Carlos Manuel Ferreira Carvalho
Nuno Filipe Silva Verissimo Paulino

CMOS Indoor Light
Energy Harvesting
System for
Wireless Sensing
Applications

Springer



CMOS Indoor Light Energy Harvesting System
for Wireless Sensing Applications



Carlos Manuel Ferreira Carvalho
Nuno Filipe Silva Verissimo Paulino

CMOS Indoor Light Energy
Harvesting System

for Wireless Sensing
Applications

@ Springer



Carlos Manuel Ferreira Carvalho Nuno Filipe Silva Verissimo Paulino

Instituto Politécnico de Lisboa (IPL) Faculdade de Ciéncias e Tecnologia da

Instituto Superior de Engenharia de Lisboa Universidade Nova de Lisboa
(ISEL-ADEETC) Caparica

Lisboa Portugal

Portugal

ISBN 978-3-319-21616-4 ISBN 978-3-319-21617-1 (eBook)

DOI 10.1007/978-3-319-21617-1
Library of Congress Control Number: 2015944734

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(Www.springer.com)



Preface

This book presents a micro-power light energy harvesting system for indoor envi-
ronments. Light energy is collected by amorphous silicon photovoltaic (a-Si:H PV)
cells, processed by a switched-capacitor (SC) voltage doubler circuit with maximum
power point tracking (MPPT), and finally stored in a large capacitor. The MPPT
fractional open-circuit voltage (Vo) technique is implemented by an asynchronous
state machine (ASM) that creates and, dynamically, adjusts the clock frequency
of the step-up SC circuit, matching the input impedance of the SC circuit to the
maximum power point (MPP) condition of the PV cells. The ASM has a separate
local power supply to make it robust against load variations. In order to reduce the
area occupied by the SC circuit, while maintaining an acceptable efficiency value,
the SC circuit uses MOSFET capacitors with a charge reusing scheme for the
bottom-plate parasitic capacitors. The circuit occupies an area of 0.31 mm? in a
130-nm CMOS technology. The system was designed in order to work under
realistic indoor light intensities. Experimental results show that the proposed system,
using PV cells with an area of 14 cm?, is capable of starting up from a 0 V condition,
with an irradiance of only 0.32 W/m?. After starting up, the system requires an
irradiance of only 0.18 W/m? (18 uW/cm?) to remain in operation. The ASM circuit
can operate correctly using a local power supply voltage of 453 mV, dissipating only
0.085 uW. These values are, to the best of the authors’ knowledge, the lowest
reported in the literature. The maximum efficiency of the SC converter is 70.3 % for
an input power of 48 pW, which is comparable with the reported values from circuits
operating at similar power levels.
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Chapter 1
Introduction

Abstract The aim of this chapter is to give the reader a general overview about the
subject that will be addressed in this book. Firstly, a contextualization is carried out,
in order to show where the whole subject fits in and what are the main purposes and
challenges. Secondly, the organization of this book is presented, so as to give the
reader the road map of what can be found in it.

1.1 Motivation and Context

The capability of electronic circuits to obtain energy from the surrounding envi-
ronment, for self-powering, is an interesting feature that has gained increased
attention [1], either for sensor networks [2, 3] or for embedded systems [4]. This
capability allows for electronic devices to operate without the need to be connected
to the power grid, nor the replacement of batteries on a regular basis [1, 3, 5, 6].
This feature is especially important for sensor networks, because the remote sensor
nodes can be deployed to any place where a sufficient amount of energy can be
obtained from the environment. These networks can be used in a wide range of
applications [3], and therefore, the design of low-cost energy harvesting devices
and networks is attracting more attention [2]. This philosophy is promising to take
over the powering paradigm, in opposition to traditional powering methods,
involving batteries or a cord connection to the power grid. Moreover, if there is the
intent of deploying a wireless sensor network (WSN) where the extension of the
power grid is infeasible, or the replacement of batteries has a large cost, the use of
self-powered nodes is the only option. Sensor networks that solely rely on grid
connections are limited by having the sensors located close to a power outlet or
from the power grid. Thus, if one wants ubiquity and pervasive operation, relying
on the power grid is an evident limiting factor.

One step forward toward unlimited sensor location could be the use of batteries.
This allows for complete freedom in the location of the sensors. However, one last
obstacle remains, which is the batteries themselves, because as their stored energy
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gets depleted, they need to be replaced. Eventually, this can be a problem if a large
number of sensors are deployed and if they reside in places that are difficult to
reach. As such, the trivial operation of battery replacement can become expensive
and burdensome.

To achieve indefinite operation in inhospitable locations, the sensors must be
powered in such a way that they can obtain their power directly from the sur-
rounding environment. This kind of procedure is commonly known as energy
harvesting, or energy scavenging. Besides its ubiquitous facet, energy harvesting
also reveals to be interesting both in ecological and in economical terms. Avoiding
the need of batteries, for system main powering purposes, the sensor system will not
be responsible for contributing to chemical pollution caused by disposing of bat-
teries, or even their manufacturing, in the first place. In economical terms, not using
batteries represents cost reduction both in devices and in replacement procedures.

Energy harvesting systems can obtain energy from different sources: light (solar
[5] or artificial [7]), electromagnetic emissions [8], mechanical movements (e.g.,
vibrations) [9], thermal gradients [10], etc. All of these sources share a common
limitation: low energy density. This means that the electronic circuits inside the
sensor node must operate using extremely low energy levels and must have effi-
ciencies as high as possible. This poses significant design challenges. Furthermore,
in many applications, the very limited available energy forces the circuits to remain
in a power-down state for most of the time, until enough energy has been harvested
and stored. Among all energy sources, light is the one with the highest density by
volume unit, for low-power systems [5]. Moreover, photovoltaic (PV) cells are
more compact devices than those that harvest energy from other sources and can be
compatible with some CMOS processes [11].

In indoor environments, it can be preferable to have a sensor, or network of
sensors, self-supplied, in order to avoid the use of any cord connection. Using
harvested energy, the costs of material such as cable duct, the tangling of wires, or
any other inconvenient can be avoided, in addition to having the freedom to put the
nodes where exactly required. Energy can also be obtained from the light existing
indoors; however, using indoor light to power an electronic application represents
an increased challenge. The levels of available light energy inside buildings are
much lower than those that can be obtained outside, and the available light energy
in indoor environments can vary significantly, since the light from the Sun is
attenuated and can be mixed with artificial light.

This book describes an indoor light energy harvesting system intended to power
a sensor node, enabling a network similar to the one described in [12]. Although
designed to cope with indoor light levels, the system is also able to work with
higher levels, making it an all-round light energy harvesting system.

A powered sensor circuit can work in an ON-OFF regime, with a low duty
cycle. When the voltage in a storage capacitor becomes larger than a certain value,
the sensor circuit can be turned on, drawing current from the storage capacitor, thus
reducing its voltage. This will control the maximum output voltage produced by the
harvesting system.
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The system described in this book can be fully integrated in CMOS (except for
the PV cells and the energy storing large value capacitor), to minimize size and
cost.

The harvested energy can be stored, either in a supercapacitor [13, 14] or in a
rechargeable battery [15]. The use of any of these devices enables the node to work
when there is no energy available from the environment. In order to maximize the
harvested power from a PV cell, it is necessary to use a DC-DC converter that can
track the MPP of the PV panel. In this book, it is proposed to develop a MPPT DC-
DC converter based on switched-capacitor (SC) networks instead of inductors [15],
to reduce both the cost and volume of the system. The MPPT algorithm will be
implemented in the analog domain to save power, putting aside any implementation
based on a microcontroller.

Given that some amount of harvested energy is needed to power the control
circuits, it is expectable that the efficiency, at this power level, will yield a lower
value than that of a larger power application, using the same principles and algo-
rithms. The maximum efficiencies are between 60 and 70 % [13, 15]. One thing to
keep in mind is that the total harvested energy must be such that it can be made
useful for powering the desired application or circuit and also to self-power the
control circuitry that manages the harvester. This demand is formally stated in the
literature, as the Energy Neutrality [4, 16]. Generally speaking, the system will be
able to work whenever it has the available energy to do it. If the system has the
ability to permanently harvest enough energy from the environment, then it can
permanently operate, although occasional interruptions may eventually exist. This
means that interruptions will have to be tolerable, or even they can be a strategy of
operation. There are a number of strategies that can be adopted, according to the
type of system usage [16].

The objective of the system presented in this book is to show that it is possible to
manufacture the harvesting section, such that it can work with the available energy
from its surroundings, proving that this concept can be viable. It is expected that the
developed system can be adapted to work with different types of sensors such as
temperature, pressure, and light. If the purpose of the system is to transmit the light
intensity received by the PV cells, then this information will be available from the
operating frequency of the DC-DC converter. Such a node could prove its useful-
ness by monitoring the light conditions inside a room and, using this information,
adjust the illumination to an optimal level, optimizing the electrical energy usage.
This is why the system must be robust enough to operate in indoor environments,
where the available light is substantially less than in outdoor scenarios [16].

Another strong motivation deals with economy and with environmental sus-
tainability. As the overall system is intended to operate without the need of com-
mon batteries to get powered, it will pay off in the long term, since there is no need
to buy additional powering components. Moreover, the power received from the
surrounding environment is zero cost.

In addition to the economic benefit, not using batteries also means that it will not
be necessary to use any process for recycling drained devices. This environmental
aspect is particularly important, even though the most recent generation of batteries
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is progressively making use of less polluting materials. Yet a more primary con-
sequence of avoiding battery powering is the fact that batteries do not even need to
be manufactured, in the first place.

According to the present trends, and thinking about a broader application, the
node supplied by the proposed system could be a part of the Internet of Things
IoT).

1.2 Book Organization

This book is organized as follows: Chap. 2 presents an overview about energy
harvesting electronic systems, namely regarding energy harvestable sources and a
comparison between them. Chapter 3 shows a study about PV cell technologies, an
integrated CMOS PV cell that was actually implemented and a light energy
availability assessment in indoor environments, in order to check the realistic
conditions of the design. Chapter 4 shows the issues related to DC-DC converters,
MPPT techniques, and energy storing devices. Chapter 5 presents the design of the
proposed system. The step-up converter architecture, the design of the ASM that
controls the switching, and the MPPT technique than is jointly used are described.
Chapter 6 presents the physical implementation of the system, i.e., its layout in
integrated circuit, using a CMOS technology. Chapter 7 presents the experimental
test bed, its details, and the results that were obtained from the complete manu-
factured prototype, composed by the integrated system and the PV cells. Finally,
Chap. 8 presents the conclusions about this work, discussing the issues and the
results that were shown, and future perspectives are also suggested. In the
References block, the complete list of the literature references is given, which
served to aid in the making of all of this work.

Additionally, there are three appendixes. In Appendix A, the light measuring
device, used for the light availability study performed in Chap. 3, as well as its
accessories, is presented so as to have an overview about it. Appendix B presents
the manufacturing, characterization, and analysis process of an amorphous silicon
PV cell that has been specifically designed and manufactured for this work. The
results about a prototype cell are presented, consisting of the parameters that can be
used to model the cell for different ambient light intensities. Finally, Appendix C
presents a short study about how to use the waveform results given by the simu-
lations in Spectre, so that the correct measurements about power can be computed,
when dealing with SC circuits.
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Chapter 2
Energy Harvesting Electronic Systems

Abstract This chapter presents a literature review about the various ambient
energy sources that can be harvested and the description of some related systems.
As such, this chapter will provide a brief overview about each source and describe
some systems that use that same energy source. This will be extended on to the
domain of the wireless sensor networks and the aspects related to it, being presented
some examples of energy harvesting powered WSN in different environments.
A brief description of what is expected from each network and how it succeeds in
harvesting the energy that enables it to work will receive a particular focus. Since
light is the energy source being harvested, in order to power the system described in
this book, some more attention will be dedicated to the analysis of this source.
Proceeding with this purpose, a more detailed overview about PV technologies will
be given in Chap. 3. In addition, a more focused insight covering DC-DC con-
verters, energy storing devices, and MPPT techniques will be given in Chap. 4, so
as to complete the literature review opened up in the present chapter.

2.1 Available Energy Sources

In the surrounding environment, there are a number of possible energy sources that
can be conveniently harvested, in order to power electronic applications [1].
Depending on whether a certain energy source is more abundant, that could be the
preferred one.

However, another possible configuration that performs ambient energy scav-
enging relies on the conjunction of multiple energy sources, like in [ 1-7]. The latter
is a highly miniaturized system, designed to have modularity, in the sense that one
can add or remove IC layers, which communicate among themselves using the I’C
protocol. This system occupies a volume of only 1 mm?, entering in the category of
smart dust, which are wireless sensor nodes with perpetual energy harvesting. Next,
Fig. 2.1 shows the evolution in terms of volume reduction that occurred over the past
decades, in conformity with Bell’s law, as stated in [7]. This law is somewhat related
to the well-known Moore’s law [8], although the latter may probably be reaching its
limit [9].
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The scavenged energy sources more commonly used are presented in this
chapter and very briefly described and characterized in the following subsections, as
a more detailed overview is outside the scope of this book. However, relevant
references will be given, in order to aid in getting a broader insight about each
source and related systems that are specifically designed to work with it.

2.1.1 Mechanical Energy

Mechanical energy can be harvested from various natural sources, such as wind
[10], wave motion [11], vehicle motion, or in general, any kind of vibrations or
movement, namely by resonance. There is an important issue specific to mechanical
energy harvesting systems, which is the need to have rectifying circuits. As one is
dealing with alternating signals, an AC to DC conversion must be carried out. The
rectifiers can be passive or active. The former ones are based on diode topologies,
namely rectifier bridges, while the latter ones employ some means of switching
power conversion, as in [12].

There are several ways of converting mechanical energy into electrical energy,
from which one can choose. This conversion can be done by using electromagnetic
[1, 13], piezoelectric [14], or electrostatic means [15]. According to [13], the most
suitable materials to harvest mechanical energy are those that exploit the electro-
magnetic and the piezoelectric principles, possessing the highest power density,
when compared to the electrostatic ones. Each of these materials has a different
electrical behavior, and thus, when using any of them, a different electric interface
must be used. Harvesters exploiting vibrations presently have an efficiency ranging
from 25 to 50 % [16].



2.1 Available Energy Sources 9
2.1.1.1 Electromagnetic Conversion

In order to have the possibility to perform simulations, destinated to check any
proof of concept, it is necessary to have a model of the harvester device. In the
mechanical context, when dealing with electromagnetic conversion devices, it is
usual to have finite element method (FEM) models, so as to have a suitable rep-
resentation of the harvester. This model can be used in conjunction with electric
circuits, in order to enable a simulation. For example, in [13], an electromagnetic
energy harvester is studied using this approach. From the FEM model, one can
extrapolate a block diagram model at the numerical level and this one can then be
translated to Spectre, for example, allowing for electric simulation. In the block
diagram model, one will have the kinematic variables playing their role.

Electromagnetic transducers generate a voltage offering a low impedance output,
and typically, electromagnetic conversion is used for larger power levels than the
ones aimed by this book, and, therefore, it will not be addressed further. Moreover,
the cost of this type of converters is higher than that for other types.

2.1.1.2 Piezoelectric Conversion

There is a material, Lead Zirconium Titanate (PZT), widely used for this conver-
sion, which is considered as the silicon counterpart of piezoelectric materials, when
dealing with engineering applications, as it can be found in [6, 17, 18].

A piezoelectric energy harvester is typically a cantilevered beam with one or two
piezoceramic layers, which can vibrate in various vibration modes. The induced
strain is converted into electrical charge, originating a voltage. The generated
voltage is proportional to the force and thus to the vibration magnitude applied to
the harvester. However, piezoelectric energy transducers are characterized by a high
impedance output, unlike conventional voltage sources. This results in the need to
use appropriate electric circuits that correctly interface with this type of transducer.
The voltage generation mechanism is illustrated in Fig. 2.2.

This kind of mechanism is bidirectional, such that by applying a voltage will
result in a deformation, meaning that these materials can be used both as sensors
and as actuators.

The simplified electric model of a unimodal piezoelectric harvester is repre-
sented in Fig. 2.3a.

At the left-hand side of Fig. 2.3a, the mechanical part of the model is repre-
sented, where R, L, and C represent the mechanical parameter loss, mass, and
stiffness, respectively. The transition from the mechanical to the electrical domain is
modeled by a transformer with a ratio of n, where the conversion from stiffness to
the current i is performed, instead of using the generated voltage directly. At the
right-hand side, i.e., in the electrical domain, C;, represents the plate capacitance of
the piezoelectric material. When at resonance, the whole circuit can be simplified to
a current source in parallel with a capacitor and a resistor, in which the latter
represents the losses. This model is depicted in Fig. 2.3b. With this circuit, the MPP
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condition can be achieved if the load connected at the output is the conjugate of the
impedance represented by C, and R, i.e., the load must have an inductive
component.

2.1.1.3 Electrostatic Conversion

Micro-electrical mechanical systems (MEMS) are well suited to collect mechanical
energy. Devices using this kind of technology can be built so as to be compatible
with CMOS integration, in order to lay out both the harvester and the energy
processing system in the same die.

Basically, the harvester can consist of a simple variable plate-distance capacitor.
The energy conversion can be achieved in two ways, either by varying the gap
between the plates or by varying their overlap. A simple way to illustrate this
principle is by looking at Fig. 2.4, representing a rest position, from where the
moving plate can suffer a translation along any of the axis, as a consequence of
vibrations or any other motion.

If this translation occurs along the y-axis, the distance between plates will vary,
and the capacitance will vary accordingly, in an inversely proportional way. On the
other hand, if the translation occurs along the x- or the z-axis, the plate overlap will
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Fig. 2.4 Symbolic representation of the conversion mechanism using MEMS

decrease and so will the resulting capacitance. If the capacitor is precharged and

then kept open-circuited with a constant charge, the capacitance variation will

change the voltage of the capacitor (V) and, consequently, the stored energy [20].
The variation of capacitance is given by the parallel plate capacitor equation,

A
Cyar = 808,2, (2.1)
and relies on modifying either the superposition area of the plates of the capacitor
(A), the distance between plates (d), or even the dielectric constant of the insulation
material between plates (¢,), if a different material is inserted in between. g is the
dielectric constant of vacuum.
By having established the value for the variable capacitance, the voltage that
appears at the terminals of the capacitor is

VC = a, (22)

and the energy that can be used thanks to this generation process, if the capacitor is
discharged over a resistor R during an interval ., is

b V2 2t
E(t) = / %e_mdt. (2.3)
0

MEMS are also compatible with both the piezoelectric and electromagnetic
processes.

2.1.2 Thermal Gradients

Obtaining energy from temperature sources may be an option in certain contexts,
for instance, where there are high temperatures, such as furnaces or exhaust pipes.
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These can be conveniently scavenged as a thermal source, providing a consistent
amount of power [1, 3, 17, 18].

Thermoelectric generators (TEG) have the advantageous characteristics of
requiring little or none amount of human intervention during their useful lifetime.
Moreover, these devices are reliable and quiet, as there are no moving parts.

Current thermoelectric materials can only convert a maximum of 5-6 % of the
useful heat into electricity. However, significant research is being carried out, in
order to develop new materials and module constructions which can eventually
reach a harvesting efficiency higher than 10 % [21].

A thermoelectric element converts thermal energy, in the form of temperature
differences, into electrical energy and vice versa. Devices using Bi,Te; have
already proven their usefulness [18] and showed to possess the highest figure of
merit [22], defined as
Y

Z-T="-
2

T, (2.4)

in which, T is the temperature, o is the Seebeck coefficient, o is the electrical
resistivity, and A is thermal conductivity. Using this material, for temperatures
between —50 and 80 °C, the figure of merit in (2.4) can reach values up to unity.

The drawback behind this kind of source comes from the hostile environment to
be scavenged, having to take particular care with the electronic circuits being
powered. Thermopiles are among the other types of devices to achieve harvesting
from this kind of source, but there are also some novel devices and systems under
research [17, 23].

The model of a thermoelectric energy harvester is a simple Thévenin equivalent
circuit, like the one shown in Fig. 2.5.

The voltage V1 is an open-circuit voltage proportional to the temperature dif-
ference between both sides of the TEG, and to the Seebeck coefficient. The latter
depends on the material being used and represents a measure of the magnitude of an
induced thermoelectric voltage, in response to a temperature difference across that
same material. In the model of Fig. 2.5, resistance Rt represents the loss of the
model of the TEG and Vry is the output voltage of the harvester. According to the
maximum power transfer theorem, the maximum power point can be achieved by
matching a load resistance to the source resistance, Rr.

Fig. 2.5 Electrical equivalent Ry
of the thermoelectric
generator +

Vr Vru
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The Seebeck effect is the generation of an electromotive force within two dif-
ferent metals, when their junctions are maintained at different temperatures.
A common application of this principle is the use of thermocouples to measure
temperature. However, when a thermocouple is used in temperature measurements,
the electromotive force being generated is countered by an applied voltage,
resulting in no current flowing. The main difference, between using the thermo-
electric effect for temperature measurement or for power generation, is the use of
semiconductor materials, instead of metals, when the purpose is the latter. This use
enables the flow of current in the generator, allowing it to produce power.

The Seebeck coefficient is defined as the obtained voltage variation in response
to each degree of temperature gradient. Thus, the thermoelectrically generated
voltage in the model of Fig. 2.5 (V1) is given by (2.5), where S is the Seebeck
coefficient (expressed in V/K), which is material-dependent, and AT is the tem-
perature difference between the hot and the cold sides of the harvester device.

Vr = SAT. (2.5)

Semiconductor materials have a significantly higher Seebeck coefficient, when
compared to metals, and so they are more suited to manufacture power generator
devices. The Seebeck effect in the n-type material creates a flow of excess electrons
from the hot junction to the cold one. In the p-type material, holes migrate toward
the cold side creating a net current flow which is in the same direction as the one in
the n-type material. In Fig. 2.6, the simplified schematic structure of a typical
semiconductor thermoelectric device is shown.

MEMS structures are also used for building TEG, and, in [24], a new MEMS
fabrication method is presented.

For example, a WSN able to monitor the health of the structure of an aircraft can
be established [22]. One of the main advantages of a WSN is to avoid complex
wiring, saving material, and consequently weight and cost. The temperature dif-
ference obtained between the aircraft cabin and the aircraft body shell, at high
altitudes, can be such to obtain a high potential.

Fig. 2.6 Typical structure of
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At a bigger scale, thinking about renewable energy sources and environmental
issues, [25] proposes using ocean thermal energy conversion (OTEC), by taking
advantage of the difference of about 20 °C existing in subzero regions. Since the
water is almost at freezing level, and the outside temperature can be at about —20 °C,
this permanent temperature gradient is suitable for thermal energy harvesting. At a
smaller scale, this factor could be interesting to deploy a WSN in these geographical
zones of the ocean, with the nodes being supplied by this harvestable source.

There are also environments at a much smaller scale, such as wireless body area
networks (WBAN), which can also make use of thermal gradients, by using human
warmth. This topic will be further explored in Sect. 2.1.4.

More recently, new technologies have been developed by using an innovative
concept of mixing mechanical and thermal energy to harvest energy. This is done
by firstly using heat to provoke a deformation in a material, such as a bimetallic.
Secondly, that deformation, by electrostatic conversion (see Sect. 2.1.1.3), is used
to produce energy. Such developments can be found in [26, 27].

2.1.3 Radio Frequency Electromagnetic Energy

In environments mostly located in urban areas, one source that becomes appealing
to be harvested is the radio frequency (RF) energy. This energy exists around every
place and is generated by sources such as radio and television broadcasting, mobile
phone cellular network, Wi-Fi networks, and other sources alike.

One important factor that makes this source very appealing to harvest is the fact
that ambient RF energy, as a power source for outdoor sensor nodes, is typically
available all the time, either day or night.

As the harvested signals are AC, in order to provide at the end of the chain a
stable DC supply, it is necessary to use rectifiers to perform such a conditioning,
like it can be found in [3, 6, 28]. Harvesters exploiting the RF sources presently
have an efficiency that can go up to 50 % [16].

The low magnitude of the voltages resulting from the RF energy harvesting
process is at such reduced level that the design of rectifiers is very challenging,
since many half-wave or full-wave diode rectifiers require nonzero turn-on voltages
to operate.

Typical rectifier circuits are based on the well-known diode bridge. These can
make use of NMOS or PMOS transistors and can implement half- or full-wave
rectifiers. According to design parameters and required performance, some
trade-offs must be adopted.

In Fig. 2.7, a way of implementing a MOSFET rectifier circuit using NMOS
devices is shown [6]. Voltage v;, represents the RF source being harvested.

The rectifying process is as follows: When vy, is in its positive half cycle, M, and
M, are conducting current, while M, and M35 are in open circuit. During the negative
half cycle of v;,, the roles of the transistors are exchanged. At the end, the rectified
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"
T

voltage v, Will ideally be a DC voltage, appearing at the terminals of the filtering
capacitor C,.

With circuits like the one shown, a low voltage drop (v4s) in the transistors
implies using wide channels and low frequencies. On the opposite, narrow channels
imply a higher voltage drop and the operation at higher frequencies. If, instead of
just one transistor, several transistors are connected in parallel, the performance of
the rectifier can be improved in terms of working frequency and voltage drop. This
technique divides the total current by each one of the transistors in the parallel, thus
reducing the voltage drop of each individual device. In addition, frequency can also
be improved, because the size of each transistor is smaller, as compared to having
just one big transistor. In [6], the implementation of full-wave rectifiers allowed to
obtain voltage drops as low as 0.2 V and operating frequencies of 16 MHz, by using
a parallel structure of transistors with W = 10 um and L = 0.28 pm.

In [28], a different type of rectifier is used, by making a field-to-voltage con-
version, which is not grounded. This structure is depicted in Fig. 2.8, where v;,— and
Vins connect to an antenna or similar device.

The vggr terminal allows for offsetting the output voltage v,,. Using this
structure, it is possible to stack several of these modules, in which the lower one can
have vgrgr grounded, while its output terminal connects to the vggp terminal of the
next structure, and so on. By doing so, the contribution of each rectifier helps to
effectively increase the overall output voltage, so as to have, at the output of the
upper structure, a suitable value to power an electronic application. A more detailed

VREF @——4 Vour

Fig. 2.8 Full-wave rectifier, acting as a field-to-voltage converter
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study of MOSFET rectifiers is done in [29], where the transistors are working in the
weak inversion region, having all of the terminals being exploited.

This RF energy source appears typically in a very limited amount, representing a
very low power density [17]. In order to assess the real availability of energy that
could be made useful by using RF sources, by performing power density mea-
surements, [30] surveys the expected power density levels from GSM 900 and
GSM 1800 base stations at a certain distance and also in a WLAN environment.
According to it, for distances ranging from 25 to 100 m from a GSM base station,
power density levels range from 0.1 to 3.0 mW/m?. Measurements in a WLAN
environment indicated even lower power density values, thus making GSM and
WLAN unlikely to produce enough ambient RF energy for wirelessly powering
miniature sensors. Also according to [30], a single GSM telephone has proven to
deliver enough energy for wirelessly powering small applications at moderate
distances.

In general, the levels of power density are much dependent on the frequency of
operation and on the distance between the transmitter base station and the receiving
harvester.

At a bigger scale, thinking about grid power transfer, [31] presents some results
about wireless power transfer, although at reduced distances, as electromagnetic
energy has a strong decay over distance and with the frequency being used.

An essential part of this kind of system is the antenna, in order to capture the
radio signals. There is a system that agglutinates the functionality of antenna and
rectifier, which is called a rectenna. These devices, and antennas in general, have a
relatively low conversion efficiency, but this parameter is dependent on the fre-
quency of operation. As such, the key parameters to have into consideration are
bandwidth, polarization, directivity, and size. In order to be sensitive to a wider
range of frequencies, the antenna must tend to be bigger, in order to capture the
lower frequencies. The work in [32] presents an architecture for a RF energy
harvesting system, where the system components such as the antenna and the
ultra-wideband (UWB) input matching LC network are designed and studied in
depth, as well as the optimum rectenna load. Also, a study about the availability
of RF ambient energy, coming from digital television broadcasting in a given
geographical area and its surroundings, is carried out in [32].

The work developed in [33], besides making use of television broadcasting, also
uses the energy radiated by the base transceiver stations of the mobile telephone
networks. The collected energy is sufficient to power a sensing application, whose
objective is to transmit information about temperature and light. The duty cycle
being used is very small, and the firmware is implemented with particular care
about reducing computationally consuming operations.

The applications described in [3, 6] make use of radio frequency (RF) power as a
resource to be harvested in conjunction with other sources. However, in [28, 32,
33], this is the only source being scavenged.

Another important set of applications that make use of RF energy harvesting is
the radio frequency identification (RFID) tags, widely disseminated in commer-
cially available consumer products. When queried by a reader device, the tag is
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momentarily powered by a RF signal close to it and responds by sending a coded
identification number. The same type of device can also be used to identify live-
stock or pets, in which the tag is implanted beneath the skin.

To harvest the electromagnetic energy in RFID systems, an antenna or an
inductor coil must be used. However, as with other sources, this RF energy may
present itself unpredictable and much dependent on the distance at which the reader
is put from the tag. In [34], a system is presented in order to enhance range
operation. Due to the dependence on the distance between the reader and the tag,
voltage limiter circuits must be used to prevent any damage to the tag being read.
Examples of limiter architectures with such a purpose are presented in [35, 36].

2.1.4 Human Generation

The idea behind using applications powered by a human source is very interesting
and has captivated the interest of researchers since some years ago [37]. The human
body provides multiple sources of energy that can be harvested. According to [38],
it has been shown that, ideally, 2.4-4.8 W of power is available in body heat, 0.4 W
in exhalation, 0.37 W in blood pressure, 0.76-2.1 mW in finger motion, 60 W in
arm motion, 67 W in heel strike, 69.8 W in ankle motion, 49.5 W in knee motion,
39.2 W in hip motion, 2.1 W in elbow motion, and 2.2 W in shoulder motion.

The necessity of providing energy to wearable computing devices made the
conversion of human motion into useful electrical energy, a topic of extensive
study. For instance, in gyms, there is some equipment, such as exercising bicycles
that have their instrument panel powered by the user who is exercising. However, in
such a situation, the user must strive forcefully into the production of the required
energy. More broadly, in energy harvesting generated by human motion, the
preferable situation is to have the user oblivious of such an action, while providing
the necessary energy to power an electronic application. For example, the kinetic
energy from human motion is already used to power electronic wrist watches [39].
In the medical domain, electronic medical implants can be powered by using the
human heat as a power source.

In fact, the energy generated by human means is coming from a particular
environment where there coexist some of the sources already described, namely the
thermal gradients and the mechanical energy sources, but that are not restricted to
these. Energy harvesting of electromagnetic radiations is also possible with the
human body, as it will be shown ahead.

A very important class of applications, in a human energy harvesting environ-
ment, is the implantable biosensor. There are some requirements for these sensor
systems, which are the reduced size, the complete absence of user intervention,
once the applications have been deployed into the body, and the possibility of these
applications to be hermetically sealed. All of these requirements come from the fact
that the applications are to be deployed inside the human organism.
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An increased challenge exists, when using the human-originated energy sources,
because of the limited power densities that these provide. When compared to
sources originated in an industrial or outdoor environment, a single human body
provides a reduced amount of power.

With respect to the mechanical generation, the movements of the body occur at a
very low frequency, and concerning the thermal gradients, the difference of tem-
perature between the human body and the outside environment is not very high,
except perhaps, in extreme cold conditions. Moreover, if the body is immobile, a
great deal of potentially available mechanical energy is not available. The best place
to put a sensor powered by mechanical means would be in a limb, because this zone
is prone to have a greater mechanical activity.

The limit values of the power generated from a linearly excited motion-driven
generator with linear proof-mass motion, mounted on a walking person, when using
a conventional MEMS-compatible and inertial micro-generator strapped to the
human body are presented in [40]. These values are between 1 and 4 pW for a
device occupying around 0.25 mm?, rising to between 0.5 and 1.5 mW for a
generator occupying 8 cm®.

In addition, the upper limit of the power generated from a vibration-driven
device in a human worn application is presented, which is

Z[Y0w3m

T

Ponax =2 (2.6)

In (2.6), Z, is the amplitude of the inertial mass motion, Yy, is the amplitude of the
driving motion, m is the value of the proof mass, and w is the angular frequency of
the driving motion. Also in [40], it is assumed that when a person is running at
12 km/h, Yj is 0.25 m and the excitation frequency is around 2 Hz.

The light energy source has some drawbacks when used in the human context.
These drawbacks are the inexistence of light availability for devices implanted
beneath the skin, or the shortage of light for devices worn under clothing. Although
light is a very important source of power, it has been shown that thermoelectric
devices, also a reliable solid-state technology, are superior to PV cells in the
WBAN domain.

For human implantable devices, the thermoelectric generators are receiving
increased attention. In order to maximize the amount of power that can be harvested,
it is important to match the output impedance of the harvester with the load being
supplied, both at the electrical and at the thermal domain. According to [40], the
maximum of electric power that can be extracted from a thermoelectric generator is

(nSATTE(;)Z
Prax = R (2.7)

In this expression, n is the number of P and N elements like those in Fig. 2.6, S is
the Seebeck coefficient, ATtgg is the thermal difference, and Rt is the electric
resistance of the model of the thermoelectric generator, like the one in Fig. 2.5.
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The human body has an almost constant temperature. This temperature is due to
the metabolism, which has a power 58.15 W/m? over the body surface. A normal
adult, with an average surface area of 1.7 m?, in thermal comfort and regular
metabolism, has a heat loss of approximately 100 W. However, the metabolism can
provide a value as low as 46 W/mz, while sleeping, or as high as 550 W/mz, when
running at 15 km/h. During a common workday, sitting at an office, this value can
be 70 W/m?, corresponding to a power dissipation of 119 W and a burn of about
10.3 MJ during a day [41]. The thermal gradient is established between the body
temperature and air around the body. Even if the generated energy is not enough to
supply a sensor node on a permanent basis, the usual strategy is to accumulate the
harvested energy, so that a transmission is enabled from time to time, powering the
transmitter with the energy that has been harvested and stored, in the mean time.

In general, as documented in [40], one has power densities of about 300 and
20 pW/cm?, representing the limits for kinetic and thermal devices, respectively, while
the user is running. The values of 30 and 10 uW/cm? are the power density limits if the
user is walking. The present challenge, which is still under active research, is the means
to obtain the correct adaptability for the harvester, in order to match the electric and the
thermal impedances, if the body of the user is undergoing a running or a walking regime.

Some specific applications have also been documented, like in [42], where an
electromagnetic generator is used both as a harvester and as a sensor, in a situation
where the respiratory effort mechanical motion is the energy source. The harvested
energy has been shown to be enough to continuously power a low-power micro-
controller working with a low data rate wireless link, while monitoring the respi-
ratory rate, and depth, of the user, with good accuracy.

A heel impact absorber harvester has also been developed, to store energy by
using human locomotion [17], but in [38], a different approach is taken. Instead of
heel impact, the human horizontal foot motion is used. This system uses this energy
to charge a rechargeable battery. An interesting feature about this application is the
introduction of a MPPT perturb and observe algorithm (which will be addressed in
Sect. 4.5.3), optimized for low-frequency human horizontal foot motion, in order to
extract as much power as possible. The information provided by the MPPT con-
troller is delivered to a PI controller, in order to establish the optimal switching rate
of both a boost and a buck converter. The power density that can be achieved with
this application is 8.5 mW/cm®.

Another way of harvesting energy from human motion has been used in the
Sustainable Dance Club [43], where the energy released by dancing people is used
to power the light effects in the dance floor zone. The harvesting is performed by
using dance floor modules, in the form of tiles. A dancing person can, in average,
generate a power of about 2-8 W. In order not to be intrusive to the dancer and to
his/her dancing experience, the floor tile is only allowed to displace vertically by a
few millimeters, thanks to using a high-stiffness spring. Because of the nature of the
involved movement, the working frequency is in the range of 1-2.5 Hz. To match
the harvester as best as possible with the load, it is considered that the combination
of a single user plus platform weights about 70-100 kg. An additional advantage in
this system is the fact that the energy is being locally generated, avoiding the losses
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occurred when energy is being transported over the power grid. The measured
efficiency for this system was 48 %, including the losses due to the diode rectifier.

The concern about obtaining the intended energy without interfering with the
user, so that the harvesting process can be as seamless and unconscious as possible,
is also present in [44], where a framework to harvest vibration energy from the
human gait is presented. This framework is for calculating the optimal power output
for both piezoelectric and electromagnetic vibration harvesters, covering energy
harvesting for both walking and running gait of a wide variety of healthy subjects
ranging from recreational to elite athletes. The generator is mounted on the lower
leg because this is a zone that, because of the foot strike, shows a great acceleration
and, simultaneously, allows for conveniently wearing the harvester.

On the other hand, instead of using the sensor in the lower leg, in [45], a
miniaturized electromechanical generator, integrated into a human knee prosthesis,
is used to power a sensor system inside the prosthesis, enabling it to transmit
information about the load on the surfaces of the articulation.

The development of new piezoelectric materials is an active research field. In
[46], the fabrication of piezoelectric rubber films and their applications in heartbeat
sensing and human energy harvesting is shown. It was demonstrated that the use of
the piezoelectric rubber films can function as both sensing and powering elements
and potentially realize the integration of human physiological monitoring and
energy harvesting.

The human body can even be used to harvest energy from electromagnetic
radiations. According to a study performed in [47], it has been shown that the
properties of the human tissues, which have a high dielectric constant, especially at
low frequencies, are much suitable to receive the electromagnetic radiations of low
frequency, emitted by the power lines in an indoor environment. Moreover, using
an antenna would be very difficult to capture the same radiation because of the low
frequency band and the narrow bandwidth. The harvested energy can be delivered
to an application by simply making contact with the human body.

In [47], measurements were made in order to determine the effective length of
the human body. The effective lengths had maximum values (about 5 cm) at about
40 MHz, which is large, considering the poor conductivity of body tissues. With
higher and lower frequencies, the length decreases. In addition, measurements also
included the estimated voltages received by the human body, which varies from
place to place, according to the frequency predominance in the environment.

Another work that also studies the theme of electromagnetic energy harvesting
using the human body can be found in [48].

2.1.5 Microbial Fuel Cells

The microbial fuel cell (MFC) principle is based on the electrochemical reactions
that bacteria produce when in activity. The energy generated by these reactions can
be harvested, similarly as with the other sources already addressed.
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Fig. 2.9 MEFC structure and
electrochemical reactions

At environments where it is very difficult to reach, in electronic applications that
have been deployed, like in underwater monitoring systems, there have been suc-
cessfully tried several ways to power such applications by using the bacteria that
live in the water. In [49], the MFC consists of two electrodes (one anode and one
cathode), in which the anode is buried in the seafloor and the cathode is left
suspended in the water. On the anode side, there is a type of bacteria, the
Shewanella oneidensis, which breaks down the lactate in the water and makes it to
release electrons and react with water. The basic structure of the setup and the
chemical reactions that occur are schematically shown in Fig. 2.9, and the reaction
just mentioned appears at the bottom of it.

The electrons produced in the seafloor (4e") travel to the anode and then to the
cathode, through the load of the MFC. On the other hand, the protons produced by
this reaction (4H") travel to the cathode side, through the water.

On the cathode side, the electrons from the anode react with water and with the
oxygen in the water, to produce 40OH", as shown by the chemical equation at the
top of Fig. 2.9. Ultimately, the reaction of OH™ produced at the cathode, with H*,
coming from the anode, ends up forming water (4H,O). Neither of the electrodes
gets corroded, because the chemical reactions just described do not include any
other material than those that were mentioned. Moreover, the net product of the
chemical reaction is not some polluting compound. One topic that must be carefully
addressed is the surface area of the electrodes, because this factor has a key role in
the power density that can be achieved.

Generally, the voltage and the current that can be generated are weak, requiring
an adequate power management system to interface the MFC with the load and
having to encompass a storage device. Thus, the load can only work intermittently,
in order to correctly meet the demand of power and for short periods of time.
However, an application like the one described is self-contained, renewable,
maintenance-free, and operational (on an intermittent basis), in a water environment.

Another environment, where there is an abundant quantity of bacteria, is in
wastewater. This environment is very hostile to humans, so the use of a WSN that
requires no human interventions after deployment is unarguably preferable.
Another place, with similar problems, is the water tanks of nuclear plants. As such,
under the subject of monitoring and control of wastewater treatment plants
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Fig. 2.10 Electrical model for a MFC

(WWTP), in [50] it is suggested a system that seeks to have an efficient use of
electrical energy in these facilities, as the standards for processed water tend to be
increasingly tightened. The architecture of the nodes of a WSN for this purpose
makes use of field programmable analog arrays (FPAAs) and low-power net-
working protocols, and the powering of the nodes is done by using MFC that
harvests energy from the wastewater to which it was deployed. The harvested
energy, as usual, is very scarce and so the use of FPAAs represents a much reduced
power dissipation, when compared to their digital counterparts, the field pro-
grammable gate arrays (FPGAs), and the advantage of having a kind of parallel
computing, since there is no central processor.

The electrical model of a MFC is shown in [51]. This model is represented in
Fig. 2.10.

As it can be seen, the model is a Thévenin equivalent, similar to the model
established for the thermal gradient energy source, shown in Fig. 2.5. The internal
resistance of the MFC (R;,) is the sum of the system ohmic resistance, charge
transfer resistance, and activation resistance. The internal voltage and resistance can
vary nonlinearly, as the MFC condition changes. Possible causes for such changes
include instantaneous output power level, accumulated extracted energy, bacteria
community and activity shifts, and environmental condition changes. The ther-
modynamic limitations determine that v;,, will have a maximum value of 0.8 V and
a current output in the range of a few mA. In order to extract the maximum power
out of the MFC, a load with the same value as R;,,, must be used, meaning that vyrc
will drop to half of the value of v;,. According to the intended application, this
value may not be sufficient, and special measures must be adopted. With the MFC
characterized in [51], the values obtained were v;, * 0.65 V and R;,; ® 86 Q. Thus,
when extracting the maximum power, the output voltage will be around 0.33 V.

The work performed in [52] suggests a new type of construction for MFCs,
which is called single-chamber microbial fuel cell (SCMFC). This type of MFC
uses stainless steel attached to the anode and the cathode which showed to help in
the constancy of the developed voltage over time. In addition, the pH of the solution
inside the MFC became lower (acid). This fact caused the stainless steel plates that
were used to help in the process to suffer some corrosion.

There is another system documented in the literature [7], using a multi-harvest
platform, and among the sources that are used, there is a MFC.
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2.1.6 Light

In particular, light is an electromagnetic wave, with the particularity of being vis-
ible. There is an interval of frequencies that comprises the visible light. In the lower
end of this interval, light tends to be red, and as the frequency moves to higher
values, light goes through the known colors, and in the upper end, it gets violet.
Thus, light is bounded by infrared and ultraviolet. In Fig. 2.11, the entire electro-
magnetic spectrum is shown, with emphasis in the visible range.

In this spectrum interval, since the frequency values are already very high, it is
more common to use the wavelength, instead of the frequency value, to identify the
spectrum zone under consideration.

The spectrum outside the atmosphere, also known as the 5,800 K blackbody, has
the designation of AMO (Air Mass 0), meaning “zero atmospheres.” This is the
standard used to characterize PV cells to be used in space, for example, to power
satellites.

The sunlight, after penetrating the atmosphere, at sea level, perpendicularly to
the surface of the Earth, has a spectrum which is referred to as AM1, meaning “one
atmosphere.” AM1 is useful for estimating the performance of PV cells in equa-
torial and tropical regions. The index “1” is related to the angle of solar incidence,
which is minimal in this situation.

However, in Europe and in similar latitudes of the North and South hemispheres
(where there is a great deal of population and industrial centers), the incidence of
the Sun over the surface of the Earth has a different angle than in the equator. This
angle is about 42° from the horizontal line, so sunlight must cross a greater amount
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of atmosphere. As such, the spectrum is referred to as AM1.5, which means “one
and a half atmospheres,” on a clear day. This value is the standard test situation for
terrestrial PV panels. However, for higher latitudes, there are more air mass
indexes, used for higher incidence angles, above 60°. These indexes can go until
AM3S, in the polar zones, where the incident angle is close to 90°.

In any of the above cases, atmospheric pollution, clouds, or fog also have an
influence on the amount of irradiated energy that can reach the surface of the Earth,
due to the obstruction that they present.

According to AM1.5, after crossing the atmosphere, and at the maximum of its
intensity, the light from the Sun can provide about 1 kW/m? across the whole
wavelength spectrum. The irradiated light energy that the Sun produces is different
according to each wavelength. To have an idea of this, the power spectral density of
the solar radiation is shown in [53]—Plate 1, where the top curve represents the
solar spectrum just outside the atmosphere. The total power density in this zone is
1.366 kW/m?, which is known as the solar constant. The curve filled with yellow is
the standardized solar spectrum on the surface of Earth, for performance evaluation
of PV cells (AML.5), and the standard power density under these conditions is
about 1 kW/m?, as it has already been referred. The dashed curve is the solar
radiation spectrum at the position of Earth by modeling the Sun as a blackbody
radiator at 5,800 K. As shown, the solar spectrum just outside the atmosphere, the
AMO spectrum, matches well with the blackbody radiation spectrum at 5,800 K,
diluted by the distance from the Sun to Earth. The relation with human vision of the
color spectrum is shown in the bar beneath. As shown in the referred figure, only
about one half of the solar radiation power is in the visible range [53].

Next, in Fig. 2.12, the average annual amount of insulation hours for the
European continent and some countries of the Middle East and the North of Africa
is shown.

From this map, it can be seen that Portugal, Italy, Greece, and Spain have the
highest potential for solar photovoltaic electricity generation in the European
continent, as opposed to the countries of the north, in which the amount of solar
radiation is undoubtedly smaller.

The solar energy is the primary source of energy to the planet, and it reaches it in
an enormous amount. This is why light has the largest energy density, when
compared to the other harvestable sources. According to [53], if one takes into
account the total power of solar radiation reaching Earth, it will be about
1.73 x 10" W, meaning that the total energy of solar radiation reaching Earth, each
year, is 5.46 x 10** J = 5,460,000 EJ. In the period of 2005-2010, the average
energy demand in the planet, every year, was about 500 EJ, which means that less
than 0.01 % of the total solar energy reaching the planet would be enough to satisfy
all the energetic needs of the world. However, not all solar radiation that irradiates
the atmosphere reaches the ground, because about 30 % of solar radiation is
reflected into space. In addition, about 20 % of solar radiation is absorbed by clouds
and molecules in the air and also about 75 % of the surface of Earth is water. Thus,
even if only 10 % of total solar radiation was utilizable, only 0.1 % of it could
power the entire world [53].
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Fig. 2.12 Photovoltaic solar electricity potential of Europe and some zones of the Middle East
and the North of Africa (PVGIS © European Union 2001-2012) [54, 55]

In indoor energy harvesting applications, the amount of light energy that is
available is, however, much more reduced. The available light energy in indoors
can vary significantly, since the light from the Sun is attenuated and can be mixed
with artificial light. The literature reports available indoor irradiances ranging from
one tenth of the maximum Sun intensity [18] to about 0.833 W/m? (100 lux con-
verted to W/m? using [56]) in a lightly dimmed room [57], or 10 W/m?, when the
PV cells are placed very close to lamps [58].

The conversion principle indicated in [56] takes into account the nature of the
wavelength spectrum in indoor environments. In this kind of environment, there is a
predominance of artificial light, provided by light bulbs or light tubes. The latter
have such a spectrum, leading to the application of the conversion factor to be

Erq(lux)

Erad (W/mz) = 120

(2.8)
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Given the unit of light intensity, the lux (Ix), according to some authors, there is
a correspondence between the amount of power by unit of area and the amount of
incident light, and it is defined under the relation that 1 kW/m? = 683 klx, ie.,
1 Ix = 1/683 W/m?, used in [59, 60], for example. This conversion does not take
into account the fact that the light has a specific indoor spectral pattern. According
to [59], the level of indoor lighting is still enough to power electronic applications,
namely from overhead fluorescent lights, with 34 W of power.

In [61], it is documented how the amount of available light energy is typically
distributed along the day, accounting for the effects of fixed artificial irradiance and
variable natural irradiance. It is shown that, in an indoor environment, the most
optimistic value is about 5 W/m? (600 lux), achieved at about 13 h 30 min. Most of
this illuminance is provided by artificial lights, and any energy harvesting function
can only be useful in the period from 04 h 00 min to 21 h 00 min.

In some situations, it proves useful to have a history of the typical solar irra-
diation of the location where the harvester system is to be placed [62, 63]. In [64], a
study is made and it is shown that using weather forecasts for predictions in both
solar- and wind-powered sensor systems increases each system’s ability to satisfy
its demands compared with existing strategies. Depending where the system is to be
located, the variability of the light source can depend over time. Only in indoor
environments, one can consider that there is any constancy, but this condition is not
always true.

The key element for light energy harvesting is the PV cell. This solid-state
device converts light energy directly to electrical energy without using any moving
parts. A PV cell is basically a photodiode, and it can be manufactured in CMOS
technology [65, 66].

When the PV cell is illuminated, its output behaves like a current source in
parallel with a diode, the latter acting as a voltage limiter. PV cells are characterized
by three main parameters: the maximum power point (MPP), the open-circuit
voltage (Voc), and the short-circuit current (Isc). The PV cell can be modeled by an
equivalent electric circuit shown in Fig. 2.13a, characterized by the parameters of
the equivalent circuit (I, Rp, and Rs). The parameters of the diode device (D) also
play an important role according to the amount of illumination that the PV cell is
subjected to. In Fig. 2.13b, a typical plot of the power and the current produced by a
PV cell is shown, letting know how these functions look like, as a function of the
output voltage v,,.. The power function of the PV cell is obtained by multiplying
the output voltage, vy, by the output current, iy, The MPP of the power function
is achieved with an output voltage which is about 71-78 % of the open-circuit
voltage of the PV cell [67], varying as the light or the temperature varies. The
tracking of the true MPP is an active area of research, corresponding to the MPPT
problem, which will be addressed in Chap. 4—Sect. 4.5.

The output current of the PV cell (i) is related to the remaining elements of the
model, according to the following equation:
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In this equation, Iy is the limit of the current in the diode under high reverse bias.
If the diode did not exhibit breakdown, the maximum reverse current that one could
get through the diode, with an infinite reverse bias, would be /5. Another definition
for it is that it is the “dark saturation current,” i.e., the diode leakage current density
in the absence of light. Also, g is the electron elementary charge
(1.60217657 x 10" C) and k is the Boltzmann constant (1.380648813 x 10~>* J/K).
T is the ambient temperature, expressed in K. The factor n is the emission (or
ideality) coefficient, which equals 1 for an ideal diode.
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Although it is possible to build a PV cell using CMOS technology, it is not
simple to integrate PV cells with other circuits in the same die, in order to obtain a
complete system on chip (SoC) [68, 69]. The PV cell causes a positive voltage in
the substrate, thus causing a possible latch-up condition in the die. Also, when a
series connection of several devices is required, the fact that the diodes are built on
the same substrate may be limiting [70]. This limitation has become evident in a PV
cell that was manufactured and that appears reported in Chap. 3—Sect. 3.5. To cope
with these limitations, it is necessary to use more expensive technologies, such as
silicon on insulator (SOI), which allow for building an almost indefinite number of
series connected to PV cells, if one wants to obtain a higher voltage value [71].

The efficiency of the most common PV cells is still relatively low, at about 20 %
[18]. In indoor environments, amorphous silicon PV cells can have efficiencies up
to about 7 % [59]. However, there are some PV cells that can reach efficiencies as
high as about 50 %, as claimed in [72], although involving the use of new layout
architectures and less common materials, resulting in more expensive systems.

In order to try reducing the production costs, it is possible to use PV cell
technologies with lower efficiencies, but that also have lower manufacturing costs,
resulting, however, in a larger area for the PV cell, for the same level of output
power. Using amorphous silicon PV cells is an example of such a trade-off, in
which costs are lower, but at the expense of a larger area to obtain the same level of
power [73]. In [61], the differences of the power densities measured on crystalline
silicon and amorphous silicon solar panels are illustrated, when different light
sources are used to generate the same illuminance level. It is shown that in indoor
environments, as opposed to crystalline silicon PV cells, amorphous silicon PV
cells do not suffer a strong reduction in their power density, when the source of light
changes from sunlight to fluorescent lights. Thus, this evidence is indicating that the
amorphous silicon-based PV cells are more suitable for indoor applications.

Nonetheless, if the overall cost is one of the most meaningful factors, this option
will also have to be taken into consideration to preserve commercial competitiveness.

There are some other devices that also deal with the harvesting of light energy.
These devices are the photosynthetic electrochemical cells (PEC). This kind of cell
can generate power both under light and dark conditions, and the principle of the
operation of such a device is based on photosynthesis, similarly to plants. This
principle is based on a biosolar process, such that one has production of electrons
with light (photosynthesis): CO, + H,O — (CH,0) + O, + e and with dark
(respiration): (CH,0) + O, — CO, + H,O + e [74]. Photosynthesis and respiration
processes are both involved with an electron transfer chain. Similar to the con-
struction of the electrochemical cell, the PEC is made up of an anode and a cathode,
separated by a proton exchange membrane (PEM).

The photosynthetic microorganisms form the anode portion, and there is an
electron acceptor on the cathode side. A gold electrode is fabricated for the device
on top of a proton exchange membrane, which accepts only the positive ions and
blocks the electrons. The free electron that is produced is trapped by the electrode.
An electric circuit connected to the electrode forms a path, and the electron is made
to flow through, thereby producing electrical energy. Preparing an external circuit


http://dx.doi.org/10.1007/978-3-319-21617-1_3

2.1 Available Energy Sources 29

and integrating it with the photosynthetic process enables the flow of electrons in
the desired direction, resulting in current.

PECs can be considered to belong to the category of the microbial fuel cells,
which were described in Sect. 2.1.5.

2.2 Comparison of Harvestable Energy Sources

It has been seen that there is a reasonable number of ambient sources that can be
harvested. The source that will be harvested is dictated according to the intended
application and the energy availability. However, as seen before, a system may
even not limit itself to a single source, but for the sake of simplicity, a single source
is preferable. Placing all sources side by side, the one that shows the highest power
density by volume unity is the light energy, followed by mechanical and thermal
energy, respectively [1]. It is also important to point out that the operation of
converting light energy to electrical energy (using a PV cell) is one of the easiest
and cheapest energy conversion operations. Therefore, in most cases, powering the
sensor using light energy is always the best option. The only exception is when the
sensor is located in a human (or animal) body. In this case, it would be convenient
to use thermal or mechanical energy, for example.

Table 2.1, presents some demonstrated capabilities of energy sources and their
respective energy densities. This table is adapted from [17], to which some more

Table 2.1 Demonstrated capability of some energy sources, regarding their density and
performance, and examples of scenarios where to scavenge such energy sources

Energy source

Energy density/performance

Short examples of scavenged
environments

Ambient radio
frequency

<1 yW/em?

Anywhere, mainly in urban areas

Ambient light

100 mW/cm? (directed toward the
bright Sun)
100 pW/Cm2 (illuminated office)

Anywhere, where natural or
artificial light is available

Thermoelectric 60 pW/cm? Furnaces, exhaust pipes,
combustion engines, human
warmth

Vibrational 4 pyW/ecm® (human motion—Hz) Machines with rotating engines,

micro-generators

800 pW/cm® (machines—kHz)

human movements

Ambient airflow

1 mW/cm?

Anywhere, where air shows a
consistent and abundant flow

Push buttons 50 WI/N Human action over buttons of
commands
Hand generators 30 W/kg Human action over specific

mechanical generators

Heel strike

7 W potentially available (1 cm
deflection at 70 kg per 1 Hz walk)

Using shoe insertion, by human
walking motion
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information has been added, about contexts where the energy can be harvested. The
data presented in this table serve to have an idea of how much energy is to be
expected from a given source and also to have a comparison among the various
sources.

2.3 Energy Harvesting-Based Sensor Networks

2.3.1 Introduction

Wireless sensor networks, whose nodes make use of harvested energy, have
interested researchers not only in the adaptation of the nodes to the environments in
which those networks can be deployed in, but also in the development of methods
and optimization of parameters to extend the operation of the nodes.

Perhaps, the most critical factor concerning these networks is the energy
availability, because if that cannot be guaranteed, the whole network can be
compromised. However, there are also some other parameters that must be taken
into account, in addition to the energy availability. These parameters are the
operational lifetime of the node, the sensing reliability, the transmission coverage
that the node can provide, and also the cost of the investment, which should be as
much affordable as possible.

Typically, the harvesting module inside each node in a sensor network provides
some sort of energy storage in order to hold enough energy to power the node
during any period in which there is not available energy to be harvested. This kind
of storage is normally done by using a device such as a battery or a supercapacitor.
The storage device is charged when there is energy being harvested, and dis-
charged, by making use of the stored energy to power the node, in case of need. If
the node is provided with processing capabilities, such that it can predict when will
begin its next charge cycle, it can execute the convenient or allowable set of
operations that optimize the working time, extending it as much as possible, so as to
have an effective utility, while consuming energy as moderately as possible. This
rationalization can be done by reducing the sampling rate, the transmitted power, or
the duty cycle of operations [75].

2.3.2 Energy Neutrality

With regard to the management of the energy that is harvested by a node, if this
energy is more than the energy being consumed, over a period of time that can be
supported by the energy buffers, then the node can operate with a continuous
lifetime. This kind of situation is known in the literature as the Energy Neutral
Operation (ENO) [76]. However, the excess of energy is wasted, instead of being
used for increasing the performance of the system. Thus, it can be considered that
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the node is not operating in a fully efficient fashion. The desired operating regime is
when the harvested energy is approximately the same as the consumed energy,
while all the harvested energy is put at the service of the performance of the system.
Operating in such a way is named in the literature as ENO-Max [77]. This type of
operation constitutes one of the most important goals of WSNs being powered by
energy harvested from the environment, because the system will be conveniently
sized to strictly meet the requirements of operation, avoiding waste of resources and
increase of costs, due to an eventual system oversizing.

2.3.3 Examples of WSN Powered by Harvested Energy

The deployment of WSN can be done to a variety of scenarios. As it could already
been seen, almost ever, the use of a given type of energy source is determined
according to the type of environment in which the network resides. Next, some
examples will be given of such networks.

2.3.3.1 Health Condition Monitoring

The work reported in [41] concerns about a WBAN in which a number of nodes
take place. This network has the purpose of monitoring various vital signs and to
collect healthcare data for medical diagnosis purposes, by using different types of
physiological sensors onboard of the sensor nodes. These include devices such as
the electrocardiogram (ECG) sensor, electromyography (EMG) sensor, electroen-
cephalography (EEG) sensor, blood pressure sensor, tilt sensor, breathing sensor,
movement sensor, and thermometer. The objective is to gather patient information
in a database, in order to have enough data to make a good diagnosis when that
becomes urgent by medical staff. There is an additional feature to the nodes, which
is the detection of the fall of the patient, by using an accelerometer.

The nodes in this WBAN are supplied by thermal energy, harvested from the
body warmth of the patient. An interesting feature about this network is the fact that
the nodes can rotate their role about the gateway function. Instead of being just one
of the nodes dedicated to that purpose, each node was given the capability to be a
gateway. As this is a much power consuming function, and since transmission is not
performed during all the time, different nodes, at each time, serve as a radio
interface between the WBAN and the backbone of the healthcare network.

2.3.3.2 Forest Surveillance and Monitoring
Another scenario in which a WSN proves useful is in forest monitoring, for pre-

vention of forest fires. Under this purpose, [78] presents a network whose nodes
have their computational capability based on a microcontroller. Each node is
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equipped with a smoke sensor and an infrared flame detector. Ideally, such a
network is intended to replace the traditional forest surveillance, such as ground
patrolling, watchtower detecting, aerial patrolling, and space satellite detection.
Any of these methods is expensive and involves a great deal of human intervention.
The deployment of such a network occurs with each node randomly put to the field,
and self-organizing together with the other nodes, in order to form a distributed
network by protocol. Then, the gathered data can start to flow among nodes, by
using the wireless communication interface, and finally, it can be transmitted to the
monitoring center. Then, the data can be processed and analyzed by the monitoring
host computer, to provide visual information for forestry experts or for whichever
decisions that should be taken or alarms that should be activated. Each node is put
to work by using a low duty cycle and uses solar energy harvested by a PV cell in
order to charge a rechargeable battery.

2.3.3.3 Energy and Environment Monitoring in Buildings

Another area under strong interest from researchers and the general public is
domotics and intelligent buildings, namely Building Energy and Environment
Monitoring (BEEM). This kind of monitoring has the objective to use energy more
rationally, allowing for an overall reduction of energy consumption and carbon
emission, while reducing the present costs associated with this kind of monitoring.
Several works have been published in this field, and among which, [79] is an
example. In this work, a WSN with sixty two nodes is deployed to an office
building. Each node contains a microcontroller, for computational purposes, and
carries multiple sensors, making it capable of measuring energy consumption, light
level, temperature, and humidity parameters. Also, each node is able to transmit
data using a 2.4 GHz Zigbee (IEEE 802.15.4) interface.

In this work, it is claimed to have designed the world’s first known indoor light
energy harvesting powered BEEM system. The nodes are powered by light energy,
harvested in an indoor office environment, using a PV panel with 85 mm x 50 mm.
The harvested energy is stored in a supercapacitor, so that the node can continue to
operate during the periods when no light is available. This application has suc-
ceeded in monitoring the desired parameters continuously for an entire month,
requiring no user intervention.

2.3.3.4 WSNs in Automotive Applications

In an automobile vehicle, the need to keep the quiescent current of the battery as
low as possible, in order to extend its durability, has led to the development of
applications that use harvested energy as the power source. As such, in [80], an
intrusion detection system is powered by harvested energy. This system consists of
a wireless network of sensors, whose function is to detect the breaking of glasses
caused by burglar assault.



2.3 Energy Harvesting-Based Sensor Networks 33

In this application, special care has been taken, regarding the communication
among the nodes, which include built-in safety features such as plausibility checks,
encryption, and radio channel monitoring, with special focus being laid on the
medium access control (MAC) layer protocol design.

The development of automotive applications has an inherent set of demands that
must be addressed. For example, the electronic circuits must be prepared to with-
stand extreme temperature conditions, as well as humidity. In addition, as the
automobile market is global, the regulations about wireless networks and alarm
systems must always take the international regulations into account. Another
requirement specified by the automotive industry is that with full functionality, a
period of more than six weeks can be bridged without recharging the storage device
of the sensor node, which can be a rechargeable battery or a supercapacitor. Also,
the system has to be connected to the controller area network (CAN) bus of the
vehicle.

With the vehicle regularly in use, there are various energy sources that can be
harvested: Light is accessible through the ceiling and glasses; heat can be harnessed
from the exhaust system; or vibrations from the engine or the moving structure are
also available. However, when the car is parked for a long period of time in a dark
garage, none of these sources is available. As a consequence, the WSN that
implements the intrusion detection system could be disabled. To counter for this
eventuality, the nodes are kept sleeping for most of the time and, when in activity,
the MAC protocol that is used is much energy efficient.

The limited spatial environment in which the network resides avoids the need for
a routing algorithm, as well as it allows for a small payload to be transported in the
messages, keeping the protocol as short as possible. In [80], the network is com-
posed by seven nodes plus a base station, in which the latter is connected to the
CAN bus, so that the messages can be processed by an electronic module in the car.
Moreover, it must be taken into account that, if the car is parked in a parking lot,
there is the possibility to exist cross talk due to networks installed in nearby cars.
The protocol that is used accepts longer transmission times, due to a very long
preamble. It is possible to let the receivers to stay idle or sleeping for most of the
time. A receiver wakes up periodically for just a small interval, to listen to the
channel. If the channel is idle, the receiver returns to an energy-saving mode.

The sensor nodes are powered by a mechanical energy harvester, and since the
glass break sensor is purely passive, it must be polled by a microcontroller, which
sleeps in between samples. Only in case of glass break detection, the sensor node
immediately tries to contact the base station to report the glass breakage with
multiple alarm messages, until the sensor node receives an acknowledgment mes-
sage from the base station, or the energy storage device is empty. This activity
profile allows the WSN to hold for about six weeks without recharging the storage
device, while keeping all safety features required by the automotive industry.
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2.3.3.5 Structural Health Monitoring (SHM)

Structural health monitoring (SHM) is useful in many contexts. This is the process
of detecting damage in aerospace, civil, and mechanical infrastructures [81]. The
sensors can be deployed to any structure that needs monitoring, such as vehicles,
buildings, bridges, and monuments.

The detection method can consist of an operation of statistical pattern recogni-
tion, requiring four sequential steps: operational evaluation, data acquisition, feature
extraction, and statistical modeling for feature classification. The goal of any SHM
sensor network is to make the sensor reading as directly correlated with, and as
sensitive to, damage as possible, so that the network can adequately observe
changes in the system dynamics caused by damage and manage these data for
suitable signal processing, feature extraction, and classification. Thus, it is very
important to make the sensors as independent as possible from all other sources of
environmental and operational variability, and independent from each other, while
providing maximal data with the minimum number of sensors. Toward these
requirements, there are a number of specifications that must be previously estab-
lished, such as types of data to be acquired; sensor types, number and locations;
bandwidth, sensitivity and dynamic range; data acquisition/telemetry/storage sys-
tem; power requirements; sampling intervals; processor/memory requirements; and
excitation source needs (for active sensing).

Regarding how the hardware is chosen, five issues must be addressed: (1) the
length scales on which damage is to be detected, (2) the timescale on which damage
evolves, (3) the effect of varying and/or adverse operational and environmental
conditions on the sensing system, (4) power availability, and (5) cost.

The most common measurements made for SHM purposes are acceleration and
strain. Acceleration is the most used measurement in SHM, because of the maturity
of the technology associated with accelerometers, as well as of the hardware that
performs the signal conditioning. However, these devices are mostly used in wired
networks, where the voltage of the sensor is transferred to a data acquisition central
unit, where it is processed. This kind of procedure is much power consuming,
especially because of the number of sensors that may be involved, so accelerom-
eters in MEMS technology can start to be used more often, so as to counter this
problem. After acceleration, strain is the most measured physical parameter in
SHM. The technology of strain gauges in also mature and the signal is typically
measured using a bridge circuit, and also including the signal conditioning, they
consume power at a much commensurate level. The most common strain gauge
technology is the electric resistive foil gauge, but there has been an increase in the
use of fiber optic solutions to strain measurement, although the power requirements
are higher than with strain gauges. The two dominant fiber optic technologies are
direct fiber interferometry and fiber Bragg gratings (FBGs). Most commercial
systems today take advantage of FBG technology.

Today, two sensor network paradigms exist for SHM, which are having the
sensor arrays directly connected to the central processing hardware and the wireless
decentralized sensing and processing. Each has advantages and disadvantages.



2.3 Energy Harvesting-Based Sensor Networks 35

The first has the advantage of being widely commercially available, both in devices
and in complete systems. However, it has the disadvantage of being wired and
requiring AC connections due to the power consumption that it represents.

The wireless decentralized sensing and processing has been under the strong
interest of researchers, regarding many aspects already referred in this text, such as
power dissipation and communications, overcoming many limitations of the wired
networks. Ad hoc networking and hopping are usually adopted, with some prob-
lems concerning it, like the fact that the nodes closer to the base station are more
subjected to data collisions and, as most of the total traffic passes through them,
their power source drains out more rapidly. Researchers are also studying the
advantages of having mixed wired and wireless networks, in order to explore the
advantages of both.

As with every vehicle, aircrafts are prone to have WSN to monitor parameters
related to the SHM of body parts made of carbon or glass fiber reinforced plastic
[22]. The use of wireless nodes is helpful, because it avoids wiring, thus reducing
costs, installation complexity, and weight. The latter is critical, regarding the fuel
consumption.

2.3.3.6 Wireless Networks for Localization or Study of Animals

The subject of animal localization, animal behavior, cattle monitoring, or the
improvement of livestock-related techniques has been an active research areas for
years. In [82], a WSN mostly kinetically powered has been used for the localization
of herds in grazing areas. This network has primary and secondary nodes. Primary
nodes are battery powered and serve to collect information transmitted by the
secondary nodes, as well as position and time data, to a base station that monitors
all the animals. The secondary nodes are attached to the animals and are powered
by a mechanical transducer, which generates electrical energy from the motion of
the animals. These nodes have the function to broadcast their identification.

The main objective of the work in [82] is to remotely track the movement of
animals in herds, such that a herder may know where the herd is, if any animal has
left, or where it was lately around. This work was tested with semidomesticated
scandinavian reindeer. Instead of using methods such as global positioning system
(GPS) tracking, which are expensive and power consuming, in each animal, a
kinetic harvester module is used, which powers a transmitter that can reach up a
hundred meters. The nodes are batteryless and require almost no human interven-
tion. Only the primary nodes, which are powered by a battery, get their position by
GPS. The secondary nodes use a rectifier, as usual with mechanical energy sources,
and a supercapacitor to store the harvested energy. A 20-cm magnet/coil generator
has been used as the kinetic-to-electric energy converter. The whole circuit powers
a radio transmitter. The node is attached to the animal, by using a collar.

The nodes mounted on the animals were able to transmit and be detected more
than three times per hour, in average, without the need of any battery, proving that
the concept is feasible.
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There are other situations, in which the study of wildlife has led to the deployment
of electronic applications powered by harvested energy. As an example, two of them
will be mentioned here, although these have been referred in [75, 82].

The first one is the ZebraNet, which is a network of GPS sensors to track zebra
movement and long-term animal migration patterns, habitats, and group sizes. The
nodes in this network are also attached to the neck of the animals with a collar and
are powered by solar energy, which is much abundant in the habitat of these
animals. The collar has 14 solar modules, a comparator and a boost converter that
charges a Li-ion rechargeable battery, so that the node can be powered during
nighttime and bad weather. The battery allows for 72 h of operation, when com-
pletely charged. The peak output power is 400 mW. The node is also composed of a
microcontroller which controls the operations of the system, as well as the charging
of the battery.

The second one is the TurtleNet, whose function is to track turtles. Similar to the
ZebraNet, the nodes in this network are also powered by a PV cell that outputs
90 mW at 4.2 V. Moreover, these nodes must be waterproof, because turtles spend
much of their time under water.

In [75], there is more information about each of these networks, as well as the
indication to the original references that explain all the details.

2.4 Conclusions

In this chapter, an overview about energy harvesting systems was made. By per-
forming a search in some of the available literature, information was collected about
the ambient sources that can be harvested and systems that make use of those
sources to power themselves.

According to the type of source that is being harvested, a convenient harvester
device must be used and it is an important tool to have a model able to electrically
describe how the harvester works. This functionality is particularly important in the
design phase, in order to model and simulate the whole system, also encompassing
the harvester.

Moreover, for a particular kind of source, there are already certain types of
circuits that are strictly required to be used, like the case of rectifiers in RF and in
mechanical energy harvesting, for example.

If the deployed systems are able to operate in a self-powered fashion, this brings
out a lot of benefits, cost wise. This operation, installation and maintenance phi-
losophy, greatly reduces the amount of money needed to keep the system at work.
For instance, when looking at installation costs, not needing to connect to the power
grid means that wiring and additional equipment is not needed. As a consequence,
there is no need for manpower to take care of an elaborated system installation. When
looking at the maintenance costs, as the infrastructure is wireless, anything related
to cables or similar, and related equipment, does not apply. An expression that
can serve to illustrate the intended operation paradigm is “deploy and forget” [83].
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For systems powered by light, one maintenance factor that should be taken into
account is concerned with the hypothetical periodical cleaning of the PV cell, as dust
can accumulate over time and deteriorate the harvesting characteristic.

Since the amount of available energy, which can be harvested, is typically very
low, and the resulting voltages are also low, these systems must use a voltage
elevator, in order to provide a suitable voltage to power an electronic application. In
addition to this requirement, there is also the need to provide some means to store
the harvested energy so that the load system can be supplied even when there is a
shortage of energy from the chosen harvested source. These topics will be
addressed in Chap. 4.

The overview that was given in this chapter had the purpose of introducing to the
energy harvesting theme. This was done by showing, with some examples of
published material, what are the available energy sources, the main parameters and
computational infrastructures that must be accounted for, some systems that already
exist, and the challenges that one must face when designing a system for such a
class of applications. As such, the reader is invited to deepen the search that has
been made and presented here, in order to match this search with the real demands
to be met, as the material presented in this chapter is only introductory.
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Chapter 3
Photovoltaic Cell Technologies

Abstract The content which this chapter presents is intimately linked with
photovoltaics. A set of general definitions regarding this subject is given. In
addition, a general overview about the evolution and trends of PV technologies is
also presented, in order to have an idea of how one could get to the present state of
the art. To complete this chapter, an experimental development about an integrated
PV cell, ranging from its electrical modeling to its layout, complemented with
experimental results, is presented. To close this chapter, a study about the avail-
ability of light energy in an indoor environment is carried out, serving as the basis
to size a PV array specifically designed and manufactured to operate in a scenario
with such characteristics.

3.1 Introduction

The motivation behind the origin of PV cells was to supply remote regions, with
electrical energy, where the grid was not available. In 1953, when Darryl Chapin
began this work, a method using a photovoltaic effect in selenium (Se) was already
known, in order to produce electrical energy from light [1]. However, the efficiency
was very poor (about 0.5 %), making this method impractical. Then, two scientists
that had been involved with the early development of the silicon transistor (Gerald
Pearson and Calvin Fuller), joined Chapin and, in 1954, developed the first silicon
(Si) technology PV cell, with an efficiency of 5.7 %. This value was found to be
satisfactory enough to putting the developed cells to use.

These new cells were made from a p—n junction. The n-side of the junction is
very thin and highly doped, allowing light to come to the p—n junction with very
little attenuation, but the lateral electric conduction is high enough to collect the
current to the front contact through an array of silver fingers. The backside of the
silicon is covered with a metal film, typically aluminum. The basic structure of the
silicon PV cell has remained almost unchanged until now. The price associated to
these newly developed devices was very high, so these were only used for space
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applications and satellite powering, until about the middle of the decade of 1970.
Then, industry of PV cells was really established, and research increased tremen-
dously. Since then, the price has decreased and the installed power of PV energy
has dramatically increased.

PV cells can be associated in series and in parallel, in order to obtain a higher
output voltage and output current, respectively, besides obtaining a higher output
power. The current—voltage characteristics of the series and parallel association of
PV cells are shown in Fig. 3.1.

The current—voltage characteristic of a PV cell can vary with the incident light
intensity and the temperature. This variance is illustrated next, in Fig. 3.2.

3.2 Concepts and Parameters Regarding PV Cells
There are a number of terms that are usual in the context of PV cells. These are
briefly explained next.

3.2.1 Standard Illumination Conditions

The standard conditions that are considered when referring to the efficiency and
power output from a PV cell are AML1.5, already defined in Sect. 2.1.6, summa-
rizing: irradiance of 1 kW/m?, 25 °C of ambient temperature, and a spectrum of
sunlight crossing the atmosphere with an angle of 42° above the horizon.

Fig. 3.1 Connection of two @ ILua
identical PV cells: a parallel,
b series Iscr + Isceo Two cells
Iscr. Isco One cell
0 Vocie) V:”
(b) [mu A
Isci) Two cells
One cell
0 >

Voci, Vocz Voci+ Vo2 Vo
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Fig. 3.2 Influence of (2) Lo 4
irradiance and temperature on
the PV cell current:
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3.2.2 Fill Factor

The current that a PV cell can provide varies between 0 and the short-circuit current
(Isc). In terms of output voltage of the cell, the extreme values correspond to the
open-circuit voltage (Voc) and 0, respectively, to the current. Graphically, these are
related between them according to Fig. 3.3, where these can be found, since a
typical current function is shown. In Fig. 2.13b, such a function had already been
shown (see Sect. 2.1.6).

In general, any rectangle drawn under the current function represents the power
that the cell can deliver to a circuit connected at its terminals. In Fig. 3.3, the
darkened rectangle represents the maximum power P.,.. that the PV cell can
provide, because its area is the biggest that can be achieved. The voltage V., and
current Iy, that allow for this power value define the MPP of the cell and are always
less than Ve and Isc, respectively.

Thus, the fill factor (FF) of a PV cell is defined as the ratio between the max-
imum power of the PV cell and the product of V¢ by Isc, resulting in

pF— o Voplop (3.1)
Voclsc  Voclsc

The value of FF is, typically, around 0.8-0.9.

According to a detailed explanation in [1], the fill factor of semiconductor PV
cells, whose electrical model is depicted in Fig. 2.13a (see Sect. 2.1.6), is given by
the next equation, where Ig is the saturation current of the diode.
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3.2.3 Efficiency

The efficiency of a PV cell is defined as the ratio of the output electric power versus
the input solar radiation power under standard illumination conditions at the
maximum power point. Table 3.1 shows the efficiencies of some types of PV cells,
which will be addressed later on. The outdoor conditions are those that best meet
the standard test conditions indicated in Sect. 3.2.1.

3.2.4 Peak Watt

The “peak watt” (W,,) rating of a solar module is the power (in watts) produced by
the solar module under standard illumination conditions at the MPP. The actual
power output of a PV cell, obviously, depends on the actual illumination
conditions.

3.3 Generation of Electric Power in Semiconductor
PV Cells

The basic concept of power generation in semiconductor PV cells is related to the
construction of the p—n junction. The base, or substrate, is a piece of p-type silicon,
lightly doped with boron, a fraction of a millimeter thick. A highly doped n-type
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Table 3.1 Typical environment illuminance level and commercial available solar panel energy
conversion efficiencies (according to [2])

Illuminance level (lux) Indoor light Outdoor light
100-1000 (%) 1000-65,000 (%)
Solar panel energy conversion efficiencies c-Si 3-8 ~18
a-Si 2-5 8-13
GaAs 2-8 7-15

silicon, with a thickness of a fraction of one micrometer, is generated by doping
with phosphorus of much higher concentration and laid over the substrate. Because
of the built-in potential of the p—n junction, electrons migrate to the n-type region
and generate electric power similar to an electrochemical battery.

When a p—n junction, suchlike the one described, is irradiated with light, several
possibilities may occur. These are indicated in Fig. 3.4.

The possibilities considered here are as follows: (1) reflection and absorption at
top contact, (2) reflection at cell surface, (3) desired absorption, (4) reflection from
rear out of cell, (5) absorption after reflection, and (6) absorption in rear contact.
The desired goal is to have the maximum power at the minimum cost. Thus, to
ensure the highest efficiency, cells must be designed to enhance the desired
absorption (3) and absorption after reflection (5).

The absorption coefficient indicates how a semiconductor material behaves in
absorbing the incoming photons. Silicon is not one of the best absorbing materials,
as compared to Ge, CulnSe,, or GaAs. This means that, when using silicon, in order
to absorb a useful amount of photons, more material must be used, resulting in a
thicker layer. Typical values are in the range of 100 um. In opposition, materials
such as GaAs, CdTe, or CulnSe, only require a layer with a few micrometers. The
types of PV cells that use any of the materials that were just mentioned will be
addressed in Sect. 3.4.

In order to reduce the loss due to reflection, there are anti-reflection coatings that
can be applied at the interface between semiconductor and air [1].

When the desired absorption occurs, a photon, with an amount of energy greater
than the energy gap of the semiconductor material, can be absorbed and create an
electron-hole pair. Inversely, an electron-hole pair can recombine and emit a
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photon of energy approximately equal to the energy gap of the semiconductor. This
process is schematically described in Fig. 3.5.

By observing the left-hand side of Fig. 3.6, a photon with energy hv generates an
electron-hole pair in the p-type region. Because of the built-in electric field (Ey),
which points toward the p-type region, the electrons, which are negatively charged,
are dragged by this field into the n-type region. Vj, is the built-in potential voltage,
and g, the charge of the electron.

When the two terminals are tied together, an electrical current is established.
This is the short-circuit current (Isc) and is determined by the rate of electron—hole
pair generation from the radiation. By looking at the right-hand side of Fig. 3.6, if
the terminals are not connected to each other, the electrons that migrated to the
n-type region are accumulated and a voltage across the junction capacitance builds
up. The direction of this voltage is the same as the forward bias voltage of the
diode, which generates a current to compensate the electron current. At equilibrium,
an open-circuit voltage (Vo) is established. This effect is similar to direct biasing
the PN junction.

Conduction
band
hy AN\ Band gap N\N\NN>
Incoming Emitted
photon Valence photon
band
Absorption Emission

Fig. 3.5 Interaction of radiation with semiconductors, regarding energy bands
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The frequency of the photon is designated as v. The correspondence between the
wavelength A and the frequency v is given by

Cc

)= (3.3)

S
In (3.3), c represents the speed of light in vacuum, which is 299,792,458 m/s.
The energy of a single photon is given by

Ep:hv:h% (3.4)

The symbol £ is the Planck constant, whose value is 6.62606957 x 10737 s, or
4.1356674335 eV s. The latter is more adequate in the present context.

The remaining symbols shown in Fig. 3.6 have the following definition
(Table 3.2).

The Fermi level is equal in both the n-type and the p-type sides, when the
junction is short-circuited. However, when the junction is biased or in open circuit
while being irradiated, this energy level is different from the n-type to the p-type
sides, also as it can be observed in Fig. 3.6.

3.3.1 Efficiency Limit According to Shockley and Queisser

There is a theoretical limit to the efficiency, which depends on the type of material
being used in the cell. In 1961, William Shockley and Hans Queisser made an
extensive analysis of the p—n junction PV cell and established an upper limit for the
efficiency of single-junction PV cells. This is known as the “Shockley—Queisser
limit.” In-depth detail on how this limit is derived can be found in [1]. Also in this
reference (pages 190 and 191, Figs. 9.9 and 9.10, respectively), it is shown how the
efficiency is bounded, according to the band gap of the semiconductor material.

The graphs of the mentioned figures show the functions considering a blackbody
radiation at 5800 K and the radiation used for STC, i.e., AM1.5. It can be seen, in
both situations, that silicon (Si) is the material that can achieve the highest effi-
ciency, with a value of about 44 % and 49 %, respectively.

Table 3.2 Definition of the symbols present in Fig. 3.6, representing the energy levels

Ep Energy level at the bottom of the conduction band in the p-type semiconductor
Egp Energy of the Fermi level in the p-type semiconductor

E,, Energy level at the top of the valence band in the p-type semiconductor

E., Energy level at the bottom of the conduction band in the n-type semiconductor
Ern Energy of the Fermi level in the n-type semiconductor

E,, Energy level at the top of the valence band in the n-type semiconductor
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3.4 Types of PV Cells

The technology of PV cells can be divided into three “generations.” The first gen-
eration consists on the use of silicon crystalline structures. This can include the
monocrystalline, polycrystalline, and emitter wrap through (EWT). This technology
has been progressively developed over time, in order to improve its capability and
efficiency. Thus, in spite of being the first-generation technology, it is not obsolete.
The second-generation technologies are based on single-junction devices, aiming to
optimize material usage while trying to keep the efficiencies achieved earlier. This
generation comprises materials such as cadmium telluride (CdTe), CIGS (indium
incorporated with gallium—increased band gap), and amorphous silicon (a-Si).
Finally, the third generation encompasses double, triple junction and nanotechnol-
ogy, which are all showing promising results and efficient cells at a lower cost [1].

3.4.1 First-Generation PV Cells

The crystalline silicon (c-Si) PV cell was the first practical PV cell, invented in
1954. The efficiency of such mass produced PV cells is 14-20 %, which is still the
highest in single-junction PV cells. It also has a long life and is adequate for mass
production. To date, it still accounts for more than 80 % of the PV cell market.
There are two versions of the c-Si PV cell: monocrystalline and polycrystalline.

34.1.1 Monocrystalline PV Cells

This is the most common type of cell being used, representing about 80 % of the
market. Essentially, it uses crystalline silicon p—n junctions. This type of cells is
manufactured from a single-crystal ingot.

The efficiency of these cells is limited by the amount of energy produced by
photons. Working with longer wavelengths does not help in obtaining more energy
because, on one hand, energy decreases with longer wavelengths and, on the other
hand, there is an increase in thermal dissipation. This causes the cells to heat up,
thus decreasing their efficiency because of the energy being lost as heat.
Under STC, the maximum recorded efficiency is 24.7 %, stated by [3].

After the manufacturing of the silicon ingot, with a diameter of 10 cm to 15 cm,
it is then cut in wafers of 0.3 mm thick. There are several silicon PV cell designs.
Typically, both sides of the wafer are passivated with an insulator (SiO,), so as to
reduce surface recombination, and small holes are opened through the insulator to
place the metal contacts. Then, trivalent dopant is diffused to the rear contact areas,
in order to form the p* zone. At the front side, pentavalent dopant is used in the
same way to form the n* zone. A textured surface can be used on the front side, to
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Fig. 3.7 Monocrystalline PV
module

trap the photons that enter the surface. In addition, an anti-reflective coating can
also be used, beneath the textured surface, to maximize the efficiency. The resulting
PV cell typically has a short-circuit current at about 35 mA/cm? and an open-circuit
voltage of 0.55 V at full illumination [3]. In Fig. 3.7, it is shown how a module
based on this type of cell looks like.

A module is made up of several cells, connected in parallel and in series, so as to
produce higher currents and higher voltages, respectively, and consequently, a
higher power. The monocrystalline PV cells are cut from a cylindrical single-crystal
ingot. To save material and space, the solar cells are cut to an octagonal piece,
giving them this typical shape. There is always some wasted space because of the
cut corners, and wasted material, because of the octagonal cut being performed over
the cylindrical ingot.

3.4.1.2 Polycrystalline PV Cells

In order to reduce costs and increase production, new crystallization techniques
were developed. The costs with the production of polycrystalline cells are lower
than with the monocrystalline ones, although efficiency is inferior to that of the
latter, standing at about 15 % [3]. However, the main advantage is the reduction of
flaws in metal contamination and in the crystal structure.

Polycrystalline cell manufacturing is initiated by melting silicon and solidifying
it to orient crystals in a fixed direction, producing a rectangular ingot of multi-
crystalline silicon to be sliced into blocks and finally into thin wafers. However, this
final step can be eliminated by cultivating wafer thin ribbons of polycrystalline
silicon. As a result, since the shape of the ingot is rectangular, the PV cells in the
PV module will look like as shown in Fig. 3.8, and having no waste of panel space,
neither of ingot material. The manufacturing process of the panel modules is similar
to the one described for the monocrystalline PV cells.
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Fig. 3.8 Polycrystalline PV
module

When using silicon modules (mono or polycrystalline), one technique that has
emerged is the use of smaller cells to make up a module, but with the additional
placement of large lens over each individual unit. By doing this, the light intensity
is magnified by a factor that can reach up to 300 times [3]. This technology is called
concentrating PV. Concentration can be achieved by using mirrors, lenses, or the
combination of both. This concentration needs some means to track the light, or the
use of curved lenses or mirrors, with the cell at the center of the curvature so that
the concentrated light can always reach it.

The commercial PV modules, for either mono- or polycrystalline situations,
given that the cells are fragile and vulnerable to the elements, have to be made more
robust. Thus, a framing structure is used, having a piece of glass on the front side of
the module, two thin sheets of ethylene vinyl acetate (EVA) film, one at the front
and other at the back side of the array of PV cells, and a back plate. All these
components are bonded together in a heated press.

3.4.1.3 Emitter Wrap Through (EWT)

The emitter wrap through PV cells have achieved an efficiency increase, not
because of the type of materials being used, but rather because of the design of the
cells.

Small laser drilled holes are used to connect the rear n-type contact with the
opposite side emitter. The removal of front contacts allows for the full surface area of
the PV cell to absorb solar radiation, because masking by the metal lines is no longer
present. Several tests showed that there are manufacturing gains by putting the
contacts on the backs of the cell. Using EWT has allowed an increase of 15-20 % in
efficiency [3]. One major disadvantage of this technology is the large area occupied
by EWT cells. Also, this technology suffers from high series resistance which limits
the fill factor. In [3], a schematic representation of such a PV cell can be found.
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3.4.2 Second Generation PV Cells

The PV cells included in this generation belong to the thin-film technology. This
technology aims to reducing the cost of PV cells by reducing material and manu-
facturing processes, without risking the environment or the lifetime of the cells.

Amorphous silicon (a-Si) and thin-film silicon PV cells are much less expensive
than the crystalline ones, but the efficiency is only 6—10 %. In between, there are the
CIGS (copper indium gallium selenide) and CdTe—CdS thin film PV cells, with a
typical efficiency of around 10 % and account for about 15 % of the market.
Because of their very high absorption coefficient, the amount of materials required
is small, and the production process is simpler. Thus, the unit price per peak watt is
lower than for the crystalline silicon PV cells.

The fabrication process is different from the one to achieve crystalline PV cells.
Instead of having a layer of p-material with another of n-material on top of it, and
glass covering each of the two sides, thin film is based on the deposit of thin layers
of materials, on glass, plastic, or stainless steel substrates. The thickness of each
layer is inferior to 10 pm, while in the crystalline technology, it could have hun-
dreds of microns. This is because amorphous silicon absorbs sunlight very well, so
that only a thin layer is required, resulting in less material. Moreover, as the layers
are thinner and laid over stainless steel or plastic, this allows for the creation of
flexible products. On the other hand, as less material is laid out, the absorption
potential is also reduced, thus lowering the efficiency of the cell. A factor than can
counter this decrease is the use of materials that can achieve better efficiencies.

There are four types of thin-film PV cells that are presently at the market. These
are the amorphous silicon cell (multiple junction structure), the thin polycrystalline
silicon on a low cost substrate, the copper indium diselenide/cadmium sulfide
hetero-junction cell, and the cadmium telluride/cadmium sulfide hetero-junction
cell [3].

34.2.1 Amorphous Silicon

The main difference between this technology and crystalline silicon is the fact that
the silicon atoms are randomly located from each other. This random atomic
structure causes a band gap of 1.7 eV, which is higher than in crystalline silicon,
whose value is 1.1 eV. This larger band gap privileges the absorption of visible
wavelengths, when compared to the infrared portion of the spectrum. This tech-
nology has several variations, where the substrates can be made of glass, flexible
stainless steel or plastic foil, tandem junction, and double and triple junctions. In
each case, a different performance is achieved.

The maximum efficiencies for amorphous silicon in a laboratory environment are
about 12 %. However, single-junction a-Si PV cells, when exposed to sunlight,
degrade due to the Staebler—Wronski effect, which causes changes in the properties
of hydrogenated amorphous silicon [3]. Thus, their efficiency progressively drops,
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until a value of about 4-8 %. To improve the efficiency and solve the degradation
problems, there have been attempted some approaches, such as developing double-
and triple-junction a-Si devices. Under STC conditions, the efficiencies of such
technologies are around 6—7 %.

Another technology of construction, whose objective is efficiency improvement,
consists to stack junctions, layering two or more junctions on top of each other. At
the top of this structure, a very thin layer of a-Si is deposited, in order to convert the
shorter wavelengths of the visible spectrum. However, with longer wavelengths,
microcrystalline silicon is most effective, in addition to some of the infrared range.
This results in higher efficiencies than amorphous silicon cells of about 8-9 %,
depending on the cell structure and layer thicknesses.

Appendix B presents a more in-depth explanation on the procedures and details
about the fabrication of an amorphous silicon PV cell that has been used in con-
junction with the main system presented in this book.

3.4.2.2 Cadmium Telluride or Cadmium Sulfide/Cadmium Telluride

The reason why this kind of technology is used has to do with the use of inex-
pensive industrial processes, in comparison with the crystalline silicon technolo-
gies, while offering higher efficiencies than amorphous silicon does [4].

Cadmium telluride (CdTe) has a band gap of 1.45 eV and a high direct
absorption coefficient, being recognized as a promising photovoltaic material for
thin-film PV cells. Small CdTe cells with efficiencies greater than 15 % and CdTe
modules with efficiencies greater than 9 % have been demonstrated [3].

The toxicity of cadmium (Cd) and the related environmental issues remain
somewhat of a problem for this technology, making necessary a recycling program
for decommissioned PV cells. The other potential issue is the availability of tel-
luride in nature, which might cause some raw material constraints that will then
affect the cost of the modules.

In Fig. 3.9, a cross section of a typical CdTe PV cell is shown.

3.4.2.3 Copper Indium Diselenide or Copper Indium Gallium
Diselenide

These are PV devices that contain semiconductor elements from groups I, III, and
VI of the periodic table. The advantage in the use of these materials is their high
optical absorption coefficients and electrical characteristics. In addition, better
uniformity is achieved through the usage of selenide, as the number of recombi-
nations is reduced, improving both the quantum and the conversion efficiencies.
CIGS is multilayered thin-film composites. The best efficiency of a thin-film PV
cell is 20 % using CIGS [3]. The use of glass or flexible substrates can be used with
this material. The biggest inconvenience with this technology is the shortage of
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Glass superstrate
Front contact 1TO/Zn0O)
CdS (cadmium sulphide) n-type layer
CdTe p-type layer
Back contact

Fig. 3.9 Cross section of a typical CdS/CdTe PV cell

ZnO transparent oxide
Cd Sbuffer layer [or Indium Sulfide(InS)]
CIGS (absorber)
Mo contact layer
Glass

Fig. 3.10 Cross section for a copper indium gallium diselenide PV cell

Table 3.3 Properties of some common PV cell materials

Material CulnSe2 Si GaAs CdTe
Band gap (eV) 1.04 1.11 1.43 1.49
Absorption edge (pm) 1.19 1.12 0.87 0.83
Absorption coefficient (cm™") 1.0 x 10° 1.0 x 10° 1.5 x 10* 3.0 x 10*

indium, which is used in the indium tin oxide (ITO). A strategy to counter this factor
is to recycle indium from decommissioned PV cells.

Both CdTe and CIGS modules show degradation in high heat and humidity
conditions and need additional barrier coatings to protect them from such degra-
dation. This kind of conditions degrades the junction transport properties and
minority carrier transport characteristics of the cell absorber. Figure 3.10 depicts a
typical cross section of a CIGS PV cell.

Some properties of the materials that have been referred are summarized in
Table 3.3, as adapted from [1].

3.4.3 Third-Generation PV Cells

This generation of PV cells is based on multi-junctions, where several crystalline
layers, with different band gaps, are stacked on top of each other. The objective is to
absorb as much solar radiation as possible. In addition, these cells have shown more
robustness to outer space radiation [3].
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3.4.3.1 Compound Semiconductor

These hetero-junctions are tuned to use the full wavelength spectrum. When light
hits a wide bandgap layer, it produces a high voltage using high-energy photons,
enabling lower energy photons to transfer to narrow band gap sub-devices, which
absorb the transmitted infrared photons. In [3], a structure of a gallium arsenide
(GaAs)/indium gallium phosphide (InGaP) multi-junction PV cell is depicted,
encompassing the respective epitaxial stack.

Such devices have reached efficiencies in the order of 40.8 %, more exactly from
a metamorphic triple-junction PV cell.

3.4.3.2 Dye-Sensitized Cells

These cells consist of a semiconductor and an electrolytic liquid. The semicon-
ductor and electrolyte work in tandem to split the closely bound electron-hole pairs
produced when light hits the cell. The source of the photo-induced charge carriers is
a photosensitive dye that gives the PV cells their name “dye-sensitized.” In addi-
tion, a nanomaterial, most commonly titanium dioxide (TiO,), is also often used to
hold the dye molecules in place.

The use of dye-sensitized cells for photovoltaic applications tries to emulate
chlorophyll action in plants. This technology contains volatile solvents in their
electrolytes that can permeate across plastic and present problems for sealing the
cells. Cells with these solvents are unattractive for outdoor use due to potential
environmental hazards. Researchers have developed PV cells that use solvent-free
electrolytes, but the efficiencies of these cells are too low [3]. Heat, ultraviolet light,
and the interaction of solvents within the encapsulation of the cell are negative
issues with this technology.

3.4.3.3 Organic Cells

This type of cells is made from thin films, with about 100 nm of thickness, of
organic semiconductors such as polymers and small-molecule compounds such as
pentacene, polyphenylene vinylene, copper phthalocyanine (a blue or green organic
pigment), and carbon fullerenes.

These materials are interesting because of their mechanical flexibility, dispos-
ability, and low manufacturing cost, because of the use of plastic, as opposed to
traditional silicon, and not requiring high temperatures and high vacuum conditions.

Electron (donor—acceptor) pair forms the basis of organic cell operation, where
light agitates the donor causing the electron to transfer to the acceptor molecule,
hence leaving a hole for the cycle to continue. The photo-generated charges are then
transported and collated at the opposite electrodes to be utilized, before they
recombine [3].
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Glass superstrate
Conductive polymer
Transparent oxide (ITO) or Carbon
Nanotubes
Active layer (polymer)

Back contact (Aluminum, Silver, ...)

Fig. 3.11 Structure of an organic PV cell

Typically, the cell has a glass front, a transparent indium tin oxide (ITO) contact
layer, a conducting polymer, a photoactive polymer, and the back contact layer (Al,
Ag, etc.). Since ITO is expensive, various groups have tried to use carbon nanotube
films as the transparent contact layer. A typical cross section of an organic PV cell
is shown in Fig. 3.11.

3.4.3.4 Carbon Nanotubes

This kind of technology emerged to mitigate the limitations of the other technol-
ogies. Nanoscale components have the ability to control the energy band gap and an
enhanced probability of charge recombination. Examples of these nanostructures
are the carbon nanotubes.

Carbon nanotubes are made according to a hexagonal carbon lattice, showing
excellent mechanical and electrical properties, and can be single-walled or
multi-walled.

This material is photosensitive just like other materials in photovoltaic tech-
nologies. When coated by special p- and n-type semiconductor materials, it forms a
p—n junction that generates electrical current. Such a methodology enhances and
increases the surface area available to produce electricity [3]. The efficiencies are
still in the range from 3 to 4 %, but much research is being conducted in this field.

3.4.3.5 Quantum Dots

Quantum dots are devices that also fit into the nanotechnology materials. These are
special semiconductor systems that consist of a combination of periodic groups of
materials, molded in a variety of different forms. They are on nanometer scale and
have an adjustable band gap of energy levels, performing as a special class of
semiconductors [3].

The PV cell with larger and wider band gap absorbs more light, hence producing
a bigger output voltage. However, cells with smaller band gap result with larger
current but smaller output voltage. The latter includes the band gap in the red end of
solar radiation spectrum. Quantum dots are known to be efficient light emitters with
various absorption and emission spectra depending on the particle size. Currently,
researchers are focusing on increasing the conversion efficiency of these PV cells.
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3.4.4 Comparison of the Different PV Technologies

Up until this point, this chapter has focused on giving an overview about the PV
technologies and how these are organized, in terms of devices and materials. This
overview is only introductory, focusing on general aspects of each topic.

It is outside of the scope of this book, to provide a broader insight about this
theme, so the reader is asked to pursue the search for information in the references
that have been given along the text. In addition, further information about
third-generation photovoltaic technologies can be found in [5-8], for example.

Having given an overview about the types of PV cells in the previous sections, it
is useful to have a comparison between them, in terms of efficiency. Photovoltaic
products have grown in commercial availability in the past few years, and the trend
is to continue to grow, as a response to trying to find a good alternative for fossil
sources of energy. The efficiency of the cell is also a way of quantifying the
efficiency of the cost of the investment that is made, although, as it has been seen,
the type of material must additionally be taken into account. As such, to have a
general idea about the present panorama, the best values for several research cells,
in various PV technologies, are shown in Fig. 3.12. In this figure, it can be observed
that at the present time, the highest recorded efficiency that appears in the graph is
44.4 %, corresponding to a multi-junction cell. It is to note that the research PV
cells often give better results than commercial ones. This figure serves to have an
idea of the progress that PV technologies have had over the years, since about the
middle of the decade of 1970, when this industry had a true start.

The technologies shown in Fig. 3.12 include not only those that have been
referred, but also some others that have not been addressed in this text.

Since the work presented in this book makes use of amorphous silicon PV cells,
it is important to notice that the present efficiency for this type of cells is 13.4 %. To
conclude, it is to stress out that, regardless of the technology being used, the trend is
toward an increase in efficiency, which foretells that, in the future, PV technologies
have indeed an important role to play when dealing with clean energies, whatever
the scale of the applications being used.

3.5 Integrated CMOS PV Cell Prototype

According to the analysis presented in the previous section, crystalline silicon
allows for building one of the most efficient PV cell types. Considering that the
energy harvesting system will be built in standard CMOS technology, which uses
crystalline silicon, it is natural to try to integrate the PV cell with the system, on the
same CMOS die. As shown in [9] or [10], it is possible to build a PV cell in CMOS
technology. However, there are some problems associated with this approach that
prevent the use of a CMOS PV cell together with other circuits on the same CMOS
die. These will be discussed next.
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3.5.1 Electrical Model of a CMOS PV Cell

In order to better understand the possibilities of using an integrated CMOS PV cell,
it is necessary to obtain its electrical model. Using the information available in [9],
it is possible to build this electrical model, corresponding to the equivalent circuit
depicted in Fig. 2.13a). The model is composed by a current source, a diode model,
and a series and parallel resistors. The model parameters (/;, Rp, and Rg) are
adjusted to match the open-circuit voltage and the short-circuit current reported in
[9], corresponding in the original reference, to measured values at an incident white
light illuminance of 10 klux. Extrapolating the reported PV cell area to 3 mm?,
results in a peak watt of about 390 pW and in a short-circuit current of 1.62 mA.
Using this extrapolation, the values that were obtained for the model were then 1.
728 mA, 700 Q and 20 Q, respectively. The diode depicted in the model is a diode
of the CMOS technology being used, with the width, length, and multiplier set to
25, 25, and 15,000 pm, respectively.

Two of the previous PV cells, in series (each having 3 mm?), were simulated
using two equivalent circuits in series, resulting in the power curves depicted in
Fig. 3.13.

This graph shows the output power of the PV cells for some levels of light
intensity, namely for 100, 95, 90, 80, and 60 % of the maximum illumination
(10 klux of white light). This scaling only accounts for the current drawn from the
current source of the electric model (/;), while maintaining the other parameters
unchanged. Thus, the power functions for intensities inferior to 100 % were
obtained by proportionally scaling the current /; of the model. This procedure is
only approximate, since that the other parameters of the model would also need to
be adjusted. However, in the absence of more information, this was the adopted
procedure.

Fig. 3.13 Output power 1000
curves of two modeled PV
cell circuits, connected in
series, for different levels of
incident light
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Table 3.4 PV cell electrical characteristics for different light intensities

Light Irradiance Irradiance Prax Vinax Isc Voc

intensity (%) (klux) (W/mz) (LW) (mV) (mA) (mV)
100 10 14.64 810.1 718.9 1.680 924.1
95 9.5 13.91 752.2 710.0 1.596 919.6
90 9 13.18 694.4 709.9 1.512 914.7
80 8 11.71 579.3 699.7 1.344 903.6
60 6 8.78 355.5 648.6 1.008 872.1

In Appendix B, the characterization of an amorphous silicon PV cell that was
specifically manufactured for this work was performed, by taking into account all
the changes that the model parameters suffer when there is a change in the level of
light incident over the cell.

The maximum available power at the output will depend on the light intensity to
which this cell is subjected to. The information about the maximum available power
from the PV cells, as well as the voltage at which that maximum power occurs, the
short-circuit current and the open-circuit voltage, is summarized in Table 3.4.

Since white light was used in [9], the conversion from lux to W/m? is performed
using the relation 1 lux = 1/683 W/mz, as indicated in Sect. 2.1.6. For a value of
20 % of the maximum light intensity (about 2.92 W/m?), and using the same source
of light, the maximum power obtained is only 40.64 uW, at a voltage of 261 mV.
Thus, with this level of light intensity, using this series of cells, one would not be
able to supply any electronic application, either because of the available output
power and the voltage provided at the terminals of the series of cells.

3.5.2 Development and Layout of an Integrated
CMOS PV Cell

Since the objective was to use integrated CMOS PV cells, this type of PV cell was
actually designed and manufactured in a 0.13-um CMOS technology. In Fig. 3.14,
the layout of the PV cell and the die in which it was included are depicted. In
addition, a picture of the actual die after manufacturing, already placed into a PCB
using direct bonding (for testing), is also shown.

Reference [9] shows a PV cell that was manufactured, experimentally charac-
terized, and used to power a ring oscillator. However, the ring oscillator and the PV
cell are in fact in two separate CMOS dies. In [10], two separate dies are also used,
one for the PV cell and the other for the circuit. The reason why the PV cell cannot
be integrated into the same die as the circuit is simple, as referred in Sect. 3.3: the
absorption of photons by silicon is not very efficient. The photons have to travel a
certain length before they are completely absorbed. The absorption coefficient of
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Fig. 3.14 Layout of the integrated CMOS PV cell (leff), integrated die that hosted the CMOS PV
cell (middle) and photograph of the die containing the CMOS PV cell (right)

Table 3.5 Absorption in Silicon, for various colors

Color wavelength Energy Absorption Depth (% absorbed), pm
(nm) eV) coefficient (cm 1) 10 (%) 50 (%) 90 (%)
Blue 450 2.76 21,000 0.05 0.33 1.10
Green | 550 2.26 5830 0.18 1.19 3.95
Red 650 191 2500 0.42 2.77 9.21

silicon for different wavelengths, together with the percentage of absorbed photons,
is shown in Table 3.5. Absorption is taken into account by considering that
reflectance is negligible.

For example, this table reports that the green color, at a depth of 3.95 um, had
90 % of its radiation absorbed. The previous table shows that longer wavelength
photons can deposit most of their energy at depths larger than 1 pm. Since the depth
of the NWELL in a typical CMOS technology is around 1.5 pm, this means that
most of the energy will be deposited in the p~ substrate, located below the NWELL,
because it acts as the anode of the PV cell. This has the unintended consequence of
producing a positive voltage in the substrate, which can cause latch-up in the
CMOS circuit. This also makes impossible to connect two CMOS PV cells in
series, since all the diffusions in CMOS are less than 1 pm in depth. The only option
to connect PV cells in series is to use non-standard CMOS technologies such as
SOI CMOS [11], because in this case, each PV cell is electrically isolated from its
neighbors. However, this technology is much more expensive than standard CMOS
technology.

In order to try to integrate a PV cell in the same CMOS die with other circuits, it
is necessary to make sure that the positive charge that builds up in the substrate
under the PV cell does not spill over to the rest of the circuit. The only option to do
this is by using a guard ring around the PV cell, connected to its cathode. This
guard ring is equivalent to connecting a resistor between the anode and the cathode
of the PV cell. The value of this resistor depends on the substrate resistivity and on
the distance between the guard ring and the p* diffusion, which is the anode
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terminal of the PV cell. This resistor is in parallel with resistor R, in Fig. 2.13a);
therefore, its value should be as large as possible. Since it is not possible to control
the value of the resistivity of the substrate, the only option is to increase the distance
between the guard ring and the anode of the PV cell. However, if this distance is
large, most of the area taken by the cell will not be producing energy and the PV
cell will be very inefficient.

Figure 3.15 depicts a simplified representation of the structure of the integrated
photodiode that was laid out.

The anode (A) and the cathode (K) terminals correspond to the two lower pads
depicted in Fig. 3.14 (left), respectively. When the layout was done, one had to pay
particular care to ensure that the area corresponding to the photodiode would not be
covered with metals or oxide, as usual in the fabrication process. Otherwise, light
would have no way to irradiate the PV structure. On the other hand, all the rest of
the surrounding elements were treated as usual when performing a layout, i.e., let
them be covered when the die is manufactured.

This type of structure and technology allows for the formation of two junctions,
at two different depths. Closer to the surface, in the range of about 0.2 pm, one has a
stronger concentration of carriers because of the p* and n™ diffusion implants, and
thus, a p*n* horizontal junction is formed. However, deeper into the material, the
doping concentration decreases, and from about 1.8 pm, the concentration of car-
riers reaches a minimum value, which holds even for higher depths. This results in
p material, and thus, p n™ vertical junctions are formed.

Fig. 3.15 Simplified structure of the integrated photodiode
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A guard ring placed around the PV cell, which can be identified in Figs. 3.14 and
3.15, appears like a frame around the PV structure. When illuminated, the photodiode
will be forward biased, meaning that the voltage from A to K will be approximately
0.6 V. Since the cathode is tied to ground (a potential of 0 V), this would mean that the
anode (i.e., the substrate) would have its potential increased to 0.6 V.

However, this is not tolerable for the other circuits built on the same substrate,
since the latter is supposed to be held at ground potential. For this reason, it was
needed to shield the photodiode structure with the guard ring shown around it, so as
not to increase the substrate voltage, preventing any latch-up condition. The pur-
pose of this guard ring is to have the same effect of a distributed resistor around the
PV cell, so that from its very periphery, until the guard ring, the voltage would
gradually decrease along the substrate, from about 0.6 V (the voltage drop across
the photodiode junction when illuminated and, consequently, forward biased), to
zero (the potential of the substrate), while maintaining the cell in normal operation.
In electrical terms, this can be described by the following schematic.

In Fig. 3.16, Rgupstrate 1S the distributed resistor along the substrate, existing all
around the PV cell itself, in the stretches that go from its near periphery (A) until the
guard ring (K). Unfortunately, there was not enough information from the foundry.
It was expected that the substrate had a very reasonable resistivity, such that the
amount of substrate between the periphery of the PV cell and the guard ring would
yield a resistance at least in the range of some kQ. Thus, the PV cell would be able
to operate correctly and provide its expected voltage (vou py, in Fig. 3.16) to the
circuits to be supplied, when exposed to light.

3.5.3 Experimental Results of the Prototyped Integrated
PV Cell

In contempt of the intended effect, the use of the guard ring caused a short circuit
over the photodiode, because the voltage between the anode and cathode terminals
was zero volts, even under maximum illumination conditions.

Fig. 3.16 Equivalent Periphery of
electrical circuit of the Integrated the
purpose required for the guard CMOS photodiode
ring photodiode /
Vour_pPV Rsubsrrare
1 Guard ring,
tied to

ground
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In addition, the diode was supposed to have a low resistance when forward
biased and a very high resistance when reversely biased. However, measuring
resistance from A to K and vice versa, the value obtained, for both situations, was
around 120-130 Q. For the reverse biasing case, this value is too low. This test
structure was designed with the hope that the substrate resistance would be larger,
and therefore, this guard ring would not be impeditive of the PV cell to produce an
output voltage. However, what happened was that the PV cell was effectively
shorted due to the guard ring. The distance between the periphery of the photodiode
and the guard ring did not provide the necessary amount of resistance so that the PV
cell could remain in operation, coexisting with the other circuit structures sharing
the substrate. In other words, resistance Rgypstrate, in Fig. 3.16, is too small to allow
for the photodiode to work. Instead of making a separation between the PV
structure and the rest of the die, the guard ring short-circuited the PV structure,
causing the major setback of having an unusable PV cell.

Moreover, the two upper terminals, which can be seen in Fig. 3.14 (left), were
built with the purpose of experimentally determining the resistance between the
guard ring (i.e., the ground terminal) and the piece of substrate connected to the
strips of metall seen on the layout, as these are located at different distances from
the guard ring. The values of resistance that were measured between those two
points were about 100 Q for the upper left terminal, as well as for the upper right
terminal. These values are considered to be very low for the intended purpose and
confirm that the resistivity of the substrate is too low to provide the required effect.

A possible solution, to counter for the facts that have been noticed, would be to
widen the strip of substrate around the periphery of the PV cell, between it and the
guard ring. However, the structure would tend to be inefficient in terms of area,
because one would have an amount of die area specifically commited to serve as a
separation zone, having no other usefulness. In addition, since the current prototype
shared the integrated circuit with other prototypes, from other designers (see the
center of Fig. 3.14), an increase of unused area would be prohibitive.

3.5.4 Conclusions About the Integrated PV Cell

Unfortunately, as demonstrated by the results that were measured, the experimental
cell did not have any acceptable performance, and so, the alternative is to use
amorphous silicon PV cells, which will be shown in Chap. 7, and more detailed in
Appendix B.

By doing a literature research, in [12] there are some problems identified and
reported when sharing an integrated PV cell with other circuits in the same sub-
strate. These happened to be the case with the present work. To use such a type of
cell, it would have to be placed on a substrate different from the one in which the
main system resides. This strategy was the one in both the system and application
described in [10] and also in [13]. In these references, it is shown that when
stacking a series of PV cells, each individual cell resides in an individual substrate.
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Because of this, the idea of using an integrated CMOS PV cell, on the same
substrate as the circuits to be powered, was dropped.

However, if a SOI technology [11] had been used, there would be no problem in
sharing the substrate, because the latter would be an insulator and thus would
provide the necessary electric isolation between the independent structures placed
on it, although at a higher cost.

3.6 Indoor Light Energy Availability Study

Before starting the design of an indoor environment energy harvesting system, it is
necessary to have a better understanding of the available light power, under different
situations, in such an environment. In order to assess the amount of available light in
an indoor environment, a set of measurements was performed. There are some
literature references, some of which have already been mentioned, in which light
measurements were also performed. Examples of such are present in [2, 14-16].
However, in order to have a hands-on perspective of the light availability in
the typical indoor environments that can be found in campus facilities, at the
geographical location (and surroundings) in which this whole work was developed,
it was decided to perform these measurements. Another important reason is the fact
that the measuring device was the same that was used to measure the light intensities
that allowed characterizing the a-Si PV cell that was specifically built for this work
(see Appendix B). By having the same measuring device, common to these two
contexts, there is an improved reliability about the values that are considered and
how the PV cell would respond to the light values that were obtained indoors. This
measuring device is described in Appendix A, where there are also presented the
band-pass filters that aided in the measurements at several wavelength bands, as well
as a brief set of indications to correctly use all of this material.

3.6.1 Light Power Intensity Measurements

Partial measurements were performed, one in each of five wavelength bands [17].
These measurements were then combined into a single light irradiance value. The
measurements were performed in four locations inside an office room, as sketched
in Fig. 3.17. These locations cover most of the cases that a light energy harvester
would find in an indoor environment. These four locations correspond to L; and L,,
and in each, at two different distances (d) from the overhead lamps.

In this sketch, /; and I, are the main lamps on the ceiling; d is the distance
between the main lamps and the sensor [located either at L, (under [;), or L, (under
15)]; Wi and W, are the windows of the office room; and d; and d, are the horizontal
distances between each of the windows and the sensor (located at L; or L,,
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\‘ 7 7 \‘ 7 1
d d
L
c—— L \S——
dy d;
Wz le) Wl

Fig. 3.17 Schematic picture of the room where the indoor measurements were performed

respectively). The values of the previous dimensions are d; = 2.3 m; d, = 2.4 m;
h=1mor2m;areaof W; =1 x 2=2m? and area of W, = 1.25 x 2.6 = 3.25 m".

The room is located at latitude 38°4525" N and longitude 9°72" W. Window
W, is oriented to East, and the light entering from it is not as bright as the one that
enters through W, (oriented to West), because the latter is directly at the facade of
the building, while the former is not. Each of the lamps /; and /, is composed by
two fluorescent light tubes, with a power of 36 W each. The light sensor can be
oriented upwards to [, or I, (1), to W; (—) or to W, (<—). To each position is
assigned an index to help identifying it in the subsequent text. A measurement taken
outdoors will be identified with index 0. The complete set of positions is enu-
merated in Table 3.6.

In each measurement, the light sensor orientation was slightly adjusted in order
to maximize the received light power, as it would occur in a real energy harvesting

Table 3.6 Positions where the measurements took place, referring to Fig. 3.17

Pions(;tel)(zn d Location Orientation
0 OUTDOOR
1 i)
2 L, - W
3 Wy
2 1 m 7
5 L, > W
6 Wo—
7 T
8 L, > W
9 Wo—
10 2 m x
11 L, > W
12 W<
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Table 3.8 Summary of best and worst irradiance cases from the light power measurements

Outdoor irradiance (W/mz) Indoor irradiance (W/mz)
Best case at 12 h 30 m Natural plus artificial light Only artificial light

Best case Worst case Best case Worst case
340 2.64 0.13 2.24 0.73

situation. The measurements were performed during two days (January 30th, 2012
and February 23rd, 2012), at different times of the day, having sunny weather
outside. Since in wintertime, outdoor light is weaker than in the rest of the year,
these measurements can be considered as worst cases.

Outdoor measurements were also performed, in order to have a reference value,
which can be compared to the values measured indoor. The indoor measurements,
depending on the time of the day, comprehended natural light, natural and artificial
light, or only artificial light. The whole set of measured values is listed in Table 3.7.

This table presents the value of the total power measured by the light sensor and
the corresponding calculated irradiance. At 19 h 00 m, it was already dark at the
outside, thus the measurements only account for the artificial light inside the room.

Table 3.8 helps to distinguish the more relevant values in Table 3.7, summa-
rizing the worst and the best irradiance cases, obtained from the set of measure-
ments that were performed.

It is important to notice that, even though the measurements having been taken
in sunny days, the time of the year and the geographical location (winter, in the
northern hemisphere) make the overall amount of available light power to be
weaker. In wintertime, at latitudes near 38° (which is about the same where the
measurements were taken), the actual path across the atmosphere can double, and
the spectrum power becomes AM2. In addition, the atmospheric pollution can
reduce the irradiance even more. All of these effects, combined among each other,
explain the measured value outdoors of 340 W/m?.

3.6.2 Conclusions

These measurements help to get an in loco realistic idea about the amount of light
energy that can be used in a typical campus office (indoor) environment.

The measurements were performed at different times of the day, allowing that
situations including natural light, natural and artificial light, or only artificial light
(when dark outside) could be considered.

According to the summarized data in Table 3.8, the value of 0.13 W/m? is the
lowest irradiance value found in this indoor environment, also because the location
where it was recorded is not favoured. If the system is designed to be able to work
with such a reduced irradiance value, then it will succeed in harvesting light energy
the whole time, since under artificial lighting the irradiance value is higher.
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If the series of PV cell that was modeled in Sect. 3.5.1 was to be used in the

environment that was assessed, it would have no utility. The lowest level of light
that was simulated for this cell is at about the same level of the best case for indoor
irradiance reported in Table 3.8. Even in this extreme optimistic situation, the series
of cells would not have the capacity to power any useful application. To counter
this fact, a bigger cell of the same kind could be used, but in this case, the costs of
production would seriously increase, making this solution prohibitively expensive.
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Chapter 4
Voltage Step-up Circuits

Abstract In the present chapter, the main types of energy conditioning systems
will be summarily characterized, as well as energy storing devices and MPPT
techniques. Raw electrical energy captured from the ambient sources is generally
not suitable for direct usage to power electronic circuits. As such, this energy must
be properly conditioned for practical use. The objective is to create a stabilized
voltage (or current), which is required to power and bias the sets of load circuits and
devices. According to the intended needs, the primary DC voltage must be stepped
up (boost operation) or stepped down (buck operation). The classes of circuits that
can achieve such a voltage conversion can be divided into those that use inductors
and those that do not. Either way, the ultimate objective is to perform the voltage
conversion as efficiently as possible. The regulator circuit also plays the role of
protecting the energy storage device from overload voltages and, when dealing with
a PV-based system, of setting the working output voltage of the PV cell, in order to
achieve optimal power operation conditions, by using a MPPT algorithm.

4.1 Types of Voltage Converters

Whenever there is the need to convert a DC voltage of a certain value, into another
one of a different value, higher or lower, there is the need to use a voltage DC-DC
converter circuit. There are various types of voltage converters. Basically, there are
two main categories of voltage converters, which are the linear converters and the
switched converters.

4.1.1 Linear Converters

Linear voltage converters are very simple to implement, but they can only decrease
the input voltage, in order to obtain the output voltage, which is kept constant by a
controller circuit. This type of converter dissipates the excess of energy that is not
intended to be used by the load, making it quite inefficient.
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Fig. 4.1 Conceptual circuit for the linear series converter/regulator

This converter can be implemented either with a series or a shunt topology. As
the name implies, the series regulator is connected in series, between the input
voltage source and the load, performing a voltage division. The principle of
operation of the series voltage converter is shown in Fig. 4.1.

The converter acts as if it was a variable resistor Rg, providing the output voltage
Vour through the decrease of the input voltage v;,. Should the load R; show any
variation, the converter system adjusts its own resistance (Rs), under the action of a
controller circuit, in order to keep a constant output voltage. This controller circuit
is powered by v;, and must know the value of v, in order to adjust Rg according to
the needs.

The efficiency of this type of converter is proportional to the ratio between the
output and the input voltages (vou/Vin)- Since this converter can only decrease the
input voltage, this means that a higher efficiency is achieved with a smaller dif-
ference between v;, and v,,,. Regulators designed to specifically operate under these
conditions, by consequence achieving a higher efficiency, are known as low
dropout (LDO).

The shunt converter operates differently from the series converter. This converter
acts as a variable resistor placed in parallel with the load, shunting it. This requires
the use of a resistor R;, to be placed between the input voltage and the parallel
arrangement of the converter and the load. This resistor can be the output resistance
of the source providing v;,, an added resistor, or the combination of both. The
principle of operation of the shunt voltage converter is shown in Fig. 4.2.

The process that makes v, constant, while the load may be varying, is the
controlled adjustment of the equivalent resistance of the converter Rg, in parallel
with the load. This control process has the same purpose as the one in the series
converter.

The efficiency of a shunt converter can only be maximized if the output power is
also maximized. The series converter does not have this limitation. However, the

Rin

L 7]
Controller

i .. R Ry Vou

Vi D circuit s Lo

L _

Fig. 4.2 Conceptual circuit for the linear shunt converter/regulator
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simple implementation of the shunt converter makes it suitable for applications that
require a small and almost constant output power, but the problem of on-chip power
dissipation persists and becomes more limiting than for the case of linear series
voltage converters.

Thus, regarding efficiency issues, it is to stress out that, for a series converter, the
power conversion efficiency is proportional to the voltage conversion ratio
(VCR) and, for a shunt converter, proportional to the output power.

Either types of converter are very simple, making them very appealing for
monolithic integration purposes. However, the converter required for a PV cell
must provide an elevated version of the input voltage. As such, linear regulators are
definitely not suited for this need, mainly because they can only decrease their input
voltage. In addition, their typical low efficiency is also a factor that does not make
them suitable, especially because of the very limited available input energy, in an
energy harvesting system.

4.1.2 Switched Converters

This kind of voltage converter, unlike the linear converters, is theoretically lossless.
However, not every type of switched converter is well suited for integration into a
silicon die, like the linear converters are.

The operating principle relies on the use of energy storing components and in
switches to change the interconnections between the circuit elements in a given
topology. Because resistors are not used, the losses can, in theory, be null. The
passive components that can be used in these applications are inductors or capac-
itors. However, one of the most interesting features about switched converters is
that, besides decreasing the input voltage, like the linear regulators do, they can
increase it, performing a step-up operation.

4.2 Inductor-Based Converters

The process of using a switched converter to transform a DC voltage value into
another DC voltage value relies on transferring energy from the input voltage to a
reactive element (an inductor or a capacitor) and then retrieving part of the stored
energy to the output, in order to achieve the desired voltage value. However, there
is a fundamental difference between using a capacitor or an inductor: the voltage
across an inductor can change abruptly and have a large discontinuity. In the case of
a capacitor, the voltage cannot have discontinuities. This means that the voltage in a
capacitor is always smaller than the input voltage and that the voltage in an inductor
can be larger than the input voltage.

It is also important to consider the efficiency of transferring energy to a capacitor
or to an inductor. In the operation of a DC-DC converter, these elements are
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Fig. 4.3 Equivalent circuits
for charging a a capacitor or (a)
b an inductor

Vin

connected to a voltage source through switches, and these switches have ON
resistances. This can be represented by the circuits depicted in Fig. 4.3, where the
resistor R stands for the ON resistance of the switch.

When the switch S closes, the capacitor is charged until it reaches a voltage equal
to v;, and the inductor is charged until it reaches a current given by v;,/R. The
voltage in the capacitor and the current in the inductor are given by

Ve(t) = vin (1 - e%) (4.1)

and

respectively.

Using these expressions, it is possible to calculate the current and the voltage
and, from those, the instantaneous power in each element of the circuits. Integrating
the instantaneous power over time allows for obtaining the energy stored in the
reactive elements and the power dissipated by the resistor, for each circuit. The
graphs of these energies, as a function of time, are represented next, for the values
R, L, C and v;, normalized to 1.

Analyzing Fig. 4.4a, it is possible to conclude that, as soon as the switch closes,
almost all of the energy from the input voltage source is dissipated in the resistor
(because the voltage across the capacitor is very small). After the capacitor is
completely charged, the energy stored in the capacitor is equal to the energy dis-
sipated in the resistor during the charging process. This means that the maximum
possible efficiency of charging a capacitor is 50 % and that a voltage converter
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Fig. 4.4 Instantaneous
energy, as a fur'lction of time, 0.5 — ———
for a the capacitor and its
series resistor and b the
inductor and its series resistor
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using capacitors should guarantee that the capacitors are always fully charged in
order to maximize its efficiency. In order to obtain an output voltage larger than the
input voltage, it is necessary to use more than one capacitor. During a first phase,
the capacitors are connected in parallel with the input voltage and, during a second
phase, the capacitors are connected in series resulting in an output voltage larger
than the input voltage (Parallel-Series topology—Sect. 4.3.5). In order to maximize
the efficiency, the capacitors should reduce the amount of charge that is charged and
discharged. Thus, the maximum efficiency is achieved only when the number of
capacitors is close to the required voltage ratio between the output and input
voltages [1].

Analyzing Fig. 4.4b, it is possible to conclude that, just after the switch closing,
almost all of the energy from the input voltage source is transferred to the inductor
(because the current in the inductor is very small). This means that the efficiency is
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maximum at this time and it decreases as the inductor is charged to the maximum
current. Therefore, in order to maximize the efficiency, a voltage converter using
inductors should guarantee that the switches are closed for a time smaller than the
time constant of the circuit. Also, a voltage converter circuit can use a single
inductor to obtain any required output voltage, without losing efficiency.

4.2.1 Voltage Step-up Circuits

It is always required to have an output capacitor in switched DC-DC converters, in
order to filter the high-frequency components. In addition, it also serves as an
energy storage element to supply the load, while the converter circuit is in a
switching phase such that it is not bringing energy from the input to the output.

4.2.1.1 Boost DC-DC Voltage Converter

Due to the interesting characteristics of inductors, their conjunction with capacitors
may benefit the overall efficiency, in the sense that an inductor can be used to
charge a capacitor, instead of using a voltage source. This idea serves as the basis
for the circuit shown in Fig. 4.5, the Boost (step-up) DC-DC converter.

The principle of operation of this circuit is briefly explained. In continuous
conduction mode (CCM), the inductor current iy (f) has a positive value, different
from zero, which occurs according to two clock phases @; and @,. These two clock
phases are non-overlapping, meaning that one phase is the negative logic of the
other.

When @, is active, and its switch is closed (and @, is not, keeping its switch
open), the current i increases linearly from its minimum, to a maximum value.
During the same time, the output capacitor C discharges through the load Ry .

On the other hand, during the time while @, is active, and its switch is closed
(and @, is not, keeping its switch open), the inductor L is discharged into C and Ry .
This causes i; to decrease from its maximum value to the minimum value.
Moreover, this current is divided, in order to charge C and to supply Ry.

Fig. 4.5 Boost (step-up) vi(f)
DC-DC voltage converter, — ~4
using ideal elements

N
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Fig. 4.6 Ideal voltage vy (1), vi(f) a
as a function of time
Vin
0 >
t
Vin— Vour
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Because the discharge of L is performed in series with the input voltage source
Vin, the resulting output voltage v, will have a value greater than v;,, achieving a
voltage elevation.

Let us assume that this circuit is operating in its steady state, all the electric
components contained in it are ideal and have no losses, and the output ripple is
negligible (meaning that the output voltage equals its average value and that the
ripple in 7; is also negligible). Thus, the energy change in the inductor in a whole
period T is zero. The voltages at the terminals of L, vy (¢), are v;, and (vi, — Voy), for
the intervals concerning @, and ®,, respectively, which are denoted by #; and 1,,
just like depicted in Fig. 4.6.

For this reason, across a whole period, its voltage—time balance will also be zero,
such that

T
/VL(I) dr = vinty + (Vin — Voul)t2 =0. (4.3)
0

By manipulating (4.3), knowing that k is the voltage ratio between the output and
the input, and ¢ is the duty cycle (given by #,/(#; + #) = #,/T) one can come to the
conclusion that

Vou H+1hH 1
K(8) = You — L
() Vin 15 1-96

(4.4)

This result denotes that the voltage ratio k only depends on the duty cycle and no
other parameter. For instance, to have a voltage doubler, 6 must be set to 0.5. In
addition, as 0 approaches the unit value, the voltage ratio approaches infinity, which
will not be physically realizable. Once again, this result is only possible because all
the elements in the circuit of Fig. 4.5 are ideal and because of the assumption of a
negligible ripple, which can only be true by having L, C, and the switching fre-
quency (1/7) infinitely large. Thus, the explanation that was given only serves to
have an idea about the concept involved, although being insufficient for any
designing purposes.

Besides the CCM, there is also the discontinuous conduction mode (DCM). This
mode of operation considers that the current in the inductor does not flow
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continuously (both switches in Fig. 4.5 can be open). Although being a possible
mode of operation, DCM will not be explained here as it rests outside of the scope of
this text. For further information about this subject, Wens and Steyaert [2] can
provide a very good detailed insight. In the remaining examples of circuits, it will be
considered an operation under a CCM regime and the use of ideal circuit elements.

4.2.1.2 Current-Fed Bridge DC-DC Voltage Converter

The Boost converter of Fig. 4.5 is perhaps the most elucidative structure about
step-up converters using inductors. However, besides the Boost voltage converter,
there are other topologies that also serve as step-up DC-DC converters. The next
one being presented is the current-fed bridge, which is shown in Fig. 4.7.

Under some circumstances, this circuit has the particularity of inverting the
polarity of the output voltage, relatively to the input. Without getting into too many
details, the mathematical expression of the VCR is as follows, making this feature
evident.

k(o) ="M= (4.5)

Thus, if 0 is above 0.5, this circuit will be non-inverter; otherwise, it will be an
inverter. The relation between ¢ and k is nonlinear, and at extreme values of J (0
and 1), the values of k are —1 and 1, respectively.

4.2.1.3 Inverse Watkins—Johnson DC-DC Voltage Converter
Another circuit that performs a step-up operation is the inverse Watkins—Johnson

DC-DC voltage converter, which is shown in Fig. 4.8.

Fig. 4.7 Current-fed bridge Ly
voltage converter

(DI \d C q).? i d
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Fig. 4.8 Inverse Watkins— @, d,

Johnson DC-DC voltage o oy o .- — e+
converter _
(g

L ' I

Vin__ ) ; S EE. * C—F Rf, Vour
@, )

- . — — =

The relation between the voltage ratio and the duty cycle in this circuit is
expressed in the following equation.

k(o) =" = 2 (4.6)

This function also shows that for values of d below 0.5, the voltage ratio is
negative (denoting inversion) and being positive, otherwise. The extreme values
that k£ can assume are 0, at the lower end of J and 1 at the upper end.

The inverse Watkins—Johnson DC-DC voltage converter can be used under
another variant topology, in which, instead of four switches, two switches and two
coupled inductors (a transformer) are used. Its behavior is equivalent to the one just
described.

As a final remark, about the three step-up topologies that have been addressed,
for the same level of output power to be achieved, the one that requires a smaller
capacitance (C, in each of the topologies shown) to operate is the Boost converter
[2]. Since, in integrated circuits, the area is proportional to the capacitance being
used, this is the most suitable converter for integration purposes.

4.2.2 Voltage Step-down Circuits

It is also possible to use an inductor to reduce the value of the input voltage. The
Buck converter is a circuit topology capable of performing this operation and is
shown next in Fig. 4.9. Once again, the clock phases are mutually exclusive
(non-overlapping).

The difference between this circuit and the step-up converter shown in Fig. 4.5 is
that the inductor is now in place of the switch controlled by @, and vice versa.

This converter can only reduce the input voltage v;,, in order to provide the
output voltage v,,.. The VCR for this circuit is
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Fig. 4.9 Buck (step-down) voltage converter
Vout
k(5) = 22 = 5. (4.7)

This means that, in the limit, the output voltage can equal the input voltage, if the
switch attached to @, is closed for the entire time.

There are some other topologies that perform a step-down operation, but as the
voltage converter of this book refers to a step-up operation, these will not be further
described here, as they do not bring relevant added value. Nevertheless, to general
interest and knowledge, some of these voltage converter topologies are the bridge,
the three-level Buck, the Buckz, and the Watkins—Johnson. For further details and
explanation about any of these topologies, see [2], for example.

4.2.3 Voltage Step-up/Step-down Circuits

The next topologies refer to converters that are able to perform stepping-up, as well
as stepping-down. The stepping-up feature makes them interesting to be discussed
here.

4.2.3.1 Buck-Boost DC-DC Voltage Converter

The following circuit is the Buck—Boost converter, as shown in Fig. 4.10.

The inductor is part of the input or output loop, thanks to the alternation between
@, and ®,, respectively. This circuit is able to step up or step down the input
voltage, according to the duty cycle ¢ that is being used. The VCR is

Vou 0

From (4.8), it is evident that this topology inverts the polarity of the output voltage,
with respect to v;,. Moreover, considering only the magnitude of the voltages, if 0
does not exceed the value if 0.5, the circuit will work as a step-down converter
(Buck), while for larger values, it will step v;, up (Boost).
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Fig. 4.10 Buck-Boost voltage converter
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Fig. 4.11 Non-inverting Buck-Boost voltage converter

4.2.3.2 Non-Inverting Buck—-Boost DC-DC Voltage Converter

There is another topology with step-up and step-down capabilities, which does not
invert the polarity, unlike for the case of the previous one. This is the non-inverting
Buck—Boost converter, which is shown in Fig. 4.11.

The mathematical expression for the VCR provided by this circuit is equal to the
one regarding the Buck—Boost converter, but without the negative sign, that is,

Vout 0
k() = =— 4.9
( ) Vin 1 o 5’ ( )
and all the previous considerations that were draw, with regard to the dependence of
k with J, apply here in the same manner.

4.2.3.3 Cuk DC-DC Voltage Converter

Another topology that has a similar behavior to the Buck—Boost converter is the
Cuk converter, which is depicted in Fig. 4.12.

The capacitor C alternates between the input and output, if @, or @, is active,
respectively. The voltage ratio is exactly like the one in (4.8), but this circuit must
have more elements than the one in Fig. 4.10 to achieve the same goal, which is a
disadvantage.
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Fig. 4.12 Cuk voltage converter
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4.2.3.4 SEPIC DC-DC Voltage Converter

Another topology that is worth to mention is the single-ended primary-inductance
converter (SEPIC), whose circuit can be observed in Fig. 4.13.

This circuit is very similar to the Cuk voltage converter, only having L,
exchanged with the switch controlled by ®,. However, this difference in the circuit
makes it not to invert the output voltage, with respect to the input. Thus, the VCR is

Vou 0
KO =" =15

(4.10)

4.2.3.5 Zeta DC-DC Voltage Converter

To complete this set of topologies, which perform a stepping-up operation as well
as stepping-down, the Zeta voltage converter is briefly described, and its circuit is
shown in Fig. 4.14. This converter is also known as inverse SEPIC.

The voltage ratio, as a function of the duty cycle, is equal to the one regarding
the non-inverting Buck—Boost converter, shown in (4.9). For an output power
greater than 100 mW, it has been shown that the Zeta voltage converter is more
suitable for integration, because the total capacitance required by this topology is
below the one needed by the other step-up/step-down topologies [2]. On the other
hand, for power levels below 100 mW, the converter that requires the lowest
amount of the total capacitance is the non-inverting Buck—Boost.

There are more topologies and variants about the topologies that have been
described. However, the discussion about the standard topologies using inductors
will not be further extended in this text. For a more detailed explanation and
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Fig. 4.14 Zeta voltage converter

supplemental information, see [2], for example. Also, in some of the topologies that
have been shown, the switches controlled by the signal ®, could have been
replaced by a diode. See, for example, [3].

In [4], a step-up converter is presented, using two boost stages such as the one in
Fig. 4.5. However, to minimize the use of inductors, one single inductor is shared
by both stages according to an implementation of a switch configuration scheme.
The overall operation is equivalent to having two inductors, each of them, at each
stage, at a time.

The most substantial problem with the voltage converters that use inductors is
that the inductance value required by most converters is outside of the range of
values that are possible to integrate in CMOS technologies. Therefore,
inductor-based voltage converter circuits almost always require a discrete inductor
that must be placed outside the integrated system. There are numerous examples of
energy conditioning systems based on the traditional and more elaborated archi-
tectures employing inductors, such as in [4-7].

In [8], two approaches that use inductors in a CMOS process, in order to obtain a
DC-DC converter completely integrated in CMOS technology are presented. In the
first approach, the inductor is constructed by using bond wires above the integrated
circuit.

The advantages on using such an inductor are the low series resistance of the
wires, the possibility to have good values of inductance without an increase in the
die area, and a low capacitive coupling to the rest of the circuit, as the inductor is
above the silicon. However, as the construction is not monolithic, there are intrinsic
difficulties in reproducing the device.

Another possible approach is to use an integrated inductor, which may be
available in the library of the layout editor software. This type of inductor uses the
metals available from the metal stack. However, the resistance of the inductor wire
is much higher that the one in the previous case, as well as the capacitive coupling
to the rest of the circuit.

Given that integrating inductors can be prohibitive in terms of area, other types of
solutions exist, so that voltage conversion is achieved without their use. Some of these
solutions are based on the switched-capacitor (SC) architectures, opening the possi-
bility of fully integrating the voltage converter circuit. A comparative study between
inductor- and SC-based conversion technologies is given in [9]. This study concludes
that converters based on the SC have less losses and that capacitors have a greater
energy and power density, when compared to inductors, if small devices are used.
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Fig. 4.15 Main building fo— +
blocks of a SC DC-DC Converter
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4.3 Switched-Capacitor (SC) DC-DC Voltage Converters

It is possible to have a SC voltage converter circuit entirely built in a CMOS
integrated circuit, without the need to have external components. More broadly, SC
circuits are used not only for voltage conversion, but also for signal processing,
such as filtering, programmable gain amplification, and so forth.

As it has been discussed before in Sect. 4.2, inductor-based converters can
achieve high efficiencies. It has also been seen that the operation using capacitors
was more prone to have an inferior efficiency.

In general terms, a SC-based DC-DC voltage converter consists of two funda-
mental blocks, as shown in Fig. 4.15.

The converter block, or power stage, performs the actual voltage conversion,
while the controller block dictates how the switches inside the converter block will
work to provide for the intended behavior of the converter. The controller block
acts over a certain variable of the converter, such as the switching frequency, by
monitoring the behavior of the output voltage.

A SC-based converter (as an inductor-based converter) is considered as a variable
structure system because its structure is repeatedly changed according to the state of
the switches. In the converter block, there are two types of capacitors, which are the
flying capacitors and the output buffer capacitor. The flying capacitors connect to
different nodes in the circuit, transferring charge in accordance to the state of the
switches. There can be several states, or phases, to control the action of the switches.
However, multi-phase converters are rarely used, and so, having two phases is the
most common situation. The use of two phases has already been demonstrated for
the inductive converters, and it will continue to be used for this discussion about the
SC voltage converters. Nevertheless, to have an idea about how a multi-phase
voltage converter operates and what it achieves, [10] presents an example.

A parameter that best characterizes a SC voltage converter is its VCR, just like it
happened for the case of inductive converters.

The general electric model for the SC-based voltage converter is shown in
Fig. 4.16. Should n be greater than one, then it will stand for the amount of VCR,
having in this case, a DC-DC voltage step-up converter.
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Fig. 4.16 Electric model of a switched-capacitor DC-DC voltage converter

The VCR is obtained under no load conditions, and all conversion losses are
manifested by a voltage drop associated with nonzero load current through the
output resistance R,. This resistance accounts for capacitor charging and dis-
charging losses and resistive conduction losses. The model in Fig. 4.16 does not
take into account some other losses, such as short-circuit currents, parasitic
capacitances, and gate-drive losses. However, these types of losses can also be
incorporated into the model for more completeness.

The output resistance R, is a frequency-dependent variable and has two
asymptotic limits: one, where resistive paths dominate the impedance, and another,
where charge transfers among idealized capacitors dominate the impedance [11].
These limits are the slow and the fast switching limits (FSLs), as related to the
switching frequency. The slow switching limit (SSL) impedance is calculated
assuming that the switches and all other conductive interconnections are ideal and
that the currents flowing between the input and output sources and capacitors are
impulsive, modeled as charge transfers. The SSL impedance is inversely propor-
tional to the switching frequency. The FSL occurs when the resistances associated
with the switches, capacitors, and interconnections dominate, and the capacitors act
effectively as fixed voltage sources. The details about how the SSL and the FSL are
determined and optimized can be found in [11].

There are many different SC converter topologies. In a given topology, the
number of flying capacitors can, in most of the cases, tell how much VCR can be
achieved, according to the choice about which switches, in a given phase, are to be
closed or open. There is a theorem stated in [12], through which it can be predicted
which can be the ideal VCR possibilities, given the number of flying capacitors.
This theorem is called the “Bounds on Voltage Ratio” and is repeated here, for
convenience:

“The realizable conversion ratio of a two-phase switched-capacitor DC-DC
converter with a single voltage source V, is given by a common fraction in the form

Plk]

o (4.11)

Vo
8

where P[k] and Q[k] are integers that satisfy inequalities
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Max|[Abs[P[k]], Abs[Q[k]]]

Min|[Abs|P[k]], Abs|Q[K]]] (4.12)

<
>

k is the total number of capacitors, and Fy in kth Fibonacci number.”
At this time, it is worth to remember how the sequence of Fibonacci is. Its
general form, F(n) is given by

0, if n=0
, if n=1 (4.13)
Fn—1)+Fn-2), if n>1

Another possible definition is given by

" —(1—9)
\/§ ’

where ¢ is known as the golden ratio, defined as ¢ = (14 /5)/2 =

1.61803398875. This is the value to how much the ratio, between a number in the

Fibonacci sequence, and the number immediately preceding it, will tend to.
Given this, the Fibonacci sequence results in

F(n) = (4.14)

F(n) ={0,1,1,2,3,5,8,13,21,34,55,89, 144, .. .}. (4.15)

By applying the previous theorem to a given situation, for instance, when having
one or two flying capacitors, the results that may be achieved are shown in
Table 4.1.

For example, with two flying capacitors, one will have a total of three capacitors
(this includes C,,), and the maximum ideal voltage ratio will be the 3rd Fibonacci
number, excluding the 0 and the first 1, i.e., 3.

Also in [12], it is stated another theorem that allows for determining how many
switches are necessary for a given implementation. This theorem is called “The
Number of Switches Required” and just like for the previous theorem, for conve-
nience, this one is also repeated here.

“The number of switches ng required to realize a maximum attainable voltage
ratio M ,,.x(k) with k capacitors is given by

Mg [Muax (k)] = 3k — 2.7 (4.16)

For example, when having a voltage doubler using one flying capacitor and an
output buffer capacitor (k = 2), the number of switches required will equal be ng = 4.
From the various topologies for SC DC-DC voltage converters available from
literature, some of them will be shown next and briefly described. Only step-up
converters will be shown, because these ones alone are related to the main target of
this book. The capacitor C,, is the output capacitor that serves as a buffer, or
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Table 4.1 Ideal voltage conversion ratios for switched-capacitor converters with one or two
flying capacitors

Number of flying capacitors M;
1 12, 1,2
2 1/3, 1/2,2/3, 1, 3/2, 2, 3

storage, capacitance. It is assumed that this capacitance is much greater than any of
the flying capacitors, which have the same value among them. For any explanation
that will be given, it is assumed that the circuit is in its steady state, using only ideal
elements, and having no load draining charge from C,.

4.3.1 Voltage Step-up Converter Using the Ladder Topology

The step-up converter shown in Fig. 4.17 is constructed according to the ladder
topology [13]. The ladder topology is based on the two rows of capacitors. One set
forms a chain from ground, including the input and output voltages. In the case of
Fig. 4.17, this set is C, and Cj.

These capacitors establish a set of DC potentials at integer multiples of the input
voltage. The other set of capacitors, C;, C3, and Cs, transfer charge between the
DC-referenced capacitors to equalize them. These can be truly designated as flying
capacitors. The switches are phased alternately, according to ®; or ®,, to connect
one set of capacitors to the other, as if they were sliding back and forth. For
Fig. 4.17, in the steady state, every capacitor will be charged to v;,, thus when @,
occurs, the path from the input voltage to the output node will make a total of
4 X v;,. Thus, the converter shown in Fig. 4.17 has a VCR of four. Alternatively, the
intermediate nodes of the chain of DC-referenced capacitors can be used as outputs,
achieving a lower voltage ratio with respect to v;,. Knowing that each capacitor
will, in the steady state, be charged to v;,, the resulting VCR can easily be deter-
mined by inspection.

All the elements in the structure, except for the output capacitor, are not sub-
jected to a voltage greater than the input voltage value. This fact is particularly
important to components that possess a limited voltage capability, which is typical
of monolithic integrated circuits.

This structure is very sensitive to stray capacitance, existing between the voltage
nodes and the substrate of the chip, affecting the efficiency of the converter. This
distributed parasitic capacitance is charged and discharged in each switching per-
iod, resulting in the loss of the charge commited to it. If this capacitance did not
exist, a high efficiency could be achieved when the system is operating in the steady
state. This condition is valid for every SC voltage converter.

For the given topology, in general, having a total of n capacitors (except for the
output storage capacitor), the VCR will be
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Fig. 4.17 Switched-capacitor DC-DC voltage step-up converter, using the ladder topology

Vou _n+3 (4.17)

Vin 2

This expression is only valid for ladder circuits similar to the one in Fig. 4.17. Such
a circuit can be further expanded with similar stages to the right-hand side. Each
stage must comprehend one DC-referenced capacitor, one flying capacitor, and two
switches controlled accordingly, to complete the structure. In this case, the circuit
will operate under the same principles just stated, and (4.17) will apply. Naturally,
these stages must be put before C,.

However, considering the following circuit in Fig. 4.18, the only difference
between this one and circuit of Fig. 4.17 is the fact that v;, now connects to the node
between C, and Cg.

This has a major impact with respect to the former circuit because now, at the
terminals of each capacitor in the circuit, instead of having a voltage with the same
value as v;,, one has a voltage with a value of v;,/2. Thus, when @, occurs, the path
from the input voltage to the output node will make a total of vy, + vin/2 + v/
2 =2 % v;,. Equivalently, the VCR is now equal to two, which is half of the one of
the circuit in Fig. 4.17. In the present situation, the capacitors in the structure can be
rated to cope with half of the voltage that they are expected to have in the circuit of
Fig. 4.17.

In order to determine the VCR for this circuit, given that to each capacitor
corresponds a voltage of 2 x vy, the value determined by (4.17) should be mul-
tiplied by the same factor that multiplies v;, at each individual capacitor. What is

N —
o

D,
.V =

CULII
C, C3 Cs

v S+

‘h—i}%

Fig. 4.18 Ladder step-up converter, with lower VCR
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being done, when changing the circuit of Fig. 4.17 to the one in Fig. 4.18, is to set
an intermediate node voltage in the path of the DC-referenced capacitors, conse-
quently affecting the voltage in the other nodes. This kind of procedure opens the
possibility to have fractional VCRs. If vy, is further displaced to the right-hand side
of C,, instead of the node between C, and C4, each capacitor will develop at its
terminals a voltage of v;,/3, and when @, occurs, the path from the input voltage to
the output node will make a total of v;, + v;,/3 = 1.3(3) % v;,, yielding a VCR of
1.3(3). Under the same line of thought, in the following circuit of Fig. 4.19, each
capacitor will also get at its terminals a voltage of v;,/3, meaning that, in the given
situation, the VCR will be equal to 1.6(6).

When using the circuit of Fig. 4.19, if the voltage source is connected at different
nodes of the upper row of capacitors, from left to right the VCRs that can be
achieved are 5, 2.5, 1.6(6) (already mentioned), and 1.25, respectively. Thus, it can
be concluded that, in each of these four situations, each individual capacitor (except
for C,,) will achieve at its terminals a voltage value of vy,, vin/2, vin/3, and vy, /4,
respectively.

4.3.2 Voltage Step-up Converter Using
the Cockcroft-Walton Topology

The converter, shown next in Fig. 4.20, uses the Cockcroft—Walton topology.

The name of this topology comes after the physicists John D. Cockroft and
Ernest T.S. Walton had used it to generate very high voltages for their particle
physics experiments [14].

It can be seen that this topology has a similar structure to that of Fig. 4.17.
However, in Fig. 4.20, both ladders move relatively to ground. The pairs of extra
switches, at the left-hand side, cause each ladder to move up and down an amount
equal to the input voltage. This causes that the ladder steps are in multiples of twice
the input voltage, because they move in opposite directions. This is an important
difference relatively to the ladder topology, which achieved steps with only the
same magnitude as v;,. Thus, in the steady state, with the exception of C;, which
gets a voltage value equal to v, every capacitor in the ladders will get at its

Q
=0
Q
D
‘H—I—H—‘
N
[ S

Fig. 4.19 Ladder step-up converter, with a different VCR, for comparison
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Fig. 4.20 Switched-capacitor DC-DC voltage step-up converter, using the Cockcroft—Walton
topology

terminals a voltage with twice the value of v;,. Following the path from the input

voltage to the output node will make a total of 6 x v;,,. Thus, the converter shown in

Fig. 4.20 has a VCR of six. It is to note that this topology suffers from the same

problem as the ladder topology, with respect to the stray capacitance, when

implemented in an integrated circuit. In addition, with the exception of C;, now all

the capacitors in the ladders must be rated to undergo a minimum voltage of 2 X v;,.
Given how this converter works, the VCR can be inferred as being

Vout
Vin

=2 XN, (4.18)
with N standing for the number of capacitors in the bottom ladder shown in

Fig. 4.20.

4.3.3 Voltage Step-up Converter Using the Dickson Charge
Pump Topology

Another very well-known topology, which has been proposed in 1976 by Dickson,

is the Dickson charge pump [15]. The basic circuit of this topology is shown in
Fig. 4.21.

L1l ]
C, Cs Cy Cs \
Vin —‘7 Cour =1 Vour
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Fig. 4.21 Dickson charge pump step-up converter basic topology
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One of the first uses that this circuit had was in the process of erasing and writing
non-volatile solid-state memories, in order to elevate the voltage to a level sufficient
enough to perform those operations. This need led to the first development of
on-chip voltage elevators.

A very important characteristic of this circuit is its reduced sensitivity to stray
parasitic capacitance. The diodes in this circuit are usually made with MOSFETs
connected as diodes, so their threshold voltage must be taken into account for the
determination of the output voltage. When reverse biased, each diode is subjected to
a voltage of about the same value as v;,. However, the capacitors, going from left to
right in Fig. 4.21, are subjected to 2 X vip, 3 X vjp, 4 X Vi, 5 X vy, and 6 X vy,
(including C,,), respectively. It is assumed that the magnitude of the square-wave
signals (@, and ®,) that switch capacitors C; to Cs has the same value as vj,.

In order for this topology to operate efficiently, the voltage drop across the
diodes must not have an important expression in the total output voltage. This
means that this circuit will become more efficient as the intended output voltage is
higher.

Using a very simplistic approach, in which it is considered that the voltage drop
across the diodes and the parasitic capacitances along the string of diodes are
negligible, there is no load draining charge from C,,, and the operating frequency is
such that the capacitors get fully charged, the VCR of the Dickson charge pump can
be expressed by

Vour

Vin

where n is the number of capacitors in the charge pump circuit (excluding C,),
which are all assumed to have the same value of capacitance. This means that the
converter shown in Fig. 4.21 has a conversion ratio of six.

According to [11], another way to implement a Dickson charge pump is by
adapting the Cockcroft—-Walton topology, like in the circuit shown in Fig. 4.20.
This can be achieved by connecting the left plate of each of the capacitors in the top
row to the node identified as A, and also by connecting the left plate of each of the
capacitors in the bottom row to the node identified as B. It is to note that such a
circuit will not require diodes, having these been replaced by switches, which close
or open in the right phase, just like the diodes in the circuit of Fig. 4.21 do,
according to the phase signals.

There are improved versions of the Dickson charge pump, in which the effect of
the threshold voltage of the diodes is decreased through the use of alternative
topologies to implement them, as well as other improvements [16].
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Vin

Fig. 4.22 Switched-capacitor DC-DC voltage step-up converter, using the Fibonacci topology

4.3.4 Voltage Step-up Converter Using the Fibonacci
Topology

Another kind of circuit construction, which is shown in Fig. 4.22, is according to
the Fibonacci topology [17, 18].

This topology has the merit of achieving the highest VCR, for a given number of
capacitors, of any of the two-phase topologies.

In Fig. 4.22, it can be seen that the circuit is composed by three cells, each
containing one capacitor and three switches. From one cell to its adjacent, the
phases are switched in opposition.

This kind of converter has a VCR such that, having a circuit with n flying
capacitors, this value is

YW F(n + 2). (4.20)
Vin

This refers to the (n + 2)th number in the Fibonacci sequence, previously presented

in (4.15), considering that the first number is at index O (Oth). Thus, the converter

shown in Fig. 4.22, with three flying capacitors, has a VCR of five, because looking

at (4.15), the number at index 5 (considering that the first number is at index 0), is
five.

4.3.5 Voltage Step-up Converter Using the Parallel-Series
Topology

The following topology is the Parallel-Series [18], whose circuit is shown in
Fig. 4.23.

This is perhaps the most straightforward topology, because one can easily infer
about the VCR, just by a direct inspection of the circuit, regarding the number of
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Fig. 4.23 Switched-capacitor DC-DC voltage step-up converter, according to the Parallel-Series
topology

flying capacitors. Thus, in the case of the converter depicted in Fig. 4.23, its VCR is
equal to four.

The name of this topology derives from the form by which the flying capacitors
are connected among themselves and with the input voltage source. In the first
phase (@), all of the flying capacitors, along with the input voltage source, are
connected together in parallel. This causes that, at the terminals of this parallel
connection, there is a voltage determined by the input source v;,, which charges all
the capacitors. In the second phase (®,), all of the flying capacitors are connected in
series with v;,. Since every individual capacitor has now, at its terminals, a voltage
equal to the value of v;,, by establishing the referred configuration, between the
ends of the whole series circuit, one will have the input voltage, in addition to a
replica of this voltage at the terminals of each capacitor in the series. Thus, the total
output voltage is obtained by series discharging the capacitors, achieving a value of
Vour = (m + 1) x vy, which is held by the output buffer capacitance C,, which is
only connected in this phase.

To summarize, if the circuit has n flying capacitors, for the Parallel-Series
topology, the VCR will be

Vout

Vin

=n41. (4.21)

4.3.6 Voltage Step-up Converter Using the Voltage Doubler
Topology

The topology that follows corresponds to the voltage doubler [18], as shown in
Fig. 4.24.
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Fig. 4.24 Switched-capacitor DC-DC voltage step-up converter, using the voltage doubler
topology

This topology consists of cascading similar voltage doubling blocks. Each
individual block is of the same kind as the ones used in the Parallel-Series
topology. However, between every two of these blocks there is a capacitor, serving
as a DC bypass capacitor, which does not get directly switched like the flying
capacitor in each individual doubling block. In Fig. 4.24, this capacitor is C,.

Having a converter with k stages like the ones mentioned, thus concerning to a
circuit involving 2k — 1 capacitors (except for C,), the VCR is

Yout _ ok, (4.22)

Vin

This means that from one stage to next, the voltage is consecutively multiplied
by two, and the resulting charge is stored in the buffer DC capacitor. Thus, at the
output vy, one has a version of v;, multiplied by a power of two. In the case of the
circuit in Fig. 4.24, since there are two cascaded doubler stages, the converter has a
VCR of four.

One interesting thing to note about all of the converters that have been presented
is that, if the input voltage source and the output capacitor exchange positions
between them, the new value of the obtained conversion ratio, regarding the voltage
at the terminals of the output capacitor versus the voltage of the input source at their
new positions, is the inverse of the original value. This means that, if this exchange
is performed for each of the converters shown above, they will operate as voltage
step-down converters with VCRs equal to the inverse of the values that were given
above.

In [19], a study is presented about the amount of integrated die area that some of
the topologies that have just been presented need to have, according to the number
of stages required for a given application. This study concludes that the Dickson,
Parallel-Series, and Fibonacci topologies are equivalent from an area cost point of
view. On the other hand, the voltage doubler topology is inferior from this same
point of view.
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The topologies that have been shown do not have the concern to match their
input impedance with the output impedance of the source providing the input
voltage, because it has been assumed that this voltage source is ideal. However,
when this is not the case, and especially when the output impedance of the input
voltage source is variable, the frequency must be adjusted so that this match is
achieved. By having a good match between these two impedances, the converter
can extract the maximum power from the input source. In the explanations given for
the topologies that were shown, it has only been considered that the frequency was
such that the capacitors could fully charge, having no other requirements, such as
the one just mentioned.

These converters can reach high efficiencies, but the efficiency value will be
greater as the level of involved power, or voltage, is also greater. In particular, when
dealing with micro-power harvester systems, the limited available energy makes the
converter efficiency issue even more critical. One of the biggest problems, in terms
of efficiency, is the bottom plate capacitance associated to every capacitor [5, 11].

Among the various topologies already shown, the Parallel-Series performs an
elevation of the input voltage, according to the number of capacitors involved
[11, 18, 19] and, in general, this topology shows a good performance. For this
reason, the SC converter used in the present book is based on this type of topology,
performing an elevation of twofold the input voltage. To be more precise, the
present system implements a dual-branch SC voltage doubler. A voltage doubler
whose base is according to the same principle can be found in [20]. This will be
further explained in Chap. 5.

To overcome the performance limitations related to the bottom plate parasitic
capacitance, Ramadass and Chandrakasan [21] proposes some configurations that
try to minimize the amount of charge that is lost. Also, in [22], and further extended
in [23], for the case of voltage doubler circuits, another technique is employed in
order to minimize the bottom plate capacitance loss. In addition, the same technique
is also used in [24] for the case of a tripler circuit. This same technique is further
used in the system in which this entire work is focused on, trying to attain effi-
ciencies as high as possible. In general, when dealing with SC converters perfor-
mance studies, work can be found in [25, 26].

4.4 Energy Storing Devices

Once the energy has been conveniently harvested and conditioned, some means
must be used to store that energy, so that it can be used at a later time. The only
circumstances that would not require for this class of devices would have to be such
in which there was an uninterruptable flow of ambient energy. In real systems, this
condition cannot be guaranteed.

For a small system, there are two storing devices available, batteries and sup-
ercapacitors, which can be used to perform this task [27]. Depending on the energy
usage profile of the system, any of the previous devices can be used in accordance.
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However, to optimize their utility and lifetime, each must fit into the appropriate
energy usage regime [28]. Moreover, if appropriate, the two different types of
devices can be used to store energy in the same application, having the purpose to
extend the lifetime of each other. Each device requires special attention, as their
particular characteristics involve very specific charging strategies [28, 29]. A brief
summary of the main issues found in literature for these devices will be presented
next.

4.4.1 Batteries

A rechargeable battery is a storage cell that can be charged by reversing the internal
chemical reaction. Batteries are used when large energy density is required.
However, their lifetime is seriously affected by the number of charging/discharging
cycles that they experience. As such, trying to minimize the number of these cycles
is an important objective. This aspect is related to the amount of time that a battery
can remain in operation, so that the stored charge can hold for as long as possible.
An example of a work concerning such an issue is presented in [30].

There are various common types of rechargeable batteries, for instance, sealed
lead acid (SLA), Lithium-ion/Lithium-polymer (Li*/Li-polymer), nickel-metal
hydride (NiMH), or nickel-cadmium (NiCad). Typical operating voltages for these
kinds of battery technologies can be approximately 1.2 V for the last two types,
3.7V for the second type [31], and 6 V for the first type [32]. Actually, conventional
Li-ion batteries have a typical operating voltage that ranges from 2.7 to 4.2 V [33].

The parameters that characterize batteries are weight energy density, power
density, charge—discharge efficiency, self-discharge rate, and number of deep
recharge cycles.

Charge—discharge efficiency is the ratio of energy stored into the battery to the
energy delivered by the battery, self-discharge is the loss of battery capacity, while
it is stored without being used, and deep recharge cycle refers to the cycle of
recharging the battery after a complete drain out.

In Table 4.2, a comparison about the various battery technology types, regarding
some important parameters, is presented.

The data contained in this table allow for verifying that both Li-ion, and
Li-polymer, show the best weight energy density, volume energy density, charge—
discharge efficiency, and self-discharge rate, besides having no memory effect.
Batteries showing this latter effect have a loss of energy capacity due to repeated
partial recharges.

SLA batteries are the heaviest, most voluminous and the ones that possess the
least number of recharge cycles. Their nominal voltage is the highest among the
types shown, which may be useful in some applications requiring higher supplying
voltages. However, by stacking a series of batteries of any of the other types, higher
supplying voltages can also be provided.
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There are some emerging technologies using materials such as LiCoO, or
graphite, that in conjunction with poly vinylidene fluoride—ionic (PVDF-Ionic)
electrolyte, have already given promising results, just like technologies based on the
other types of materials and electrolytes [34].

If it is intended to use Lithium-ion or Lithium-polymer batteries, their charging
process is not trivial, so a specific charging circuit is often used. This circuit is
especially designed to guarantee that there is not any overcharging or overdis-
charging that could cause damage to the battery or even set it on fire [29]. Thus,
these battery technologies are demanding with respect to this issue. The role of the
circuit that controls the charging process is also to guarantee that the battery is
provided with a high pulsating charging current. This is why the charging method
in Table 4.2, for the Li-ion or Li-polymer types, is referred to as pulse charging. In
addition to the controlling circuit, an auxiliary battery can be used to provide the
charge for the current charging pulses.

The other battery technologies only require that batteries are trickle charged.
Trickle charging means that the batteries can be directly connected to an energy
source, without requiring any complex circuits controlling the charge by current
pulses.

As it can be seen from Table 4.2, all technologies have advantages and disad-
vantages, which must be weighted according to the final application requirements
and deployment conditions.

Besides being electric charge buffers, batteries serve as voltage stabilizers,
providing a constant voltage at the output of the regulator circuit. Examples of
harvesting systems that make use of batteries to store harvested energy can be
found, for instance, in [35, 36].

The dimensions of such a device can be fairly reduced, like 5.8 mm x 31 mm x
52 mm (thickness X width x length), representing the Ultralife UBP053048, one of
the devices present in [37].

4.4.2 Supercapacitors

Supercapacitors (or ultracapacitors) are also known as electric double-layer
capacitors (DLC). These exhibit particular characteristics that make them differ-
ent from ordinary capacitors. The DLC consists of activated carbon particles that
act as polarizable electrodes. These strongly packed particles are immersed in an
electrolytic solution forming a double-layer charge distribution along the contact
surface between carbon and electrolyte. The electrical model of a supercapacitor is
not simply a high-valued capacitor, but instead, a set of several branches with
different time constants [38]. Such a model is depicted next in Fig. 4.25.

This model is based on the electrochemistry of the interface between two
materials in different phases, so that the double-layer charge distribution, of dif-
ferential sections of the interface, is modeled as a series RC circuit. The resistive
element represents the resistivity of the materials forming the double-layer charge
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Fig. 4.25 Equivalent circuit model for a double-layer capacitor

distribution, mainly the resistivity of the carbon particles. The capacitive element
represents the capacitance between the two materials, which are carbon and elec-
trolyte. According to [39], in supercapacitors, the electric charge stored at a metal or
electrolyte interface is exploited to construct a storage device. The high content of
energy stored by supercapacitors comes from activated carbon electrode material,
having an extremely high surface area and a short distance of charge separation
created by the opposite charges in the interface between electrode and electrolyte.

Randomly distributed ions in electrolyte move toward the electrode surface of
opposite polarity under an electric field when charged. This is a purely physical
phenomenon rather than a chemical reaction, and hence, it is an easily reversible
process.

These features result in high power, high life cycle, long shelf life, and in a
maintenance-free product.

Although the physical definition could indicate a large number of RC time
constants describing the microscopic physical structure of the DLC, the electric
behavior can be reduced to that of the circuit in Fig. 4.25. These time constants can
model how the device behaves, in response to the application of a voltage at its
terminals.

The model shown in Fig. 4.25 tries to keep the number of branches to a mini-
mum (for practical reasons), includes an existing nonlinear relation between
capacitance and terminal voltage in only one of the branches, and also includes the
effect of self-discharge. However, in the practical voltage range of the device, the
DLC capacitance varies linearly with the capacitor terminal voltage.

Each of the three branches has a distinct time constant differing from the others
in more than an order of magnitude. In Fig. 4.25, starting from left, the first branch
is called the immediate branch. It contains elements R; and Cjy, as well as the
voltage-dependent capacitor (identified as Cj;, whose units are in F/V), which
depends from V,;. This branch dominates the immediate behavior of the DLC in the
time range of seconds, in response to a charging action. The second is the delayed
branch, with parameters Ry and Cy, which dominates the behavior of the device in
the range of minutes. The third is the long-term branch, with parameters R, and C.
It determines the behavior for times longer than 10 min. To reflect the voltage
dependence of the capacitance, the first branch is modeled as a voltage-dependent
differential capacitor. The differential capacitor consists of a fixed capacitance Cjy
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and a voltage-dependent capacitor C;; x V,;. In the fourth branch, a leakage resistor
Rie., in parallel with the terminals of the model, represents the self-discharge
property. The total voltage at the terminals of the model is V;.

For a typical supercapacitor with 470 F, according to the authors of [38], the
values for the model parameters are as follows: R; = 2.5 mQ, Cjp = 270 F,
C1=19F/V,R;3=09Q, Cqy=100F, R, =52 Q, C; =220 F, and Ry, = 9 kQ.
Further details on such a model can be found in the same reference. Capacitance
values of commercially available supercapacitors can be as high as 3000 F [40].

These devices stand a higher number of charge/discharge cycles than batteries
can, being suited for applications where this kind of regime is usual. The number of
these cycles can be as high as a million, leading to an operational lifetime of ten
years, until the capacitance value starts to show some degradation [41]. One very
appealing factor about supercapacitors is that they do not require specific charging
circuits, being able to stand trickle charging.

Supercapacitors are inexpensive, making them very appealing to use in oppo-
sition to batteries, as these are more expensive. Moreover, as seen by Table 4.2,
there are only a few typical voltage ratings for batteries, depending on the tech-
nology being used. With supercapacitors, these ratings are much more diverse,
similarly to regular capacitors. This factor is also important, not only because of the
end application, but also because it can result in a smaller device, if a lower voltage
rating is allowed.

In order to have an idea of how these electronic components may look like, the
following picture shows some supercapacitors adequate for using in energy har-
vesting applications.

The biggest supercapacitor in this picture has a capacitance of 50 F, although for
a maximum voltage rating of 2.3 V. It must be taken into account that, for typical
low-power energy harvesting applications, the size of the whole system is intended
to be small. As such, although capacitance can reach values as high as 3000 F, for
practical small-sized applications, due to body size restrictions, the supercapacitors
to be used must have lower capacitance values, as well as their voltage rating. The
ones in Fig. 4.26 are an example of adequate devices.

An example of a discrete system that makes use of a supercapacitor to store
harvested energy from a solar harvester can be found in [42].

Fig. 4.26 Examples of
commercially available
supercapacitors (50, 10,
and 1 F)
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Nonetheless, there are some applications that use both a battery and a sup-
ercapacitor [28, 31]. These act as a primary and secondary energy buffers,
respectively. In addition, the use of batteries helps to get a more stabilized output
voltage, thanks to their intrinsic plateau value, as it was already mentioned. This is
confirmed in [39].

4.5 Maximum Power Point Tracking (MPPT) Techniques

4.5.1 Introduction

There are some limiting factors when building a light-energy-powered micro-sensor
system, such as a low energy budget, due to size limitations. This budget must
comprehend the energy needed for the controlling circuits to operate, in order to
maintain the interaction between the energy processing system and the harvester at
an optimum level [28].

To enable the system to maximize, as much as possible, the energy obtained
from the PV cells, there is a set of techniques known as maximum power point
tracking (MPPT), which can be used to achieve this goal. If the PV cells operate in
a way such that the MPP is always tracked, it will effectively contribute to the
performance of the system, since a charging device can be storing energy at the
maximum rate that the harvester can possibly provide. If one is even able to use a
smaller PV cell, this strategy can ultimately contribute to a reduction of size and
cost of the system, while keeping the same performance, when compared to a
system where the MPP is not tracked. The use of MPPT techniques, although not
mandatory for an energy harvesting application based on the PV cells, is highly
recommended. This is because it maximizes the chance of seizing the most of the
energy that is made available from the environment and that, otherwise, would
simply be wasted. This strategy allows for an increase of the harvested energy in
about 65-90 % [27].

According to the models that describe the various types of harvesters, given the
ambient energy sources that were previously presented in Chap. 2, every device has
a MPP. Although this section is focused on the subject of tracking of the MPP of
PV cells, there are also MPPT applications in literature concerning other sources.
For example, regarding TEG, work can be found in [43], on mechanical (piezo-
electric) applications, [44] documents some work regarding it; on RF energy har-
vesting, one has [45] as an example; and on the subject of MPPT when using MFC
as energy harvesters, [46] presents a novel approach. However, as the main theme
of this book is concerned about light energy, the MPPT of PV cells is the one that
will receive the entire attention, being the remaining types of sources outside of the
scope of the present discussion.

Some techniques make it possible to manipulate the PV cell position, in order to
maximize the light intensity on its surface [47]. This is done by using a mechanism
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that tries to place the PV panel facing the Sun all the time, by following its position.
So, part of the harvested energy is used to put the mechanism to work, which may
involve a large amount of energy. In small systems, however, this option is not
valid because of both the low-power and the low-cost budgets, and it is preferable
not to have any moving parts. The set of MPPT techniques described next, refer to
strategies that maximize the amount of electrical power obtained from PV cells
under these conditions.

A substantial set of MPPT techniques can be found in the survey made in [48],
and some work can be found in [49-51] regarding solar panels. Most of the MPPT
techniques presented in [48] were developed for large PV arrays that provide
hundreds or thousands of Watts. These systems can refer to applications in DC,
which [52] is an example, while some others refer to applications in AC, like in
[53]. In some cases, the techniques in [48] can be extended to very-low-power
systems, at the scale of pyW or mW. The available power being considered for the
application in this book is at the pW level. This may cause that some of the
algorithms in [48] may not be usable. As such, a careful criterion must be taken to
choose the appropriate MPPT method, so that the controller can be kept to an
acceptable power overhead. As already has been done with other topics concerning
this work, as the entire set of issues regarding these techniques is relatively
extended, only a brief overview of the main classes of techniques will be given
next.

On the other hand, it can also be found in literature some work that, although
referring the use of an MPPT technique, in fact the tracking feature is not present.
These techniques are supported on setting the working point of the PV cell on its
maximum power point, by clamping the voltage at the cell terminals, to a value that
is very close to the one determined as being the voltage at which the MPP is
reached. Since the voltage is clamped, there is not any chance to track the MPP, if
the illumination or temperature conditions change. These techniques are very
simple to implement, but they can only be useful if the environmental conditions
are known beforehand and known to have very little changes. For example, in
[29, 54-58], this technique is used, with the main argument is that in indoor
environments the light does not change its pattern enough to demand the use of any
tracking technique of the MPP of the PV cell. Although this may be true for some
situations and applications, it limits the versatility of the system, forcing it forever
to restrict its applicability to indoor environments only. Most of the systems that are
tailored to work indoors have the voltage coming from the PV cell clamped to a
value that is known beforehand to be in the vicinity of the MPP. Other systems are
simply connected directly to the PV panel, usually by means of a diode to prevent
reverse current, like in [29, 55, 56] or [57]. Examples of other works according to
the principles just outlined can be found in [59-61]. This book is focused on indoor
light energy harvesting, but this principle was not followed and the implemented
MPPT method provides an effective tracking of the MPP, enabling the system to
operate indoors or outdoors.
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4.5.2 Quasi-MPPT Techniques

This type of algorithms cannot reach the true MPP of a PV cell. However, since the
power value does not change significantly from the maximum value around its
vicinity, this is not a significant problem. The fractional open-circuit voltage
(Fractional V) method requires the prior determination of the characteristics of
the PV cell. The open-circuit voltage can be obtained by using a pilot PV cell,
smaller than the main cell, exposed in the same way as the latter. The circuitry
needed to implement the Fractional Vo method is very simple and dissipates little
power, at the cost of producing an approximation of the MPP of the PV cell. This
trade-off can be acceptable for a micro-power system.

This method explores the intrinsic property of PV cells, such that the MPP is
within the range of 0.71-0.78 of the open-circuit voltage [48]. This is the value that
will be given to the constant k in the following equation:

Vmep =2 k- Voc. (423)

The value of & is normally set by using a resistive voltage divider. Work based on
this MPPT method can be found in [49, 62]. In this latter reference, it is shown the
procedures to experimentally determine the value of k. The same procedures were
followed to determine this coefficient for the PV cell whose curves have been
shown in Fig. 2.13b as example. This factor must be determined beforehand, by
studying the PV cell behavior under several conditions of illumination and tem-
perature. The model of the PV cell was simulated under different conditions and
showed the performance depicted in Fig. 4.27.

By performing a linear regression (first order approximation) over the points
plotted on the obtained graphs, in the same way as in [62], one can determine the
slope of these functions. By sweeping a range of temperatures that spanned from
—55 to +125 °C, the ratio was around 0.84. By sweeping illumination from 10 to
100 %, the ratio was about 0.76. Assuming that illumination has more importance,
as it is more likely to have a bigger variation, a value of 0.77 was selected for k, the
Fractional V¢ coefficient. This value agrees with the ones in [48].

As previously stated, in the case of a micro-power step-up converter, it is pos-
sible to tolerate some inaccuracy in the determination of the MPP, in exchange for
using a simpler method for determining the MPP of the PV cell that requires less
complex circuits and dissipates less power. However, over time, it may be needed
to tune the fractional open-circuit constant to account for the changes that the PV
panel will suffer with aging, for example. The action of the MPPT method over a
SC voltage converter will be on the operating frequency. In a capacitor-based
voltage booster circuit, it is necessary to fully charge the capacitors. This means that
the duration of each clock phase must be larger than the RC time constant of the
circuit. Therefore, a change in the duty cycle does not change the behavior of the
circuit, unlike in the case of an inductor-based converter. Thus, the action of the
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circuit, in order to control the tracking of the MPP, is by changing the clock
frequency alone. More details can be found ahead in Chap. 5.

The class of quasi-MPPT techniques also encompasses some other methods that
will not be further explored in this text, but that are worth to be mentioned. As such,
in addition to the “Fractional V" technique, there is also the “Fractional Igc,”
which is based on the short-circuit current of the PV cell, the “DC link capacitor
droop control,” the “load I or V maximization,” the “array reconfiguration” method,
the “linear current control,” the “one-cycle control (OCC) MPPT,” the “best fixed
voltage (BFV),” and the “linear reoriented coordinates method (LRCM).” The
summarized details about any of these methods can be found in [48]. For a truly
detailed explanation, the references that can be found in [48] regarding their
respective methods will provide the reader with the necessary depth of detail and
information.
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4.5.3 True MPPT Techniques

These techniques are concerned with obtaining and tracking the actual MPP of the
PV cell, independently of light and temperature conditions. This accurate estimation
is often based on the microcontroller computation [42], requiring the use of an
ADC. In general, these MPPT techniques do not need to know the PV cell char-
acteristics in advance, as the converter system adapts itself automatically to the
given PV cell. Examples of such techniques include algorithms such as the hill
climbing, used in [35, 36, 42, 63, 64], and the ripple correlation control (RCC),
used in [50-52, 65]. Both of these algorithms can also be implemented using analog
circuits, thus reducing the power needed to operate. RCC is possibly the best MPPT
method, but requires a multiplication to compute the value of the instantaneous
power. Since an analog multiplier is difficult to design and typically dissipates a
large amount of power, the RCC method is not suitable for micro-power systems.
The hill climbing algorithm can have convergence problems if the light intensity
changes rapidly. However, according to [66], the hill climbing MPPT is one of the
less energetic and cost-demanding techniques, when compared to the others. The
energy consumption is very important, and it has been shown that this algorithm is
suited for applications where, specifically, the energy budget is highly restrictive.
Basically, this method explores the perturbation in the current provided by the PV
cell due to switching. This also perturbs its voltage, and it can be determined in
which direction it should go. By looking at the power curve of Fig. 2.13b, it can be
seen that, on the left-hand side of the MPP, incrementing (decrementing) the
operating voltage increases (decreases) the power and when operating at the
right-hand side of the MPP, the behavior is the opposite. Thus, if there is an
increase in power, the next perturbation should be kept in the same direction to
reach the MPP and if there is a decrease in power, the perturbation should be
reversed. The algorithm is summarized in Table 4.3.

The process of determining the “Next perturbation” is repeated periodically until
the MPP is reached. The system then oscillates around the MPP. This oscillation
can be minimized by reducing the perturbation step size, at the cost of slowing
down the MPPT process.

By looking at the right-hand column of Table 4.3 (“Next perturbation”), the
relation to the “Perturbation” and the “Change in power” variables is according to a
logic XNOR function.

The class of true MPPT techniques includes some other methods that will not be
further explained in this text, but that can be mentioned, should the reader wish to

Table 4.3 Summary of the

g : Perturbation Change in power Next perturbation
hill climbing algorithm . . -
Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive
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explore any of them. So, in addition to the “hill climbing” and the “RCC” tech-
niques, there is also the “Perturb and observe (P&O),” which is very similar to the
hill climbing technique, the “Incremental conductance (IncCond),” the control
based on the fuzzy logic and on neural networks, the “current sweep” method, the
“dP/dV or dP/dI feedback control,” the “Iy;pp& Vpp cOomputation,” the “state-based
MPPT,” and the “slide control.” Once again, the summarized details about any of
these methods can be found in [48], as well as some references for each of them, for
an in-depth explanation with the necessary level of detail and information.

4.5.4 Critical Analysis

The choice about which MPPT technique should be used depends on the com-
plexity of the implementation, and which knowledge does the user has in order to
implement a solution which is based on the analog or digital circuitry. An analog
solution mostly requires a printed circuit board (PCB) with the necessary compo-
nents, or the layout of the needed module, when directly implemented on a silicon
die, if the whole system is to be integrated. The latter is the approach taken in this
book. On the other hand, a digital solution will include a microcontroller or a DSP,
significantly increasing the power dissipation of the MPPT algorithm.

The number of required sensors is also something that affects the decision about
which technique to choose. The physical variables that can be sensed are essentially
voltage and current, because in some methods, the true amount of power must be
computed. However, it is preferable to sense voltage, because current sensors are
usually expensive and bulky. There are methods that, instead, make use of irradi-
ance and temperature sensors, such as the “Iypp& Vypp computation,” particularly
the irradiance sensor is more uncommon. On the other hand, the “BFV” method
does not involve any sensors.

The existence of local maxima in the MPP search can be a serious issue. When a
series of PV panels is partially shaded by vegetation or buildings, this is common to
happen. Instead of having the typical power curve like that of Fig. 2.13b, this curve
gets deformed as if several of these curves were superimposed, but displaced from
one another, with the individual maxima at distinct levels (see [67], for example).
This means that a considerable amount of power can be lost if the system is stuck at
a local maximum, instead of the real MPP. The “current sweep” and the
“state-based” methods can track the true MPP even in the presence of local maxima.

With respect to costs, the analog implementations are generally less expensive,
because these demand only the necessary hardware, unlike in digital implementa-
tions, where there is all the overhead associated to the development system and
software. When implemented in an integrated circuit, the feature that best quantifies
cost is the area occupied by the MPPT system.

Finally, the end application where the PV cell is to serve can dictate which
method to choose. For example, in space applications, where there is no chance of
direct intervention to tune the system, the preferred method should be able to
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continuously track the true MPP, even if more expensive means are needed. Some
techniques that could be used toward this objective are the “P&O,” “incremental
conductance (IncCond),” “RCC,” or the “hill climbing.” As another example, in
applications where the speed of convergence to track the MPP is important, these
could use the “fuzzy logic control,” “neural network,” or “RCC” techniques. If a
low energy budget is available, a simpler technique must be used, such as the “hill
climbing” or the “Fractional Vpc.”

To summarize the MPPT methods addressed in [48], Table 4.4 allows for having
a comparison among those methods, regarding several important aspects, which
may help the designer to choose the most suitable method, according to the needs
and to the available resources.

4.6 Conclusions

In this chapter, the major focus was on the issue of voltage step-up converters,
although the subjects like energy storing devices and MPPT techniques have also
been addressed.

Some of the presented topologies can also step the input voltage down, only
depending on the duty cycle of the phase signals. However, the main emphasis rests
in the SC voltage step-up converters. Some known topologies have been presented
and summarily described. The topology that was chosen to implement the step-up
converter in the project of this book is the Parallel-Series converter, using one
flying capacitor. Thus, this configuration works as a voltage doubler. The analysis
and the design of the actual doubler circuit will be presented in detail in Chap. 5.

The class of devices that can be used to store the energy that has been harvested
is a point of concern, and thus, this theme has also been addressed. Batteries and
supercapacitors, and their technologies, have been presented.

Finally, the issue of MPPT was addressed. This aspect is particularly important
in any PV system, so that the maximum power can be extracted from the harvester.
There are true and quasi-MPPT methods. The latter are not as accurate as the
former, but in general, are simpler to implement, and the power overhead needed by
the controller is lower. This is especially important in systems with a very low
energy budget, which is the case of the present application. As such, the Fractional
Voc method has been chosen because of its favorable characteristics. Its operation
under the context of the phase controller of the voltage step-up circuit will be
detailed in Chap. 5.

It was shown that, in some systems, these do not use a MPPT method, and
instead, the harvested energy is conveyed directly into a supercapacitor. Choosing a
supercapacitor is easy to understand, as the circuits that control the charging of
batteries are typically more complex.

The energy stored in the supercapacitor may be provided to a circuit that wakes
up whenever the voltage level goes above a certain upper threshold. While this
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circuit is being powered, the voltage at its terminals will progressively
drop. Nonetheless, while the provided voltage is still above a lower voltage
threshold, the system will remain in the awaken state, being put to sleep only when
this limit is reached. Afterward, the system will go to sleep, while the superca-
pacitor is being replenished and its charge is not enough to provide a voltage as
high as the upper voltage threshold. As an example, consider that a 1 F superca-
pacitor was charged to 1.3 V and then allowed to power a circuit until its voltage
decreases to 1.1 V. The energy supplied by this discharging capacitor is
E = ' x C x AV, in this case 0.02 J. This energy could be used to power a
20-mW transmitter circuit for 1 s, which is enough time, in most cases, to transmit a
useful amount of information. In addition, this approach also serves to condition the
value of the output voltage.

A similar approach, but acting over the input voltage, is used in [61], for
example. The technique being used consists of setting the input voltage of the
converter, such that the latter is allowed to bounce inside an interval where the MPP
is most likely to be. Although simple to implement, this is not really a MPPT
technique, since that under strong light variation, the MPP can move to outside this
tolerance window.
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Chapter 5
Proposed Energy Harvesting System

Abstract This chapter deals with all the theoretical background that has been in
the origin of the system proposed in this book. Mathematical treatment is presented,
as well as simulation data to confirm its validity. Every module that makes part of
the proposed architecture (SC voltage doubler, phase controller, local supply,
start-up, and a voltage limiter) is analyzed and explained in detail.

5.1 Introduction

The block diagram, and architecture, of the complete energy harvesting system
proposed in this book is shown next in Fig. 5.1.

Each module in the integrated circuit will be described in this chapter. This
description will include the various stages of the design, such as the analysis and the
sizing of the devices.

As depicted in Fig. 5.1, the modules that make up the system inside the inte-
grated circuit are the SC voltage doubler, the local supply, the start-up, and the
phase controller blocks. In addition, although not represented in Fig. 5.1, there is
also a voltage limiter module, acting over the output voltage, preventing it to
increase above a certain limit. During the experimental evaluation of the manu-
factured prototype, this module was powered down because the generated output
voltage was always below the level that would lead it to intervene. As such, in order
not to increase the dissipated power, this module was kept OFF and it was not
included in Fig. 5.1. However, the details about it will also be presented in this
chapter. Each of these modules was laid out using a 130-nm CMOS technology and
integrated into a single-silicon die prototype [1]. The CMOS process has one
polysilicon layer and eight metal layers.

The phase controller module, which generates the phase signals necessary for the
SC voltage doubler to operate, also implements a MPPT method. Thus, this module
is further designated as phase controller or MPPT controller. As explained in
Chap. 4, Sect. 4.5.2, the chosen MPPT method is the Fractional Voc. For
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Fig. 5.1 Architecture of the indoor light energy harvesting system

prototyping purposes, the voltage divider that determines the value of k of the
Fractional Voc MPPT method, as of (4.23), was implemented using an external
potentiometer because this allows for more freedom when testing the system and it
also allows it to work with different PV cells, if necessary. This voltage divider, as
well as the output storage capacitor and the PV cells, was the only device not
included into the integrated circuit. All the rest is fully integrated. In a final system,
the only external components that are expected to exist are the small PV panel and a
supercapacitor to serve as an energy storing device. This kind of approach is
different from others found in the literature, as these consist of systems that are not
confined to a single integrated circuit. Examples of such systems, consisting of PCB
boards, can be found in [2-5] or [6]. Previously reported indoor light energy
harvesting systems are not integrated into a single die, such as [2, 6-11,] or [12]. In
[9], a MPPT method is used to maximize the power provided by the PV cell and to
enable the system to operate in environments other than indoors.

Nonetheless, there can also be found examples of fully integrated systems, but
whose strategy is different from the one intended for the present work. Examples
can be found in [13-17] or [18].

5.2 SC Voltage Doubler

In order to eliminate the added cost and volume of the system due to an external
inductor [8, 19-22], it was decided to use a SC voltage doubler. The operation of
this circuit is as follows: During phase ¢;, the switched capacitor is charged to the
input voltage value (v;,), and during phase ¢,, it is connected in series with the input
voltage source. This results, ideally, in an output voltage (v,,) two times larger
than the input voltage. This is exactly the same operation already seen for the
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Fig. 5.2 Simplified schematic of the voltage step-up doubler converter, including the loading
caused by the phase controller circuit (modeled as C,)

parallel-series SC voltage step-up converter (see Sect. 4.3.5), or one SC doubler
module (Sect. 4.3.6).

A simplified schematic of the step-up converter circuit is depicted in Fig. 5.2, in
order to illustrate its concept. This schematic also includes an equivalent switched
parasitic capacitor (Cp,), representing the load created by the operation of the phase
controller circuit that produces the phase signals ¢; and ¢,. The PV cell is linear-
ized, and the circuit of Fig. 2.13a) is replaced by its Thévenin equivalent circuit (vg
and Rs). Cj, represents the parasitic capacitance of the PV cell (see Appendix B,
Sect. B.2).

At the beginning of phase ¢, (Fig. 5.3), capacitor C| is connected between node
vin and ground, resulting in a charge redistribution between C; and Cj,, and extra
charge flowing through R; into these two capacitors (ij,).

Voltage v;, changes exponentially during phase ¢;. Assuming that
Tcix K Rg x Cy, allows for considering that current i;, changes linearly instead of
exponentially, and assuming that Tc g »> Ron * C; (where Roy is the ON resis-
tance of the switches), allows for considering that the charge redistribution between
C; and Cj, is instantaneous. These approximations result in voltage v;, changing
instantaneously at the beginning of phase ¢; and then changing linearly during
phase ¢;. Similarly, assuming that Tcrx <K Ry, x C, results in voltage v, also
changing linearly during phase ¢;. Applying these assumptions to the circuit during
phase ¢, (Fig. 5.4) also results in the same variations for the circuit’s voltages.

This means that it is only necessary to calculate the values of the circuit’s
voltages at the end of each phase, resulting in a discrete-time analysis of the circuit.
This is done using conventional switched-capacitor circuit analysis techniques [23]
(this chapter). The charge in each capacitor is calculated at the end of each clock
phase, designating each of these time instants by n X Tcrx (phase ¢),
(n —%2) x Tcrk (phase ¢,) and (n — 1) x Tk (phase ¢y).

When the circuit changes from phase ¢; (Fig. 5.3) to phase ¢, (Fig. 5.4),
observing node v;,, the charge in the top plates of C; and C;, at (n — 1) x Tk, plus
the charge coming through Rg during ¢,, is equal to the charge in the top plates of
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C, and Cj, at (n — 2) X Tcrk. The charge coming through Rg can be calculated
using the average value of the voltage at node v;, during phase ¢;. A similar
analysis can be applied to node v, and then repeated when the circuit changes
from phase ¢, to ¢;. This results in the set of equations of (5.1) as follows:

_Clvin[" - 1] + Cinvin[” - 1] + %M = CinVin [n - %} +C (Vin [n - %} - Voul[ - %])

S
Crvialn — 1] + Covouln — 1] = Zgs 2ot 0ol ) 141 €y (v n = 4] = vou[n — 1))
vs =2 (Vin [n=L|+vin[n
~Ci(vmln — 4 — vou[n —4]) + Cuvin[n — ] + Tgu 2l )+ o

i 3(vou [n=3]+vouln
CoVoun — 3] — %27( [ ,5] ) + 0 = Covouln] + Cyvou[n]

L

(5.1)

By solving this set of equations, it is possible to obtain the expressions for the
sampled input and output voltages, v;,[n] and vy, [n], respectively. After full sim-
plification, the following expressions are obtained:
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Vin[n] = Kin (¢tin vin [ — 1] + By vou[n — 1] + 73 vs)

tin = (4CoRyL + Terk ) (Terk — 4CinRS)2+16C%RS(4(Cin + Co)RLRs + (RL + Rs)TcLk)
+4C1(4CinRs — Terk) (4(Cin — 2Co)RLRs — (RL + 2Rs)Terk)
Pin = —16CinRs(2C1Rs (T — 4CoRL))
Vin = 16CinRsTerk (4(C1 + Co)R + Terk)
1

Jin =
"7 (4(C1 + Cin)Rs + Terk) (4CoRL + Tork) (4CinRs + Teik) + 4C1(4(Cin + Co)RLRs + (R + Rs)Ter))
(5.2)
Vout ["] = kout <“oul Vin [” - 1] + ﬂcu[ Vout [" - 1] + Yout VS)
ou = 32C1RLCinRs
Bouw = (4CoRL — Tcrk) (4(C1 + Cin)Rs + Terk)
Your = 8C1RLTcLk
P 4CoR. — Terk
o (4(Co + Cp)RL + Tcrk ) (ACoRL + Terk ) (4CinRs + Terk) + 4C1(4(Cin + Co)RLRs + (RL + Rs)Tcik))
(5.3)

The previous equations describe a second-order system. This system has a
transient response to the variations of either vg or Ry. After a certain time, this
response ends and the system enters in its steady-state condition. From this point
on, the voltages of the circuit in the previous clock cycle are equal to the ones in the
current clock cycle (Vin = vy, [1] = vi, [n — 1] and Voyt = Vour [1] = voue [7 — 1]),
resulting in the following expressions, after full simplification:

_ Tek (4 (Co Gy +Ci (Co+GCp))RL + (C14+4Co+Cp) Tork ) vs
16 C1 Co CyRLRs+ 4 (Co CoRL+ Ci (Co+ Cp) RL+Cy (4Co+Gy) Rs ) Tax + (Ci+ 4 Co+ Gy ) Tk

(5.4)

V] N

2 Cy (4 Co RL — Teik) Teik vs
16 C; Co CoRLRs+ 4 (Co CoRL+ C1 (Co+ Cp) RL + C1 (4Co+ Cp) Rs ) Tax + (C1+ 4Co+ Cp) Téix

(5.5)

Vour =

Voltage Vin, given by Eq. (5.4), is the steady-state value of the voltage in node
vin (it is to note that the steady-state voltage is called Vi, while the instant node
voltage is called v;,). Voltage v;, changes throughout the clock period. Its value, at
the end of phase ¢, in the steady-state condition, becomes constant, i.e., the voltage
value of vy, repeats periodically at each clock cycle. That constant value is given by
Eq. (5.4). The same considerations can be drawn to Voyr, given by (5.5).

The previous expressions show that, for example,

lim Vin=v 5.6
(Cp,Rs,R1.)—(0,0,00) N s ( )
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and

lim Vour = 2 X Vs, (57)
(Cp,Rs,RL)H(O,O,OO)

as expected from the circuit.

In addition, the ratio between the voltages in (5.4) and (5.5) can also be cal-
culated. This ratio stands for the VCR that, after full simplification, has the fol-
lowing expression:

Vour _ 2C(4CoRL — Terk)
Vin 4(C0Cp + C, (CQ + Cp))RL + (Cl +4C, + Cp)TCLK '

VCR = (5.8)

This expression can also be verified, by calculating its limit under the same
conditions as for the cases of (5.6) and (5.7). Thus,

lim VCR =2, (5.9)
(Cp,Rs,R1)—(0,0,00)

which is the value expected for an ideal voltage doubler circuit.

The circuit of Fig. 5.2 was simulated in Spectre, using ideal circuit elements and
different values for Cj,, Cy, C,, Cp, Ry, and T k. The steady-state voltages of the
circuit in these simulations were measured, and these values were well within the
range of 1 % of the values predicted by expressions (5.4) and (5.5). For instance,
using for the given parameters the values of vg = 1 V, Rg = 4 kQ, R = 16 kQ,
Cin=110nF, C; = 1.1 nF, C, =20 pF, C,=110nF and 1/T¢; k = fcLx = 459.1 kHz,
the resulting voltages were as shown next in Fig. 5.5, in which there are also
indicated the intervals concerning to the phase signals ¢; and ¢,.

The reason why the parameters had the specific values that were used in this
simulation will be explained later, in Sect. 5.3.2.1. Figure 5.5a shows the evolution
of voltages Vin and Voyt over time, since the moment the converter starts working,
until it settles into the steady state.
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Fig. 5.5 a Time evolution of voltages Viy and Voyt with forx = 459.1 kHz and Ry, = 16 kQ.
b Close-up of voltages Vin and Voyr in the steady-state zone
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Fig. 5.6 a Time evolution of voltages Viy and Vour with forx = 200 kHz and R, = 110 kQ.
b Close-up of voltages Vi and Voyr in the steady-state zone

Another simulation has been run, in order to confirm the validity of the
expressions shown in (5.4) and (5.5), keeping the parameter values already given,
except for the operating frequency and for the load resistor. Their new values are
JferLk =200 kHz and Ry, = 110 kQ. The resulting voltages are shown next in Fig. 5.6.

In Fig. 5.6a, it can be observed that the transient behavior has a longer duration
than that of the previous simulation. This is explained by the fact that, in this
situation, the operating frequency is lower; thus, the system takes longer to reach
the steady state.

In both Figs. 5.5b and 5.6b, the ripple of Viy and Vpyr is less than 1.5 mV.

In Table 5.1, the values of the theoretical and the simulated values are sum-
marized, as well as the relative error between these two values. This table shows
that expressions in (5.4) and (5.5) accurately describe the behavior of the circuit.
The relative error is given by

B Simulated — Theoretical
L=

100 %. 5.10
Theoretical % % ( )

The expressions in (5.4) and (5.5) show that voltages Vi and Voyr can be
controlled by using the clock frequency. By adjusting this frequency, it is possible
to achieve the MPP condition, which occurs when the input impedance of the SC
circuit equals the value of Rg, resulting in Viy = vg/2. Equation (5.4) shows that if

Table 5.1 Comparison between theoretical and simulated values of Viy and Voyr

Input and output Rs=4kQ,vs=1V, C, =1.1nF, C, =20 pF, C, =110 nF and
voltages C, =110 nF

Using fcrx = 200 kHz and Using fcrx = 459.1 kHz and

Ry =110 kQ Ry =16 kQ

Theoretical | Simulated | E. (%) | Theoretical | Simulated | E, (%)
Vin (V) 0.834973 0.83529 +0.04 |0.499013 0.49926 +0.05
Vour (V) 1.57557 1.57613 +0.04 [0.873323 0.87372 +0.05
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the clock frequency increases, the input voltage decreases, and vice versa. This
means that when the available input power decreases, corresponding to a decrease
of vg, the clock frequency of the circuit should decrease in order to track the MPP
condition, and vice versa. Other implementations (inductor based) use a fixed
operating frequency and vary the duty cycle to track the MPP, such as [9, 22, 24].
However, an oscillator with fixed frequency has constant power dissipation,
because the latter depends on frequency and not on the duty cycle. Moreover, if the
clock frequency can decrease when the input power decreases, the power dissipa-
tion of the controller circuit also decreases, allowing for the system to operate with
lower levels of input power. This principle is also followed by [25], where the level
of available light and the charge of the storage capacitor determine the frequency of
operation, the available voltage to power the digital circuits, and the bias current of
analog circuits, making the system to adapt to the available ambient resources.
However, the approach is different from the present work, because the former needs
to perform some measurements before proceeding with the changes on the critical
parameters, whereas the system underlying this book performs an automatic fre-
quency adjustment.

5.2.1 SC Voltage Doubler with Charge Reusing

In order to reduce the area occupied by the capacitors, it was decided to use MOS
transistor capacitors. This type of capacitor has the largest available capacitance
per unit area in the selected CMOS technology. However, this option also results
in a large bottom plate parasitic capacitance [26]. In Fig. 5.7, it is shown the
structure of such a capacitor, using a NMOS device (M), thus with the substrate
tied to ground.

The drain (D) and the source (S) terminals are shorted together (thus, shorting
both ends of the channel), and the desired capacitance (Cyios) develops between this
connection and the gate (G) terminal. Summarily, and approaching this device as a
planar capacitor, the insulating oxide between the gate and the channel serves as the
dielectric, while the channel area (W x L) defines the area of each plate. Since the

Fig. 5.7 A MOSFET
capacitor, with explicit
bottom plate parasitic G

capacitance Cuyos
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oxide is very thin (2.2 nm), the capacitance can reach a very high density per unit
area. The bottom plate parasitic capacitance is represented by Cp, in Fig. 5.7. This
capacitance exists between the channel (the bottom plate of the capacitor) and the
substrate, corresponding to the stray capacitance, referred in Chap. 4.

Both the MOS capacitance and its bottom plate parasitic capacitance are non-
linear and vary with the input voltage. The simulation (in Spectre) of the capaci-
tance behavior, of a capacitor like the one shown in Fig. 5.7, using a 130-nm
CMOS technology MOSFET, with dimensions W = 50 ym and L = 2 pm, is
depicted in Fig. 5.8. The variation of the MOS capacitance is plotted against the
variation of the voltage at the terminals of the MOS capacitor. This figure also
shows the various working zones of the channel (accumulation, depletion, and
inversion) and how the capacitance behaves in each of them. The resulting curve
shape is typical for this kind of device. As seen, when MOS capacitors are used,
during the voltage elevation process, the MOS capacitor experiences a voltage
variation at its terminals, ranging from 0 to v;, and from vy, to 2 x v;,, which results
in a variation of its capacitance value.

Shown in Fig. 5.9 is the capacitance variation of the same MOS capacitor, just
like in Fig. 5.8, emphasizing the positive voltage in the range of 0-0.6 V, which is
the voltage difference range most likely to occur in the current SC step-up voltage
converter application.

As it has been said, any real implementation of the circuit in Fig. 5.2 has
inherently a parasitic capacitance at the bottom plate node, denoted in this figure as
Chottom- This capacitance is charged up to v;, during phase ¢, and discharged during
phase ¢. This is equivalent to a resistance that dissipates energy, thus lowering the
efficiency of the circuit. This problem can be particularly serious when MOS
capacitors are used, because of the large parasitic capacitance value that they
introduce. Figure 5.10 shows the bottom plate capacitance for a MOS transistor like
the one whose main capacitance is shown in Fig. 5.9. This capacitance is consti-
tuted by (Cap + Cyp).

Fig. 5.8 Typical capacitance
variation of a MOSFET
capacitor of the 130 nm
technology, as a function of
the Vg voltage, with

W =50 um and L =2 um

Cy0s capacitance (pF)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Voltage at capacitor terminals (V)

0 H H
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Fig. 5.9 Capacitance
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Fig. 5.10 Variation of the 0.12
bottom plate capacitance

(Cp1) when using a MOSFET
with W=150 pm and L =2 pm
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In Fig. 5.11, one can check the ratio between these two capacitances in a MOS
capacitor, just like the situation depicted in Fig. 5.7, as a function of the voltage
applied to its terminals. This ratio varies with the variation of this voltage and can
reach a value as high as 12 %.

In order to improve the efficiencys, it is necessary to reduce the amount of charge
that is lost through the bottom plate parasitic capacitance. In order to address this
problem, the approach that was followed consisted on splitting the switched
capacitance in two, and then, duplicating the circuit. Naming ¢5 the old ¢, phase, a
third phase (¢,), is now introduced between ¢; and ¢3. During this new phase ¢,
the bottom plate nodes of the two half-circuits are connected together. The entire
circuit is depicted in Fig. 5.12. In here, Cpyy»; is the parasitic capacitance at the
bottom plate nodes of each of the MOS capacitors, M; and M,, respectively, which
are again made explicit for a better understanding.
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Fig. 5.11 Ratio between the
bottom and the main
capacitance of a MOS
capacitor like the one in

Fig. 5.7, with W = 50 pm and
L =2 pm, using a 130 nm
technology

C,,/Cyos capacitance ratio(%)

0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage at capacitor terminals (V)

When ¢, is active, M; and Cp, are connected in parallel with the input voltage,
and M, is placed in series with the input voltage, achieving an ideally voltage
doubling at the output, v,y During this phase, Cp, is discharged, as both of its
plates are grounded.

When ¢; is active, M, and Cp,; change role with M, and C,,, leading to the same
behavior that took place when ¢; was active.

When ¢, is active, Cp,; and Cp, are connected in parallel, resulting in charge
redistribution between these two parasitic capacitances. Because one of these
capacitances is charged to v;,, while the other is completely discharged, when they
are connected together, the charge is equally divided between them and each
capacitor will get half of the charge of the capacitor that was firstly charged to vj,.
Ideally, the voltage across this parallel circuit will be v;,/2. Now, either in phase ¢,
or in phase ¢3, the parasitic capacitor to be subsequently connected to vy, will
already be precharged to half of its final charge value, thus requiring only half of the
charge from the input source. This prevents the waste of half of the input charge,
inevitably commited to the bottom plate MOSFET capacitances.

In order to confirm the advantage of using the charge reusing technique,
capacitor Cy, in the circuit depicted in Fig. 5.2, was replaced by a MOSFET
capacitor and the resulting circuit was simulated using Spectre. From these simu-
lations, the efficiency of the circuit, defined as the ratio between the output power
and the input power, was calculated. The general expression for the efficiency is
given by

POllt
= . 5.11
=" (5.11)

Next, capacitor C; and the associated switches were replaced by the circuit
depicted in Fig. 5.12. An extra clock signal (the new ¢,) was also added. Once
again, the resulting circuit was simulated in Spectre and its efficiency was
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calculated. In both of these simulations, Rg = 4 kQ, Ry, = 16 kQ, vs =1V, C;, =0,
and forx = 459.1 kHz. The value of C; is 1.1 nF for both circuits (in the second
circuit, each MOSFET capacitor has half of this value). This value, and the one for
ferk, Will be determined and justified later, in Sect. 5.3.2.1. The efficiency of the
circuit, and the output steady-state voltage for each situation, is presented in
Table 5.2.

The results presented in Table 5.2 show that the efficiency loss due to the bottom
plate parasitic capacitance can be effectively reduced, by using the charge reusing
technique.

5.2.1.1 Switch Sizing

The switches are implemented by using transmission gates, as shown in Fig. 5.13.

The issues associated with the switches are their ON resistance (Ron) and the
total parasitic capacitance (Cjss), Which is the total capacitance seen from both
gates (Cgop + Coen), Plus the one seen from both drains (caqp + cqan), to any other
nodes. It is preferable to have both Roy and Cjss as low as possible. The problem is
that these two parameters are in conflict, since having a low ON resistance means
having an increase in the width (W) of the transistors. However, this originates an
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Table 5.2 Efficiency comparison of the circuit, with and without the charge reusing technique

7 (simulated without charge reusing) n (simulated with charge reusing)
63.24 % (Vour = 801 mV) 74.21 % (Vout = 847 mV)

Fig. 5.13 RC circuit using a 5

transmission gate and a .

capacitor CggP

C(MP-. | | ;
Vi—e
H—J Li C1 +
CddN -—-- I e Ve

increase in the total parasitic capacitance. It is to note that the length of the channel
in both transistors is the same, but the PMOS has its channel three times wider than
the NMOS.

The ON resistance will determine how settled the circuit will be at the end of
each half period, each controlled by ¢, or ¢s, referring to Fig. 5.12. The law that
rules this regime is the well-known capacitor charging equation as follows:

ve(t) = v; (1 —efm). (5.12)

The settling error is given by

_Toik /2
error = e FonCi, (5.13)

Variables error, Cy, and Tcrx will determine Ron and, by consequence, the
width W of the transmission gates (L is minimum, i.e., 120 nm in the 130-nm
CMOS technology). Thus,

1 Tcik 1
In = < Ron = . 5.14
<error) 2 RON Cl ON 2 In (ﬁ)fcu(cl ( )

There is a coefficient ki that relates Roy to the width of the switch, knowing that
these are inversely proportional to each other:
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Fig. 5.14 Roy as function 800
of W!
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On the other hand, there is also a coefficient k- that relates the parasitic
capacitance of the switch to W, such that

kr ki
am—kwéam—RC—%mm<
Ron

)fCLKCI. (516)

error

The coefficients kg and kc were derived by simulation using Spectre, by giving
the transmission gate various values for the width of its transistors (1, 5, 10, 20,
30, and 40 pm) and performing a linear regression over the dots that were obtained.
The obtained functions are shown in Figs. 5.14 and 5.15, having been obtained
kr = 806.24 Q um and kc = 7.1 fF/um, respectively.

As understood from Figs. 5.8, 5.9, 5.10, and 5.11, the nature of the MOS
capacitors is very nonlinear and hard to describe analytically. As such, the adopted
strategy relied on an assumption of upgraded (yet reasonable) values for the circuit
parameters that determine the size of the switches. The considered values were as
follows: C| = 3 nF, error = 0.1 %, and fcrx = 2 MHz. This leads to Rony ~ 12 Q,
meaning that W = kr/Ron = 66.8 pm. As a consequence, the parasitic capacitance
associated with the transmission gate is Cj.s ¥ 474 fF. These values for Ron and
Coss are concentrated into a single switch, as depicted in Fig. 5.13, but the switched
capacitor is placed in series with two switches during each phase. However, the
value of C; considered in these calculations is the total capacitance, including both
branches (each branch has half of the value of C;). As such, in order to keep the
value of the time constant, all the results should be kept as they are, meaning that
the values for W, Ron, and Cj represent one switch alone.
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Fig. 5.15 (), as function
of W
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5.3 Phase Controller

The phase controller is the circuit responsible for the generation of the signals
controlling the action of the switches in the SC step-up voltage doubler. The phases
(41, ¢2. and ¢5) are square wave signals generated by a circuit also implementing the
MPPT algorithm. The MPPT technique that has been chosen is the Fractional Vgc.
This MPPT method has already been addressed in Chap. 4, Sect. 4.5.2. Because of
its simplicity and low power dissipation, this was the method selected to be
included into the phase generator. In order to remind about the main characteristics
of this MPPT technique, its main features will be highlighted again.

5.3.1 MPPT Regulation Using the Fractional Open-Circuit
Voltage

As it has already been mentioned, the clock phase signals, which control the
operation of the SC voltage doubler circuit, should run at a frequency, such that the
power transferred from the PV cells can be maximized [27]. Since this power value
changes with light intensity and with temperature, the controller circuit that pro-
duces these clock signals should use a MPPT method in order to continuously
adjust the clock frequency value. One of the main limiting factors, when building an
indoor light-energy-powered micro-sensor system, is the reduced available energy
coming from the PV cells, to power it. Therefore, the controller circuit should use as
little power as possible. There are various methods available for the MPPT of a PV
cell, which are addressed in [28] and have been briefly presented in Chap. 4,
Sect. 4.5.2. A careful criterion must be taken to choose the appropriate method, in
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order to keep the controller to an acceptable power overhead, since the current
application has a very restricted energy input.

Some of the methods in [28] can track the true MPP of the cell, but these
typically require complicated circuits or large computational effort. However, in
order to have less complex circuits dissipating less power, some accuracy can be
sacrificed in the determination of the MPP, leading to the use of simpler methods.
Since that the application described in this book has a very low available power,
these simpler methods are preferable. As such, the Fractional Ve method was
chosen, because it is a very simple and inexpensive (hardware wise) method. This
method explores the intrinsic characteristic of PV cells, in which there is a pro-
portionality factor (k) between their open-circuit voltage and the voltage at which
the MPP occurs (vpmpp), as shown in (4.23). This factor must be determined
beforehand, by studying the behavior of the PV cell under various conditions of
illumination and temperature. This procedure has been exemplified in Sect. 4.5.2.
Pilot PV cells in open circuit (unloaded) are used to measure the open-circuit
voltage. The optimum voltage of the unloaded PV cell (vypp) is determined by
multiplying the open-circuit voltage of the pilot by a factor &, using a resistive
divider. The pilot PV cells must have the same temperature and illumination as the
PV main cells, in order for the Fractional Vo method to track the MPP voltage as
best as possible. The requirement of an auxiliary PV cell is the disadvantage about
this method. However, its simplicity allows for building a controller circuit with
very low power dissipation, which is an advantage that one believes to be more
important than the disadvantage.

The MPPT is achieved by adjusting the loading of the PV cell in order to obtain
the desired input voltage (vypp). Since the equivalent input impedance of the SC
voltage doubler circuit is proportional to 1/(fc x * C;), when referring to Fig. 5.2,
by controlling the clock frequency it is possible to increase or decrease the value of
this impedance. When vypp is larger than the PV cell voltage (v;,), this means that
the input impedance of the SC doubler circuit is small and therefore it is necessary
to decrease the switching frequency to increase this impedance, thus increasing the
voltage coming from the PV cell. If vypp is smaller than the PV cell voltage, it is
necessary to increase the switching frequency, so as to decrease the impedance of
the SC circuit and therefore decrease the PV cell voltage, i.e., the input voltage of
the circuit. This process will result in an average switching frequency value that
allows for the SC voltage doubler circuit to have an average input impedance value
that originates the MPP voltage at the terminals of the PV cell.

5.3.2 Asynchronous State Machine (ASM) Circuit

The three clock phases, necessary for the operation of the SC voltage doubler circuit
of Fig. 5.12, are generated by an ASM circuit, which automatically and dynamically
adjusts the clock frequency, in order to obtain the MPP voltage from the PV cell.
The state diagram that represents the MPPT algorithm, the generation of the three
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Fig. 5.16 State diagram of the algorithm performed by the ASM

clock phases, and the conditions that must be met, in order to go from one state to
the next, are shown in Fig. 5.16.

The circuit that implements this state diagram, incorporating the Fractional V¢
MPPT technique, is depicted next in Fig. 5.17.

This circuit has four states that are determined by the output of four S-R latches.
These states correspond to the clock phase signals ¢, ¢,, @3, and once again ¢,
respectively. In order to change from one state to the next, the Set signal of one
latch is activated, changing the output of that latch from logic O to logic 1. This, in
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Fig. 5.17 Phase controller schematic using the Fractional Voc MPPT
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Fig. 5.18 Time relation between the input and the output signals of the delay circuit

turn, activates the Reset signal of the previous latch, causing its output to change
from 1 to O, thus completing the state change. The ASM is continually changing
from one state to the next (and then from state4 to statel), in order to create the
clock phase signals. This circuit works as a voltage-controlled oscillator, where the
maximum frequency is determined by the delay circuits inserted between the output
of each latch and the Set input of the next latch. Note that the duration of each phase
is not the same.

The transitions from statel to state2 and from state3 to state4 are delayed by
comparators that guarantee that the MOS capacitors, connected to the PV cells, are
charged to at least 95 % of the input voltage (vyosa > v and vyosp, > vg). The
capacitor charging time depends on the series resistance of the input voltage source.
Thus, it is necessary to give enough time for the PV cells to completely charge the
capacitor when the irradiance is very low. The minimum duration of each state is
determined by a delay circuit customized to delay digital signals. In particular, the
delay provided by this circuit is only applied to the rising edge of its input signal,
whereas for the falling edge, it is not affected by any delay, just as illustrated in
Fig. 5.18.

The schematic of the delay circuit is depicted in Fig. 5.19. This delay circuit is
used to establish the minimum duration of the clock phases. Since the delay time
depends on the power supply voltage value, the delay circuit was designed in order
to guarantee that the minimum delay time is always long enough for the switched
capacitor (or its corresponding bottom plate capacitance) to be always completely
charged or discharged.

The duration of statel (phase ¢;) is also dependent on the comparison between
the main PV cells voltage (v;,,) and the fractional open-circuit voltage obtained from
the pilot PV cells (vmypp). When MOS capacitor M, is connected to the input PV
cells (in the beginning of ¢,), voltage v;, drops. The ASM stays in statel until the
input voltage is charged back to the vypp value. Therefore, the duration of the
oscillation period corresponds to the frequency value that adjusts the input voltage
to the MPP voltage value. This approach allows for achieving a very low clock
frequency when the light intensity is also very low. In fact, the duration of phase ¢,
can be as long as needed by the PV cell, in order to charge the input capacitance to
VMPP-
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Fig. 5.19 Schematic of the delay circuit

The comparators are similar to the ones described in [29] with the only differ-
ence being the addition of a power-down (pd) feature that is used in the states where
they are not needed by the ASM. This reduces the power dissipation of the phase
generator and contributes to the increase of the overall efficiency of the system. The
comparator will only be working, thus having power consumption, when pd is logic
1. The complete schematic for the comparator is depicted in Fig. 5.20. In this
schematic, the substrate connection is omitted, but the bulk of the PMOS devices is
connected to Vpp and the one in the NMOS devices is connected to ground.

Since the available power is at a premium, the complete phase controller circuit
was carefully designed under the perspective of achieving a power dissipation as
low as possible. All the gates and circuits that make up the ASM were designed
using minimum sizes, and the comparators use class AB operation, in order to
reduce their bias current. The CMOS gates only dissipate power during the clock
transitions, due to the charging to Vpp of the parasitic capacitor at the output of
each gate, and then discharging it to Vgg, and also due to the current that flows
directly from Vpp to Vss when the PMOS and NMOS devices are simultaneously
ON (illustrated in Fig. 5.21).

The two mechanisms can be modeled by a switched parasitic capacitor, of
appropriate value, as shown in Fig. 5.21.

This value was determined by simulating the complete phase controller circuit of
Fig. 5.17, for different clock frequencies and voltage supply values. The average
value of the current drawn by the circuit was measured. As expected, this current
increases linearly with the clock frequency and it is not equal to zero when the clock
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Fig. 5.21 Current drawn by a logic inverter during a clock transition. During this transition, a
current flows from Vpp to Vs, when both transistors are ON. This draws a constant charge from
Vpp in each clock transition, being equivalent to a switched parasitic capacitor, whose value varies
with VDD

frequency is zero, due to bias currents. The DC value was removed from the
average current, and the remaining dynamic current was used to calculate the value
of Cp, = Iyqa/(vaa X ferk)- The value of C, depends on the value of v4q because the
shoot through current (Fig. 5.21) depends on the value of vy4. The DC current of the
phase controller is modeled by an equivalent resistor in parallel with Ry, and it also
depends on vgg. The determined values are C, = {2.3 pF, 7.5 pF, 23 pF} and
Ry = {205.1 kQ, 135.7 kQ, 107.5 kQ} for supply voltages vgqg = {0.8 V, 1.0 V,
1.2 V}, respectively. The worst case is C, = 23 pF, and this is the value that will be
considered in the design of the circuit, for safety.
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5.3.2.1 Determination of the Optimum Circuit Parameters

There is a frequency value that enables the switched circuit to achieve the MPP
condition. The value of Tk which allows for achieving this condition is derived
assuming that Viy = vg/2. Let us call to Vi, under this condition, Vin,,. Thus,

Vs

. (5.17)

VIN MPP

Through solving (5.4) under this assumption, and after full simplification, the value
of the clock period is given by the following expression:

4C CoRs — C1CoR1. — CiCyRy, — CoCyRL + C1CyRs + Wcl CoCp(C1 +4C + Cp)RsRL + (CoCoRy, + C1 (Co + Cy)R, — €1 (4C, + Cy)Rs)’

e =2
CLKyep C\ +4C, + G,

(5.18)

or alternatively, in order to have an expression for the clock frequency,

CL+4C,+ G,

Jerkum =

2x (461 CuRs — CICaRL — C1CyRL — ColyR + C1CyRs + \/4CICuCy(C1 +4C, + ) RSRL + (CoGyR1 + Ci (Co + Cy) R — €1 (4C, + C;x)RS)Z)

(5.19)

Under these conditions, as a consequence, voltage Voyr is obtained by substituting
Tcrk in (5.5) by Terkyee- Thus, Vour,, is given by
C3Cy(RL — Rs) 4+ 2C%((C1 + Cp)RL + 4CiRs) + C1Co(CiRyL + 3CyRy. + 2C,Rs)

VouTye = 2C1(2C, + Gp) (C1 +4C, + Gy )Rs )

Cy \/4C|cnc,,(c, +4C, + Cy)RsRL + (CoCoRL + C1(Co + Cyp)RL — €1 (4C, + CP)RS)Z
2C1(2Co + Cp) (C1 +4Co + Cp)Rs

Vs

2C(,\/4c1cocp(c1 +4C, + Cy)RsRL + (CoCpRi + C1 (Co + Cp)RL — C1 (4Co + Cy)Rs)®
2C1(2C, + Cp) (C1 +4C, + Cp)Rs

(5.20)

Using this expression, the power delivered to the load resistor can be determined.
From this, the power efficiency of the system can, finally, be calculated.

Equation (5.20) is somewhat cumbersome, and to have an idea about how it
behaves, in Fig. 5.22 its plot is shown, as a function of Ry, using for the remaining
parameters the same values that were used for the simulation whose results are
depicted in Fig. 5.5.

Moreover, under this frequency condition, the VCR, which was previously
presented in (5.8), is now given by

2

20, (c. (3Ca + Co)R0 + Co(8Cy + 3Gy)R1. — €1 (4C, + Cp)Rs — 1/4C1CoCy (€1 +4Cy + C)RsR1 + (CoCyRe + € (Co + Cy) R, — €1 (4C + Cy)Rs) )
VCRypp =

(C1+4Co+ Gy) (c., (C1 -+ Cp)RL+ 4C1CoRs + CLCo(RL -+ Rs) + \/4C1CoCy (€1 +4Co + Cp)RSRL + (CalpRi + Co(Co + Gy)RL — 1 (4Co + Gy )R) )

(5.21)
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Figure 5.23 shows a graph of (5.21) as a function of both C; and R;. All the
other parameters are set to the values that were used in the simulation that produced
the results shown in Fig. 5.5. As it can be seen, with the increase of both variables,
VCRypp asymptotically approaches the value of two, which is the maximum
theoretically expected.

In this application, its efficiency (#) is the ratio between the output power and the
input power, as given by (5.11). However, the reference criterion for the efficiency
is when the circuit is operating at the frequency at which the MPP is achieved.

As such, at this frequency, the output power being delivered to the load is given
by

2

v,
Poy = —220r (5.22)
Ry
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The expression of P, will not be explicitly shown here, because it is too
extensive and would not be intuitive. On the other hand, knowing that the input
voltage is Viny, = Vs/2, and thus, that the input impedance of the SC voltage
converter is given by Rg, the input power is given by

2 2
o Vinuee _ (vs/2)" vi . (5.23)
RS RS 4 x RS

Having the two previous equations derived, the expression of the efficiency can
also be derived, being shown next in (5.24).

B (a+ b)z(b + c)2
de+f(b+g))
a = —3CiCoRy, — 8C2Ry, — C1CyRy. — 3C,CoRy, + 4C1 CoRs + Ci CyRs

b= \J4C1CoCy(C1 +4C, + Cp)RURs + (CoGyRL + C1 (Co + Cy)RL — C1 (4C, + Cy)Rs)?
¢ =—CoCpR — C1(Co + Cp)RL + C1 (4C, + Cp)Rs
d = (C1 +4C, + Cy) RuRs
e=—C1(4C2 +3C,Cy + C2) Ry + €1 (4C, + G,) Rs
f=4Co+ G,
g = GCCGoRL
(5.24)

The load resistor that maximizes efficiency is 4 x Rg. This is confirmed by
plotting the efficiency function against the ratio Ry /Rs. This plot is depicted next in
Fig. 5.24. The remaining components have the same values as in the simulation
whose results are shown in Fig. 5.5.

Fig. 5.24 Efficiency value, as 80

a function of the ratio Ry/Rg
70

60

ANl
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Fig. 5.25 MPP clock 10"
frequency, as a function of the = R =4kOH
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The plot shown in Fig. 5.24 also allows for understanding that the maximum
efficiency, given these conditions, is 76.4 %.

The value of the clock frequency producing the MPP condition (fcik,,,), Which
has been derived and is shown in (5.19), depends on the value of all the parameters
of the circuit, including the value of Cj, the switched capacitor. The value of fcrk,p
increases if C; decreases and vice versa (for a given load and input power level), as
shown next in Fig. 5.25.

The graphs in Fig. 5.25 were plotted assuming that vg = 1 V and that Rg = {4 kQ,
5 Q}, corresponding to a maximum available power from vg, of 62.5 pW and
100 mW, respectively. In either case, Ry is equal to 4 x Rg. These graphs show that
it is possible to achieve the MPP condition with a wide range of values for C;, each
corresponding to a different fcy k,,,, value. In order to determine the optimum values
for Cy and feork,e,, it 1S necessary to analyze the efficiency of the system as a
function of the value of C;.

Also seen in Fig. 5.25, if the power level is higher, for the same capacitance
value, a higher frequency will be needed, in order to bring in more electric charge
from the input node, per unit of time.

Assuming that C,, is equal to the worst-case scenario determined in Sect. 5.3.2, it
is possible to calculate the efficiency of the system for different values of C and Rs.
This is shown in the graph of Fig. 5.26, corresponding to the plot of the efficiency
function shown in (5.24).

The previous graph shows that increasing the value of C; also increases the
value of the efficiency of the system. This can easily be understood by observing the
circuit of Fig. 5.2. In each clock cycle, part of the charge transferred by C; to the
output node is lost through C;, (note that this behavior occurs in a single clock cycle
and therefore does not depend on the value of fcyk,,,). This means that if the ratio
C,/C,, is small, most of the charge will be lost, resulting in a very low efficiency for
the system. This is also the reason why the phase generator guarantees that C, is
charged to at least 95 % of vi,. Since the value of C, is set by the controller circuit
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and this circuit was already designed with the objective of minimizing C,,, the only
remaining option to increase the efficiency of the system is by increasing the value
of C;. This also results in a lower value for fcik,,», Which helps to reduce the
dynamic power dissipation of the controller circuit. Due to area and cost limitations,
the value of C; cannot be very large, and therefore, 1.1 nF was selected as a
compromise. This results in fork,,, = 459.1 kHz, for a maximum input power of
62.5 uW. The layout area occupied by the main capacitor, with this capacitance, is
0.1697 mm? (see Sect. 6.2.2). If this capacitance was doubled, the area would
essentially double, while the theoretical efficiency of the circuit would only increase
from 75.4 to 81.2 %.

The values presented back in Fig. 5.5 refer to simulations that used the parameter
values that have just been explained. This is why, in Fig. 5.5, given that the
frequency matches with fcy k.., and the switched capacitance is 1.1 nF, Viy is equal
to vg/2, i.e., 0.5 V.

Thus, the final capacitors will have 550 pF (1.1 nF/2), being substantially less
(about three times) than the value that was initially referred in Sect. 5.2.1.1, i.e.,
3 nF/2 = 1.5 nF. The bottom plate capacitance, associated with each of the new
capacitance values, will have a maximum value of 66 pF. The operating frequency
at which the settling is to be within the error of 0.1 % is 459.1 kHz, which is about
four times less than 2 MHz, the value considered in advance in Sect. 5.2.1.1.
Although given the conditions that have been determined for the operation at the
MPP, it was decided to leave the dimensions of the switches as originally, because
the overhead of occupied area, relatively to eventually smaller switches, would be
negligible in the overall project. Moreover, the decrease of the parasitic capacitance
of the switches, when compared to the bottom plate capacitance of the MOS
capacitors, would not be significant. In addition, with smaller switches, one would
have an increase in their ON resistance, which is unwanted. Thus, each of the sized
switches will have a resistance of about 12 Q and a parasitic capacitance of 474 fF.
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5.4 Local Supply

Since this is an energy harvesting system, it must create its own power supply for
the controller circuit that generates the clock signals. The main output voltage
cannot be used to power the clock generation circuit, because during the start-up of
the system, this voltage is 0 V and remains close to 0 V during a long time, due to
the large capacitor connected to the output. The solution is to create a local power
supply voltage, independent from the output voltage. This allows for the system to
start-up even if the large output capacitor is charging from 0 V, unlike in [22],
where starting-up is only possible when the input or the output voltages are larger
than 1 V. Therefore, a smaller SC voltage doubler circuit, controlled by the same
phase signals, is used to create a local power supply voltage (vq4q) at an internal
decoupling capacitor (local supply module, in Fig. 5.1). This circuit is a replica of
the main SC circuit, but with its capacitors and switches scaled down to a fraction
of the size of the ones in the main SC circuit. As explained before, the total
capacitance value for the C; capacitor (now, the sum of the capacitance in the
branches where M; and M, are placed, in Fig. 5.12) is limited to 1.1 nF. Thus, it is
necessary to determine the fraction of this total capacitance to be assigned to the
local supply circuit. This can be analytically determined by calculating the value of
Vour, documented in (5.5), for both the main and the scaled-down circuits as a
function of the value of C;. The constraints are to consider that the load of the main
circuit is only the optimal Ry, the load of the local power supply is C, alone, and
that Vi is vs/2. These functions are plotted in Fig. 5.27, as a function of the ratio
between the switched capacitance in each of the SC circuits.

The ratio that best fits for both modules is 0.2. In order to verify this value, some
simulations of the circuit, including the clock generator circuit and the local supply
module, were made, confirming that this is, indeed, the best value.
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5.5 Start-up

Guaranteeing that an energy harvesting system correctly starts up is a recurrent
issue, as it can be found in [30-32], for example. Typically, it is necessary to
provide a reset signal after the harvested energy source becomes available, in order
to guarantee a correct starting-up of the system.

In indoor environments, the available light power can be very low and thus the
more critical is the operation and the starting-up of these systems. The current
start-up circuit ensures that, even under very weak environmental illumination, the
system can successfully start working. Before starting-up, the local power supply
output voltage is 0 V. Thus, the start-up circuit is used to shunt the input node to the
output node of the local power supply voltage. After this voltage is charged to a
value sufficient enough for the phase generator circuit to start working, this shunt is
removed and the circuit starts its normal operation. The circuit also provides the
reset signal for the phase generator circuit (MPPT controller), to guarantee that this
circuit starts working in statel (see Fig. 5.16). The details about this start-up circuit
will be given next, according to what is also documented in [33].

5.5.1 Electrical Structure and Operating Principle

The start-up circuit is shown in Fig. 5.28.

The start-up process is as follows: In the beginning, v;, (connected to the PV
cells) is the only voltage in the system that is different from O V. This node is
shorted, by transistor M;, to the output node of the local supply (v4q), Which is
connected to a capacitor. M; is a PMOS device to guarantee that it is ON in this
situation. The gate of this transistor is controlled by voltage vz, which is produced
by a chain of two CMOS inverters made by M¢—M; and M,—M5. The input of the
first inverter (Mg—M>7) is the voltage of the capacitor Cy_y, (v). This capacitor is
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Fig. 5.28 Schematic of the start-up circuit
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charged from vgq, through My and Ry, and therefore, v, is a delayed version of
vaa- The reset signal is produced by inverter M,—M3 from v;. After the vyq voltage
becomes larger than the threshold voltage of the transistors, so that the circuit can
properly operate, the values of the voltages in the circuit are as follows: reset = vg4q,
v3 =0V, vy = vyq, and v; = 0 V (increasing).

When voltage v; becomes higher than the threshold voltage of the first inverter,
voltage v, starts to decrease, causing voltage v to increase and, ultimately, the reset
voltage to fall. This process can take some time, and it can produce a slow, or
ill-defined, reset falling edge. In order to avoid this problem, transistor Mg is added
to the circuit. This transistor adds a positive feedback that accelerates the previous
transition: When the reser voltage starts to fall, transistor Mg turns ON and supplies
a large current that quickly charges the capacitor Cg;_yp 10 Vgq.

One of the main problems of indoor light energy harvesting is the low power
level, provided by the PV cells, which translates into a low input voltage to the
system. To guarantee that, during start-up, there is enough voltage for the step-up
converter to start working properly, it is necessary to obtain an input voltage as
close as possible to the open-circuit voltage of the PV cells. This means that the
current drawn by the start-up circuit must be as low as possible. An inverter with an
input voltage close to its threshold voltage can have a large leakage current because
both of its transistors are turned ON. This leakage current is minimized by using
different threshold voltages for the different inverters (high threshold voltage for
MeM7; and M>—M3 and low threshold voltage for inverter M4—Ms), by using
transistors with long channels and by the quick transition caused by transistor Mg.
The threshold voltages of the inverters also define the minimum value of the vyq
voltage required for the system to start-up. The Vry voltage of the transistors is
about 250 mV, due to the long channels in the transistors.

The presented start-up circuit has also been used in the energy harvesting system
described in [29], whose individual circuits are powered by the series of two PV
cells. During normal operation, the input voltage is the maximum power point
voltage of the PV cells, which is stepped-up to a desired value to power the circuit.
However, during the start-up, the voltage of the PV cells is the only one available
for the system to start to work.

5.6 Voltage Limiter Circuit

5.6.1 Motivation and Background

The unpredictable nature of light energy results in a variable amount of available
power. Since the PV cells must be sized in order for the energy harvesting system to
be able to receive enough energy even when the light intensity is weak, this can
result in large power, available from the same PV cells, when the light intensity is
strong. The voltage limiter circuit, being the same as the one described in [34], fits
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Fig. 5.29 An energy harvesting architecture that can host the voltage limiter described in this
section (all of the modules are referenced to ground)

in a system such as the one being described in this chapter, to deal with very low
levels of light energy, typically found in indoor environments. However, when this
system is illuminated by direct sunlight or generally by high levels of light inten-
sity, the energy harvested by the PV cells is much higher than the value that was
expected under the normal indoor illumination conditions. In such a situation, the
energy harvesting system must be able to manage the excess of energy being
obtained.

The general architecture of a light energy harvesting system is depicted in
Fig. 5.29, being constituted by PV cells followed by a voltage step-up converter
with MPPT capability. This architecture represents a more general approach of the
system shown in Fig. 5.1, meaning that this voltage limiter is able to fit in any
system with similar features.

The output voltage of the converter (vq4q) is the one that will be limited by the
voltage limiter. The vyq voltage also supplies the inner circuits of the step-up
converter. The system can work with one or two PV cells in series and step-up the
input voltage (vi,) by two or three, depending on the type of PV cells and on the
expected light intensities. The power from the PV cell is dependent on its area and
on the illumination level, as shown in Fig. 5.30, which shows the simulated power
curves of a prototype PV cell that was characterized.

According to a set of indoor light power intensity measurements, whose study is
presented in Chap. 3, Sect. 3.6.1, the lowest illumination obtained indoors had an
ambient irradiance of little more than 0.1 W/m?, and the typical irradiance using
only artificial lighting was about 0.7 W/m?. The system must be designed for a
worst-case scenario (low illumination), meaning that when the light is stronger, the
system will produce a large voltage at its output.

The whole system is to be laid out in a 130-nm CMOS technology. This tech-
nology allows for a maximum voltage of about 1.4 V. If this value is exceeded, the
devices in the die are stressed, reducing their operating lifetime. With a larger
voltage, they can even be destroyed.

Since the available power from the PV cells is low, this application typically will
work using an ON-OFF regime with a low duty cycle [35]. While the application is
OFF, the harvested energy is stored in a supercapacitor. When the application is
ON, it works using this stored energy. In the case of a high light intensity, after the


http://dx.doi.org/10.1007/978-3-319-21617-1_3

146 5 Proposed Energy Harvesting System
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supercapacitor is charged to a desired voltage value, the step-up converter continues
to supply a current to the output node (v4q). This results in the output voltage to
increase to a value that can be dangerous, being necessary to add a circuit to limit it,
by absorbing the excess of current supplied by the step-up converter.

In the literature, some work can be found concerning voltage limiters. In [36],
the voltage limitation is achieved by opening a switch to a capacitor, whenever its
voltage exceeds a certain limit, on a sample-and-hold basis. There are other systems
that also use voltage limiter circuits, like in [37, 38], where the voltage limitation
problem appears under the context of RFID applications. The amount of available
power to a RFID tag is dependent upon the distance to the reader device, resulting
in a similar problem to the one in a light energy harvesting system. In [37], the
voltage limitation is achieved by performing a comparison to a desired limit. In
[38], a band gap reference circuit is used to generate a reference voltage to which
the desired voltage is compared to. This approach is similar to the one proposed for
this module.
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Fig. 5.31 Architecture of the proposed voltage limiter circuit

5.6.2 Voltage Limiter Circuit Architecture

The architecture of the voltage limiter is shown in Fig. 5.31.

The Thévenin equivalent, at the right hand side of the dashed line, represents the
voltage step-up converter. The aim of the proposed circuit is to limit the vgq voltage
to be lower than 1.4 V — 5 % = 1.33 V. The voltage limiter operates by drawing
current through M,. This current causes a voltage drop across Ry, such that vyq
remains constant at the required limited value. The value, at which vgyq is to be
limited, is controlled by a Voltage Reference Circuit (VRC), providing a stabilized
and temperature compensated voltage reference.

In normal operation, the voltage divider formed by R; and R, provides at v,qq a
voltage close to vger. The amplifier A; amplifies the error between vyqq and vggp,
providing, at its output, a voltage that directly controls the v, voltage of M;, and
thus the current drawn from the v4q node, through Rp.

5.6.3 Voltage Reference Circuit

The VRC was adapted from [39], and its schematic is shown in Fig. 5.32a. The
generated reference voltage (vrgr), versus the supplying voltage (v4q), and the
supply current of the VRC are depicted in Fig. 5.32b.

M, and M, are high voltage transistors (3.3 V), while the others are low voltage
ones (1.2 V). The main difference between the original circuit and the one that was
built is the fact that the one in [39] was built in a 180-nm CMOS technology,
whereas the present one uses a 130 nm technology. The transistors were sized based
on the sizes presented in [39], making only adjustments due to the different
technologies.
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In normal operation, considering that vqq = 1.2 V and a temperature of 27 °C, the
nominal output voltage of the VRC is 230.9 mV. The supply current, in this case, is
139.5 nA. These data are shown in Fig. 5.32b. In Fig. 5.33, the supply current and
the reference voltage values, as a function of temperature, for different supplying
voltages, are shown.

5.6.4 Differential Voltage Amplifier

The topology of the amplifier is shown in Fig. 5.34. This amplifier has a
power-down feature (pd) to disable it, in order to turn off the voltage limiter circuit.
The input stage of this amplifier uses PMOS devices, as the typical values of the
input voltage are around 200-300 mV.
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Fig. 5.33 Temperature dependence of the supply current, and generated voltage reference, for
different supplying voltages, for the VRC being used

5.6.5 Stability Analysis

Since this is a closed loop system (Fig. 5.31), it is important to analyze its stability.
The feedback network is constituted by Ry, R», C, and C;, (parasitic capacitance at
the amplifier input). The feedback factor, f, is given by

_ Vvdd Ry + sC.R IRy

ﬂ(é‘) Vdd B R+ Ry + SR]Rz(CC + Cp) '

(5.25)

The impedance, Z,,, of the feedback network from vyq to ground, is

Ry + Ry + SR]Rz(CC + Cp)
Z = . 5.26
22(s) (1+sRCe)(1+ SRsz) ( )

The small-signal model of the amplifier, including the output transistor M, is
depicted in Fig. 5.35.

As the output variable, i, is the current drawn from the v4q node, and the input
variable is the input differential voltage of the amplifier (v,), there will be a
transconductance function Gy,(s) given by

Lout 8m18m28m3
Gm(s) =—= . 5.27
M( ) Vx (gdsl + SCoull)(gdSZ + scoulZ) ( )

The impedance seen from vgq to ground, defining R, = (g4sm D '+ Rp, is
Zout($) = Zop ($)I1(1/sCs)/IR,. (5.28)

Let us consider the loop of the system in Fig. 5.31 to be open before the “+”
terminal of A;. Now, by injecting signal in the “—” terminal, and computing the
ratio to the signal obtained at the output of the feedback network, the loop gain is
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GL(s) = Gm(s)Zow () B(s). (5.29)

This function has four poles and one zero. Their expressions are as follows,
considering that Cy, connected to the output node, has a value much higher than
that of C.. and Cp:

8ds2 _ 1

8dsl
for = ;
P 27 Cout1

(5.30)

1
Jos = 21 (Ri//Ry)(Ce + Cp)" 7% 2mR,C.’
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Fig. 5.35 Small-signal model of the amplifier and the output M, transistor

The values of f,4 and f, can be approximately equal, by selecting an appropriate
value for C,, thus canceling out each other, making the system equivalent to having
only the other three poles. This is useful in improving the phase margin of the
system.

Assuming that R; + R, > R,, which is the case, the DC loop gain is given by

gmlgm2gm3R2Ro

GL(0) = SmiEmEm Ko
(0) 8dsi&as2(R1 + Ry)

(5.31)

The magnitude and phase of the open loop gain are determined by performing an
AC sweep analysis, which is shown next in Fig. 5.36a and b, respectively. C. is
swept from 0.8 to 2.0 pF, to check what would be the consequence on the phase
margin of the system. In these simulations, the value of the storage capacitor, Cg,
was 1.8 pF.

It can be seen, in the close-up inset in Fig. 5.36a, that regardless of the value of
C., the zero crossing of the loop gain function occurs at about 32 kHz. As seen by
the close-up inset in Fig. 5.36b, at the previous frequency, the spreading of phase
values according to the value of C, results in a minimum phase margin value of 57°.
In order to have an acceptable phase margin value of 60°, the value of C. was
selected to be 1.4 pF. It is important to note that, if the value of Cy, is increased, the
phase margin will also increase.

The value of 1.8 uF, which is a mere commercially available normalized value,
is still a relatively small value for a storage capacitor, as this device can get to units
of Farads, or largely more [40]. Thus, this value corresponds to a worst case.

5.6.6 Simulated Performance of the Voltage Limiter

In order to check the behavior of the voltage limiter circuit, it was simulated in
Spectre. In Fig. 5.37a and b, there are shown the results of a DC sweep and a
transient response, with a period of 15 ms, respectively, so as to demonstrate the
correct operation in different ways.
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Fig. 5.36 Magnitude (a) and
phase (b) functions of the
feedback loop circuit of

Fig. 5.31
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The function in Fig. 5.37a was obtained by running a DC sweep, using Vi, on
the right hand side of the dashed line in Fig. 5.31. The function in Fig. 5.37b was
obtained by using a square wave voltage generator in place of Vi.y. As seen in both
Fig. 5.37a and b, the voltage limiter comes into action whenever the voltage in the
v4q node tends to be higher than the limit. The voltage, at which the limitation in vyq
is achieved, is about 1.31 V, which is inside the desired limit. In these tests, the
supply current of the amplifier was, typically, about 900 nA.
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Fig. 5.37 Simulated
performance: a DC sweep
response. b Dynamic transient
response
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5.7 Conclusions

In this chapter, the design of the proposed energy harvesting system was presented.
Moreover, the design of each individual module of the system has been described.

These modules are the SC voltage doubler, the phase controller, the local supply,
the start-up, and the voltage limiter, as shown by the block diagram of Fig. 5.1. The
voltage doubler uses a charge reusing technique in order to reduce the loss because
of the bottom plate parasitic capacitance. The phase generator provides the nec-
essary control to the switches in the voltage doubler by using an asynchronous state
machine that implements the Fractional Voc MPPT method. The local supply is a
smaller replica of the main voltage converter, in order to provide a power supply to
the inner modules of the system, independent from the main output voltage. The
start-up module is required to start the system up by using the available ambient
energy and to provide a power-on-reset signal to initialize the phase controller. The
voltage limiter has the purpose of preventing the output voltage from increasing
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above a determined level, should the system undergo a much stronger light intensity
than the one that served as the basis for system design.

Next, in Chap. 6, the layout of each of these modules will be described, as well
as the processes by which the outside world can interact with the integrated pro-
totype, so as to set features or to observe signals.
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Chapter 6
Layout of the System

Abstract In this chapter, the layout process is described, along with the strategies
and options that were taken. Every structure that makes part of the proposed system,
from the smallest to the largest, is treated at the layout level, emphasizing some
particular features that are only brought up at this stage. A general overview about
the occupied area will be taken. In addition, the physical interface that will serve as
the basis of the setup of an assessment test bed, which will be further detailed in the
next chapter, is also presented.

6.1 Introduction

After the system is defined, and the electrical design of its constituting circuits is
concluded, it is necessary to lay out the masks that will define the manufacturing
process of the integrated circuit prototype. During the layout process, it is necessary
to consider the parasitic effects of the concrete physical implementation of the
different circuits, because these can change the performance of the circuits that were
previously designed.

Therefore, the layout process has to take into consideration these non-ideal
effects and to include a verification of the exact electrical performance of the circuit
by using electrical simulations of the circuit extracted from the layout, which
includes the parasitic components. This chapter will describe this process. The
layout of the entire prototype circuit, in a 130 CMOS technology, located inside the
26-pin pad ring, is shown in Fig. 6.1. The next sections of this chapter will describe
the layout process of each constituting block of the prototype integrated circuit.
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Fig. 6.1 Entire die layout
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6.2 SC Voltage Doubler
6.2.1 Switches

When looking in Fig. 5.12, where the SC voltage doubler was presented, it is
possible to observe a total of eight switches that perform the switching of the
capacitors. Six of these switches are implemented by using a transmission gate. The
other two switches, which are the lowest switch in each of the branches, are
implemented by using a simple NMOS transistor. The voltage values that are
involved in the control of these switches are such that there is no need to use a
transmission gate.

The symbol of the switch and the electric circuit of the transmission gate that
implements it are shown in Fig. 6.2a, and the layout structure of this transmission
gate is shown in Fig. 6.2b. In Fig. 6.2a, the substrate connection is omitted, but the
substrate of the PMOS and NMOS is connected to v4q and to ground, respectively.

The upper device of the transmission gate is a PMOS and the lower one is a
NMOS. The sizing of the PMOS is (W/L)ppos = 63 pm/0.12 pm, using four fingers
and a parallel connection of three devices, while for the NMOS, one has
(W/L)nmos = 63 pm/0.12 um, using one device with twelve fingers. The need to
have three PMOS devices in parallel is due to their conductivity, which is about
three times lower than for a NMOS device with the same size [1]. This procedure is
commonly used throughout the layout of this circuit, when dealing with logic or
switching structures. The sizing of these transistors was addressed in Sect. 5.2.1.1.
The upper and lower rails are used to tie the n-well to v4q and the substrate to ground,
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Fig. 6.2 Layout of the switches of the SC voltage doubler: a symbol and electric circuit, b a single
transmission gate and ¢ the whole set of switches that manages the step-up process in the upper
branch of Fig. 5.12

respectively. The set of four switches that are used in each branch of Fig. 5.12, and
are controlled by signals ¢, and ¢3, coming the phase (MPPT) controller, is shown in
Fig. 6.2c, for the case of the upper branch. In case of using the lower branch, the
phase signals ¢; and ¢5 should be swapped.

According to what was mentioned above, in Fig. 6.2c¢, it can be observed that
there are three transmission gates and one NMOS transistor. This last one, which
stands for the switch located in the lowest position in each branch, has its size equal
to the NMOS device of the transmission gate. The transmission gate that controls
phase ¢,, which is responsible for the charge reusing technique, as described in
Sect. 5.2.1, has the same characteristics and structure as the one in Fig. 6.2b.

6.2.2 MOSFET Capacitors

The capacitors used in the voltage converter circuit are implemented using
MOSFET devices, as it was mentioned before. The optimum capacitance value was
determined in Sect. 5.3.2.1. Each MOSFET capacitor, of each branch of Fig. 5.12,
has a value of 550 pF. Each of these capacitors is built using smaller capacitors
connected in parallel. This strategy allows for a more flexible layout procedure.
The capacitors in the two branches were laid out using the common centroid
technique [1-3], in order to reduce the mismatch between them. This technique
results in variations in the manufacturing process affecting both capacitors in the
same way, thus guaranteeing a good matching between the capacitance values.
Figure 6.3a represents the conceptual principle that served as the basis for the
layout of the MOSFET capacitors. It consists of four individual capacitors, each
having (W/L) = 50 pm/2 pm, each of them with four fingers. The capacitors
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Fig. 6.3 Layout of the MOSFET capacitors: a concept, b single structure, ¢ complete structure

associated with each elemental capacitor are laid out diagonally, in a single
structure, as depicted in Fig. 6.3b.

Thus, this unitary structure contains the two elemental capacitors, one of each
branch, named C; and C,. Each of the elemental capacitors, C; and C,, has a
capacitance of 2.2 pF. This value was determined by simulating, using Spectre, the
circuits of Fig. 6.3a, biased with 0.6 V.

The connections to this capacitor are placed such that when the capacitors are
positioned side by side, vertically or horizontally, each capacitor is connected to its
neighbors and a larger capacitor, formed by the parallel connection of all the
smaller capacitors, is automatically obtained. Figure 6.3c shows the whole set,
containing both of the capacitors of the switched branches.

Here, as a consequence of the adopted elemental structure, the two capacitors
form like a chess pattern interleaved with each other, vertically and horizontally.
The top and the bottom plates of each of the capacitors are accessible through four
metal rings, each at a different metal layer, all of them, around the complete
structure. The purpose is to make any of the plates accessible at any place, all
around. Because of the size of the complete MOSFET capacitors, which are the
biggest of the modules in this system, it is important to have this spatial flexibility
for accessing the terminals of both C; and C,.

In addition to the MOSFET capacitors themselves, the elemental structure of
Fig. 6.3b has several layers of parallel metal plates placed on top of it, so as to have
a structure similar to a MoM capacitor. It was possible to stack three pairs of metal
plates, allowing for an additional capacitance to that of the MOS capacitors without
an increase in area. Also, the capacitance introduced by the metals is linear, such
that the total capacitance is a combination of linear capacitance of the metals and
the nonlinear capacitance of the MOSFET capacitors.

According to the results of the electrical simulations of the extracted capacitor
circuit, including the capacitances from the additional metal layers, the total
capacitance of the elemental structure is 2.35 pF, thus increasing by 150 fF, when
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compared to the case of having only MOSFET capacitance. When compared to the
initial estimation, this increase in the original capacitance allowed for saving an area
of about 7 %, while maintaining the same expected capacitance for the complete
structure. The layout area occupied by the structure in Fig. 6.3¢ is 0.1697 mm?, by
using this structure of metal capacitance added to MOSFET capacitors.

When looking at the final structure, there are (16 x 15) elemental structures,
giving a total capacitance of 564 pF. This is 2.5 % more than the originally cal-
culated, i.e., 550 pF. This little increase in the total capacitance, as explained in
Sect. 5.3.2.1, benefits the efficiency.

The elemental capacitor layout structure of Fig. 6.3b is used in many places in
the layout of the system, whenever there is a need to have decoupling capacitors.
Since the MOSFET capacitors have a good capacitance density, these have been the
ones used in this system, for decoupling purposes. One example of such use is
shown next, in Sect. 6.3.3.

6.3 Phase Controller

The phase controller is the module that implements the MPPT algorithm and that
controls the frequency and the timing of the switches, allowing for the system to
operate optimally. This control is done through the operation of the ASM, whose
details were presented in Sect. 5.3.2. More generally, the operation of the phase
controller circuit is described in Sect. 5.3.

The circuit of Fig. 5.17, implementing the phase controller, has a diversity of
individual structures. This circuit comprehends logic gates, delay circuits, com-
parators and a voltage divider, and its decoupling capacitor.

6.3.1 Logic Gates

The logic gates used in the ASM are of various types. The most basic of them is the
logic inverter (NOT). There are also AND gates, OR gates, and S-R latches.

The logic inverter uses two MOSFET devices with the minimum length allowed
by the technology, in order to obtain the smallest area and power dissipation
possible. The sizes of the devices are (W/L)nmos = 0.2 um/0.12 pm and
(W/L)pmos = 0.6 um/0.12 pm. The electric circuit and the layout of the inverter are
shown in Fig. 6.4.

The AND gates were implemented by cascading a NAND gate with a NOT gate.
All of the MOSFET devices involved have the same sizes as those just discussed
above for the logic inverter, depending whether these are PMOS or NMOS. The
electric schematic and the final layout of the AND gate are shown in Fig. 6.5.

As for the OR logic gate, just like for the AND gate, this structure uses a NOR
gate cascaded with an inverter to obtain its logic function. This is shown in Fig. 6.6.
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(a) (b)

Fig. 6.5 AND logic gate: a logic symbol and electric circuit, b layout

The last structure in the ASM that is made entirely from logic gates is the S-R
latch. This logic structure uses two NOR gates, as shown in Fig. 6.7.

6.3.2 Delay Circuits

As already mentioned in Sect. 5.3.1 and shown in Fig. 5.19, there are four delay
circuits that determine the minimum duration of each state in the ASM, as well as
they define the duration of phase ¢,.
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Fig. 6.6 OR logic gate: a logic symbol and electric circuit, b layout
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Fig. 6.7 S-R latch: a logic symbol and internal logic circuit, b layout

There are two amounts of delay that are introduced into the cycle of the ASM.
The first one is the minimum duration of statel or state3, while the second one is
the duration of phase ¢,. When considering that this delay circuit is being supplied
with 1.2 V, the durations of these delays are approximately 12 ns and 18 ns,
respectively. These timings are achieved by using a MOSFET capacitor of
approximately 100 fF and 160 fF for each case, respectively. By assigning this
capacitor (Cyelay) as a given capacitance value, it is possible to control the amount
of the desired delay. The values that were presented were adjusted empirically,
according to simulations in Spectre, using the “Typical” corner, while observing the
performance and the behavior of the ASM. The capacitor Cgejay is @ MOSFET
capacitor, with one of the two values previously mentioned, which is laid out
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Fig. 6.8 Layout of the delay circuit, except for the MOSFET capacitor that defines the amount of
delay

immediately next to the left-hand side of the layout of the rest of the delay circuit,
which is depicted in Fig. 6.8. In this layout, Cgeay is not included.

The inverters used in the delay circuit have different sizing from those used in
the logic gates. The former have longer channels in order to add some more delay.

6.3.3 Voltage Divider and Its Respective Decoupling

As it was described in Sect. 5.3.2, it is necessary to guarantee that the
switched-MOS capacitors, when connected to the PV cells, are charged to at least
95 % of the input voltage value (vyvos, > ve and vyosp > vp)- This reference
percentage is obtained by applying v;, to a voltage divider with a ratio of the same
value. Moreover, since this voltage is applied to the comparator circuits, and it
should be as stable as possible, the output of the voltage divider is conveniently
decoupled. The electric circuit and its layout are shown in Fig. 6.9a and b,
respectively.

In this circuit, x = 0.95. The total amount of resistance of the voltage divider,
R,q, is limited to 1 MQ because increasing this resistor further would not result in a
significant power reduction, but would result in an unacceptable large area. The
physical resistance is obtained by putting in series forty resistors, each of them, with
about 25 kQ. These can be observed at the left-hand side of Fig. 6.9b. The
decoupling capacitor, located at the right-hand side of Fig. 6.9b, is made from the
same structures as the ones that were used for the MOSFET switched-capacitors.
The main difference, in the case of this module, is that the two independent
capacitances were connected in parallel, so as to have twice the capacitance of a
single capacitor. Thus, the total amount of decoupling capacitance is about
4 x 2 x 235 pF = 18.8 pF.
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Fig. 6.9 a Schematic, b layout of the voltage divider that provides vg (95 % of v;,)

The area of this simple structure occupies a large part of the layout of the phase
generator, with about 6650 pm?.

6.3.4 Comparator Circuits

The comparators used in the ASM were adapted from [2], but have a power-down
feature that allows them to be switched-off, while its use is not needed. The
schematic of the comparator circuit is shown in Fig. 5.20.

As this is a differential circuit, special care must be taken while laying it out. The
differential sections of the circuit, like those involving M;,—Mg and Mp3—M,,4, were
laid out by using the common centroid technique. By doing so, the matching
between the two sides of the differential pair is improved, allowing for the circuit to
have a smaller offset voltage. In addition, in the differential sections, dummy ele-
ments were used, in order for the boundary of each element to be the same, once
again, improving the matching between the two signal paths in the comparator.

The sections of the circuit involving M3;—Mo, Ms—M5, Mg—M7, My1—My»,
M3—My4, and M g—M,9 were also laid out employing the common centroid
technique, so as to ensure a symmetry, as best as possible, between each of the
transistors in these pairs.

The logic inverters that are used to generate the output voltage and to negate the
power-down (pd) input signal are exactly the same as those previously explained.
When the pd signal is HIGH, the amplifier is enabled to work, or disabled,
otherwise.

The total area of the layout of this circuit is about 704 pm? and it is shown in
Fig. 6.10.

Since the current drawn by the comparator can be very high during the com-
parison time, a local decoupling capacitor is added between the vqq and the ground
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Fig. 6.10 Layout of the
comparator circuit

nodes of this circuit. This capacitance, once again, uses the basic structure of the
MOSFET capacitors used for decoupling other structures, with the capacitors
connected in parallel. The total decoupling capacitance for each comparator is
2 x 2 x 2.35 pF = 9.4 pF. This capacitor is shown in Fig. 6.11: one half located
below the comparator circuit and the other half located above it. Figure 6.11 shows
the whole layout of the phase generator. The total layout area of the MPPT phase

generator, including interconnections, is 0.0213 mm®.

6.4 Local Supply

The local supply strategy, as explained in Sect. 5.4, allows for the system to be
immune to the load variations. This module is, basically, a smaller replica of the
main SC doubler of Fig. 5.12, having the switches and the switched-capacitors,
scaled down to 20 % of the size of the main circuit, as determined before. The
layout of this module can be observed in Fig. 6.12.
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Fig. 6.11 Complete layout of the MPPT fractional Vo phase controller circuit

Fig. 6.12 Layout of the local
supply module

In addition to the local supply SC circuit, it is necessary to use a decoupling
capacitor to stabilize the local power supply voltage (vq4q). It was decided that the
value of this capacitance should be at least 300 pF. Thus, the decoupling capaci-
tance uses sixty-four elemental structures like those of in Fig. 6.3b, with the
individual capacitors connected in parallel, so as to have twice the value of a single
capacitor. As such, the total amount of decoupling capacitance is
64 x 2 x 235 pF ~ 301 pF. The total die area occupied by the local supply and the
associated decoupling capacitance is 0.0839 mm?.
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6.5 Start-up Circuit

In Fig. 6.13, the layout appearance of the start-up circuit is shown.

The start-up circuit, whose schematic is shown in Fig. 5.28, occupies an area of
0.0189 mm?. Similarly to the approach that was followed in the local supply module,
the timing capacitor uses twenty elemental structures like those of in Fig. 6.3b.
In this module, just like for several other situations, the two independent capaci-
tances were connected in parallel, to have twice the value of a single capacitor. Thus,
the total capacitance of this capacitor is about 20 x 2 x 2.35 pF ~ 94 pF. This
capacitor occupies most of the area of this circuit, while the remaining transistors and
substrate connections are laid out in the lower right-hand corner of the area occupied
by this module.

6.6 Voltage Limiter Circuit

The layout of the voltage limiter circuit, presented in Sect. 5.6, is described next.

6.6.1 Voltage Reference Circuit

The layout concerning the VRC, which makes part of the circuit depicted in
Fig. 5.31, is shown in Fig. 6.14.

This layout corresponds to the circuit shown in Fig. 5.32a. The original circuit
was laid out in the 180-nm technology [4] and the present one uses the technology

Fig. 6.13 Layout of the
start-up circuit
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Fig. 6.14 Layout of the voltage reference circuit

of 130 nm. The original sizing of the transistors is documented in [4]. The layout of
the present VRC occupies an area of 15,647 um?.

6.6.2 Differential Voltage Amplifier

In Fig. 5.31, one element of the schematic is a differential voltage amplifier, which
amplifies an error voltage. In Fig. 6.15, it is shown the layout of this differential
amplifier circuit.

This layout corresponds to the circuit shown in Fig. 5.34a. In this circuit, there
are also some differential pairs, as in the comparator circuit of Fig. 5.20, whose
layout is shown in Fig. 6.10. Thus, the common centroid layout technique was used
once again for this amplifier, just like before, for the comparator. The total occupied
area is 500 pm>.

Fig. 6.15 Layout of the
differential amplifier circuit
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Fig. 6.16 Layout of the complete voltage limiter circuit

6.6.3 Complete Layout of the Voltage Limiter Circuit

The complete layout of the limiter circuit, corresponding to the entire circuit shown
in Fig. 5.31, with the identification of the individual modules, can be observed in
Fig. 6.16.

This layout occupies a total area of 22,435 um?, in which 4278 um? correspond
to the combined layout area of the differential amplifier, its decoupling using MOS
capacitors, the compensation capacitor, transistor M; and Rp. An area of
15,647 um? is assigned to the VRC, and the remaining 2510 pum? are occupied by
the resistive voltage divider.

6.7 Overall Circuit and Pin Assignment

The total die area occupied by the circuit, accounting for the modules that have
been described so far, yet excluding the voltage limiter circuit, is summarized in
Table 6.1.

Table 6.1 Partials and total Module Area (mm?)

layout areas - -
Main MOS capacitors 0.1697
Local supply and respective decoupling 0.0839
Start-up 0.0189
Switches 0.0019
Fractional Vo phase generator 0.0213
Total 0.2957%

245 % (interconnections) = 0.31 mm?
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Fig. 6.17 Relative area occupied by each module

In order to better illustrate the relation of the areas occupied by the various
modules, Fig. 6.17 shows the percentage of the total area assigned to each one of
them.

The voltage limiter was not included in the total value because, in the real
situation, as it will be seen in Sect. 7.2, there was no need to use this module.
Moreover, the spatial distribution of the modules was only with prototyping pur-
poses, so the area used for interconnections was also included, and an estimation of
5 % of the sum of the area of the individual modules was considered. As such, the
total occupied die area is 0.31 mm?. If the concern was to have a final product, it
would make sense to place the modules tight together, so as to have a smaller
occupied area. From the total, the area occupied by MOS capacitors, for the SC
step-up circuits and for decoupling the local power supply voltage, is about
0.2536 mm>. If, instead of MOS capacitors, MiM capacitors had been used, the area
would have been about eight times larger [5], i.e., 2.03 mmz, which is quite
significant.

Fig. 6.18 Layout of the system and die photograph
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Fig. 6.19 Pad ring and pin
assignment
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The entire system layout and a die photograph of the prototype integrated circuit
are shown in Fig. 6.18. The silicon die with the prototype circuit was glued to a
PCB and its pads connected directly to the latter by using bond wires, as it can also
be observed.

A pad ring, which can be clearly identified in Fig. 6.1, is used to interface the
prototype to the outside world, as well as to protect it against electro-static dis-
charge (ESD). Each input and output has an assigned pin, as well as for auxiliary
signals for prototype testing purposes. Also, there are multiple ground pins to keep
this node the more accessible as possible by the individual modules. All of these
requirements had an influence in the distribution of the modules, forcing them to be
located in accordance with the physical pin. Figure 6.19 shows the pin assignment,
as well as the pad ring that surrounds the system.

The functionality of each pin is explained in Table 6.2.

In order to give a clearer idea of how these pins interconnect to the system
modules, Fig. 6.20 is shown.

The input signals ResetOff and ResetOn only exist for a precaution purpose at a
prototyping level, to provide a way to unstuck any situation that does not allow for
the system to start, in case of failure of the start-up module. These signals are to be
kept at logic 1 and 0, respectively, for normal circuit operation.

The v4q_test pins are used to power the test buffers that drive the phase signals,
as well as the reset signal, to the output, in order for these signals to be conveniently
observed and measured by an oscilloscope or multimeter, as it will be explained in
Sect. 7.2.2.

The pin Sel_FVgc serves to turn ON or OFF the phase generator that imple-
ments the Fractional Voc MPPT method. If this module is to be disabled, the ASM
will be stopped in its initial state (see Fig. 5.16), thus not dissipating any power,
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Table 6.2 Designation and functionality of each pin

Pin Functionality

designation

Vs Ground terminal

vaa_StUp Supplying terminal of the start-up module

Vgq_ph Supplying terminal of the phase controller module

Vad_SW Power tying terminal of the set of switches and the switched-MOS capacitors

vaa_LS Output pin of the local supply module

Vgq_lim Supplying terminal of the voltage limiter module

Vgq_test Supplying terminal of the buffers that drive the phases and reset signals to the
outside, for observation and measurement

Vgq_test Auxiliary terminal for vgq_test, to distribute this supplying voltage over the

(dummy) pad ring

Vin Input voltage of the step-up voltage doubler (v;,)

Vout Output voltage of the step-up voltage doubler (voy,)

v_MPP Input for the voltage corresponding to the maximum power point (Vyipp)

Reset_On Test pin to hold the reset signal HIGH (in case of failure of this module)

Reset_Off Test pin to hold the reser signal LOW (in case of failure of this module)

Sel_FV,. Input selection to enable the fractional Voc MPPT phase generator

pd_lim_vyq Power-down feature for the limiter of the vqq_LS voltage

pd_lim_vy, Power-down feature for the limiter of the v, voltage

phil_test Buffered output signal, corresponding to phase signal ¢,

phi2_test Buffered output signal, corresponding to phase signal ¢,

phi3_test Buffered output signal, corresponding to phase signal ¢3

reset_test Buffered output signal, corresponding to the reset signal

because of the absence of dynamic operation. With respect to comparators, these
will be disabled, by using their power-down feature. The output phase signals are
connected to a set of three buffers. These buffers drive the phase signals to the
switches of both the main and the local supply SC voltage doublers. The structure
of this array of buffers is shown in Fig. 6.21.

The main difference between these inverters, and the ones already described, is
their size. These have (W/L)ppos = 3 pm/0.12 pm and (W/L)xyos = 1 pm/0.12 pm.
The reason for this sizing stems from the need to conveniently supply or sink the
charges for the total parasitic capacitance of the switches of both doubler circuits.

The layout of this structure, which was used as a single module, as of Fig. 6.20,
is shown in Fig. 6.22. The total area that it takes is about 100 pm?.

The supplying strategy was to power each individual module by distributing the
output voltage generated by the local supply step-up converter (vqq_LS, which has
been formerly designated as vq4q). This distribution is achieved at the board level, by
connecting vgq_LS to the supplying terminals of the other modules. By having an
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Fig. 6.20 Pin diagram for interconnection to the prototype PCB
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Fig. 6.21 Array of buffers to drive the switches of both SC voltage doublers

individual power supply terminal for each module, it allows for a separate analysis
of the power being dissipated, if desired. This explains because there are terminals
such as: vqq_StUp, vqq_ph, and v4q_lim, when in fact, all of these are the already
known vggq.

Similarly, there was also the need to have a distributed ground, so to speak.
Physically, each module has a ground pin (vg) close to it, so as not to concentrate
the ground terminal in one pin alone.
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Fig. 6.22 Layout of the set of
output buffers
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6.8 Extracted Layout Simulation

During the layout procedure, it is necessary to comply with the designs rules, which
are tested by running the design rule check (DRC) tool and also to perform the
layout versus schematic (LVS) verification at the end of the layout of each module.
Moreover, if any problem should subsist, and the layout does not fully match the
original electric schematic, the designer can be sure that the odds of having a
working circuit are practically nonexistent.

With the system completely and correctly laid out, having the DRC and LVS
tests passed with success, the next step is to check if indeed the circuit, which is
now at the physical level, is functional according to what it is expected to do.
Having such a structure, which is not ideal anymore, the designer may wonder
whether the physical realization of the circuit will still comply with the desired
performance. Thus, a test can be performed by running simulations just as before,
but now with the non-ideal characteristics that were added when building up the
physical structure, and that distinguishes it from the original electrical simulations
at the schematic level.

The parasitics associated with the layout of the circuit are obtained using an
extraction tool. This software allows for extracting the resistances, the capacitances,
or the combination of both, which now makes part of the actual electrical circuit, as
a natural consequence of its physical realization. The extraction of resistances leads
to a very large netlist and adding the parasitic resistors would not cause a significant
deviation of the behavior of the circuit, so only capacitances were extracted,
because the overall system is already considerably large and a simulation of it
would be very time consuming.

As a result of the extraction, a new netlist is created, containing not only the
devices that already were part of the original modules, but also new parasitic
capacitances that are added due to the extraction process. These capacitances exist
between nodes and from the various nodes to the substrate. In addition to having the
parasitic capacitances, the pads used in the pad ring are also considered, and its
netlist is also used, so as to have a match as best as possible to the actual physical
system.
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With all the necessary conditions gathered, a simulation of the extracted circuit
was performed, just to check whether the system was able to start-up and to reach a
working steady state. The input voltage source was set to 1 V and the MPP voltage
to 0.5 V. The load being supplied (Ry) has the value of 50 kQ. A transient simu-
lation was started and taken up until 1 ms. The resulting waveforms for the input
voltage (v;,), local supply output voltage, (v4q) and system output voltage (v,,,) are
shown in Fig. 6.23, as in the actual simulator program.

It can be seen that the input voltage, in the steady state, is around 0.5 V, which is
the value of the MPP voltage. This shows that the ASM is correctly working, since
the MPPT method is achieving the goal of making the input voltage to equal the
MPP voltage. This voltage is then increased by a step-up converter. The simulation
being shown lasted for more than two days and four hours to complete, under a
conservative profile, so as not to lose too much information.

The results shown by the graphs in Fig. 6.23 foresee that the system, after
fabrication, will be likely to work as expected.
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Fig. 6.23 Transient evolution of voltages v;,, vqq, and vy, during the extracted layout simulation
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6.9 Conclusions

The layout of the individual modules that make part of the energy harvesting system
was described in this chapter. Each of the modules that make part of the block
diagram shown in Fig. 5.1 had their layout shown, as well as the individual con-
stituting structures.

An approximate area value was presented for each module and for the complete
structure, including the interconnections between modules. The total area is about
0.31 mm”.

A pad ring was used, in order to protect the integrated structures from ESD when
the integrated prototype is to be manipulated for PCB assembly and further testing.

The layout of the complete system had its capacitive parasitics extracted,
enabling for the simulation of the energy harvesting system at the layout level. This
simulation indicated that the system was able to start-up and to track the MPP
voltage, thus indicating that the ASM and the MPPT method are working. This fact
allows for having a good expectation about how this real physical energy harvesting
system will perform. This will be described next, in Chap. 7.
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Chapter 7
Experimental Evaluation of the Prototype

Abstract This chapter presents the whole set of experimental procedures that led
to the final assessment results about the system proposed in this book. Several
parameters are analyzed, and, in some of them, the proposed system is able to go
beyond the state of the art. Moreover, and most important, the system is able to
work correctly in an indoor environment where the amount of available light is
relatively scarce, proving that the proposed concept is viable, just as outlined as the
main goal.

7.1 Experimental Prototype

In order to experimentally evaluate the integrated circuit prototype, a printed circuit
board (PCB) was designed. This PCB allows to access all the pins of the prototype
IC and also connects the prototype to external components and auxiliary voltages.
In addition to the functionalities described in Table 6.2, there is also the possibility
to establish initial conditions to the device under test (DUT), which is illustrated in
Fig. 7.1.

The switches identified as Sy and S, are implemented in the PCB using com-
mercially available analog switches (74HCT4066D). When the test switches Sy and
S are actuated, the voltage source (PV cells) is disconnected from the input of the
system, and any capacitors present at the input and output pins are discharged,
bringing these nodes to a 0 V condition. When the test switches are not actuated,
they rest in their default position, allowing for the system to work as expected.

The prototyped integrated circuit was glued to a small PCB, which is designated
as “daughter board.” This allows for having more than one daughter board, each
with a different sample of the prototype system. These daughter boards can be
easily connected or disconnected from the main PCB (the “motherboard”), thus
allowing to test multiple samples with minimum inconvenience. The layout of this
board is shown in Fig. 7.2a, and the picture of a daughter board with a sample
attached to it is shown in Fig. 7.2b. The prototyped silicon die is glued to the center
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Fig. 7.1 Establishment of initial conditions to the voltage doubler system
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Fig. 7.3 Complete PCB (motherboard), during the tests campaign

of the board, and the electrical connections between the board and the die are made
using bonding wires. On top of the die and the bond wires, there is a transparent
plastic for protection.

The “motherboard” contains the circuitry to perform the tests and measurements
that are required to assess the performance of the prototype, as well as the inter-
connections to the daughter board, and is shown in Fig. 7.3. In this figure, it is
possible to observe a daughter board at the center of the motherboard.

To conclude the presentation of the experimental prototype, Fig. 7.4 shows the
whole experimental workbench, in which it can be seen, in addition to the prototype
PCB, the laboratorial equipment that was used to obtain the results.

7.2 Experimental Results

This section presents the tests and the results that were obtained from the labora-
torial evaluation of the prototype that has been designed and manufactured.

7.2.1 Experimental Evaluation of the Start-up Circuit

The experimental setup for the test of the start-up module is shown in Fig. 7.5.
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Fig. 7.4 Experimental apparatus

Fig. 7.5 Experimental testing

setup for the start-up module Dy
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The DUT is the energy harvesting system, which is connected to Vg, through a
resistor of 4 k€, so as to simulate the PV cells.

Since the transient current and energy used by the circuit during start-up are very
small and difficult to measure, these values were estimated by running electrical
simulations of the circuit, using Spectre. After start-up, the current drawn by the
circuit is negligible.
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The available input power depends on the value of Vg, which corresponds to the
open-circuit voltage of the PV cells. The reset signal is buffered so that the
capacitance of the oscilloscope probe does not load the inner reset node. This buffer
is supplied by Vpp_est-

The first test replicates a high light intensity situation, where Vg abruptly changes
from O to 2 V. Figure 7.6 shows the start-up behavior: Firstly, vy, and vy4q are
shorted together, and then, after the reset signal ceases, both v;, and v4q follow their
course. The reset pulse lasts for 60 ps, and the estimated required energy and
average supply current of the circuit, during this interval, are 384 pJ and 6 pA,
respectively.

The next test corresponds to a low light intensity situation, where Vg is now
390 mV. As shown in Fig. 7.7, the circuit successfully starts up. In this test, Vpp_est
is decreased down to 0.5 V, so that the reset buffer can correctly discriminate

Fig. 7.7 Start-up with Tek At ® Acq Complete M Pos: 200.00s ACOUIRE
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between logic levels. The reset pulse holds for 249 ps, and the estimated energy and
average supply current during the reset pulse are 5.3 pJ and 50 nA, respectively.

In the last test, the rising of v, is slowed down, by placing a 100-nF capacitor
from this node to ground. The waveforms for this situation, including Vs, which is
1.2V, are depicted in Fig. 7.8. The value of Vpp ey 18 set to 1 V. The reset pulse
duration is 165 ps. During the start-up pulse interval, the estimated energy and
average supply current are 132 pJ and 863 nA, respectively.

In addition to the previous tests, the circuit was also tested using two amorphous
silicon PV cells in series, with a total area of 14 cm?. These cells are described in
detail in Appendix B. The circuit was able to start up the whole system, in a very
low illuminated environment, where the measured irradiance was only 0.18 W/m?.

After this experimental evaluation of the start-up module, it has been confirmed
that the circuit was able to correctly start up the indoor light energy harvesting
system, even for an input as low as 390 mV. In this case, an estimated energy of
only 5.3 pJ was used by the circuit.

7.2.2 Experimental Evaluation of the DC-DC Converter

The previous test showed that the indoor light energy harvesting system is able to
successfully start up. After the system starts up, it is possible to measure the input
and output voltages and the input and output currents, for different load values.
Using these values, it is possible to calculate the efficiency of the DC-DC
converter.

The experimental setup used for these measurements is shown in Fig. 7.9.

Besides the oscilloscope and the voltage source, which were used in the tests of
the Start-up circuit, the setup of Fig. 7.9 also includes a precision multimeter.
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Fig. 7.9 Experimental setup

As shown in Fig. 7.1, the PCB allows for the setting of initial conditions for the
system (Vin, Vqq, and veye) and provides a power supply voltage (Vpp _rest) to supply a
set of buffers that are used to observe the clock phases of the circuit and the reset
signal. Just like for the setup in Fig. 7.5, these buffers are used so that the oscil-
loscope probe capacitance does not load the node under observation.

In order to measure the power dissipation of the phase controller unit (which
includes the implementation of the MPPT method), the local power supply voltage
(Vad_out) 1s connected to the phase controller (v4q in) through an external resistor
(Ryy) with a value of 10.4 Q. By measuring the voltage drop across this resistor, it is
possible to indirectly measure the current being delivered from the local supply to
the phase controller.

The test board also includes a potentiometer, symbolized by R; and R,, which
creates the vypp voltage, from the open-circuit voltage of the pilot PV cells.

In order to characterize the performance of the circuit independently from the PV
cells, these were initially replaced by a voltage source Vg in series with a resistance
(Rs) equal to 4 kQ. The voltage Vg was varied between 0.4 V and 1.5 V, in order to
change the maximum available input power from 10 to 140 uW, which is the range
where the system was designed to work. The voltage source Vg was also connected
to the fractional V¢ voltage divider (R, and R;), which was adjusted to a factor of
0.5, in order to create the vypp voltage. In this case, the input source of the system
consists of a Thévenin equivalent, and the MPP voltage is equal to Vs/2. In order to
confirm that the system has its maximum efficiency for this set of values, different
combinations of values for Vg and Rg were also tried. The value of Ry was changed
to 0.5, 1, 2, 3, 4, and 6 kQ, and for each case, the load resistor Ry, and the source
voltage Vs were varied and the power efficiency was checked. These tests are
summarized in Table 7.1, where the most relevant cases are shown together with the
measured efficiency for each case.

The measurement results presented in Table 7.1 confirm that, as expected, the
maximum efficiency of the DC-DC converter occurs when Rg is equal to 4 kQ.
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Table 7.1 Summary of the study to determine the value of Ry that yields the best efficiency

Rs (kQ) Range of Vg (V) Range of Ry, (kQY) Best efficiency () (%)
0.5 1.0 —> 14 2—10 38.2
1 1.0 —> 14 4—10 39.2
2 1.0 — 14 6 — 10 59.3
3 1.0— 14 10 — 12 63.4
4 04— 1.5 9—19 70.3
6 1.0 — 1.2 22 — 26 54.5

It should be noted that the efficiency of the converter does not decrease significantly
when Rg is close to the ideal value.

Using the setup of Fig. 7.9, the average values of the voltages and currents of the
circuit were measured with the multimeter for different values of input voltage (Vs)
and load resistance (Ry ). From these measurements, the input power, output power,
and power dissipated by the phase controller were calculated. These values are
shown in Fig. 7.10, demonstrating that the MPPT phase controller keeps the input
power approximately constant, regardless of Ry.

The MPPT allows for the input power of the system to closely track the max-
imum available input power. It is important to note that the circuit operates cor-
rectly even for an available input system power of 8.7 pW. In this situation, the
local power supply voltage is 453 mV and the phase controller is dissipating only
0.085 uW, as depicted by Fig. 7.10b, in the lower left-hand corner of the plot.

The previous measurements were used to calculate the efficiency of the circuit
(1 = PoudPin X 100 %). This is shown in Fig. 7.11a, b.

The maximum efficiency is 70.3 %. It is important to note that this efficiency is
achieved for an available input power of only 48.1 uW. The efficiency of the system
becomes lower, for lower values of available input power, because the power
dissipated by the comparators in the phase controller is constant and does not scale
with the clock frequency. This results in reduced efficiency for low available input
power levels. The efficiency increases with the available input power because the
phase controller power increases less than the power delivered to the load.

As the available input power becomes larger, the local power supply voltage
increases, causing the power of the phase controller to grow faster than the available
input power. This is due to the dependence of the equivalent parasitic capacitance
of the phase controller on the power supply voltage value, thus resulting in a slight
decrease of the efficiency.

It should be noted that the maximum efficiency occurs when the load is 13 kQ,
instead of 16 kQ. This is explained because, when the load resistor is smaller than
the optimal value, the power supply voltage is smaller, resulting in a slightly better
efficiency. The electrical simulation of the circuit of Fig. 5.12 using for C; its
post-layout extracted netlist, and the same values for Ry, fcrk, and Vg that were
recorded for the experimental case resulted in # = 69.71 %, which is very close to
the experimentally measured value.


http://dx.doi.org/10.1007/978-3-319-21617-1_5

7.2 Experimental Results 187
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Some more parameters were measured, such as the individual output voltages
regarding the main (v, and the local supply (vq4q) modules, as well as their
respective voltage conversion ratios. The operating frequency is another parameter
that was measured and whose results are shown. In Fig. 7.12, the values of the
average main and local supply output voltages are shown, as well as the input
voltage, all of them as a function of the load resistance and the input power,
respectively. All of them were measured using the digital multimeter.

By looking at Fig. 7.12a, it is possible to observe that with the increase of the
load resistance, as the demand of output current gets less intense, the output voltage
generated by the main voltage converter has favorable conditions to increase.
Moreover, the input voltage does not remain constant, but slightly increases its
value. This also contributes to the increase of both vgq and vy,. Through the
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analysis of Fig. 7.12b, the sweeping over the input power comes from the sweeping
over Vs. Thus, v;, also increases and, consequently, both v4q and vy, although the
ratio between each of these output voltages and the input voltage is not constant
along this interval. The voltage conversion ratios for both the local supply and the
main voltage converter are shown next in Fig. 7.13.

As for Fig. 7.13, the maximum VCR value of 2 (see Fig. 5.23) is approached.
The output VCR associated to voltage vqq is generally higher than the one asso-
ciated to vy, This can be explained by the fact that the phase controller presents a
less demanding load to the local supply converter than the output load resistance
(Ry) for the main voltage doubler. As such, voltage vqq has better conditions to have
a higher value than v,,,. The situations where the VCR exceeds the maximum value
of 2 can be explained because this voltage has a large ripple (due to the smaller
internal decoupling capacitor) causing the voltmeter to have an error in measuring
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the average value of vq4q. This problem does not affect the measurement of the input
and output voltages (v;, and v,,) because these voltages are decoupled by external
larger capacitors and therefore do not have a large ripple value.

In Fig. 7.14, the clock frequency, as a function of the same variables used for the
cases already presented, is also shown. In Fig. 7.14a, it is clear that with the
increase of the load resistance, there is also an increase in the operating frequency.
The reason is that when Ry increases, it absorbs less power. Since the MPPT is
trying to maximize the power obtained from the input, it will increase the clock
frequency, resulting in an increase of the power dissipated by the MPPT controller
itself. The end result is a decrease in the efficiency of the system. It should be noted
that this corresponds to a case where there is more power available to be harvested
than the amount of power that the system requires. Therefore, a decrease in effi-
ciency is not important. As explained in Sect. 5.3.2, an increase in the operating
frequency results in the increase of the dynamic power dissipation.
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Fig. 7.13 Voltage conversion
ratios associated to v4q and to
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In Fig. 7.14b, with the increase of the input power and. consequently, the
increase of the output power, the operating frequency tends to increase. However,
because of the decrease in efficiency from a certain point, the increase in the input
power does not translate into an increase at the output, and so the operating fre-
quency decreases given those conditions.

7.2.3 Experimental Evaluation of the MPPT Controller

The behavior of the MPPT circuit, explained in Sect. 5.3.2, can be observed in
Fig. 7.15.

At the rising edge of either ¢, or ¢s3, a capacitor (M, or M, of Fig. 5.12) is
connected to the input node, drawing charge from it, and resulting in the decrease of
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the input voltage. The ASM remains in statel until the input voltage is charged to
the vypp value by the PV cells. Only after that, the ASM advances to the next states,
in order to complete the cycle.

Also, in Fig. 7.15, as it was stated in Sect. 5.3.2, it is clear that the durations of
the phase signals ¢, and @3 are not the same, since the ASM must wait for the
condition vy, > vypp to be met, holding the signal ¢; active (see Fig. 5.16).

In Fig. 7.16, it is shown an enlarged waveform diagram which, in addition to the
phase signals shown in Fig. 7.15, allows for seeing the phase signal ¢, between ¢,
and ¢3, corresponding to the sequence of states shown in Fig. 5.16.

In this case, the duration of state2 (and state4) is about 35 ns. As explained
before, in Sect. 5.3.2, this duration is sensitive to the supplying voltage value.

The dynamic response of the MPPT algorithm was tested by using a square
wave signal with two levels (0.5 and 1 V), in place of Vg. This forces the system to
adjust the clock frequency in order for the input voltage (v;,) to track the vypp
voltage. This behavior is shown in Fig. 7.17.

From this graph, it is possible to conclude that the MPPT method can track the
fractional V¢ voltage (which corresponds to the maximum available input power)
in less than 100 ms.

7.2.4 Experimental Results Using the PV Cells

In order to supply power to the circuit, a set of a-Si:H PV cells, with a combined
area of 14 cm?, were manufactured using the procedure described in Appendix B.

These cells were then connected together in order to obtain two cells in series,
and seven of these sets were connected in parallel. The photograph and the elec-
trical characteristic of these PV cells, for a worst-case irradiance of 0.10 W/mz, are
shown in Fig. 7.18.


http://dx.doi.org/10.1007/978-3-319-21617-1_5
http://dx.doi.org/10.1007/978-3-319-21617-1_5
http://dx.doi.org/10.1007/978-3-319-21617-1_5
http://dx.doi.org/10.1007/978-3-319-21617-1_5

7.2 Experimental Results

Fig. 7.17 Input voltage
tracking the vypp voltage.
CHI: vypp voltage, CH2: v,
voltage, CH3: v, voltage,
and CH4: vy4 voltage

Fig. 7.18 a Photograph of
the a-Si:H PV cells (the areas
of the main and pilot PV cells
are 14 and 2 cm?,
respectively), b electrical
characteristics (for minimum
illumination)
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Fig. 7.19 Photograph of PV cells, daughter board, and a 1-F supercapacitor, so as to show their
relative size

Figure 7.19 shows another photograph of the set of PV cells, along with a
daughter board and a 1-F supercapacitor, in order to have an idea of the relative size
of each of them.

Due to a problem during the manufacturing process of the a-Si:H PV cells, which
resulted in a high series resistance, these PV cells have worse performance than the
prototype evaluated in Appendix B. As a result, the MPP voltage of the PV cells is
only about 0.5 of the Vg voltage, instead of about 0.71-0.78 [1]. In normal
conditions, the value of & would have to be set to an experimentally determined
value, which would be done using the procedure described in Sect. 4.5.2.

The voltage source Vg and the resistor Ry were disconnected from the circuit,
and the main plus the pilot PV cells were connected to the v;, and V¢ inputs of the
test PCB, respectively.

By observing Fig. 7.20, one can see the start-up behavior of the system, with an
output 10-pF capacitor, from a 0 V condition for two different light intensities.

In Fig. 7.20a, it is shown that the system is capable of operating correctly with a
power supply voltage of approximately 700 mV, dissipating only 1.43 pW of
power, for a very low irradiance condition, which still allowed for the system to
start up (0.32 W/m?). In this figure, the narrow spike that appears at the left-hand
side is the reset signal, provided by the start-up module, which had its results
presented back in Sect. 7.2.1.

The phase controller circuit is able to work with even lower irradiance levels,
although in that case, almost all of the harvested energy is being used to supply the
energy harvesting controller. Thus, almost no energy is delivered to the output storage
capacitor. Nevertheless, this characteristic allows for the system to react more
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promptly to illumination variations. The lowest recorded irradiance, under which the
phase controller had started up and was showing correct activity, was 0.18 W/m?.

The conclusions about the results that were taken and a broader general con-
clusion about the whole work carried out in this book, as well as possible future
developments, are discussed next, in Chap. 8.

Reference

1. Esram, T., & Chapman, P. L. (2007). Comparison of Photovoltaic Array Maximum Power Point
Tracking Techniques. IEEE Transactions on Energy Conversion, 22(2), 439-449.
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Chapter 8
Conclusions and Future Perspectives

Abstract This final chapter presents a summary of the work carried out throughout
this book. The results that were achieved are compared to those of the state of the
art, showing where this work can fit in. Moreover, suggestions are also made, such
that any researcher in the field of energy harvesting can use what was documented
in this book to serve as a foothold to climb up to higher achievements.

8.1 Summary and Achievements

This book presented the analysis, design procedures, and experimental evaluation
of a CMOS energy harvesting system, using a switched-capacitor step-up converter,
optimized to work with amorphous silicon photovoltaic (a-Si:H PV) cells with an
area of 14 cm2, under indoor light conditions.

The circuit was manufactured in a 130 nm CMOS technology and occupies an
area of 0.31 mm?. The step-up converter uses switched MOSFET capacitors with a
charge reusing scheme, in order to reduce the impact of the parasitic bottom-plate
parasitic capacitance loss.

The phase generator circuit includes the MPPT Fractional Vo technique, in
order to maximize the power obtained from the PV cells. Experimental results
showed that the proposed system is capable of starting-up from a 0 V condition,
even with an irradiance of only 0.32 W/m?. After starting-up, the system requires an
irradiance of only 0.18 W/m? to remain in operation.

The ASM circuit can operate correctly using a local power supply voltage of
453 mV, dissipating 0.085 pW. These values are, to the best of the authors’
knowledge, the lowest reported in the literature. The maximum efficiency of the
converter is 70.3 % for an input power of 48 uW, which is comparable with the
reported values from systems operating at similar power levels [1, 2].

A comparison of the presented system with the previously reported
state-of-the-art publications is presented in Table 8.1.
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Table 8.1 Comparison with some state-of-the-art publications

Reference [1] [3] [4] [5] This work
PV cell area (cm?) N/A 42.5 16.5 N/A 14.0
Min. irradiance (W/m?) N/A 2.50° 3.17 N/A 0.18
Min. input power (uW) 3300 10,625° 180 5.0 8.7
Min. voltage supply (V) 5.000 2.500 2.800 1.000 0.453
Min. controller power N/A 50 135 24 0.085
(nW)
Efficiency (%) 40.0 75.0 91.8 87.0 70.3
Technology Discrete | Discrete | Discrete 0.25 pm 0.13 pm
CMOS CMOS
Storage device Supercap | Supercap | Supercap Battery Supercap
Converter Boost Boost Boost-Buck | Boost Boost
Converter-based device Inductor | COTS Inductor Inductor SC

2After conversion from lux to W/mz, as specified in [4, 6]
®Calculated by scaling the value of Min. irradiance by PV cell area
COTS Commercial off-the-shelf

Besides the core issue, which was focused on the implementation of a physical
prototype, serving as a proof of concept, this book also focused on giving a general
overview about energy harvesting systems.

In Chap. 2, the various energy harvestable sources have been presented,
alongside with examples of existing systems reported in the literature. The purpose
was to give the reader an insight about the universe of the energy harvesting area for
very low-power systems. Although summarized, the coverage intended to be as
wide as possible about the topics that a designer will certainly face, when designing
a wireless sensor node, from concept to finish. The diversity of scenarios and
applications is very wide, and there are many options that can be made in order to
build the system up.

The contents in Chap. 3 addressed the theme of PV technologies, since this work
is focused on using light energy to get powered. In accordance, this chapter gave an
overview about the various types of harvesters that can be currently found. The
selected energy source over which the work has been developed is light, mainly in
indoor environments. However, the system that has been designed and implemented
can also operate in outdoor environments, in which light energy is much more
abundant than indoors.

The harvester that has been used is a PV cell specifically built to be fit into this
prototype. The base material of this PV cell is amorphous silicon. This technology
has lower manufacturing costs than crystalline silicon or organic cells, just to name
a few other technologies, which can be found in Chap. 3. This is an important factor
to take into account if this concept is to be brought to the market. Typically, there is
the need to have a bigger area when using amorphous silicon cells, given that their
efficiency is lower than for other technologies. However, the area that was
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employed in this application was the minimum strictly required to meet the needs
under the most adverse situation experimentally measured in indoors. The objective
was to have the smallest harvester as possible, while ensuring the effectiveness of
the system. This is an important factor because area also means cost so, when
looking at an affordable solution, this will greatly increase the possibility of having
a competitive commercial product. The small size of the harvester, and hence of the
whole system, is a positive feature.

Moreover, the area of energy harvesting, by itself, gives an interesting contri-
bution toward the purpose of environmental sustainability, since there is no need to
use energy coming from the grid, neither the use of batteries to power the electronic
applications. In addition, the energy used to put the applications to work is costless,
and just waiting to be harvested. Otherwise, this energy will not be turned into a
useful resource, and its potential will simply be wasted.

Also, Chap. 3 documents an approach that was tried in order to use CMOS
integrated PV cells in the same die as the circuits that needed to be powered.
Unfortunately, one could realize that this solution was not feasible, because when
irradiated by light, the substrate would have its voltage increased by the same
amount that a diode has when directly biased. The method that was used to repair
this occurence was to surround the photodiode with a guard ring. However, this
caused the PV structure to be short-circuited, making it impossible to generate a
useful voltage. Only by placing the PV cells on one substrate and the other circuits
on another substrate would make it to work.

When designing an energy harvesting system, the source, or sources, to be
harvested is the first option to make. Following it, there is the type of harvester to
use. Then, according to the requirements of the system to be powered, a convenient
power conditioning circuit (step-up or step-down voltage converter) must be used,
so as to establish the bridge between the input voltage, coming from the harvester,
and the output voltage, supplying the load. Thus, to complete the overview, in
Chap. 4, various topologies for step-up converters have been presented, encom-
passing both the use of inductors and switched-capacitors. The latter was the
selected approach, because it is more favorable to having a complete solution
integrated into a silicon chip.

8.2 Future Perspectives

The whole system that has been designed and developed in this book is only
concerned about harvesting energy. As such, a natural upgrade to the system that
was built is the inclusion of a sensor and a transmitter circuit. As it is normal in
energy harvesting nodes, these have the capability to communicate with other nodes
or with communication infrastructures. Thus, the next step could be to supply a
low-power, low data rate UWB transmitter [7]. For a start, the information that
could be transmitted is the light intensity received by the PV cell. This information
is naturally available through the frequency value of the phase generator signals that


http://dx.doi.org/10.1007/978-3-319-21617-1_3
http://dx.doi.org/10.1007/978-3-319-21617-1_4

200 8 Conclusions and Future Perspectives

control the switches in the DC-DC converter. A possibility of usage that such a
system could have is in monitoring the level of the light intensity in an “intelligent
house” (domotics). This way the energy could be more rationally used, reducing
monetary costs and natural resources. This kind of concern is gaining more
importance, and [8] is an example of a research work with this kind of objective in
focus.

Regulations allow the unlicensed use of UWB systems as long as the power
spectral density (PSD) of the transmitted signals is kept below —41.3 dBm/MHz [9]
and contained into certain frequency bands. This makes this type of signals espe-
cially appealing for wireless sensors [10]. UWB pulses can be generated using
delay lines and digital gates, which can be class B circuits, and, therefore, UWB
transmitters tend to be very efficient [11]. The transmitted pulse shape depends
upon the pulse generating circuit and on the antenna transfer function [12] and,
therefore, it is necessary to take this into consideration, during circuit design.

An aspect that can be considered for a redesign is the use of transistors that can
undergo a higher voltage. The present project was carried out under the assumption
that the output voltage would be at a maximum of about 1.2 V. As such, the
concern was focused about this voltage value and on the use of devices for this
voltage rating. The technology that was used provides the designer with transistors
having ratings of 1.2 and 3.3 V. Thus, instead of using MOSFETs with a maximum
rating of 1.2 V, as it was done, what can be done in the future is to use devices that
can undergo 3.3 V. The increase in the amount of harvested energy is very sig-
nificant. As one knows, the energy is proportional to the square of the voltage at the
terminals of the output storage capacitor. Should this voltage increase to 3.3 V,
instead of having 1.2 V, this would mean that, for the same capacitance value, the
stored energy could be increased by more than sevenfold. Of course, the output
supercapacitor would also have to be rated to, at least, 3.3 V.

In Chap. 2, various energy sources have been addressed, as well as different
types of harvesters devoted to a corresponding energy source. One interesting thing
to do, while pursuing the path that was opened up by the current work, would be to
research about different types of phase generators, especially devoted to a particular
type of energy source, or energy harvester. Also, as it has been seen in Sect. 4.5,
energy harvesters have a MPP that can be tracked. As such, it would also be very
interesting to develop energy harvesting systems with a MPPT capability, which
having a starting point based on the present work, would track the MPP of a given
harvester, for the corresponding type of energy source. Thus, using the same
voltage converter as the one brought forward in this book, and exploiting the
potential of sources such as mechanical, thermal, and so forth, is a possibility to
consider.
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Appendix A
Light Power Measuring Device

A.1 Device Overview

The assessment of the typical level of light in an indoor environment was achieved
by performing a set of measurements using a S120B silicon light sensor [1],
connected to a measuring device, the Thorlabs PM100 Digital Power Meter
Console [2]. This equipment is depicted next, in Fig. A.1.

This device allows for separate light power readouts over a set of wavelength
widths. In particular, the available wavelengths for the present case were centered at
450, 500, 550, 600, and 650 nm. From the point of view of the measuring device, as
the light measuring sensor does not respond equally to every wavelength interval, a
separate correcting factor must be applied accordingly. This is already taken
beforehand by the manufacturer, which has a ROM-based table, built into the
device, in which the correcting factors are stored. The user must only specify which
wavelengths are to be taken into account, by storing the desired list in the device.
Afterward, any of these wavelengths can be chosen, by selecting which wavelength
to use, pressing the “A” key (wavelength correction). By pressing this key repeat-
edly, the device will cycle around the set of working wavelengths (five, at the
most). This key is identified as “wavelength correction” and shown in Fig. A.1
(extracted from [2]).

A.2 Using the Band-Pass Filters

The previously mentioned wavelength values are concerned to a set of optical
band-pass filters, which are to be placed in front of the sensor. The sensor is
depicted next in Fig. A.2, where a set of mechanical data is provided.

Important information to have into consideration is the aperture of the sensor,
which has a diameter (d) of 9.5 mm. This means that the area of the sensor that will
be shed by light has the value of
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Fig. A.2 S120B silicon light sensor [1]

2 2
A= n(g) = n<¥> ~0.71 cm?. (A1)

When relating this illuminated area with the conventional area of 1 m?, the resulting
measured power must be multiplied by 10,000/0.71 = 14,108.

What is actually measured is the amount of light power contained in each of the
bandwidths centered at the wavelengths previously mentioned, having a bandwidth,
for each case, of 40 nm. The physical appearance of each band-pass filter is as
shown next in Fig. A.3. The one shown here is the one centered at 450 nm [3], but
the mechanical features are the same for the other available filters.
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Fig. A.3 Optical band-pass filter (centered at 450 nm)

The filter must be placed in front of the sensor and the readout will only be
reliable if the wavelength correction value (1) is the same as the one specified for
the center wavelength of the filter in use. A detail to have into attention is the
direction of how the filter must be placed. There is an arrow on its side ({),
indicating the direction by which light must cross it.

In addition to the wavelength correction factor, which is already accounted for
by the manufacturer, as this is only concerned to the sensor, there is another
correcting factor regarding the transmission of the band-pass filter in use. The
transmission function for each of the available filters is depicted in Fig. A.4.

As it can be seen, none of the filters show a transmission of 100 % in the pass
band. As such, it is also possible to correct this feature by setting the attenuation
correction in the PM100 with a value that will, at least approximately, cancel out
this filter imperfection. It was identified, by observing the graphs in Fig. A.4, that
the average band-pass transmission of the whole set of filters is about 80 %. The
correcting factor that must be inserted into the device will be expressed in dB and
corresponds to the symmetrical of

a = 101log,,(T) = 101og,,(0.8) = —0.97 dB. (A2)
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Fig. A.4 Transmission functions for each of the band-pass filters used

Thus, the value to be stored into the device is 0.97 dB. This is done by setting
the attenuation correction factor in the PM100.

More detailed information about the PM100, its features, and procedures to set
parameters in the device can be found in [2]. However, the procedures described in
this appendix can help the user to effectively manipulate the measuring device, as
well as the accessories that were presented, in most situations.
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Appendix B
Description of the Manufactured PV Cell

An amorphous silicon PV cell was selected because this kind of PV cell is cheaper
to manufacture than for other PV cell technologies and it is more sensitive in the
green visible range of the wavelength spectrum. This wavelength is predominant in
the light produced by fluorescent light tubes, which are present in most offices and
in many indoor environments. Thus, this type of PV cell has a natural vocation for
harvesting indoor lighting energy [1, 2].

B.1 Amorphous Silicon PV Cell Manufacturing Procedure

An hydrogenated amorphous silicon (a-Si:H) PV cell with an area of 0.49 cm® was
deposited in a glass\InO,\p\i\n\Al structure. The main properties of the constituent
layers are presented in Table B.1.

InO, was deposited over soda-lime glass by radio frequency plasma-enhanced
reactive thermal evaporation (rf-PERTE) [3] at room temperature. Then, the
semiconductor layers were deposited by plasma-enhanced chemical vapor deposi-
tion (PECVD) at 350 °C using gas mixtures of BoHg + H, + SiHy + CH,4 for the
p-type layer, pure silane for the intrinsic layer and PH3 + SiH, for the n-type layer
[4]. Finally, an aluminum contact was deposited by thermal evaporation.

Table B.1 Main properties of the constituent layers

Layer Thickness, | Optical gap, Conductivity, o | Thermal activation energy
d (nm) Eop (eV) «Q cm)_1 of o, AE (eV)

InO, (TCO) 120 3.55 1.2 x 10° —-0.010

a-SiC:H p-type | 13 1.64 12x107* 0.354

a-Si:H intrinsic | 450 1.75 1.4 x107° 0.712

a-Si:H n-type 46 1.71 3.6 x 107 0.304

Al 93 - 53 % 10° -
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B.2 Electrical Characterization of the PV Cell Prototype

Figure B.1a shows the I(V) curve of the manufactured PV cell prototype, measured
in dark conditions, plotted in a semilog scale and reduced to the first quadrant
(absolute values). The I,,/I 4 ratio for |[V| = 1 V is about 630. The equivalent series
and parallel resistances of the diode are 645 Q and 1.21 MQ, respectively.
Figure B.1b depicts the electrical model of the PV cell.

Figure B.2 depicts the I(V) characteristics. These measurements were performed
in darkness and under a halogen Philips 13117 lamp illumination, using different
intensities, corresponding to irradiations of 0.10, 4.01, 15.14, and 470.22 W/m?>.
These irradiances were determined with the same equipment and accessories that
were described in Appendix A.

Concerning the PV cell SPICE modeling, it has been optimized for the active
zone of the I(V) curve (3rd quadrant) and the values from Table B.2 are considered
valid only for 0 < V < Vgc. In order to have a more accurate modeling of the cell, it
is necessary to obtain different SPICE model parameters for different light inten-
sities. In Fig. B.2, the curves resulting from SPICE modeling, whose parameters are
described in Table B.2, are also plotted.

The manufactured PV cell presents a high series resistance when working as a
diode in dark conditions. This fact can be explained by the high resistivity of the
amorphous silicon layer, since the series resistance drops to some tens of Ohms

Fig. B.1 a PV cell (a)
I(V) curve, measured in dark 107 107
conditions (reverse bias cor- . 1 .
responds to negative voltage). 107 ¢ forwardbias_ 3 10°
b Electrical model of the PV 4 1 .
cell z 107 ¢ 310
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Fig. B.2 PV cell characteristic curves (measured and SPICE model) under different illumination
intensities (left), zoomed for lower illumination intensities (right)

when illuminated. On the other hand, the parallel resistance showed a good value in
dark, taking into account the area of the device, but fell down to 340 Q under high
intensity illumination.

R, is usually related with current leakage along the edges of the cell or with point
defects in the junctions [5]. However, this would make R,, in dark conditions to be
low as well, which does not occur. This fact may be related to non-optimal layer
thicknesses or doping levels. When carrier population rises, caused by sample
illumination, space charge regions tend to decrease significantly due to the weak
rectifying characteristic of the junction, and thus, the R, measured under high
illumination intensity decreases drastically.

B.3 Discussion

Table B.2 shows that under the lowest illumination condition (corresponding to
about the minimum expected irradiance, in a normal office), the PV cell can pro-
duce a MPP voltage of only 0.19 V. Thus, it is necessary to use at least two PV cells
in series to obtain a MPP voltage of at least 0.4 V, allowing for the step-up doubler

Table B.2 SPICE modeling parameters of the PV cell and maximum electrical power available
for different illumination intensities (PV cell area = 0.49 cm?)

Irradiance | SPICE diode parameters Electrical model components Maximum Voltage
(W/m?) power @MPP
point
IS (A) N ISR (A) |NR |R (Q) |R, () |I (A) MPP (uW) | V (MPP) (V)

0.10 5x107 |[2.83 |5x107° |2.83 |40 190,000 | 2.60 x 107° 0.28 0.19
(Tlum 1)

4.01 5x107° [3.00 [5x107° |3.00 |40 23,000 |4.00 x 1073 8.44 0.37
(Ilum 2)

15.14 5x107° [2.80 [5x107° |2.80 |58 12,000 |1.00 x 10™* | 26.05 0.44
(Tlum 3)

470.22 5x107 | 246 |5x107° [246 |58 340 | 3.15 x 107 | 687.20 0.46
(Ilum 4)
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circuit to produce an output voltage close to 0.8 V. The question about the number
of PV cells to connect in series to power the system is a major design decision
point. At low irradiance conditions, both the current and voltage are reduced.
However, the voltage tends to decrease logarithmically with the irradiance, whereas
the current decreases linearly, making sense to maximize the area per cell. On the
other hand, for each additional unit placed in series, the total R, value of the cell will
increase because of the series resistance introduced by each cell, degrading the
performance of the whole PV assembly. Also, the area used to connect the cells in
series will not be used for energy conversion. Thus, the number of PV cells to place
in series must be strictly the minimum necessary to supply the step-up circuit with
its required minimum voltage, under the most adverse illumination conditions
considered in this work. Also, if more than two PV cells in series are used, then
under larger irradiance conditions, the input voltage of the system might be too
large and could cause voltage stress in the circuit, potentially reducing its operating
lifetime or even destroying it. Therefore, it was decided to use just two PV cells in
series to power the system.

Based also on Table B.2, if the PV cells are to supply at least 10 uW of power,
this means that the required minimum area for the cell is 17.5, 0.59, 0.19, or 0.007
cm?, depending on the illumination level. Assuming the worst-case illumination for
the system, the area of the PV cell should be 17.5 cm?. It was decided, for sim-
plicity, to use an area of 4 x 4 = 16 cm”. This area was used to implement the main
PV cells and the pilot PV cells with 14 and 2 cm?, respectively. This means that the
available power from the main PV cells will be 8 uW under the expected worst-case
light irradiance. When comparing to other PV cell areas referred in literature for
similar purposes [6], the area here proposed is much smaller.

The capacitance of such a PV cell can be estimated, assuming it to be a parallel
plate capacitor. Every elemental section of the PV cell, which is depicted in
Fig. 7.18a, has an area of 1 cm?. For the main PV cell, one has a series of two of
these elements, and then, a parallel of seven of these series. The pilot cell has only
one series. The capacitance of each element is given by

A
C—Cslﬂod. (Bl)
where eg; = 11.9, &9 = 8.85 x 107" F/m, A = 1 cm?, and d = 13 + 450 + 46 = 509
nm. Thus, each element has a capacitance of 20.7 nF. A series of two of these
elements has a capacitance of 10.35 nF, allowing the parallel structure to achieve a
total of 72.45 nF.

This value is a mere approximation, since the junctions also contribute to the
total capacitance, and that contribution is related with the biasing being used.
However, this capacitance is much smaller than the one determined by the metals
and the semiconductor. The latter, having a low conductance, in the order of
o~ 107'° (Q cm)™!, behaves just like an insulator, especially for relatively low
frequencies, where the impedance due to the reactive component of the capacitor
greatly surpasses the ohmic resistance.


http://dx.doi.org/10.1007/978-3-319-21617-1_7

Appendix B: Description of the Manufactured PV Cell 211

Acknowledgement The authors wish to thank Dr. Guilherme Lavareda, from
FCT-UNL, in the Materials Science Department, for his cooperation regarding the
subject of photovoltaic cells and for sharing so much valuable information. I would
like to thank him dearly for having manufactured the cells that were used to test the
prototype system, as well as to all the persons involved in this manufacturing.

References

1. Wang, W. S., O’Donnell, T., Wang, N., Hayes, M., O’Flynn, B., & O’Mathuna, C. (2010).
Design considerations of sub-mW indoor light energy harvesting for wireless sensor systems.
ACM Journal on Emerging Technologies in Computing Systems (JETC), 6(2), article 6.

2. Carvalho, C., Oliveira, J. P., & Paulino, N. (2012). Survey and analysis of the design issues of a
low cost micro power DC-DC step up converter for indoor light energy harvesting applications.
In Proceedings of the 19th International Conference on Mixed Design of Integrated Circuits
and Systems (MIXDES), 24-26 May 2012, pp. 455—460.

3. Carvalho, C. N., Lavareda, G., Amaral, A., Conde, O., & Ramos, A. R. (2006). InOx semi-
conductor films deposited on glass substrates for transparent electronics. Journal of
Non-crystalline Solids, 352(23-25), 2315-2318.

4. Amaral, A., Lavareda, G., Carvalho, C. N., Brogueira, P., Gordo, P. M., Subrahmanyam, V. S.,
Gil, C. L., Naia, V. D., & Lima, A. P. (2002). Influence of the a-Si:H structural defects studied
by positron annihilation on the solar cells characteristics. Thin Solid Films, 403404, 539-542.

5. Goetzberger, A., Knobloch, J., & Vo, B. (1998). Crystalline silicon solar cells (p. 79), Wiley.

6. Weddel, A. S., Merret, G. V., & Al-Hashimi, B. M. (2012). Photovoltaic sample-and-hold
circuit enabling MPPT indoors for low-power systems. IEEE Transactions on Circuits and
Systems I: Regular Papers, 59(6), pp. 1196-1204.



Appendix C
Computation of Power in a Circuit
with a Switched-Capacitor

Let us consider the following circuit (Fig. C.1):
The instantaneous power in the resistor Ry is given by

and the average power is given by

O/ ple)de =

P:

~N| =
~N| =

/ W(t) - i(e)dr.
0

(C.1)

(C2)

This average power corresponds to the accumulated sum of instantaneous power

during an amount of time, divided by that same amount of time.

The instantaneous current, as a function of the elements in the circuit, is given by

v(t
i() = 20 (C3)
R
Correspondingly, the instantaneous power is given by
2
V(1) 2
p(1) = R~ R (1) (C4)
L
Fig. C.1 Simple circuit for —>
the computation of power i(1)
+
() g
© Springer International Publishing Switzerland 2016 213

C.M. Ferreira Carvalho and N.F.S.V. Paulino, CMOS Indoor Light Energy
Harvesting System for Wireless Sensing Applications,
DOI 10.1007/978-3-319-21617-1



214 Appendix C: Computation of Power in a Circuit with a Switched-Capacitor

As such, by performing the required substitutions, one gets

T2 T T

1 1 11 1

P [Tla = p [ [Riwa -,
0 0

N =

T

T
/ﬂmm (C.5)
0
The definition of the root-mean-square (rms) value for the current is

| T
frms = ?O/ﬂ(t)dt. (C.6)

Similarly, for the voltage case, its rms value is

T
1
Vims = ?/vz(t)dt. (C.7)
0

Thus, this means that the average power can also be expressed by

P =R, (C.8)
or by
P= @ (C.9)
Ry,
It is interesting to note that
P = Vims * fms. (C.10)

However, the average power is not equal to the product of the average voltage by
the average current, as it can be noted by

psl / v(r)dr x A / i0dt o P £ [ v itd.  (C11)

For the particular case where the voltage is constant, such as v(f) = Vpp, one can
determine the average power, which is given by

P= t=—
T T

~|—

r 1 r . Vbp r . -
p(r)d Vop - i(t)dt = —— [ i(t)dt = Vpp - i. (C.12)
[row] /
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Table C.1 Values of the components of the circuit of Fig. C.2
f vx C RL
10 MHz 1V 10 pF 100 Q

These derivations depend on the fact that voltage and current are proportional
between themselves through R;, which is resistive. For reactive loads, one will have
a different situation.

To prove these conclusions, consider the following circuit, which has been
simulated in Spectre:

The values considered in the simulation are indicated in Table C.1.

Theoretically, the average power provided by the voltage source is given by

_ V, 1
Px: X'I: X _le 1 17127:1 W. .1
Vi le = VO = 1x 10 x 107 e = 100 (C.13)

The average power in the capacitor is given by
P.=V.- ,=V,x0=1x0=0. (C.14)

Finally, the average power in the load resistance is given by

i L - 2
Pr, :—/ Bedr = /V,% dr = /(e’ﬁc) dr
T Ry T X Ry, L T X Ry,
0 0 0
r T
1 / o 1 RC (C.15)
= (e RL‘)dt: ———e RC
T X Rp. T X Ry, 2 0
0

C C _2r
:_ﬁ(e RLc_l) :ﬁ(l—e Ric) — 50 pW.

The data extracted from simulation are presented next in Table C.2, in which the
computation of the power on the three circuit elements (switches are excluded) is
performed by three different methods, by using the auxiliary tools provided by the
results browser of the simulator. Only one of them is correct.

' v,
VX(D c— |Ve RL§ Vre Q:C'VXQIC:C%

Fig. C.2 Switched-capacitor circuit simulated in Spectre
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Appendix C: Computation of Power in a Circuit with a Switched-Capacitor

Table C.2 Results for the power computation, according to three different methods

Method P, P, Pg, (LW)
Average(i(t) x v(t)) 99.82 uW 696.4 nW 49.2
rms(i(?) x v(¢)) 3.906 mW 2.13 mW 494.4
rms(i(?)) x rms(v(z)) 3.906 mW 2.807 mW 49.2

According to the various possible computation methods which are presented, the
one that shows coherence with the values obtained theoretically is the one in the
first line. Thus, given the computation objectives, this is the one that should be

used.
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