about 478 mV output at 1 V supply voltage. Aspect ratios of the upper and lower
transistors are 0.25 um/20 pum and 0.4 pum / 10 pm, respectively. Figure 3.25
demonstrate the variation of the voltage divider output with the supply voltage. As
expected the output of the voltage divider changes linearly with the supply voltage. The
maximum power dissipation of the voltage divider circuit is 5 nW which is pretty good
for low voltage applications.
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Figure 3.25: Variation of the voltage divider output with the supply voltage.

The final block of the voltage regulator block is an error amplifier which compares the
voltage reference and voltage divider outputs and gives feedback to the oscillator for
regulation. Figure 3.26 presents schematic of the low voltage comparator circuit
designed for the regulation block. Since N-Well process is used, the comparator is
designed by PMOS input transistors that reduce the input offset by connecting their bulk
terminal to their source. A cascade current mirror is utilized to generate the tail current
of the input stage. Hence, higher output resistance is obtained which leads to better
common mode rejection ratio for the comparator. A simple diode-connected ladder is
used to produce reference current, because supply voltage for this comparator is known
and the desired bias current can be produced by proper sizing of diode-connected PMOS
transistors. The current mirror active load structure is chosen as the output stage and the
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gain enhancement is achieved by means of current scaling at the mirror transistors. As a
result a low power high gain comparator circuit is designed as the error amplifier. Table
3.6 presents aspect ratio of the transistors utilized at the comparator circuit. To minimize
the leakage at the transistors high threshold transistors are utilized.
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Figure 3.26: Schematic of the comparator circuit utilized at the regulation.

Table 3.6: Design parameters of the comparator circuit utilized at regulation.

Transistor WI/L

M, M, 5um/0.1 um

Ms, M, 0.2um/5 um

Ms, M3 35 um/ 0.5 um
Mg 15um /0.5 um

M-, Mg 10 um /0.1 um

Ms, Mg 4um/1pum

M1, My, 2um/ 0.5 um
My, 30 um /0.5 pm
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Figure 3.27 presents the simulation result of the regulator block, which demonstrates the
operation principle. As explained earlier, the voltage reference and voltage divider
outputs are compared with the comparator. At low supply voltages the reference voltage
is higher than divided output voltage. Hence the comparator gives low voltage which
means the oscillator is working with full power. When the supply voltage reaches to the
desired value (1 V for this work) the divider output starts to exceed the reference voltage.
Hence, the comparator output started to increase and decrease the bias current of the
oscillator. After about 1.2 V the regulator output is completely triggered to supply
voltage which leads to completely turn OFF the oscillator circuit. The slight offset at the
triggering voltage is to provide a safety margin to the circuit.
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Figure 3.27: Simulation result of the comparator block for varying supply voltage.

After all the sub-blocks are designed they are combined to observe the performance of
the overall circuit. Figure 3.28 presents the transient simulation results of the overall
circuit for 0.25 V input peak voltage, 10 Hz input frequency, 1 MQ output load
resistance, and 5 nF output storage capacitor. As expected, the circuit converts the input
AC voltage to to DC and stabilize it at 1 V DC voltage and this is the lowest reported
voltage that a self-powered and fully-integrated interface electronics can operate.
Similarly, Figure 3.29 presents the transient simulation result of the circuit for the same
load conditions and with 0.35 V input peak voltage.
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Figure 3.28: Transient simulation result of output voltage of the overall circuit with 0.25
V input peak voltage, 1 MQ output load resistance, and 5 nF output storage capacitor.
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Figure 3.29: Transient simulation result of output voltage of the overall circuit with 0.35
V input peak voltage, 1 MQ output load resistance, and 5 nF output storage capacitor.

Figure 3.30 presents layout of the overall circuit drawn at TSMC 90 nm CMOS
technology. The area occupied by the circuit is 200 um x 200 um. The overall layout of
the chip which also includes sub-block of the circuit is shown at Figure 3.31. The sub-
block of the circuit is also added to overall chip to test the circuit more precisely.
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Figure 3.30: Overall layout of the designed TSMC 90 nm circuit.
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Figure 3.31: Overall layout of the chip that also includes test circuits.

3.5. Summary of the Chapter

In this chapter, the theory, design and simulation results of the proposed interface circuit
for low voltage electromagnetic energy harvesting applications has been presented. The
demonstrated architecture includes a complete system for energy harvesting applications
and designed in TSMC 90 nm CMOS technology. The discussed design blocks in this
chapter are, self-power low voltage active rectifier, fully integrated low power DC/DC
converter block with charge pump and oscillator sub-blocks, and a low voltage sub-
threshold voltage regulator block. The operation principles and performance of each of
the sub-blocks are demonstrated with simulations. The proposed IC is a novel solution to
be interfered to low voltage and low power micro power generators.
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CHAPTER 4

THE EXPERIMENTAL TEST RESULTS

This chapter presents experimental measurements of the fabricated interface electronics
and the energy harvesting system that is prepared to test the designed IC. The design and
mechanical characterization of the energy harvester prototype is also explained in this
chapter. Besides, test results of energy harvesting IC sub-blocks under different
excitation characteristics have been demonstrated. Finally, problems encountered after
the fabrication of the designed chip and their possible solutions is explained.

Section 4.1 describes block diagram of the energy harvesting system and presents the
electromagnetic energy harvester prototype that is used to test the designed interface
circuit. Section 4.2 explains the measurement results of the designed active rectifier
circuit and compares it with a previously reported structure. Section 4.3 presents the test
results of combination of the AC/DC and DC/DC converters. Section 4.4 depicts results
obtained from sub-threshold voltage regulator part and verifies problems at the fabricated
energy harvesting interface electronics. Finally section 4.5 contains a summary of the
chapter.

4.1. The Energy Harvesting System and the Energy Harvester Prototype

Figure 4.1 depicts block diagram of the test setup that is utilized to test the proposed
interface electronics. The system consists of an EM energy harvester module, the
interface circuit (IC), and an external output storage capacitor. The EM energy harvester
module converts the Kinetic energy extracted from the ambient vibrations to electrical
energy. The incoming kinetic energy is generated via a vibration table which can
generate various vibrations at different excitation levels. The generated electrical energy
is induced on the coil of the EM energy harvester and used to feed the interface circuit.
The interface circuit converts the generated AC voltage into a desired DC value by using
the structure explained in Chapter 3. The converted DC signal is stored on a storage
capacitor and used to drive a resistive load. As a result a compact energy harvesting
system is prepared which means that whole the power needed by the interface electronics
is supplied from the energy harvester.
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Figure 4.1: The energy harvesting system utilized to test the proposed interface circuit.

A modified version of a simple and low cost EM energy harvester module [42] is utilized
as the power source of the system[64]. Figure 4.2 presents schematic of the EM energy
harvester module and picture of the fabricated prototype. The prototype is composed of
a cylindrical tube package, two fixed magnets (5.3 mm x 5.3 mm x 0.5 mm) at upper and
bottom caps, and a free moving magnet (7.5 mm x 7.5 mm x 7.5 mm). The free magnet
is suspended in the air inside the tube by the effect of magnetic field developed by the
fixed magnets. A pick-up coil is wounded around the designated cavity on the outer
boundary of the tube. When a vibration is applied towards the tube axis, the fixed
magnet starts to move and an induced voltage is generated across the coil according to
Faraday’s law of induction.

The energy harvester has 11 mm and 20 mm inner and outer diameters, respectively.
Length of the prototype is kept at 35 mm which is shorter than regular AA size battery.
The harvester coil wound around the tube has 500 turns and has 180 Q internal
resistance.
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Figure 4.2: (a) Schematic of the EM energy harvester prototype and (b) fabricated
energy harvester prototype.
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When the free magnet moves inside the tube several forces are acting on it, which are:
the external force applied to the system ﬁext, the gravitational force mg, magnetic

repulsion force resulting from the interaction between two fixed magnets ﬁmag (resultant
force coming from both of the magnets), frictional force between the magnet and the

tube walls ﬁfﬁc, electromagnetic damping force coming from magnetic field generated

by the coil ﬁb_w”, and the damping force generated by the air ﬁb_air. Hence, the net force
on the magnet can be expressed as:

Fpet = Fexe + mg + Fmag + Ffric + Fb,coil + Fb,air = ma(t) (4.1)

where m is the mass of the free moving magnet, g is the gravitational acceleration, and
d(t) is the instantaneous acceleration of the magnet. The forces acting on the magnet
must be optimized to increase the efficiency of the energy conversion, such that effect of
the undesired components like the friction force and the air damping force must be
minimized. A cube magnet is utilized inside the tube to decrease the effect of friction
between the walls of tube; however this change also decreases the effect of magnetic
field. Hence, size of the moving magnet must be chosen properly. Moreover, extra
holes are opened at the top and bottom caps.to decrease the air damping force.

The operation frequency range of the transducer is determined by size of the magnets
which effects strength of the generated magnetic field, mass of the free moving magnet,
and length of the tube which limits the distance that the magnet can move and affects the
resultant magnetic force. Besides, during regular operation, the free magnet moves
accurately inside the tube; however, if a high external force is applied to the system, this
will cause the free magnet to crash the upper or lower caps. With such a crash an extra
force is applied on it and this also affect performance of the system.

For the energy harvester prototype with the properties given above the frequency of
operation is between 8 to 15 Hz. Figure 4.3 presents the test results of the given energy
harvester at different peak-to-peak vibration amplitudes at a frequency range of 8 to 15
Hz. The vibration to the system is given with a vibration table and peak-to-peak output
voltage of the energy harvester is observed with an oscillator. The results show that
resonance frequency of the system slightly increases with the increasing vibration
amplitude and for 1 mm to 2.5 mm peak-to-peak vibration amplitudes it changes
between 11.5 Hz to 13 Hz.
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Figure 4.3: Peak-to-peak value of the harvested AC voltage versus the vibration

frequency at different vibration displacements.

Figure 4.4 presents harvested AC voltage from the EM energy harvester for 10 Hz
frequency, 2.5 mm peak-to-peak vibration amplitude and 0.5g acceleration. The
harvested peak to peak output voltage for the given conditions is 0.82 V and its shape is
slightly different than sinusoidal waveform due to the other forces acting on the free

moving magnet.
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Figure 4.4: Harvested AC voltage from the EM energy harvester for 10 Hz frequency,
2.5 mm peak-to-peak vibration amplitude and 0.5g acceleration.
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4.2. Verification of the Designed Active Rectifier

Figure 4.5 presents the energy harvesting system used to test the designed active rectifier
(AC/DC doubler) and compare it with a previously reported rectifier circuit. The well-
known gate cross-coupled rectifier (GCCR) circuit is also fabricated on the same chip
with the same technology for a fair comparison.
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Figure 4.5: Block diagram of the energy harvesting system used to test the designed
active rectifier circuit.

Figure 4.6 shows the test setup that is used at the test of the system where vibration input
of the system is generated by the vibration table. The vibration table is supplied from the
controller and amplifier which are controlled by the software running on a computer.
The controller takes feedback from the shaker with the help of an accelerometer to settle
the vibration at the desired condition.

multimeters

s accelerometer

Figure 4.6: Test setup and the devices used at the setup.
The generated AC voltage and the current drawn from the harvester are observed with an
oscilloscope and the harvested power is calculated. To calculate the total input power

the instantaneous AC voltage and the instantaneous current must be multiplied and
averaged for one period. The expression of the input power can be given as:

1 T
P =17 | Vinl®) (o) 42)
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where T(=1/f) is one period of input voltage, V;,(t) is the instantaneous input voltage,
I; (t) is the instantaneous current drawn from the harvester and t is the time. Since the
output voltage of the rectifier system is dual rail, the output voltage of the rectifier is
measured with the help of two multimeters like shown in the figure. The output voltage
can be calculated by taking the difference of positive and negative output voltages:

Vout = Vout+ = Vout- (4.3)
The load current drawn by the system (lo)is calculated by using the load resistance as

shown in Equation (4.4). The total output power of the system can be calculated by
using the output voltage and output current.

Vout _ Vout+ = Vour-

Loyt =

= (4.4)
RLoad RLoad

Pout = lout X Vout = Tout X Vours — Vour-) (4.5)

The power conversion efficiency of the interface circuit is the ratio of total output power
and the harvested input power.

out

1)
Power Conversion Ef ficiency [%] = P x 100 (4.6)

mn

A test board is designed on a PCB to get more precise results from the chip. Figure 4.7
presents the designed PCB which is ready for test. The designed chip requires some
extra components like the storage capacitors or the load resistance. The prepared test
PCB includes spaces that these components are mounted. Moreover, testing the circuit
on a PCB instead of a breadboard also helps to decrease the effects of parasitic
components coming from the test setup.
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Figure 4.7: Designed test PBC for the TSMC 90 nm chip.
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Figure 4.8 shows the prepared test setup for the implemented TSMC 90 nm CMOS chip
which is placed on the test PCB. The input voltage of the circuit comes from the EM
energy harvester that is excited with the vibration table.

Figure 4.8: The test setup of the TSMC 90 nm chip with the test PCB and the energy
harvester.

Figure 4.9 shows the input voltage generated by the EM energy harvester prototype and
the rectified positive and negative output voltages of the active rectifier circuit for 10 Hz
vibration frequency with 2.5 mm peak-to-peak amplitude corresponding to 0.5 g peak
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acceleration.  Although the peak output voltage is observed at around 13 Hz, the
vibration frequency is chosen as 10 Hz for the tests to observe the low voltage
performance of the circuit. The circuit generates a DC output (Vou+ - Vou.) Which is
close to the peak to peak value of the input AC signal. For the given conditions the
harvested peak-to-peak AC voltage is 0.82 V and the rectified output voltage is 0.8 V.
The voltage drop at the output is only about 20 mV which is considerably low compared
to voltage drops coming from passive diode structures.
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Figure 4.9: The positive and negative output DC voltages of the AC/DC Doubler circuit
and the input AC voltage coming from the EM energy harvester for 0.5 g peak
acceleration.

As depicted earlier both AC/DC doubler and the GCCR circuits are fabricated on the
same chip and tested by using the same EM energy harvester module. Figure 4.10
presents the power conversion efficiency and the output voltage comparison of the
AC/DC doubler with the GCCR circuit versus the load current. The external vibration
applied to the harvester is at 10 Hz frequency with 2.5 mm peak-to-peak vibration
amplitude corresponding to 0.5 g peak acceleration. The improvement at the output
voltage of the AC/DC doubler is more than three times larger than that of the GCCR.
Although the GCCR circuit has higher efficiency at very low output current values, the
AC/DC doubler is significantly more advantageous for applications with a higher current
demand. The AC/DC doubler has more than two times better efficiency for load currents
larger than 20 pA. Performance of the circuit at high load current is important because
of the next stage of the circuit which is used to step-up the DC voltage level is much
more power hungry compared to rectifier block.
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Figure 4.10: a) Output DC Voltage and (b) Efficiency of the AC/DC Doubler and the
GCCR circuits versus the load current for 10 Hz input frequency, 2.5 mm peak-to-peak
vibration amplitude and 0.5g external acceleration profile.

The circuits are also tested with a signal generator to get a more precise control at the
input peak voltage and compare the performance of the circuit at different input voltages.
Figure 4.11 presents open load test result of circuits for 10 Hz input frequency. The
output storage capacitors of the circuit are chosen as 47 pF. The AC/DC doubler
provides about two times larger output compared to GCCR circuit at open load
conditions. The AC/DC doubler is functional for input voltages as low as 100 mV.
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Figure 4.11: The output DC voltage versus the input voltage peak at 10 Hz input
frequency and open load condition.

Figure 4.12 shows change of the rectified DC voltage of the proposed AC/DC doubler
circuit with respect to the excitation frequency for 0.25 V input peak voltage and 47 pF
storage capacitor. The circuit is able to operate properly up to 5 kHz without any
problem, after 5 kHz the output voltage of the circuit is started to decrease and at 20 kHz
the decrement at the output voltage is about 10% of the low frequency output. The main
reason of the performance loss at high frequencies is, supply of the utilized comparator
circuits at the active diodes is at low voltage levels since it is generated from the passive
AC/DC doubler. Hence, bandwidth of the utilized comparators is in kHz range.

500

450

S
o

wa
[
o

w
=]
=]

Rectified DC Voltage (mV)
A
=]

200
150
100
50
o}
1 10 100 1000 10000 100000
Frequency (Hz)

Figure 4.12: Change of the rectified DC voltage of the proposed AC/DC doubler circuit
with respect to the excitation frequency for 0.25 V input peak voltage.
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Table 4.1 shows the system specifications of the fabricated electromagnetic energy
harvester prototype and the AC/DC doubler structure. With 2.5 mm peak to peak
vibration at 10 Hz (corresponding to 0.5 g acceleration), 0.82 Veax-to-peak AC VOItage is
generated and rectified to 0.8 V DC with no load and to 0.61 V with 40 pA load, with the
AC/DC doubler circuit.

Table 4.1: Specifications of the designed system.

Moving magnet dimension 7.5mmx7.5mmx7.5mm
Fixed magnets dimension 53mmx 53 mmx 0.5 mm
Saturation magnetization 12T
Number of coil turns 500
Coil resistance 180 Q
IC technology TSMC 90 nm CMOS
oo " 2.5 mm peak to peak,
Vibration conditions 10 |—p|z, 0'55
Harvested AC voltage 820 MV peak to peak
Max. DC output voltage 0.8V @ no load
Max. power conversion 67% @ 0.61V,
efficiency 40 pA load
Min. operation voltage 100 mV peak

Table 4.2: Comparison of the designed rectifier with recently reported works.

Reference Min Vi, | PCEna Integration External IC
[Vpeax] [%6] Level Supply Technology
[40] 0.005 90 Off-the-Shelf |, ) 55y -
Components
IC Self Powered
+ (+/-15Vat
[42] 0.200 81 Discrete minimum 0-35um
Components voltage)
[70] 0.350 gp | Offthe-Shelf |5 o pattery -
Components
Thiswork | 0.100 67 Fully Self Powered 90 nm
Integrated

Table 4.2 shows the comparison of the designed active rectifier circuit with other
recently reported work. The minimum input amplitude required by the designed rectifier
circuit is the lowest among self-powered implementations. Furthermore, the presented
circuit is the only one providing a fully integrated rectifier alternative as an energy
harvester interface. The minimum input voltage amplitude rectified by the circuit in
[40] is an impressive 5 mV at 20 Hz. However, the circuit needs an external power
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supply to operate. The system in [42] is previously designed by our group and fully-self
powered system solution. However the minimum input voltage is higher than this work
although it is supplied with +/- 1.5 V supply sources. Besides, the circuit is designed
with off-chip components. The power conversion efficiency of the design presented in
[70] is pretty good, but the minimum input voltage of the circuit is limited due to the use
of off-the-shelf discrete components. As the most significant difference from the
previously reported implementations, the proposed rectifier circuit in this work is fully
integrated.

4.3. Test Results of the Unregulated System

The designed interface circuit is tested by removing the voltage regulator block to see the
unregulated performance of the circuit. Figure 4.13 demonstrates block diagram of the
unregulated interface circuit, where the AC/DC converter and DC/DC converter blocks
are driven by the energy harvester prototype. The unregulated performance of the
system is also an important parameter to see the minimum requirements for the circuit to
reach the desired output voltage (1 V).

V. v
th A

5 EM +—
b= Energy | Acmbc | | bc/be |

__§ Harvester Converter Converter

> Module

Storage Load
Capacitor

Figure 4.13: Block diagram of the unregulated energy harvesting system.

-

The test setup of the system is similar with the one given in previous section. A shaker
table is utilized to generate the external vibration at the EM energy harvester prototype
and the generated AC voltage and current is measured by the oscilloscope and the output
voltage is observed with multimeters. The positive output of the circuit comes from
output of the charge-pump circuit and the negative output comes from the active rectifier
circuit.

Figure 4.14 shows the harvested AC signal and output of the unregulated system for 10
Hz frequency, 2.5 mm peak-to-peak vibration amplitude and 0.5g acceleration condition.
The circuit is able to generate 2.48 V output voltage when the load resistance is 4.4 MQ
and the load capacitance is 1 pF. Ideally for 0.82 V peak-to-peak input voltage the
circuit must give about 3.3 V output voltage, however voltage drop at the rectifier circuit
and the finite load resistance causes to have about 2.5 V output voltage.
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Figure 4.14: The harvested AC voltage and output of the unregulated system for 10 Hz
frequency, 2.5 mm peak-to-peak vibration amplitude and 0.5g acceleration.

Performance of the unregulated system is tested at different excitation conditions. Figure
4.15 shows change of the output voltage and the power conversion efficiency of the
unregulated circuit for varying load current at different vibration conditions. The system
is tested at 10 Hz vibration frequency and 2 mm (0.4g acceleration), 2.5 mm (0.5g
acceleration), and 3 mm (0.6g acceleration) peak-to-peak vibration amplitude conditions.
The storage capacitors of the rectifier circuit are chosen as 47 pF and the storage
capacitor at the output is utilized as 1 pF.
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Figure 4.15: a) Output DC Voltage and (b) Efficiency of the unregulated circuit versus
the load current for 10 Hz input frequency and 2 mm, 2.5 mm, and 3 mm peak-to-peak
vibration amplitudes.

The desired output condition is, to get 1 V output voltage for 1 pA load current which is
satisfied by the unregulated system. The circuit is able to generate more than 1 V output
voltage for load currents lower than 1.7 pA, 2.6 pA, and 2.9 pA with peak-to-peak
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vibration amplitudes 2 mm, 2.5 mm and 3 mm, respectively. The maximum power
conversion efficiency of the circuit for 2 mm, 2.5 mm and 3 mm peak-to-peak vibration
amplitudes is about 10%, 13 % and 12%, respectively. Although, the efficiency of the
system is lower than 15% it is meaningful to get such a low efficiency at fully-integrated
and low voltage power converter systems. It is possible to get much higher efficiency by
using off-chip components like inductor or transformer; however it is nearly impossible
to integrate these components on-chip. The presented results show that with a proper
regulation circuit it is possible to get 1 V regulated output with at least 1 WA load current.

The performance of the circuit is also tested for different input peak voltages by using
the signal generator. The minimum operation voltage of the circuit and efficiency of the
circuit at different input voltages is observed with the help of these tests. Figure 4.16
shows test results of the circuit for different load resistance values (0.5 MQ, 1 MQ, and
4.4 MQ). The input voltage frequency of the circuit is 10 Hz and the storage capacitors
of the rectifier circuit and the output are chosen as 10 pF and 1 pF, respectively.

Figure 4.16 presents change of the output DC voltage and power conversion efficiency
of the unregulated circuit for varying input peak voltages and different load resistances.
The output voltage of the circuit reaches 1 V DC voltage at 0.34 V, 0.4 V, and 0.49 V
input peak voltages for the load resistances 0.5 MQ, 1 MQ, and 4.4 MQ, respectively.
For input peak voltages larger than 0.4 V the circuit achieves more than 1 pW output
powers which satisfies the desired condition and leads to drive a real load like a
temperature sensor. The maximum power conversion efficiency of the circuit for 0.5
MQ, 1 MQ, and 4.4 MQ load resistances is measured as 8.5%, 11 % and 7%,
respectively. For input peak voltages larger than 0.4 V the efficiency of the system is
higher than 5%. Although the power conversion efficiency of the circuit is low, it finely
converts the low input AC voltages to more than 1 V DC voltages.
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Figure 4.16: a) Output DC Voltage and (b) Efficiency of the unregulated circuit versus
the input peak voltage for 10 Hz input frequency and 0.5 MQ, 1 MQ, and 4.4 MQ load
resistance conditions.
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4.4. Test Results of Designed Voltage Regulator

Last part of the designed circuit that finalizes the design is the voltage regulator which
was explained in Section 3.4. In order to test the voltage regulator block more precisely
and controllable a power supply is used to give the supply voltage. When the overall
regulator block is tested the obtained results don’t fit with the expected results. AS
depicted earlier when the supply voltage of the regulator (output voltage of the system)
exceeds 1 V output of the regulator must be triggered to high voltage (supply voltage);
however at the obtained result the output voltage always stay at zero voltage. At this
stage to understand the problem at the circuit sub-block of the circuit is started to be
tested.

Firstly, the voltage divider sub-block is tested to observe its operation. Figure 4.17
presents the observed test result for the voltage divider circuit with the varying supply
voltage condition. The results are similar with the simulations, after a certain voltage the
output voltage linearly changes with the supply voltage; however little deviations are
observed from the expected results. The circuit start to operate properly after about 0.6
V, the reason for this is, the circuit contains two diode connected transistors which needs
at least two threshold voltages as the supply voltage to turn ON. The output of the
circuit is slightly lower than expected results due to the parasitic components coming
from the fabrication. The parasitic capacitances such as the PAD capacitances decrease
the driving capability of the circuit and this leads to voltage drop at the output. Although
the voltage divider block does not work perfectly, it is still usable and can be used at
voltage regulator as the input of comparator. To improve the performance of the voltage
divider size of the utilized transistors can be increased; however this also leads to
increase the power dissipation of the circuit.
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Figure 4.17: Change of the voltage divider output with respect to supply voltage.
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The next tested sub-block of the voltage regulator is the designed sub-threshold voltage
reference circuit. Figure 4.18 presents the result obtained from tests of the sub-threshold
voltage reference circuit. The results are completely different with the expected results.
According to the simulation results the reference voltage output must be stabilized at
about 478 mV after 0.6 V supply voltage, however at the obtained result the reference
voltage continues to increase with the increasing supply voltage and after 1.6 V it falls to
400 mV. This result completely explains why the regulator circuit does not work
properly and always stay at low voltages until 1.6 V supply voltages.
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Figure 4.18: Change of the reference voltage output with respect to supply voltage.

To identify the problem at the voltage reference first of all post-layout simulations of the
circuit is handled, but the post-layout simulation of the circuit gives completely same
results with the schematic simulations. After that the process corner simulations of the
circuits which tests the circuit at different process corners is taken into consideration.
There are five different process corners: “Slow-Slow”, “Slow-Fast”, “Fast-Slow”, “Fast-
Fast”, and “Typical-Typical”. The slow ad fast terms at the name of the corners depict
the reaction of the transistors at that process conditions. At process corner simulations
process dependent parameters (such as threshold voltage, channel length, etc.) are moved
to their possible limits occurred due to process variation. Possible reasons for these
different process conditions are variation at doping concentration at a doped area,
temperature, and utilized metal thicknesses. The terms in the name of these corners
show the performance of the NMOS and PMOS transistors at these conditions,
respectively. As an example at “Slow-Fast” corner the NMOS transistors shows slower
performance compared to typical case; however the PMOS transistors works with high
speed or stronger performance. The “Typical-Typical” corner represents the typical
conditions for operation.
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The result obtained from the “Slow-Slow” corner simulation of the circuit is highly
matched with the test results. Figure 4.19 presents the “Slow-Slow” and “Typical-
Typical” process corner simulation result of the voltage reference circuit for varying
supply voltage. At typical simulation the reference voltage is stabilized after 0.6 V;
however at “Slow-Slow” process corner simulation similar with the test results the
reference voltage increase with supply and falls to desired reference voltage at 1.8 V.
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Figure 4.19: “Slow-Slow” and “Typical-Typical” process corner simulation result of the
voltage reference circuit for varying supply voltage.

The results show that the performance of the transistor is below the typical case and they
are weaker than normal condition. To solve the problem at the voltage reference
transistors at the circuit must be strengthen. Therefore, size of the transistors at the
current reference circuit is increased and optimized to get the same reference voltage
from the output. Table 4.3 shows the previous and new size of the transistor for that is
changed to solve the problem. Sizes of the bolded transistors are increased and the
process corner problem is eliminated. Figure 4.20 shows performance of the circuit for
all of the process corners. The optimized circuit is stabilized at 482 mV reference
voltage and the output is changed £12 mV when the supply voltage swept from 0.6 V to
2 V. As a result, the problem at the voltage reference circuit is identified and with the
given modification the problem is solved.

The problem at the voltage reference circuit also explains the problem at the voltage
regulator block. The generated reference voltage is connected to the negative input of
the comparator and since it always gives high voltages, the comparator always gives low
voltages.
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Table 4.3: Corrected size of the transistors at sub-threshold voltage reference circuit.

Transistor WI/L Previous W/L New
Mp1 - Mps 10 um /10 um 10 um /10 um
M1, Mns 3um/0.1 ym 15 um/0.13 um
Mz, Muya 60 um /0.1 um 120 um/0.13 um

Mus, M7, Mg 6 um/3 um 6 um/3 um
Mue, Mns 40 um/ 0.5 um 40 um/ 0.5 um
Mg 0.5um/20 um 0.5um /15 um

Mnpb 0.5um/3 um 0.5um/3 um

M; - M, 2um/ 2 pm 2um/ 2 pum
M; - My 0.2 um /10 pm 0.2 um /10 pm

Slow-Slow Typical-Typical Fast-Slow
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Figure 4.20: Process corner simulation result of the voltage reference circuit for all of
the corners with varying supply voltage.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

In this thesis, a fully-integrated and self-powered interface electronics for low voltage
electromagnetic energy harvesters has been designed and implemented. The aim of the
designed interface electronics is to efficiently rectify the low voltage and low power
signals generated by the electromagnetic energy harvester and convert it into a stable DC
output voltage to be used at real applications. The implemented interface circuit is
finally merged with a low vibration electromagnetic energy harvester prototype and the
full-system performance of the circuit is verified.

Accomplished tasks and results of this research can be listed as follows:

1. An inclusive study on efficient design of building blocks of interface
electronics for vibration-based electromagnetic energy harvesters has been
made. State-of-the-art examples of all of these blocks that take place in the
literature have also been reviewed. Moreover, improvements and drawbacks
of these works are also specified.

2. A new interface electronics architecture for low voltage and low power
electromagnetic energy harvesters is designed to efficiently convert the low
AC voltages into a usable DC voltages. The major advantage of the
designed circuit is, it is fully-integrated and does not require any external
power source like a battery. A novel ultra-low voltage rectifier circuit is
proposed as the first block of the designed system and compared with
previously reported works to presents its improvement. The next block is a
fully-integrated DC-DC converter which is utilized to step up the rectified
low DC voltage. The final block of the system is a low voltage regulator
circuit which stabilizes the output to 1 V DC voltage. The proposed
interface circuit is designed and implemented in TSMC 90 nm CMOS
technology which has special transistors to be used at low voltages.

3. An electromagnetic energy harvester prototype which works at low vibration
levels has been developed and merged with the implemented circuit in
TSMC 90 nm CMOS process to realize a complete energy harvesting
system. The performance of the designed circuit is verified with the test
results and the reasons for functionless blocks are validated. Possible
solutions of these problems are also given. The designed self-powered
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rectifier circuit is able to operate down to 100 mV input peak voltages and
the unregulated energy harvesting system is able to convert input peak
voltages higher than 350 mV to more than 1 V DC voltage at an external
vibration of 10 Hz. These values are the minimum reported voltage levels in
the literature among the battery-free and fully-integrated circuits.

4. Part of the obtained results from this work has been presented in conferences
such as ICEAC’12 and TRANSDUCERS’13. Also a journal paper is prepared
to be submitted in Sensors and Actuators: A. Phys. Journal.

Since this work is one of the first researches on full system solution of interface
electronics for electromagnetic energy harvesters, the potential to the future research is
highly impressive.

A comprehensive list of future works is listed below:

1. Voltage generated by the MEMS based electromagnetic energy harvesters
fabricated in METU-MEMS center has too low output voltages which are not
enough to turn on a transistor. Hence, macro model of the electromagnetic
energy harvesters are utilized to test the performance of the circuit. Currently,
researches on micro electromagnetic energy harvesters are continuing and with a
slight improvement of fabricated devices they can be combined with the
designed circuit to realize a complete micro power generation systems.

2. The problems encountered at the implemented chip are solved and the
rearranged circuit is ready for a new fabrication. Some further improvements
can be added to the circuit to enhance the efficiency of the system. Furthermore,
a power management circuit which monitors the output voltage and put the
circuit into standby mode when needed can be also added to the new design.

3. Design of a similar interface circuit with CMOS 180 nm technology which is
cheaper than the one used in this technology was started. The new circuit is
planned to be used with slightly higher voltages and regulates the output voltage
to 3V DC voltage.

4. An on-chip sensor which is compatible with CMOS can be added on the same
chip with the proposed circuit to have a completely integrated sensor system. A
probable example for this sensor is a temperature sensor.

5. A hybrid energy harvesting system can be generated by utilizing the designed

system and with another energy harvesting topology such as an RF energy
harvester to improve the power output of the system.
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