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Vibrational energy is an attractive power source for self-powered wireless sensors. A mainstream harvesting technique for vibrational energy is electrostatic MEMS harvesters (e-VEH). Various circuit architectures have already been introduced with many successful implementation, yet a load interface that efficiently manages the harvested energy has rarely been reported.

In this work a load interface is proposed which is suited for any condition circuit (CC) implementing rectangular QV cycles. In general, a rectangular QV conditioning circuit has an optimum interval of which the energy harvested is maximised, thus the harvested energy should be periodically removed to maintain maximising the harvested energy. This is achieved through the load interface (LI). The LI proposed is a switched inductor capacitive architecture with a LI controller allowing the extraction of the energy in a multiple energy shot fashion. The LI controller incorporate an ultra low power clock for switching events, as well as low power comparator for switching decision. Power consumption is reduced by operating at a low supply voltage (1.1V).

The proposed load interface is implemented in AMS0.35HV technology with a mixed high voltage and low power control blocks. It takes into account the harvester operation to maximise the energy extracted from the harvester. It overcomes the constrained limited biasing power, and tackles resistive losses and power handling transistor long channels by transferring the energy in a multiple shots fashion. A complete CMOS implementation is proposed along with the simulation results with an average consumed power of the controller less than 100nW allowing the system to operate with input power levels as low as few hundreds of nanowatts.

E

ergy harvesting has been around since hundreds, if not thousands, of years. Whether it was windmills, waterwheels or even the simple concept of storing the energy from heat and vibrations. In fact, before the electrical era, energy harvesting was the only possible way to get any useful form of energy.

Fast forward to today, the term Energy Harvesting is used to refer to extracting energy from surrounding environment. The research behind energy harvesting has grown wide recently and its driven by the need for autonomously power embedded systems. Traditionally Li-ion batteries have been the go-to method for powering such system, yet they impose certain limitations such as their lifespan and maintenance. In 1 1.1 Overview these applications, batteries proved to be inadequate and unpractical for applications such wearable gadgets and implantable medical devices.

With the gap between the energy required to operate such devices and the functionality expected out of it is closing more and more with each year (mirco-watts range), energy harvesting presents a solution to power such application. This said, energy harvesting raises some issues that need to be addressed before it can be used. These includes:

-Capture and transform the energy efficiently.

-How to accumulate, store and condition the harvested energy.

The issue of efficiently capturing the energy is introduced and studied extensively within the energy harvesting community [1]. This PhD project is concerned with how to manage the captured energy. However, before discussing our approach of how to tackle this issue, a brief introduction to energy harvesting fundamentals is presented in this chapter.

Motivation: A complete vibrational energy harvester system with a self-powered energy load interface and regulated output voltage. 

Thesis Outline

The thesis outline, shown in Figure 1.1, is as follows: Chapter 1 presents the fundamentals of Vibration Energy Harvesters (VEH) and especially Electrostatic Vibration Energy Harvesters (e-VEH) as well as the motivation for this PhD project. Chapter 2 highlights the recent reported vibrational harvesters and energy management interfaces. The methodology we present to tackle the problem of load interfacing with the vibrational energy harvester is discussed in Chapter 3. A first approach towards a smart energy management interface for e-VEH is proposed in Chapter 4, while an improved version of the load interface addressing how to make the management interface work autonomously is presented in Chapter 5. This work conclusion and future work are summarised in Chapter 6.

Harvestable Energy Sources

Our surrounding environment is filled with various sources of energy that await to be harvested. These sources share few common features such as being abundant, and available yet free. The sources that are of interest for energy harvesting applications can be classified by the nature of the energy harvested. These types include:

-Mechanical energy where vibration or mechanical stress/strain sources exists. These sources could be a factory engine or a truck on a bridge.

-Thermal energy where sources of heater exists. These include industrial machinery, furnaces and friction.

-Light energy this is usually implemented by solar panels that make use of direct sunlight or even ambient light sources.

-Electromagnetic energy where source of Radio Frequency (RF) waves are used to wireless transfer energy. This is commonly used for RFID and wireless charging of electronic devices.

The sources of energy can also be classified by the amount of energy available to be harvested. By defining the scale of application they can be classified into nano-watt, milli-watt and Mega-watt applications as shown in Figure 1.2. For the application that requires megawatt power range waterfalls and wind turbines as well as solar cell panels are appropriate. For mid range power applications (milli to micro watts) piezoelectric, electrostatic and electromagnetic energy harvesters from sources like vibration are proven to be sufficient. For nano watt application the technology bound needed to be pushed a little further towards piezoelectric nanowires and Nano-sensors. To put this into perspective, Table 1.1 summarises the power density for each energy source. This PhD project is concerned with micro-scale energy harvesting that is derived from Micro-Electro-Mechanical-System (MEMS) devices. Targeted applications include health monitoring wearables where a typical case is to harvest a user's vibrational energy and then use it to monitor and transmit data without the need for a battery 1 . In the next section, vibrational energy is introduced as well as its transduction to electrical energy methods.

Vibration Energy Harvesting

Mega-watt Applications Milli-watt to microwatt Applications 

Nano-watt Applications

Vibration Energy Harvesting

The source of vibration energy could be any ambient kinetic energy in the surrounding environment. It could be a car engine, a washing machine or simply a running man. The frequency and amplitude of such source vary since they vary in their nature. Figure 1.3 shows some selected vibration spectrum from different ambient sources while Table 1.2 presents the amplitude and peak frequency of vibrations in some ambient sources.

As can be seen from Figure 1.3 the vibration spectrum spread over a range of frequencies yet most of its power is concentrated in a narrow band of frequencies. Moreover, Table 1.2 it is clear that the ambient vibration sources in the low frequency range. [2] (b) tire inner surface @60 km/h [3] (c) car acceleration [4] (d) train acceleration [5] Table 1.2: Vibration spectrum of different vibrating source [6] Vibration 

Vibrational energy transduction methods

This section presents the common methods of converting vibration energy into electrical energy with an emphasise what is called electrostatic energy harvesting. These methods of converting mechanical energy into electrical energy exits, cf. Figure 1.4, includes: Electromagnetic (EM) , Electrostatic (ES) and Piezoelectric (PE) [7][8][START_REF] Anton | A review of power harvesting using piezoelectric materials (2003 ' äì2006)[END_REF]. Piezoelectric (PE): Consider a clamped cantilever made of two bimorph layers and separated by a thin dielectric film and a proof mass attached its tip, cf. Figure 1.4a.

Vibrational energy transduction methods

The mass is allowed to move freely with an external vibration are exerted on it. This creates a strain on the piezoelectric material and separates charges across it. If the movement of the mass is caused by a periodic vibration, an alternating voltage is created. With rectification stage, this voltage can be captured and stored in a battery [START_REF] Defosseux | Highlyefficientpiezoelectric micro harvester for low level of acceleration fabricated with a cmos compatible process[END_REF][START_REF] Shen | Thedesign, fabrication and evaluation of a mems pzt cantilever with an integrated si proof mass for vibration energy harvesting[END_REF]. Some successful implementation of PE transducers was presented [START_REF] White | A novel thick-film piezoelectric micro-generator[END_REF][START_REF] Lu | Modeling and analysis of micro piezoelectric power generators for micro-electromechanical-systems applications[END_REF][START_REF] Saadon | Micro-electro-mechanical system (mems)-based piezoelectric energy harvester for ambient vibrations[END_REF][START_REF] Marzencki | Integrated power harvesting system including a mems generator and a power management circuit[END_REF] Electromagnetic (EM): They are based on electromagnetic induction and ruled by Lenz's law where an electromotive force is generated from a relative motion between a coil and a magnet [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF]. Assuming a movable coil attached to proof mass which resonates with an external vibrating source, cf. Figure 1.4b. As the movable coil cuts through the permanent magnetic flux it induces a current in the coil 2 . Electromagnetic transduction usually requires a boost converter stage to provide sufficient voltage for standard rectification techniques [START_REF] Spreemann | Electromagnetic Vibration Energy Harvesting Devices: Architectures, Design, Modeling and Optimization[END_REF]. Some practical implementation was presented in [START_REF] Amirtharajah | Self-powered signal processing using vibration-based power generation[END_REF][START_REF] Williams | Development of an electromagnetic micro-generator[END_REF] Electrostatic (ES): vibration transducer is implemented by a variable MEMS capacitor, cf. Figure 1.4c. A proof mass is attached to one of the electrodes and is allowed to resonate 3 . The principle of energy conservation states that for the transducer to transform the mechanical energy into electrical energy, an electrically-originated damping force on the moving mass should be applied to purposely reduce its kinetic energy.

Electrostatic transduction usually features high voltage with relatively low output power (typically less than 10µW [1]). It is easier to integrate with power electronics compared to other transduction methods [6], since it uses MEMS silicon technology. This allows implementing the transducer along with its driving CMOS electronics on the same wafer. A detailed survey of electrostatic energy transducers state-of-the-art will be presented in Chapter 2. Each of the mentioned methods of transduction has its advantages and disadvantages as summarised in Table 1. 3. In most cases, PE and ES devices are more appropriate for small scale energy harvesters (<1-10 cm 3 ) while EM converters are better for larger devices [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF]. Moreover, ES converters show more potential when it comes to monolithic integration. Electrostatic converters feature low output power levels, yet with power electronics shifting towards ultra low power consumption, they now can be introduced as a valuable power source. This PhD project is concerned with electrostatic transduction and thus the next section is dedicated to discussing its fundamentals. 

Method

Advantages and Disadvantages of conversion methods Advantages:

Piezoelectric -high output power density [6] -no separate pre-charging voltage source -no need to control any gap [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF] Disadvantages:

(PE) -expensive material [START_REF] Dudka | Study, optimization and silicon implementation of a smart high-voltage conditioning circuit for electrostatic vibration energy harvesting system[END_REF] -hard to integrate with CMOS technology [6] Advantages:

Electromagnetic -high output current [START_REF] Dudka | Study, optimization and silicon implementation of a smart high-voltage conditioning circuit for electrostatic vibration energy harvesting system[END_REF] -long lifetime [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF] -robustness [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF] Disadvantages:

(EM) -low output voltages [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF] -low efficiency in low frequencies [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF] Advantages:

Electorstatic -high output voltage [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF] -low cost [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF] -easy to integrate with CMOS [6] Disadvantages:

(ES)

-requires a separate pre-charging voltage source [6] -high impact of parasitic [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF] -need to precisely define µm-dimensions [START_REF] Boisseau | Electrostatic Conversion for Vibration Energy Harvesting[END_REF] 1

.6 Electrostatic vibrational energy harvesters

Electrostatic Vibrational Energy Harvester e-VEH systems refer to a wide array of architectures that aims to manage the energy harvesting process and prove a stable constant DC voltage to a load or a buffer. In fact, a vibrational energy harvester system can be break up into :

-The transducer interface which is the system input where the source vibration energy is applied. This part of the system is responsible of regulating the energy transduction process and accumulating the energy on to a reservoir. This part of the system includes variable MEMS capacitors as transducers, see section 1.7, and conditioning circuit CC, see section 1.9, section , which synchronise the energy conversion with the capacitor variation.

This stage is chosen according to the nature of the transducer -whether it is piezoelectric, electromagnetic or electrostatic -different implementation of these interfaces are used. For example, piezoelectric transducer requires an AC-to-DC rectification as 1.7 Electrostatic Transducers the piezoelectric transducer provides an AC output voltage. Electromagnetic transducers on the other hand require a boost dc-dc converter and rectification stages as its transducers usually provide low AC output voltage. For electrostatic VEH the transducer is accompanied by a conditioning circuit (CC), that synchronises the energy conversion with the movement of the variable capacitor, such as [6,[START_REF] Basset | Conception, realisation et test d'un micro systeme de transport alimente a distance[END_REF][START_REF] Torres | Energy budget and high-gain strategies for voltage-constrained electrostatic harvesters[END_REF][START_REF] Yen | A variable-capacitance vibration-to-electric energy harvester[END_REF][START_REF] Kempitiya | Analysis and optimization of asynchronously controlled electrostatic energy harvesters[END_REF].

-Power management interface This block controls the energy flow between the transducer interface and the load interface blocks. For electrostatic vibrational harvesters this block is usually rarely address with most of the community research focusing on the transducer interface block (either the transducer itself or its synchronising electronics and the CCs).

-Load interface This is the output of the system, where the electrical energy is consumed by a load. This block aims to provide the load with a stable regulated DC voltage.

In chapter 2, the recent progress of energy management interfaces is described in details. Moreover, this PhD work is concerned with developing and implementing a whole system of e-VEH with focus on the energy management interface and the load regulation. 

Electrostatic Transducers

Electrostatic transducers are usually based on Micro-Electro-Mechanical-System (MEMS) capacitors [1]. These capacitors are two terminal devices with one terminal attached to a mobile proof mass while the other is fixed to a non inertial reference frame. The variable MEMS capacitor response is described according to the direction of motion of the external vibration exerted on the proof mass. This leads to a change in one of the capacitor parameters, cf. Figure 1.6a, where the capacitance C var is expressed as,

C var = W • l d (1.1)
where is the permittivity of the medium between the two plate ( = r 0 where r is the relative permittivity and 0 is vacuum permittivity), W and l are the width and
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the length of the parallel plates while d is the distance between the parallel plates.

It can be seen the geometry variation can be classified into: parallel movable plate, movable dielectric and gap closing capacitor Figure 1.6. The movable dielectric geometry depends on varying the effective area of the dielectric material by sliding it between the capacitor's plate. The out-of-plan parallel electrodes geometry refers to the type of variable capacitor where the effective parallel plate area varies. A gap-closing capacitor operates by varying the gap between the capacitor two plates.

The most common geometry of the variable plate capacitor in the context of energy harvesting is the gap varying capacitor [6]. For a gap-varying capacitor, equation 1.1 is reduced to,

C var = W • l d 0 ± x (1.2)
where x is the displacement of the movable plate as illustrated in As the global reference accelerates with a ext , one can write the 2nd Newtonian law 1.8 Energy conversion using variable capacitor for the non-inertial (second) reference frame, where the movable mass is subject to an apparent force equal -ma ext . The principle of energy conservation states that in an isolated system the energy remains constant over time. This means that for the transducer to transform the mechanical energy into electrical energy an electricallyoriginated damping force on the moving mass is applied to purposely reduce its kinetic energy. In the case of parallel plate capacitor, such force is an electrostatic force which is expressed by,

F elec = 1 2 V 2 dC var dx (1.3)
Where V is the voltage across the parallel plate capacitor and dCt dx is the space gradient of the capacitance. Plugging in Eq.1.2 into Eq. 1.3,

F elec = 1 2 V 2 W • l (d ± x) 2 (1.4)
This shows that the electrostatic force does not scale down with the device dimensions, since both W • l and (d 0 ± x) 2 scale quadratically, whereas mechanical forces are proportional to the linear dimensions of the spring and to the cube for the mass inertia which means that electrostatic forces are too weak to be useful at the macroscale [1]. Moreover, it can be seen that this force is dependent on the voltage V and thus the transducer mechanical behaviour can be controlled by changing biasing voltage.

Energy conversion using variable capacitor

This section discusses the energy conversion from the mechanical domain into the electrical domain using a variable capacitor. Capturing the external vibration using a resonator with the aid of interface circuit to induce an electromechanical feedback force acting on the variable capacitor. For example, consider a gap-closing variable MEMS capacitor which is exposed to an external vibration, the vibration is captured and translated into a force acting on the capacitor movable plate. This changes the capacitor "physical" parameter, in this case the gap, which in turn changes the stored energy in the capacitor. For all cases of the variable capacitors geometries the energy
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stored in the capacitor is defined as,

U = QV 2 = Q 2 2C var (1.5)
It can be seen that the stored energy is controlled by either the amount of the charges or the induced voltage difference. Allowing vibrations to decrease the capacitance of a variable capacitor while keeping its voltage or charge constant produces energy in the form of charge or voltage, respectively [START_REF] Torres | Energy budget and high-gain strategies for voltage-constrained electrostatic harvesters[END_REF]. These are indeed the two conversion schemes which are used to transducer the mechanical energy into electrical energy using a variable capacitor. The energy conversion process can either be charge-constrained or voltage constrained. Constraining the charge generates high voltages (up to 250V) that easily exceed the breakdown limits of standard CMOS technologies [START_REF] Stark | Converter circuit design, semiconductor device selection and analysis of parasitics for micropower electrostatic generators[END_REF]. However, constraining the voltage while allowing the variable capacitor to make use of the already existing energy source to drive and to sink the harvested energy into it [START_REF] Torres | Energy budget and high-gain strategies for voltage-constrained electrostatic harvesters[END_REF].

Charge-constrained: Let us consider the scenario where the charges Q on the variable capacitor is forced to be fixed. Also, let us assume that the rest position of that capacitor is where the x = 0.

The proof mass attached to the movable plate induced a displacement due to the external vibration exerted on it. The new displacement d 1 is the maximum allowed displacement for the movable plate. This will force the capacitance of C var to decrease which in turns will increase the voltage across the plate according to Q = CV . The converted energy can be calculated as the difference between the capacitor's final energy state and the initial energy state as follows,

∆U = 1 2 (C max V 2 0 -C min V 2 max ) (1.6)
where C max is the initial capacitance value with an initial voltage of V 0 while C min is the final capacitance reach by the capacitor corresponding to the maximum voltage of V max is reached. Given that constant charge Q 0 is assumed at all time,

C max V 0 = Q 0 = C min V max (1.7)
then the converted energy can be expressed as,

∆U = 1 2 V 2 0 C max ( C max C min -1) (1.8)
Voltage-constrained: This conversion scheme assumes that the voltage is fixed during the movement of the movable plate. Considering the rest position is when the gap is d 0 and the capacitance is at its local maximum. As the capacitance starts to decreases the charges Q decreases following Q = CV . The converted energy can be expressed as,

∆U = 1 2 (C max V 2 const -C min V 2 const ) = 1 2 V 2 const C min ( C max C min -1) (1.9)
1.8 Energy conversion using variable capacitor

Q-V diagrams

The Q-V diagrams present the states of the variable capacitor at different moment in time. This representation allows to easily estimate the converted energy per capacitance variation cycle. The converted energy is given by the enclosed area of the Q-V diagram. It is intuitive to use Q-V diagram as a graphical tool to analyse these two conversion schemes, constant voltage and constant charge.

Charge-constrained Q-V diagram: The Q-V diagram of charge constraned scheme is shown in Figure 1.8. The states of the variable capacitor are as follows:

-First, the capacitor C var is connected to a reservoir, cf. Figure 1.8a.

-Next the capacitor decreases from C max to C min forcing the voltage to increases the energy stored in the capacitor from E to E Cmax C min . During this stage the variable capacitor is isolated from the load, cf. Figure 1.8b.

-Finally, the variable capacitor is connected to a reservoir allowing to discharge the harvested energy, cf. -First the capacitor C var is connected to an energy source charging it with its initial energy until maximum capacitance V res is reached.

-Next, C var is allowed to decrease while fixing the voltage using a voltage source.

-Finally, the variable capacitor is connected to a reservoir allowing to discharge the harvested energy. For both conversion schemes the harvested energy is numerically equivalent to the area enclosed by the QV diagram. It should be mentioned that practical implementation of these schemes is hard to be achieved precisely. This is as it requires a synchronisation between the charge flow and the capacitance variation. In most implementations, a modified Q-V cycle is adopted which is called rectangular Q-V cycle, cf. Figure 1.9b.

To decide which scheme -charge or voltage constrained-is better, certain hypotheses using the Q-V diagram must be considered. If the voltage source available initially is greater than the achievable voltage then constant charge scheme will produce more energy than the constant voltage. However, if the voltage equally limited in both schemes, then the constant voltage will provide more energy.

In the previous conversation schemes, it is assumed that a certain control is imposed to fix the charge, for fixed charge conversion, or the voltage, for fixed voltage conversion. In reality this is achieved through what is called Conditioning Circuit (CC). The conditioning circuits fundamentals and their requirements as electrostatic CC are discussed in the next section.

Conditioning circuit

This section presents different conditioning circuits as well as their implementation. First a basic conditioning circuit is introduced, then a primitive rectangular Q-V conditioning circuit. This section concludes with what is called a series-parallel charge pump CC, which is used for this project.

To study the conditioning circuits CC, the variation of transducer capacitance C(t) is must be defined and fully characterised as a function of time. A main hypothesis of the transducer capacitance is periodic with period T and having only one local maximum and minimum (C max and C min ) over this period should be emphasised [1]. In reality, because of the electromechanical coupling, the C(t) depends on the electrical operation of the conditioning circuit can be non-periodic. However, assuming a predetermined C(t) is a necessary step in the to present CC operation and will be assumed as such in the rest of this context.

Conditioning circuit

Basic conditioning circuit

This CC is regarded as the simplest implementation of a CC where the transducer is connected in series with a load and a large capacitor reservoir C res , cf. Figure1.10. This implementation is first described in [START_REF] Sterken | An electret-based electrostatic µ -generator[END_REF] to characterise an electret based transducersee chapter 2. In this arrangement a change in capacitance will always cause a charge transfer between the two capacitors through the load resistance imposing work on the load [START_REF] Mitcheson | Electrostatic microgenerators[END_REF]. As the capacitor's movable plate moves due to the external vibration, its 

Load

i(t) = dQ var (t) dt (1.10)
where Q is the instantaneous charge on the capacitance. This current dissipates power on the resistance, and this power can only come from the mechanical domain, not from the initial charge of C res . Indeed, the system goes back to its initial electrical state after each periodic cycle of C var since the charges on C var and C res are constant. The drawback of this CC is that the load experiences an AC current with each capacitor cycles which would require a rectification step to supplying DC loads [START_REF] Dudka | Study, optimization and silicon implementation of a smart high-voltage conditioning circuit for electrostatic vibration energy harvesting system[END_REF]. Moreover, this CC is unable to increase its internal energy [1].

Charge constrained CC

Another conditioning circuit implementation which is called charge constrained CC is shown in Figure 1.11a. This CC requires precise switching mechanism to insure proper energy extraction as shown in Figure 1.11b4 . Charge-constrained CC operates as follows:

-Assuming initially C var = C max and with charge of Q 0 . With the switches SW 1 and SW 2 are turned off. As the C var decreases by separating the plates of the capacitor due to the external vibration source, the voltage increases as the charges are forced to be constant.

-When the capacitance on C var = C min reaches its local minimum, the switch SW 2 is turned on, removing some charges5 from C var and moving its energy into the -Afterwards when V res drops to zero and i L is maximised, the switch SW 1 is turned on and the charges removed from C var are placed on C res without losses. The capacitor C var moves back to its maximum value.

-The process is repeated with the overall system energy increasing.

One of the first realisations of the charge-constrained cc was introduced in 2001 by Meninger et al; [START_REF] Meninger | Vibration-to-electric energy conversion[END_REF]. Another implementation was proposed later in 2005 by Despesse et al; [4]. This CC requires precise switching mechanism for the CC be able to function. In [START_REF] Meninger | Vibration-to-electric energy conversion[END_REF] a digital control was proposed with a counter and a delay line to achieve this precise switching mechanism, see Chapter 2.

Rectangular Q-V CC

Rectangular Q-V CC has two advantages over the two previous CC (i) rectangular Q-V cc allow self-increasing of the accumulation of converted energy starting from initially small bias. (ii) they can be implemented without external electronics to synchronise the charge from the transducer with the mobile mass [1]. Two variations of rectangular Q-V CC will be presented in this subsection: Charge-Pump CC and Series-Parallel Charge Pump CC.

Charge-Pump CC

The first implementation of rectangular QV CC was introduced by [6]. It is based on the traditional charge pump architecture and was implemented as shown in Figure 1.12. Assuming initially V var = V res = V store , C var = C max and both diodes D1 and D2 are turned off. The charge-pump CC operates as follow:

D1 D2

-As C var decreases, V var increases since the charge is kept constant.

-When V var is high enough to turn D2 ON, V store is connected.

-The charges are removed from C var into C store , dropping the voltage on C var . In other words, the charges are pumped from C var into C store .

-The charges are pumped until D2 no longer is forward biased, and C var moves from its local minimum value to its local maximum value, which decreases the voltage on C var .

-As C var decreases further D1 is forward biased allowing charges to move from C res into C var .

-As V var increases reaching D1 is no forward biased, stopping the charge transfer.

-This process is repeated as C var cycles between its maximum and minimum local values.

In sum, the mechanical vibrations have done a work on the C var increasing the total energy stored in the system.
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Practical implementation of charge-pump CC

To illustrate the charge-pump conditioning circuit, a VHDL-AMS model is used to simulate its behaviour as shown in Figure 1.13. The Charge Pump CC simulated had the following parameters similar to the one presented in [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF]:

-Initial voltage on C res equal to V res = 5V -Variable capacitor C var varying between 100-200F.

-Reservoir capacitor was C res = 1µF -Storage capacitor of C store = 3nF.

The simulation shows that after few cycles of energy harvesting and increasing of C store voltage, a saturation state is reached. To ensure continuous energy harvesting process a mechanism by which charges from C store is extracted is removed from the CC is needed. Most practical implementations of charge pumps conditioning circuits implement some sort of feedback mechanism, where after few energy harvesting cycles the charges are removed from C store and placed on C res . This could be a resistive flyback such as in [START_REF] Florentino | Electrostatic vibration energy harvester with piezoelectric start-up generator[END_REF] and [START_REF] Guilllemet | Wideband mems electrostatic vibration energy harvesters based on gap-closing interdigited combs with a trapezoidal cross section[END_REF], or an inductive flyback such as in [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF]. An example of the flyback mechanism is shown in Figure 1.14 where an inductive flyback mechanism is proposed. The flyback switching mechanism was defined by two voltages an upper and lower bound voltages. When the upper bound is reached flyback is activated while when the lower bound is reached flyback is turned off. The voltage on C strore is periodically compared with these two voltages.

The charge-pump with inductive flyback mechanism simulated with and presented 1.9 Conditioning circuit in [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF]. The flyback is activated at V 2 = 9V and deactivated at V 1 = 6V using the freewheeling diode and 15mH inductor with 31Ω winding resistance. As can be seen from the simulation, cf. Figure 1.13, the charge-pump with the flyback mechanism is able to maintain continuous harvesting process with self-increasing internal voltage on C res , unlike the CC without flyback mechanism. This CC raises some issues when considering practical implementation such as:

D1 D2

-The voltage on C res is increasing with time, and would eventually require regulation to ensure that maximum energy flux is extracted with the flyback mechanism.

-Without C res regulation, the switching events which is supplied by C res will vary as the voltage V res slowly increases. This is due to the flyback mechanism slowly, but gradually, increases the biasing conditions of the CC when charges are removed from C store into C res . In practical implementations such as [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF] a periodic re-calibration phase was proposed. In this implementation a semi-empirical calculation is achieved to deduce and update the two switching voltages.

Series-Parallel Charge Pump

The series-parallel charge pump conditioning circuit is a modified architecture from what is called Bennet's doubler, which was first introduced by Queriroz et al. [START_REF] De Queiroz | Batteryless electrostatic energy harvester and control system[END_REF] in 2014. It gained the interest of the electrostatic energy harvesting community as it is well suited with CMOS integration when the variable macroscale capacitor is replaced by microscale MEMS capacitors. It is a new family of CCs that is capable of exponentially increasing their internal accumulated harvested energy and the energy converted at each cycle [1]. These CC are capable of continuous harvesting operation through self-increasing their internal voltage.

A generic topology for series-parallel charge-pump conditioning circuits can be seen in Figure 1.15a. It is composed of the variable MEMS capacitor C var and number of voltage doubling cell. A details description of the series-parallel charge pump behaviour is found in [1,[START_REF] Dorzhiev | Electret-free micromachined silicon electrostatic vibration energy harvester with the bennet's doubler as conditioning circuit[END_REF][START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF][START_REF] Karami | Analysis and comparison of charge-pump conditioning circuits for capacitive electromechanical energy conversion[END_REF] It is worth to mention that in practical implementation this self-increasing of the internal voltage process actual reach a stopping point when the electromechanical coupling becomes dominant [START_REF] Dorzhiev | Electret-free micromachined silicon electrostatic vibration energy harvester with the bennet's doubler as conditioning circuit[END_REF][START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF].

Practical implementation of series-parallel charge-pump CC

A simulation of series-parallel charge pump CC behaviour can be seen in Figure 1.15b and 1.15c. These simulation are for a CC with C var varying between C min = 100pF, C max = 180pF, N=2, C1 = 1nF, C2 = 10nF and V var 0 = 5V. As can be seen starting from initial low voltage invested on C var , the internal voltage of the harvester exponentially increases as the variable MEMS capacitor transducer the mechanical energy from vibration into an electrical energy. Moreover, the area enclosed in the QV diagram with every cycle of the transducer increases with time indicating an increase in the harvested energy.

The drawback of the series-parallel charge pump is that after few cycles the electromechanical coupling forces become dominant stopping the converted energy from increasing. As can be seen in Figure 1.15d this behaviour of exponentially self increasing the internal voltage of the CC is not exhibited in real implementation, see Chapter 3. It is evident that to keep the energy harvesting process going on in the CC, part of the energy captured in has to be periodically extracted from the conditioning circuit.

Necessity of load interfaces

In e-VEH the harvested energy is accumulated on a reservoir capacitor, however without regulation of the internal voltage of the harvester's CC, a saturation state will occur. If part of the reservoir capacitor energy is periodically removed this will ensure that the harvesting process will not reach the saturation state. The removed energy from C res is temporarily stored onto a buffer capacitor. This buffer capacitor is necessary for two reasons:

-First, the reservoir capacitor can not directly supply the loads as it has to sustain sufficient energy across it to allow the harvester to properly function.

-Second, the voltage across the reservoir capacitor is usually high to directly interface with the load, so a step down voltage converter needs to be used.

For these reasons we proposed a load interface that transfers the energy from the reservoir capacitor into a buffer capacitor. This interface is able to maintain maximum energy flux from the energy harvester. It defines the amount of energy needed to be extracted from the harvester without compromising its efficiency and transfer this energy to a temporary storage to be later used to supply a low voltage load. This interface is responsible for the following requirements to be fulfilled:

-Regulating the reservoir voltage to its optimal mode.

-A stabilised load voltage around a nominal low voltage.

Thesis contribution

This thesis is concerned with rectangular Q-V CC. It addresses the implementation of a complete vibrational energy harvesting system as imagined in Figure 1.5. As mentioned earlier in sections 1.9.3 and 1.10, a part of the energy accumulated on the CC needs to be removed and stored temporarily onto a buffer capacitor. This PhD work tackles this problem using the starting point of an optimum interval to extract the energy from C res [START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF]. We propose a method of energy extraction without impacting the efficiency of the energy harvester. The amount of energy extracted as well as when this energy is extracted impact on the harvesting process will be discussed see Chapter 3. However, this function is achieved with what we call a load interface.

CHAPTER 1. INTRODUCTION

This thesis introduces Conditioning Circuit Regulator (CCR) which interfaces the rectangular Q-V CC to buffer capacitor. This CCR periodically extracting part of CC harvested energy into a buffer capacitor. The next step is Load Voltage Regulation (LVR) block which is responsible for regulating the output voltage within a nominal low voltage. This thesis manuscript reports the following:

• Proposed a new ultra low power architecture for e-VEH with rectangular Q-V CC load interface that is based on DC-DC buck converter.

• Provided an optimised mixed-signal load interface controller operating with an input power at least 2µW.

• Proposed a low output voltage regulator for the load in conjunction with the proposed load interface enabling a load to be periodically supplied by the e-VEH.

Chapters summaries

Chapter 1 This chapter presents the fundamentals of energy harvesting in general. It focuses on vibrational energy harvesting and more specifically electrostatic energy harvester. First we summarise the different methods of transduction of vibrational energy. Then electrostatic transduction ES advantages over other types of transduction methods are listed. These include: the high output voltage of ES, relatively low cost, and ease of integration with CMOS. Afterwards, the three main blocks of any smart electrostatic vibrational energy harvesters (e-VEH) is highlighted. These blocks are the transducer interface, the power management interface and the load interface. The transducer interface is responsible for transduction the vibrational energy into electric energy as well as conditioning the output voltage from the transducer using a conditioning circuit. Afterwards, the power management interface ensures that the conditioning circuit is operating at its maximised output energy flux rate. This is achieved by maintaining the internal voltage of the CC within its optimum interval through periodically extracting part of the CC energy and temporary store onto a buffer storage. The proposed buffer storage can be a rechargeable battery of a capacitor. The last block of the e-VEH is the load interface, which is responsible for the regulated low output voltage and supplying the load the harvested energy when available.

The rest of the chapter is dedicated to discussing the fundamentals of the electrostatic transducer, conditioning circuits and the necessity of load interfaces for e-VEHs. For the conditioning circuit, this work incorporates rectangular QV cycle CC. Even though the interface we propose can work with any rectangular QV cycle CC, yet the design of interface targeted series-parallel charge pump. This is a new family of CC with a key feature of its capability of self-increasing of the CC internal voltage starting from relatively low voltage.

Chapter 2 In this Chapter the state-of-the-art of electrostatic energy harvesters is discussed. An overview of the practical implementations in the last decade is presented, distinguishing between four main steps towards what can be called a complete e-VEH. The main characteristic to differentiate between these steps was the control electronics.

Chapters summaries

With the research in the community shifting from developing a simple transducer, to incorporating synchronised and self-synchronised conditioning circuit to a full system that takes into account the optimum operating conditions of the CC as well as the load interface. This chapter highlights the fact that a mature and smart e-VEH with both load and energy management interfaces is still not explorer within the community. The goal of this PhD work is to tackle this problem for a particular type of e-VEH CC namely series-parallel charge pump CC.

Chapter 3 In Chapter 3, we describe the architecture developed within the frame of this work. First different mechanisms which are used to transfer and manage the energy extraction between two capacitor storage is discussed. These include dc-dc interfaces that are capable of transferring the energy with minimum losses between capacitors. A justification for using buck dc-dc converter is explained with the two regulation processes that dictated by the e-VEH. The regulation process is the reservoir voltage regulation and the load voltage regulation. The reservoir voltage regulation is necessary to keep the harvesting processing from reaching saturation, while the load voltage regulation is necessary for the low output regulated voltage for the load. The reservoir voltage regulation strategies are proposed through first defining the optimum interval of the CC internal voltage. Afterwards, the load interface control technique is explained. For this work, the load interface control is achieved through a discretetime voltage control which is explained by the aide of behaviour model simulation. Finally, one major type of losses is identified, namely condition losses. To overcome such issue, multiple energy-shots transfer is proposed. In such scheme the energy extraction from the energy reservoir to a buffer reservoir through a number of small shot instead of a single shot. This maintains the interface inductor current within an upper bound and helps mainly minimal losses during the transfer. This chapter concludes with a VHDL-AMS behaviour model for the multiple energy-shot load interface. In chapter 4 a transistor level implementation is proposed while in chapter 5 an improved implementation of the LI addressing the power consumption is addressed.

Chapter 4 In this chapter the multiple energy-shot transfer is implemented in transistor level for e-VEH load interface. This implementation promises an adequate energy transfer technique regardless of the maximum inductor current limit dictated by the LT switch. Moreover, a degree of modification for the switching thresholds is proposed using an adjustable Schmitt trigger comparator that can be used to autonomously adjust with the change of the optimum reservoir voltage caused by dynamics of the harvester. This chapter begins by describing the technology of which the transistor level implementation is proposed in. Justification for choosing such technology is listed. Next, the structure of the load interface implementation is described. This implementation had three main blocks including switching decision block, clock generator block and the switch control block. Each of the proposed blocks is described in details through out this chapter. At the core of the LI controller is a low power hysteresis comparator which is used to generate the required logical commands for the LI switch, activating/deactivating the energy extraction according to the state of the system. A sampled scaled down version of the CC internal voltage is applied to the comparator allowing this logical command generation. Other blocks include an ultra low power clock generator, zero-static current level shifter and a power switch. The chapter concludes with a complete transistor level implementation of the reservoir voltage regulator and summary of the average power consumption of each of the LI controller blocks.

Chapter 5 A second low power load interface is proposed in this chapter. Similar to the first implementations it makes use of series-parallel charge pump CC as a conditioning circuit and a mix of high voltage interface with an ultra low power control block to maintain maximum energy harvested from e-VEH. The main focus of this implementation was to reduce the average power consumption of the LI controller and provide low output voltage regulation for the load. This required a modified LI controller architectures with a new hysteresis comparator based on RS triggers. All necessary modification required for the LI controller was carried out to reduce to reduce the power consumption. Simulated results show that the second implementation LI controller power overhead is less than 100nW thanks to an ultra low power RS-trigger based comparator.

Summary

In this chapter, the fundamental of energy harvesting was introduced. A general model of vibrational energy harvesters is presented before discussing the types of conditioning circuits. With the main focus of this PhD project around electrostatic vibrational energy harvester e-VEH , a complete e-VEH system is introduced with three main blocks clearly distinguished. These main blocks general purpose is indicated, with the target of implementing a transistor level e-VEH in the subsequent sections of this thesis.

The next chapter summaries the recent advances in electrostatic energy harvesters regarding both the transducers and the energy management interfaces. In Chapter 3, the specification of the targeted e-VEH implementation is presented. Finally chapters 4 and 5 present two complete transistor level implementation for what we call smart energy management interface for e-VEH. First we discusses the approach towards using this transducers for energy harvesting, starting with electronics synchronising the charge flow of with the vibration movement, moving to architecture which extract the charges moving towards a complete system. Then we discuss the evolution of the vibrational electrostatic harvesters through their different steps which unfolded in the last decade. We then conclude with presenting our approach towards a complete energy harvesting system that can extract, manage, regulate and deliver the energy for a load.

Chapter 2

State of the Art for Electrostatic Vibrational Energy Harvesters

Before we begin presenting the survey of different electrostatic transducers, we first distinguish between four steps starting from a simple transducer and ending up with a complete e-VEH system.

These steps can be listed as follows,

•

Step 1: Primitive transducer, Figure 2.1a.

• Step 2: Synchronised transducer, Figure 2.1b.

• Step 3: Synchronised conditioning circuit, Figure 2.1c.

• Step 4: Complete energy harvester system, Figure 2.1d.

The rest of this chapter summarises the recent transducers advancements as well as the energy management interfaces. The chapter is organised as follows, first the electrostatic transducers two types (electret-free and electret-based) are discussed. A summary of the last decade progress is presented. Next, the trends of load interfaces are listed according to the steps presented in Figure 2.1.

Electrostatic transducer

This section summarise some of the proposed primary electrostatic harvesters which presented either the Step 1, Figure 2.1a, or Step 2, Figure 2.1b, towards a complete system of e-VEH. In this section we distinguish between implementations that makes use of what is called electret transducers and electret-free transducers. The implementations are presented in chronological order, with a Table 2.1 summarising the list of implementations. The capacitive electrostatic transducers can be classified into two categories according to the charging method:

• Electret-free. These are transducers that requires an external source of charges to harvest the vibrational energy. The external source provides the initial invested energy for the transducer before the conversion of energy takes place. They usually require active electronics to synchronise the movement of the capacitor with the movement of the charges [START_REF] Torres | Energy budget and high-gain strategies for voltage-constrained electrostatic harvesters[END_REF].

• Electret-based These are transducers that uses an electret material to maintain the charge of the electrostatic converter through time. Electrets are dielectrics able to keep an electric field , as shown in Figure 2.2 in the form of a surface voltage for years by trapping the charges on the surface [START_REF] Boisseau | Cantileverbased electret energy harvesters[END_REF].

Electret-Free transducers

This section presents electret-free transducers implementations. This kind of transducers requires a source of charges and thus would also require some managing electronics to operate. Most of electret-free transducers are either implementing the scheme presented in 2.1b or 2.1c. The first electret-free e-VEH develop as a comb based VEH was presented in 2001 by Meninger et al; [START_REF] Meninger | Vibration-to-electric energy conversion[END_REF]. This implementation presented a prototype that is capable of delivering a 8µW of usable power. The synchronisation mechanism was based on inductor switching as was presented in section 1.9.2. In 20103 Roundy et al. [6] proposed an in-plane gap closing e-VEH that is capable of delivering up to 100µW/cm 3 harvested power using an external vibration source with 2.2m/s 2 at 120Hz. In 2005 Despesse [START_REF] Despesse | High damping electrostatic system for vibration energy scavenging[END_REF] et al. proposed an e-VEH that is able to provide harvested power of 1mW with a 0.2g vibration source at 50Hz. It must be noted that all the previous examples of electret-free transducers used charge-constrained scheme to harvest the energy with inductive-switching to synchronise the energy extraction, see section 1.9.2, . In 2011 Hoffmann et al [START_REF] Hoffmann | Analysis and characterization of triangular electrode structures for electrostatic energy harvesting[END_REF] developed a triangular electrode electrostatic energy harvester
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- ------------------------------ that provides higher capacitance per unit displacement 2.3a. This harvester was able to harvest 123µJ of energy into a 20µF capacitor given a bias voltage of 15V and the acceleration amplitude of 2ms -2 . The energy was accumulated then manually release using a wireless transmitter model that was charged to 3.5V in 5.7 minutes.

In this work, a first implementation of a simple conditioning circuit CC was introduced. This CC was was a full wave rectifier and it implements in a continuous circuit scheme using two complementary variable MEMS capacitors. This scheme of harvesting the vibration energy is shown in Figure 2.1d where the transducer movement and charge accumulation is synchronised using a CC and the energy is to a load. The load interface was a simple full-wave rectifier which does not take into account extracting the energy efficiently from the CC. Moreover, the energy was released with manual triggers to the load -wireless transmitter -when enough energy was accumulated on the buffer capacitor as shown in Figure 2.3b. Even-though this implementation was permeative in terms of the a whole e-VEH, yet it indicated the main block necessary to build a complete e-VEH. 

Electret-based transducers

These are variable capacitors with electret material between its plates. It has the capability to directly transform the mechanical energy into electrical energy [1].

In 2007 Loa et al [START_REF] Lo | A simple micro electret power generator[END_REF] developed an electret based e-VEH that operates in low frequency. The prototype proposed in Figure 2.4a was capable of producing an output power of 2.26µW through an output load of 40MΩ. The measurement was achieved through at a vibrating source frequency of 60Hz. Later in 2008, Lao et al [START_REF] Lo | Parylene-ht-based electret rotor generator[END_REF] improved there prototype through using parylene HT as the electret material and a new design that both electrodes are on the stator plate and the rotor are in an insulator blocks coated with electret material. The device was able to harvest a maximum output power of 17.98µW at 50Hz through a load of 80MΩ . In 2009, Hoffmann et al [START_REF] Hoffmann | Fabrication, characterization and modelling of electrostatic micro-generators[END_REF] developed an electrostatic micro-generator shown in Figure 2.5a. It is capable of extracting vibrational energy and delivering up to 1.58 µW average output power. It is packaged in 0.2cm 3 volume using a modified SOI technology developed for inertial sensors at HSG-IMIT. Experiment results highlighted two important results:
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-An optimal bias voltage where the output power is maximal exists. Thus, the bias voltage has to be considered as a design parameter with respect to the excitation conditions of the corresponding application [START_REF] Hoffmann | Fabrication, characterization and modelling of electrostatic micro-generators[END_REF].

-At larger excitations above a critical level the mechanical stoppers come into effect causing the output power to flatten and weakly decrease, cf. Figure 2.5b [START_REF] Hoffmann | Fabrication, characterization and modelling of electrostatic micro-generators[END_REF].

In 2011 Choi et al [START_REF] Choi | Liquid-based electrostatic energy harvester with high sensitivity to human physical motion[END_REF] reported a liquid based electrostatic energy harvester shown In 2013 Altena et al [START_REF] Altena | Design improvements for an electret-based mems vibrational electrostatic energy harvester[END_REF] presented a method of an electret-based MEMS vibrational electrostatic energy harvester that is capable of producing up to 175µW of power shown in Figure 2.7. This two order of magnitude high output power is due to a different electrical connection principle of the harvester and an optimised geometrical configuration of the electrodes. The devices was tested under sinusoidal excitation with acceleration of 2.5g at 1187Hz frequency and optimum load of 3.2MΩ. The electret potential is 200V and device size of 1cm 2 .

In 2013 Chiu et al [START_REF] Chiu | Flat and robust out-of-plane vibrational electret energy harvester[END_REF] reported an out-of-plane electret vibration energy harvester made of Copper plates and flexible printed circuit board (FPCB). It can produce output power up to 20.7µW with 50MΩ load. The measurement is given an external vibration source of 110Hz and 2g acceleration. The electret potential was 400V and the whole device size was 4cm 2 . Wang et al [START_REF] Wang | Electrostatic energy harvesting device with out-of-theplane gap closing scheme[END_REF] developed advice of 1.43cm 2 device. It is capable of producing up to 0.15µW power when connected to external load resistance of 13.4MΩ. The vibration source had 1g at 96Hz.
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In 2014, Tao et al; develop a 3 dimensional electret based harvester that supports a multiple vibration mode. They proposed a rotational symmetrical resonator as shown in Figure 2.9. Electret material was charged through corona charging method and the harvester prototype was able to produce 4.8nW of power given an external vibration acceleration of 0.05g [START_REF] Tao | A three-dimensional electretbased micro power generator for low-level ambient vibrational energy harvesting[END_REF]. In 2015 J. Hillenbrand et al; proposed a vibration-based electret energy harvesters with soft cellular spacer [START_REF] Hillenbrand | Electret transducer for vibrationbased energy harvesting[END_REF]. The proposed harvesters were designed to work with acceleration of 8g to 23g and surface potentials in the 500V regime. It shows a measured harvested power of up to 8µW at 2 kHz and an acceleration of 1g. This soft 2.2 Electrostatic transducer cellular spacer design has several advantages over traditional design such as a compact design as the harvesters is slightly larger than the seismic mass. This means that these harvesters can operate with low resonance frequencies (< 100 Hz) and produce with relatively high output power. Figure 2.10 shows an illustration of the proposed design as well as the measured normalized power. In 2015 Perez et al [START_REF] Perez | An electretbased aeroelastic flutter energy harvester[END_REF]; an airflow energy harvester was presented using an electretbased conversion to turn the air flow into membrane movement and in turn into electrical energy. The device proposed was implemented in 25µm thick Teflon PTFE electret layer as shown in Figure 2.11. The device is able to harvest up to 2.1mW output power with a 3g acceleration vibrating source with of 300Hz. The measured output was the optimal load of 14MΩ. [START_REF] Perez | An electretbased aeroelastic flutter energy harvester[END_REF] Later in 2017 Tao et al [START_REF] Tao | Enhanced electrostatic vibrational energy harvesting using integrated opposite-charged electrets[END_REF] developed an improved version of the electret based vibrational energy harvester. The new design was a sandwich structure MEMS that has two opposite charged electrics integrated into a single electrostatic device. With overall devices package of 0.24cm 3 size, it generates a power of 0.22µW with a vibration acceleration of 1g with 122Hz and a load of 30 MΩ. Adopting this new MEMS structure resulted in a direct improve of e-VEH performance compared to the perviously introduced model with the output voltage increased by 80.9% with an input acceleration of 5ms -2 .

Table 2.2 summarises most of the recent implementations of electret-based transducers in the energy harvesting community. 

E-VEH with energy management interfaces

This section discuss energy management interfaces for the e-VEH. As was shown in Figure 2.1, we distinguish between four type of e-VEH with a key parameter to differentiate between these interfaces is the monitoring electronics. The first step, 2.1a, lacks any monitoring electronics that synchronise the charge movement with the interface. The second step, Figure 2.1b, includes synchronising electronics allowing a synchronised charge movement from the transducer to a load or a capacitor. The third step, Figure 2.1c, rely on CC to autonomously accumulated the harvested charges on a storage capacitor and uses monitoring electronics to control the energy discharge on a load when enough energy is accumulated.

E-VEH with energy management interfaces

E-VEH Step 1: Primitive transducer

This is the simplest implementation of the vibrational harvesters implementation where the variable capacitor is directly connected to the load. These implementation are usually used either characterise the MEMS transducer.

Few implementations of such interface were presented in 2009 by Paracha et al. [START_REF] Basset | A batch-fabricated and electret-free silicon electrostatic vibration energy harvester[END_REF], in 2011 by Boisseau et al. [START_REF] Boisseau | Cantileverbased electret energy harvesters[END_REF] and in 2013 by Bu et al. [START_REF] Bu | Non-resonant electrostatic energy harvester for wideband applications[END_REF]. In this interface the variable MEMS capacitor is connected directly to a reservoir which could be capacitor or a resistive load as shown in Figure 2.13. These kinds of interfaces has several drawbacks including:

-They are not capable of synchronising efficently the charge movement with the capacitor mechanical movement. This results in harvested energy loss [START_REF] Torres | Energy budget and high-gain strategies for voltage-constrained electrostatic harvesters[END_REF].

-They are not able to self-increase their internal energy. This lead to eventually stopping of the harvesting process [1]. 

E-VEH Step 2: Synchronised transducer

In these e-VEH interfaces the main concern is to synchronise the charge movement, thus the interface controller relied on sensing the variable MEMS capacitor voltage to activate the extraction mechanism, cf. Figure2.1b. Examples on such interfaces was reported in [6,[START_REF] Torres | Energy budget and high-gain strategies for voltage-constrained electrostatic harvesters[END_REF][START_REF] Yen | A variable-capacitance vibration-to-electric energy harvester[END_REF][START_REF] Meninger | Vibration-to-electric energy conversion[END_REF]. As can been in Figure 2.14a Meninger et al. proposed an switched-inductor interface that synchronises the switching event for SW1 and SW2 with the variable capacitor to achieved efficient energy extraction, see section 1.9.2. The drawback of such implementation is that the controller assumes known and fixed operating condition prior the harvesting process. This however is not possible when considering harvesting energy from ambient vibration source.

In the proposed implementation by Torres et al. a load interface which precharges, detects, and synchronises to a variable voltage-constrained capacitor was presented [START_REF] Torres | Energy budget and high-gain strategies for voltage-constrained electrostatic harvesters[END_REF]. The variable MEMS was an electret-free and thus required a battery which was used as both the voltage-constraining device and precharging source. As can be seen in Figure 2.14b the proposed interface had a state detector to distinguish between the different states of the variable capacitor and generate the appropriate switching signals to either extract or. replenish C var charges.

In step 2, the main focus was to achieve proper synchronisation of the variable MEMS capacitor according with the charge extraction through switches and sensing electronics, this however was partially abandon with the adoption of self-synchronised conditioning circuits as will be shown in step 3. 

E-VEH Step 3: Synchronised conditioning circuit

In step 3 most of the research of the community shifted towards investigating selfsynchronised conditioning circuits. These were CC based on charge-pump and was able to achieve energy extraction from the variable MEMS capacitor thanks to replacing the switches with a network of diodes. Such interface first implementation was introduce by Roundy et al. in 2002 [6] It relied on charge pump arrangement and later in 2004 replaced the switches with diodes, cf. Figure 2.15a and section 1.9.3. This type of interface allowed self-synchronisation of the charges with the variable capacitor movement, however as was shown in section 1.9.3 it suffers from saturation after few harvesting cycles. In 2005 Ben Yen et al. [START_REF] Yen | A variable-capacitance vibration-to-electric energy harvester[END_REF] proposed a flyback mechanism as shown in Figure 2.15b and in 2011 Dudka et al. [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF][START_REF] Dudka | Wideband Electrostatic Vibration Energy Harvester (e-VEH) Having a Low Start-Up Voltage Employing a High-Voltage Integrated Interface[END_REF] proposed an improved version with a self-calibrated flyback thresholds. In 2011 Querioz et al. [START_REF] De Queiroz | The doubler of electricity used as battery charger[END_REF][START_REF] De Queiroz | Batteryless electrostatic energy harvester and control system[END_REF] proposed a new CC based on Bennets doubler. It has gained the interest of the electrostatic harvesting community since then such as [START_REF] Dorzhiev | Electret-free micromachined silicon electrostatic vibration energy harvester with the bennet's doubler as conditioning circuit[END_REF][START_REF] Lefeuvre | Self-Biased Inductor-less Interface Circuit for Electret-Free Electrostatic Energy Harvesters[END_REF][START_REF] Wei | Simple and efficient interface circuit for vibration electrostatic energy harvesters[END_REF][START_REF] Truong | Analysis of electrostatic energy harvesters electrically configured as bennet's doublers[END_REF].

E-VEH with energy management interfaces

In all of implementations proposed in Step 3, the interface control from step 2 was replaced by improved self-synchronising CC and thus the controller electronics shifted from monitoring the transducer to monitoring the internal voltage of the CC. The load interface in this stage was merely addressed. 

E-VEH Step 4: Complete energy harvester system

In this step of load interfaces implementation, a whole system is considered from the transducer synchronisation, conditioning of the voltage and load interfacing as shown in Figure 2.1d. Only few groups have proposed a complete system as such, since the main focus was on the harvester itself. With the transducer and its conditioning circuits becoming more mature and fully characterised and analysed it is now most appropriate to address the implementation of a whole e-VEH system. One of the preliminary implementation was done by Asantha Kempitiya et al. [START_REF] Kempitiya | Analysis and optimization of asynchronously controlled electrostatic energy harvesters[END_REF][START_REF] Kempitiya | Low-Power Interface IC for Triplate Electrostatic Energy Converters[END_REF] in 2013. They proposed a low power energy harvesting circuit that performs synchronous energy harvesting on tri-plate variable capacitor. The proposed design was a charge pump CC architecture implementing a charge constrained energy conversion. The power IC control was implemented in AMI0.7µm high voltage CMOS process. The overall harvester implementation was capable of generating a 308nW (at 98Hz vibration). This implementation presented a new class of micro generators with the potential for higher energy conversion than regular electrostatic energy harvesters.

More recent attempt for an efficient electrostatic energy harvesters is done by Stefano et al [START_REF] Stanzione | A High Voltage Self-Biased Integrated DC-DC Buck Converter With Fully Analog MPPT Algorithm for Electrostatic Energy Harvesters[END_REF][START_REF] Stanzione | 20.8 A 500nW batteryless integrated electrostatic energy harvester interface based on a DC-DC converter with 60V maximum input voltage and operating from 1uW available power, including MPPT and cold start[END_REF]. The implemented a high voltage and low power inductive DC-DC buck converter for e-VEH interface. The implementation was done using TSMC 0.25µm CMOS technology and included a maximum point tracking algorithm for matching the the internal impedance of the harvester and AC-DC converter. This approach usually has a drawback of complex digital processing or a simple but analog to perform the Maximum power point tracking (MPPT). The reported measured peak end-to-end efficiency is 88% and control average power of 5000nW and does not operate under 25µW available power. An improved version of the harvester interface was proposed later on by the same team on 2015 that is capable of operating with input power under 1µW and with a controller average power of 500nW. 2.4 Summary

Summary

In this chapter a summary of electrostatic energy harvesters was discussed. A distinguish between four chronological steps of e-VEH system was proposed. These steps summarises the progress done towards a complete e-VEH system from a simple transducer to conditioning circuits and ending with a system employing an energy management interface. With the recent advances in e-VEH CC it is now more challenging to introduce a complete e-VEH system that is capable of managing the harvested power, maintaining a maximised energy flux rate and regulating a low output voltage for a load. In this thesis work, we propose a harvester interface as shown in Figure 2.1d, in Chapter 3 the fundamentals of the load interface is discussed and in Chapter 4 and Chapter 5 CMOS implementation of such interface is proposed. 

Overview

T his chapter describes the architecture developed in this thesis for interface between two energy storages: an internal capacitor of a conditioning circuit (called a reservoir capacitor) which receives the energy converted from mechanical domain and a capacitor supplying a low voltage load (called buffer capacitor), cf. Figure 3.1. This interface transfers the energy of the reservoir capacitor while fulfilling the requirement applied to this transfer (sec. 1.10) :

Review of DC-DC Interfaces

-The voltage on the reservoir is regulated as required by the optimal operation mode of the conditioning circuit.

-The voltage of the load is stabilised around the nominal low voltage.

-If the voltage of the reservoir is much larger than the voltage of the load (this is a typical situation in electrostatic harvesters), the energy transfer should be as efficient (lossless) as possible.

After a short review of DC-DC interfaces (sec.3.2), we present the design steps justifying the architecture of the load interface selected in this work. 

Review of DC-DC Interfaces

A DC-DC interface generates a required DC voltage using a voltage source with a different DC voltage. In majority of cases, the DC-DC converters are used for the power supply generation. According to the particular applicative context, different requirements are applied to them: stabilization of the output voltage (voltage regulators), minimization of the voltage loss (Low Dropout Voltage, when the required output voltage is comparable to the input voltage), minimization of the conversion losses... In the case of capacitive energy harvesters, the main attention of DC-DC converter designers is a delivery of the maximum of energy generated by the harvester to the load, while respecting the required load operation conditions: the nominal load voltage and the voltage regulation.

In the majority of the harvesters, the available output voltage is very low, and the challenge is a stepping up of the output voltage (e.g., RF powering interfaces, thermoelectric generators, miniature electromagnetic converters, etc). In the capacitive harvesters, the output voltage is generally much higher than the voltage required by the load. Hence a stepping down is required. Generally, it means that the harvested energy is accumulated in a high-voltage capacitor (the reservoir capacitor), and it must be transferred to a capacitor having a large capacitance and a low voltage (a load capacitor).

The circuits used for a transfer of energy between two capacitors are similar to the conventional DC-DC converters, although their modes of operation are slightly different. In this section, we present three types of capacitive interface: (a) Resistive interface, which is a trivial topology, but whose analysis emphasizes the problem of the energy transfer in capacitive networks, (b) interface based on Buck-Boost DC-DC topology, (c) interface based on Buck topology. The section will conclude with a justification of the choice of the Buck converter interface for this PhD project. 

Resistive interface

Resistive interfaces -cf. Figure 3.2a -are the simplest form of interface allowing an energy transfer between two capacitors. Such an interface allows to transfer energy from a high voltage capacitor to a lower voltage capacitor, and never to the opposite direction. The advantage of these interfaces is their simplicity. Unfortunately, the energy transfer is done with some incompressible losses, which cannot be reduced by any design effort. Energy transfer between two identical capacitors: Let us assume that two capacitors C res and C buffer charged to V 0 and 0. For simplicity and demonstration purposes, we suppose them identical with capacitance C. Suppose, the goal is to transfer as much energy as possible from C res to C buffer . Initially, all system energy is stored in C res , and is equal to:

U 0 = U res 0 = CV 2 0 2 (3.1)
When the two capacitors are connected, the charges are redistribution between them.

Since the two capacitors are identical, the charges are distributed equally between each capacitor and their voltages become V 0 /2. The of energy stored in the system after the transfer is,

U f inal = U res + U buffer = CV 0 2 4 = U 0 2 (3.2)
It is to be noted that the final energy of the system does not depend on the value of the resistance, which suggest that this loss is structural, and can't be reduced by a design effort, for example, by reducing the resistance of the connexion R. This is known as capacitors energy paradox [START_REF] Sommariva | Solving the two capacitor paradox through a new asymptotic approach[END_REF]. Indeed, the direct calculation of the energy lost in the resistance R gives:

U R = ∞ 0 i 2 R R = ∞ 0 ( V r es 0 R e -2t RC ) 2 Rdt = CV 2 0 4 = U 0 2 (3.3)
so that the lost energy does not depend on the resistance value, and so the loss cannot be reduced by minimizing the resistance. The situation will be even worse if C load C res : in this case, the part of the energy lost in the resistance will be close to 1 -C res /C load .

Because of this structural loss, resistive interfaces are seldom used in the energy harvesters. The next two interfaces presented in subsections 3.2.2 and 3.2.3 overcome this drawback.

Buck-Boost DC-DC Load Interfaces

The only way to transfer energy between two capacitors without losses is to use an inductor as an intermediate energy transfer medium. A Buck-Boost interface is the most generic and straightforward solution for that, cf. Figure 3.2b.

The network includes the two capacitances C res , C buffer , an inductor and two synchronised switches -SW1 and SW2 and a some control unit generating switching commands.

Buck-Boost Interface Operation: Let us assume the reservoir capacitor C res is initially charged to V res 0 , the buffer capacitor C buffer charged to zero, and the switches are off. The goal of the network is to extract some predefined quantity of energy ∆W from C res , and to transfer it to C buffer . The switching events corresponding to the Buck-Boost operation are given in Figure 3.3.

Switching on of SW1 for τ 1 extracts the energy from the reservoir and transforms it into magnetic energy in the inductor L. When the required energy is extracted from C res the switch states are complemented for a time τ 1 . The energy is transferred from the inductor onto C buffer .

-After the energy transfer is completed the switches are turned off. This process is repeated when energy extraction is needed.

The switching time τ defines the energy ∆W to be extracted from C res . If all the energy of C res is required to be extracted, the time τ has to be equal to quarter resonant period, i.e τ = π 2 √ LC res . When initially charged to zero, after the transfer the buffer capacitor C buffer raises its voltage to,

V buffer =    V res Cres C buffer , τ = π 2 √ LC res Vres √ LC buffer τ, τ < π 2 √ LC res (3.4)
The principle of energy transfer doesn't change if the buffer capacitor has a nonzero initial energy. The Buck-Boost architecture allows a transfer whatever is the ratio between V res and V buffer , even if V buffer > V res . This is a strong advantage of the Boost-Buck topology, in particular, comparing to the resistive interface, where a transfers requires V res > V buffer . This energy transfer scheme has two drawbacks: (a) It requires precise synchronization of the switches, (b) The polarity of the output voltage V buffer is reversed with regards to V res . This is problematic for some applications and would require an extra regulation step.

In section 3.2.3 Buck DC-DC converters are presented as Load Interfaces that overcome the drawbacks (a) and (b) for Buck-Boost converters. Later in section 3.6 a method is introduce to overcome drawback (c) using multiple of energy-shot transfer. 

Buck DC-DC Load Interface

This section presents the operation of the Buck DC-DC converter as an interface between two capacitors. First, the operation of Buck DC-Dc converters is introduced. Later a justification for using Buck DC-DC converters over Buck-Boost converters in the context of e-VEH is presented.

Buck DC-DC converter is composed on the same components as the Boost converter, but in a slightly different topology, cf. Figure 3.2c (the diode playing the role of the second switch). The Buck converter operates in two phases:

-Phase I -SW LI On: The reservoir C res is connected to the buffer capacitor C buffer through the inductor L LI initiating energy transfer from C res to the network C buffer L. For that to be possible, it is required V res > V buffer . During this transfer, the diode D1 is reverse biased and is off. As charges flow through L LI an electromagnetic energy gradually builds up and by the end of Phase I, and the energy removed from C res is partly transformed into electromagnetic energy of the inductor and partly transferred to C buffer . Assuming that initially C res and C buffer are charged with voltages V res0 and V buffer0 respectively, the electrical dynamic quantities of the circuit can be found from the equation:

     Qres(t) Cres -Q buffer (t) C buffer -Li L (t) = 0 Q res (t) + Q buffer (t) = Q 0 i L = Q buffer (3.5)

Review of DC-DC Interfaces

where, Q res (t) and Q buffer (t) are the charge-time functions of the reservoir and buffer capacitors respectively. By defining the governing equations (see Appendix I), the inductor current i L is as follows,

i L (t) = C eq L (V res 0 -V buf f er 0 )sin(ωt) (3.6)
If in this equation t is substituted by τ , the ON time of the first switch, the last equation gives the current in the inductor at the end of the process. Obviously, the maximum useful value for this parameter is T /4, where T is the oscillation period of the circuit composed from L and series connection of C res and C buffer .

In the context of using Buck DC-DC converters as LI, it is convenient to analyse the LI in terms of the energies of the components.

It should be noted that most of the energy extracted from C res in Phase I is transformed into the inductor and only small part ends up on C buffer . If C buffer is chosen such that C buffer C res , the energy accumulated on C buffer can be neglected.

The energy extracted from C res in Phase I can be expressed as,

∆U res = 1 2 C res      V 2 res 0 -     (V res 0 -V buff 0 )cos(ωτ ) + V buffer 0 + V res 0 C res C buffer C res + C buffer • C buffer     2     
(3.7) A part of this energy is stored in the inductor:

U L = (V res 0 -V buffer 0 ) 2 2 
C buffer C res C res + C buffer sin 2 ωτ (3.8)
If C buffer C res , the expressions (3.7) and (3.8) can be simplified:

∆U res = 1 2 C res V 2 res 0 -[(V res 0 -V buffer 0 )cos(ωτ ) + V buffer 0 ] 2 (3.9) 
and

U L = (V res 0 -V buffer 0 ) 2 2 • C res sin 2 ωτ (3.10)
At the end of the phase 1, the inductor current is maximum. Its value is a key design parameter, since it defines the sizing of the active circuits. The calculated energy U L is directly linked with the inductor current through the formula U L = LI 2 L /2, so that the current is proportional to the square of sinωτ . If τ T , the maximum current of the inductor is simply proportional to τ , and so can be easily controlled.

-Phase II -SW LI Off : The reservoir C res is disconnected from C buffer and energy extraction from the reservoir is stopped. However, thanks to the presence of the diode D LI called a flyback diode, the inductor is now connected to C buffer . Since the inductor is biased negatively (with regard to the current direction), the inductor reduces its current and transfers the energy into C buffer . The duration of this process τ 1 is at most the quarter of period of the LC buffer . The precise duration depends on the ratio between the energy in the inductor and in the C buffer at the beginning of the Phase II. The value of the time τ 1 can be calculated from the following equation:

sin 2 ω 1 τ 1 = LI 2 0 LI 2 0 + C buffer V 2 buffer (3.11)
At the end of this process, all energy extracted from C res during the phase I is transformed into electrical energy stored in C buffer . We note that the total charge of C res and C store is larger at end than at the beginning of the Buck transfer cycle: Indeed, during the phase II, the energy stored in the inductor was used to generate (to separate) new charges on C buffer . On the contrary, the energy balance is fully respected, as far as the losses are negligible.

Justification for DC-DC Buck Converters The main advantages of the Buck DC-DC Load Interface over the Buck-Boost load interface is that, The output voltage -V buffer -is in phase with the input voltage -V res -thus no extra regulation step is needed. The next section discuss how the Buck converter is used in the context of e-VEHs. 

Phase II

Buck Converters as Load Interface for CCs

This section present how a DC-DC Buck converter architecture fulfils the function of a load interface in a capacitive energy harvester, and to respond to the requirements given in sec. 1.10. We note that the requirement of a high efficiency energy transfer is fulfilled by the choice of the architecture, as mentioned in sec. 3.2.3. In the next two subsections we show how the requirements of regulation of the reservoir and load voltages is fulfilled.

Buck Converters as Load Interface for CCs

Reservoir voltage regulation

A voltage regulation requires a possibility to increase or to decrease the target voltage. As explained in sec. 3.2.3, the amount of energy transferred during one cycle shown in Figure . 3.4 is controlled by the duration of the switch ON τ pulse. Since the transfer of energy toward the buffer capacitor decreases the voltage of the reservoir, the timing of the switch drive controls the rate of the reservoir voltage decrease. We note that the Buck DC-DC converter is not able to increase the reservoir voltage on its own.

The increase of the reservoir voltage is possible thanks to the energy flux coming from the harvester. This flux is not controlled; however, the overall energy flux on the reservoir capacitor is given by:

P Cres = P harv uncontrolled -P LI controlled (3.12)
where, P Cres , P LI and P har are the energy fluxes on the reservoir capacitor, buffer capacitor and the harvester output respectively. In sec 3.4 control strategies to control P LI -and in turn P Cres -are discussed.

Load Voltage Regulation

The operation of the Buck converter transfers the energy toward the buffer capacitor, and so tends to increase its voltage. The intensity of this flux is controlled by the switch timing. If the switch timing is already used for the control of the reservoir voltage, this mechanism can not be used for an arbitrary control of the buffer capacitor voltage. In this way, the buffer capacitor receives some uncontrolled incoming energy flux, which contributes to the increase of the load voltage.

A regulation of the load voltage is only possible if we introduce a controllable outgoing flux. This flux is naturally implemented by the load, which consumes energy of the buffer capacitor. However, the power of this flux is defined by the nature and the needs of the load, and is not directly controlled, neither.

The only solution for the load voltage regulation is to introduce a control of the load. In the most simple case, this control can be implemented by a load switch (SWL) -cf. 3.1 -which connect the load if the V load is in the vicinity of the nominal (desired) load voltage, and disconnect it if the load voltage fall too low. This operation supposes that the energy flux consumed by the load is always superior to the incoming energy flux; in this case the average duty cycle of the SWL can fully regulate the voltage on the load resistance [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF].

Different strategies of the load voltage regulation are possible. All of them are function of the load operation management and are tightly linked to the application context. In addition, since the buffer capacitance is of a low voltage, the implementation of such control is not a major technical problem (some commercial ICs address the problem of the load management, for instance, TPS22860 of Texas Instruments). For this reason, the PhD project addresses only the problem of the reservoir-to-buffer energy transfer with a side goal of the reservoir voltage control. The next section presents control strategy for Buck converter to regulate the reservoir voltage.

Reservoir Voltage regulation Strategies

Indeed, it takes some time to the conditioning circuit to charge C res from V lower to V upper . During this time, the load interface is idle, and only spend energy for monitoring of the evolution of V res . As a consequence, such an operation is more energy saving comparing to a configuration where V res would be maintained close to the optimal voltage. From this point of view, the permissible interval should be defined as large as possible. However, if the interval is too large, the system operates far from the optimal mode during long time intervals (cf. fig. 3.5). A compromise depends on the practical implementation of the system which defines the energy cost of V res regulation. This will be discussed in chapter 4 when a CMOS implementation of the system will be presented.

Different strategy allows a regulation of the V res voltage with use of the presented Buck interface. The most straightforward way is to use a "single shot" energy transfer: when V res reaches V upper , the switch SW LI becomes on and the phase I of the Buck transfer cycle starts. The τ parameter is chosen exactly so to transfer to C buffer the amount of energy corresponding to decrease of V res to V lower . After that, the LI interface stays idle till V res crosses the upper threshold again. In next subsection more detail will be given about possible strategies of regulation of V res . Such an operation ensures that the voltage on V res is always within the predefined region (V lower , V upper by regularly extracting the energy from C res and by transferring in onto C buffer , cf. 

Load Interface Control

To achieve the regulation goal for V res , switching commands has to be generated to control the LI switch SW LI . This control commands can be time-controlled, voltage controlled or a mix of the two controls. Here we discuss these options.

Time Control (TC):

The switching commands is achieved through on/off pulse sequence where the command signal duty cycle and the frequency is fixed. The on τ and off τ 1 times are predefined and fixed so to ensure the V res variation in the predefined interval, cf. Figure 3.7a. Such an open-loop operation can only be valid when the harvester operates under periodic vibrating source with known and relatively stable parameters. Since this is seldom the case in practice, a regulation feedback should be introduced.

Voltage Control (VC):

The SW LI switching commands rely on measuring V res , cf 3.7b. In this control scheme two comparators are needed to compare V upper and V lower with the V res . Moreover SW LI switching commands has take into account the previous state of the switch. If the current state of the switch is not know before generating the next switching command, the SW LI can end up latching to one of the its states. As a consequence, the switch SW LI state is controlled by a finite state automaton presented in Figure 3.6b. A presence of a feedback on the value of V res guarantees a robust operation of the system.

Discrete-Time Voltage Control (DTVC) is a variant of the voltage control. In this control strategy V res used to control the finite state automaton in Figure 3.6b is sampled in time. A clock is used to synchronise the sampling process and to activate the comparators detecting events for the automaton operation. The sampling allows to reduce the energy consumption of the regulation circuit, since the measurement, comparison and decision taking will be achieved at discrete time, and not continuously. For this reason DTVC were adopt for this PhD project. 
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DTVC Control

This section describes how the DTVC is implemented to fulfil V res regulation goals, see section 3.4. It discuss V res regulation phases, the requirements of the sampling clock and introduces hysteresis comparators to generate switching commands of SW LI . The DTVC control is composed of a sampling circuit followed by a comparator, cf. Figure 3.8. These blocks are described in the rest of this section. However, it is convenient to first define V res operating phases as it gives better insight of the LI operation.

On/Off sequence e-VEH

Sampling

Comparator Clock Load control 

Reservoir Voltage Regulation Operating Phases

Consider the model shown in Figure 3.8. The current source I harv models a seriesparallel charge pump CC. The model uses the following parameters: -The reservoir capacitor C res = 100nF is initially charged to V in 0 = 5V.

-The buffer capacitor C buffer is initial discharged.

-LI inductor L = 10mH with winding resistance L R LI = 42Ω -An ideal diode mode D LI and switches SW LI and SW L .

-The SW LI switch thresholds are V upper = 16V and V lower = 13V.

-The SW load switch thresholds are 1V and 1.1V.

-I harv = 0.2µA supplying C res with constant charge accounting for 3µW average harvested energy flux.

The model simulation shows that energy accumulation on C res initially takes 5.5 seconds, while its voltage rises from 5 V to V upper . After that the first energy extraction -which lasts for 460µs -V res regulation repeats every 1.5 seconds as can be seen in Figure 3.9. Three distinct phases of the e-VEH from V res and V buffer regulation point of view can be identified:

-Conditioning circuit setup : the conditioning circuit accumulate its internal energy so to reach the optimal mode of the energy harvesting. The voltage V res increases but there is no transfer of the energy to the load.

-Buffer setup: output (load) buffer accumulates energy in order to reach a nominal voltage of the buffer.

-Steady State operation: the energy is converted and is transferred to the load a nominal rate. 

DTVC Sampling Clock

The discrete time operation of the voltage regulator requires a clock. The clock frequency is a critical design parameter for as it defines the voltage regulation resolution and the power consumption. A high frequency sampling will results in accurate switching in contrast to a low frequency sampling, but it results in a higher energy cost.

It happens that the operation of the circuit has two processes having different rates. When the switch SW LI is on during the time τ , the voltage V res reduces by 2 V. Although τ is not known a priori, we can consider its upper bound T /4 = π/2 (LC res C buffer /(C res + C buffer ) equal to 160 µs. Hence, if 5% of the precision is required, the time resolution of the sampling must be 0.05τ which yields 8 µs for the sampling time (a 125 kHz clock frequency).

However, when the capacitor C res increases it voltage because of the energy harvesting process (e.g., with a current I harv = 0.2µA as in the previous example), 10 seconds is necessary to increase its voltage from 6 to 8 V, and if 5% of precision is required in the V res definition, it is enough to have a 0.5s for the sampling period.

For this reason, practical implementation of the circuit will require two clocks: a low frequency one for monitoring of the slow rising of V res , and a high frequency one for monitoring the energy extraction process during the phase I of the Buck converter.

Conduction losses

In the study case shown in section 3.5.2, it can be seen that the inductor current I L reaches up to tens of mA -cf. Figure 3.9. This value is reached at the end of the time interval τ (the phase I of the Buck converter operation). The current of the inductor is 3.6 Multiple Energy-shot transfer given by the calculations presented in sec. 3.2.3. It can be seen that the value of this current increases with the square root of C res . Indeed, a part of the energy extracted from C res is temporary stored in the magnetic field of the inductor, and it is clear that the corresponding current increases with this capacitance.

A high current in the inductor may have significant impact on energy transfer efficiency. Not only the switching losses increase, the technology of which the switch is implemented sets a fundamental upper limit on the allowed inductor current (I Lmax ).

Loss power -resulting from ohmic losses in the power switches SW LI and the the inductor L -can be defined as [START_REF] Gerard | Survey and benchmark of fully integrated switching power converters: Switched-capacitor versus inductive approach[END_REF]. The energy cost of one Buck converter transfer cycle due to the conductive loss is given by:

P cond = Phases I and II I 2 L (t)R LI dt (3.13)
where I L is the instantaneous current through the inductor and R LI , and the resistance R LI accounts for the winding resistance of the inductor as well as for the switch on resistance. It can be seen that the power loss is proportional to square the current. Moreover, if the current is high, the size of the transistor must be increased. In turn, it will increase the capacitance of the switch, and will require a higher energy for the switch driving. Thus, in an effort to lower these losses it is more adequate to reduce the current I L . One method to achieve that goal is to introduce multiple energy-shot transfer. The idea is to transfer the energy ∆U res which correspond to lowering of C res voltage from V upper to V lower not in one single Buck cycle, but in several cycles (shots). Since the energy transferred at each shot is lower than when a single-shot transfer was used, the maximum current is lower. This concept is explained in details in the next section 3.6.

Multiple Energy-shot transfer

This section presents what we call "Multiple energy-shot transfer" strategy, consisting in transferring a desirable amount of energy from C res to C buf f er within Each single energy-shot transfer is done exactly as a the Buck converter transfer cycle described in sec. 3.2.3, as a two phase process:

Phase I: In this phase, the switch SW LI is turned on, for a time t on , chosen so that the inductor current does not exceed some predefined current I Lmax . This allows a part of the energy δU to be removed from C res . If the current I max is fixed, the time t on is given by the following equation:

t on = 1 ω sin -1 I Lmax V res 0 -V buffer 0 L C eq (3.14)
where, ω = 1/LC eq , C eq is the equivalent series capacitance of C res and C buffer , V res 0 and V buffer 0 are the initial voltage at t = 0. The link between t on and the extracted energy δU is given by eq. (3.7), where τ should be substituted by t on and ∆U res by δU . Equation (3.14) provides an upper bound of t on which guarantees that, under given initial voltages on the capacitors, the inductor current doesn't exceed I max . This upper bound depends as well on V res 0 -V buffer 0 . So, the absolute upper bound of t on is given by:

t onmax = 1 ω sin -1 I Lmax V res 0 max L C eq (3.15)
i.e., when V res 0 has a maximum value, and V buffer 0 is zero. We note that for a given I Lmax , t on . Second Phase: This phase begins when SW LI is turned off, and lasts for a time t off . This allows the energy accumulated on the inductor to be fully transferred to the load capacitor. The maximum time guarantying full energy transfer t off is defined as,

t off = π 2 LC buffer (3.16)
These two phases of energy transfer process is repeated until ∆U is extracted from C res . Both of t on and t off are chosen to be fixed and equal time needed to the energyshot transfer when V buffer = 0, since this is the only transfer where I Lmax is reached. The V res , V buffer and i L evolution in a multiple energy-shot transfer are illustrated in Figure 3.10. 
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Load Interface Behavioural Model

To show the multiple energy-shot transfer in action, a mixed Spice/behavioural model is introduced for the LI, as shown in Figure 3.11. The switching decisions are implemented by a hysteresis comparator modeled with a Spice macromodel. A current source mimics the influx of a harvested energy as a constant charge intake on capacitor C res whose voltage has a constant is maintained within the predefined limits V lower and V upper . The model is simulated with the ADMS tool of Mentor Graphics with the results shown in Figure 3.12.

This results shows a practical case illustrating the advantage of using the multiple energy shot transfer over a conventional single shot transfer. If an optimum V res interval is defined by 10V < V res < 20V , and given that C res = 1µF , C load = 20µF and L = 15mH, the energy to be extracted so to drop V res from V res H to V res L is 150µJ.

Assuming initially the buffer is at V buffer = 3.3V , with a single-shot transfer, the inductor current can reach up to 120mA, according to Eq. 3.6. However, if for some reasons the current must be limited to 15mA, this constraint can be satisfied with the multiple-energy shot operation: as shows the simulation in fig. 3.12b, the energy is transferred with 6 cycles (shots) and the current I L never overpass 15mA. 

Strategy of CMOS implementation

In the next two chapters, a CMOS implementation is proposed for the LI adopting the multiple energy-shot transfer mechanism. First an appropriate cmos technology is chosen to implement the LI controller. Second to be able to achieve a complete e-VEH system we shifted our attention towards implementing a multiple energy-shot controller. For this first implementation an external voltage source was assumed to be available to supply the LI controller. Moreover, the load voltage regulation was postponed for the next stage. After the compilation of the first implementation, power consumption assessment was overtaken to analyse each block of the loads interface controller. This design is presented in Chapter 4.

With the main energy consuming blocks identified we shifted our attention towards implementing self powered load interface. In this second implementation we included the load voltage regulation block and targeted a self-power LI controller. This design is presented in Chapter 5.

Summary

This chapter presented DC/DC buck converters as load interfaces for e-VEH. We showed how hysteresis comparator can be used to generate the proper switching commands for the LI and shred light on the need for two switching modes -idle and switching modes -for the to operate. Moreover, multiple energy-shot transfer was introduced to as an intuitive method improve the LI transfer efficiency and to keep the LI current within the technology limits. In the two following chapters, two CMOS implementations of the multiple energy-shot transfer strategy will be proposed.

AMS 0.35µm CMOS Technology

The first architecture developed in the PhD project accomplishes the goal of maximising the harvested energy and achieves the multiple energy-shot transfer, by implementing the architecture of Figure 3.8.

This implementation of the Load Interface LI we present here addresses the reservoir voltage V res regulation. The V res regulator system-level approach discussed in Chapter 3 is broken down to sub-block. Each block works in coordination with the other to generate the switching commands of the LI switch, with the global goals mentioned in Chapter 1 as key motivation behind this first implementation. Later in the Chapter 5, more goals are added to the list including optimising the power consumption and addressing the regulation of the load voltage.

This chapter is organised as follows: First the CMOS technology used is presented, then the LI design parameters are discussed. Afterwards, the LI control blocks are designed in transistor level. Finally we conclude with a complete transistor-level simulation of the system.

AMS 0.35µm CMOS Technology

In this PhD project, the technology used to implement Load Interface Controller in transistor-level is H35 of AMS, which is a 0.35µm CMOS technology providing high voltage devices. It is a technology optimized for complex analog and mixed signal circuits operating with voltages up to 120V. The H35 technology has two poly-silicon layers and four metal layers, cf High Performance Analog/Digital/HV Process This technology is appropriate for sensors and energy harvesting applications due to its reliability and low power consumption thanks to its low leakages transistors. It is a perfect choice for the load interface control we propose as it provides the required high and low voltage transistors, as well as MIM capacitors). The core transistors provided within ams 0.35µm technology is based on thin-gate oxide 3.3V transistors with a minimum channel length L of 0.35µm. Moreover the process family includes a 5V and 20V gate options with a mid-oxide and thick oxide gates for both transistors. The high voltage transistors have several limitations that can severely affect the analog design such as they require a longer channel length L which results in higher ON channel resistance R ON and higher gate charge Q G . The consequence is a higher power dissipation because of significant conduction and switching losses. This must be taken into account for a refined final design. Another important element in energy harvesting applications is on chip capacitors. These can be achieved by the two available polysilicon layers (Poly1 and Poly2). They are layouted as Poly1-Insulator-Poly2 (PIP) capacitor or CPOLY capacitor which occupy less area then MOS capacitor of the same capacitance value, yet they suffer from higher resistive losses. A summary of the technology parameters are shown in Table 4.1 and Table 4.2.

First implementation of Load Interface

In this first implementation of the load interface only the reservoir voltage regulator is considered. The capacitors (C res & C buffer ), inductor and the diode are discrete 

First implementation of Load Interface

Structure of the implemented load interface

As explained earlier, the design presented in this section focus on implementation of the load interface achieving only the regulation of the reservoir voltage V res . The designed circuit is composed of three blocks: switching decision block, clock select block and switch controllers block as shown in Figure 4.3. In this section we specify the operation of each of these three blocks. The switching decision is achieved in two steps:

e-VEH

-First V res is sampled and scaled down by a voltage divider (as V res is higher than the VDD voltage of the comparator).

-Second, the sampled downscaled version of V res is introduced to a hysteresis comparator with the thresholds corresponding to the downscaled V res optimal interval V res H and V res L .

More precisely, the comparator outputs '1' when:

• V res > V res H , • V res > V res L and V res decreases.
The '1' level at the output of the comparator initiates the generation of the SW LI control signals.

For the reasons explained in section 3.5.2, the reservoir voltage V res is sampled using one of two sampling frequencies correspond to the two modes: an accumulating mode and a transfer mode, cf. Figure 4.4. The accumulating mode is when C res is accumulating energy from the harvester (SW LI is OFF), it correspond to a slow variation of V res and hence to a low sampling frequency, while the transfer mode is when C res transfers ∆W to C buffer (SW LI is On), it corresponds to a fast variation of V res and hence to a high sampling frequency. The high frequency clock is set to frequency of 1/(t on + t off ), while the low frequency clock is chosen to reduce power consumption for when LI is accumulation mode. The time t on is the time for a single energy shot -see section 3.6.

Accmulating Mode

3. The Switch Control block: This block produces the switching signal for the switch SW LI . This block is composed on the multiplexer MUXII generating the required switch state, and on the switch driver, which converts the logical switch state to physical signal required for the switch driving.

When the COMP signal is zero (the accumulation mode), the switch must be off and the MUXII block generates zero. When the COMP signal is high (the transfer mode), the switching signal is the same as the high frequency clock (CLK1). Note that the use of CLK1 for the switching synchronises the energy transfer with the sampling of C res voltage.

This architecture has previously been modeled with a behavioural model at a high abstraction level in section 3.7. The next sections present its design at transistor level in CMOS process AMSH35 technology.

The transistor-level implementation of the Switch Decision block is shown in Figure 4.5. It is responsible for initiating the switching decision commands and is break up into two sub-circuits:

-Voltage divider.

-Hysteresis comparator.

The thresholds for V res regulations were chosen to be V upper = 6V , V lower = 4.8V . The proposed architecture allows an adjustment of these parameters through either changing the division factor or the thresholds of the comparator if another optimum interval is targeted.

The next two subsections discuss the transistor-level implementation of these two blocks. 

Voltage Divider Adjustable Schmitt Trigger

Voltage Divider

An energy efficient voltage division is achieved using MOSFET divider. It is implemented by N stages of diode-connected high-voltage NMOS transistors connected in series. The division factor is equal to N-1. To allow a sampling of V res , two switching transistors M N 1 and M N 2 are added with an enable signal SEL1 (cf. fig. 4.3). The enable signal SEL1 is generated from the switching control block, which will be presented in section 4.7. The timing of the sampling process is defined by the clock CLK1 of the switch control block.

To design the voltage divider one must take into account the trade-off between the static and dynamic power consumption. The static power consumption is defined by leakage current of the divider when the transistors MN1 and MN2 are off. The dynamic power consumption is due to the direct current from V DD to the ground and to the charging of the capacitive load connected to the output of the divider, C div . In sum the voltage divider design must find a trade-off for the following features:

-Low static power consumption: through a high off resistance R of f of MN1 thus minimizing the static current.

-Low dynamic power consumption: through low R on for both of MN1 and MN2 thus allowing fast charging of the readout capacitance C div .

With the aid of DC analysis, the minimal size of transistors MN1 and MN2 is found as shown in Figure 4.5 to provide minimal ON current through the divider. The DC analysis of the voltage dividing along with the leakage current is shown in Figure 4.6. With the division factor N set to 5, a voltage sweep of the input shows that the voltage can be divided in a linear manner by the voltage divider -up to 10V -as well as a maximum current of 2.3µA. 

6T Comparator overview

The comparator shown in Figure 4.7a is implemented based on [START_REF] Filanovsky | MOSFET Schmitt trigger design[END_REF], and is called 6T Schmitt-trigger comparator. It is composed of two symmetric circuits each defining upper V upper and lower V lower thresholds. The hysteresis gap is defined by sizing the transistors MC1 and MC3 for V lower , as well as PC1 and PC3 for V upper . The transistor sizing was concluded to the shown in Figure 4.5 setting V lower ≈ 1.2V and V upper ≈ 1.5V with V adj = 3.3V , cf. 

6T Comparator Analysis

Assuming initial conditions V in = 0, which in turns defines the output initially as V out = VDD. It follows that MC1, MC2 and PC3 are off, while MC3, PC1 and PC2 are on at this state. Moreover, the two PMOS transistors PC1 and PC2 at this stage provides a DC path from VDD to V out .

Considering the upper threshold part of the circuit, cf. Figure 4.8, as the V in starts to increase above V th M C1 MC1 begins to switch ON. This leads to V x is gradually being pulled to the ground. However, at this stage MC3 is still OFF, since V out is High (VDD), and thus try pull V x to V DD -V th M C3 . When V in increases further and exceeds MC2 V th M C2 , MC2 turns ON. This pulls V out to ground, consequently turning MC3 OFF which in turn pulls V x fully to ground. This voltages defines the upper threshold of the 6T comparator V H .

Nevertheless, considering the upper part of the Schmitt tigger at this stage, where V out is LOW, PC3 is turned ON, while PC1 and PC2 begins to turn OFF cutting the 

I DS M C1 = I DS M C3 β M C1 2 (V GS M C1 -V th M C1 ) 2 = β M C3 2 (V GS M C3 -V th M C3 ) 2 (4.1)
which follows,

β M C1 (V in -0 -V th M C1 ) 2 = β M C3 (V DD -V x -V th M C3 ) 2 (4.2)
However, as V in and MC2 start to switch ON, then V H can be defined as, cf. Figure 4.9,

V H = V x | V in =V H + V th 2 (4.3)
Now substituting using Equation 4.3 into Equation 4.2 and taking into account that MC2 and MC3 are tied together at the source (i.e V th M C2 = V th M C3 and any increase in the threshold voltages of these two caused by the body effect is the same), then,

β M C1 β M C3 = W 1 L 3 L 1 W 3 = ( V DD -V H V H -V th M C1 ) 2 (4.4)
thus,

V H = V DD + αV th M C1 1 + α (4.5)
where

α = β M C1 β M C3
When the 6T comparator fully switches state, transiting from low to high, MC3 is turned OFF while MC1 and MC2 are turned ON. It is worth to mention that, at this stage PC3 is now turned on while PC1 and PC2 are turned off. Since, the high threshold voltage that switches MC2 on, is not the same voltage that would completely turn PC1 and PC2 off. This means that at this transition of the output from High to Low, a current path from VDD to ground is created causing a current leakage. Similar analysis can be conducted to define the lower threshold V L . If V in is arbitrary assumed high (VDD), thus MC1, MC2 and PC3 are ON, while PC1, PC2 and MC3 are OFF which follows that output is LOW. As the input starts to fall from VDD towards the grounds, PC2 starts to turn ON, which in turns pulls V y up towards VDD. However, since PC3 is ON, it tries to keep V y to ground ( ≈ -V th P 3 ). As the input voltage drops further, a second threshold is reach that would switch PC1 On. Just before PC1 is turned on, only the current flow from PC2 into PC3, or I DS P C2 = I DS P C3 .

β P C2 2 (V SG P C2 -V th P C2 ) 2 = β P C3 2 (V SG P C3 -V th P C3 ) 2 (4.6) 
which in turns,

β P C2 2 (V DD -V in -V th P C2 ) 2 = β P C3 2 (V y -V th P C3 ) 2 (4.7) 
However, the input voltage that turns PC1 ON defines the lower threshold voltage V L ,

V L = V y | V in =V L + V th P C1 (4.8)
but since V th P C1 = V th P C3 , then

β P 2 β P 3 = W P 2 L P 3 L P 2 W P 3 = V L V DD -V L -V th P C2 2 (4.9)
Thus, the low threshold voltage can be defined as,

V L = ξ 1 + ξ (V DD -V th P C2 ) (4.10)
where,

ξ = β P C2 β P C3 (4.11)
As was shown, the threshold voltage can be adjusted by sizing both MC1 and MC3 for V H and PC2 and P3 for V L .

Adjustable 6T Schmitt Trigger Comparator

An adjustable hysteresis gap, cf. The power consumption can be reduced with scaling down of V DD to 1.1V . Again, the thresholds can be adjusted as shown in Figure 4.11. The thresholds can be adjusted in a linear fashion by sweeping V adjH or V adjL . They can be adjusted independently as proposed here or complementary by tying V adj and V adjL together. This low supply implementation of the 6T comparator with adjustable threshold is not used for this first implementation, yet in it was developed to the serve for the second implementation when the power consumption of the controller is addressed. 

The clock generator

This block is responsible for selecting the clock pulses according to the mode of operation -the Accumulating Mode and Transfer Mode. It includes two clocks and enabled multiplier as shown in Figure 4.3. One of two clocks is selected according to the output of the switch decision comparator. This section discusses the clock generator design. Clocks CLK1 and CLK2 are generated with an ultra low power clocks generator implemented as shown in Figure 4.12. The generator is a relaxation oscillator inspired by [START_REF] Denier | Analysis and design of an ultralow-power cmos relaxation oscillator[END_REF] 

V ref = K B T q ln (w/l) M C2 (w/l) M C1 ) (4.12) 
where, K B is Boltzmann's constant, T is the absolute temperature and q is the electron charge.

As the voltage on C CLK increases reaching V ref the pulse generator is triggered. The pulse generator then generates a reset pulse discharging C CLK . This allows the charging process to repeat resulting in a sawtooth V CLK with a period of T CLK . This period can be expressed as,

T CLK ≈ C R V ref I B (4.13)
where V res is the voltage reference generated from the PTAT voltage reference -cf. Figure 4.12.

It must be noticed that the output clock signal CLK is generated by a toggle flip flop which receives the reset pulses at its input and generates a 50% duty cycle signal with half the frequency of the sawtooth signal. The VDD for the two clocks is 3.3V and the comparator capacitor C CLK is 0.5pF and 2.9pF for the fast (5kHz) and slow (1.25kHz) clocks respectively with the rest of the design parameters summarised in Table 4.4a.1 A detailed analysis and design for the Self-Biased Current Source (SBCS) is presented in Appendix I.

The multiplexer MUXI multiplexer is a standard cell element assuring from the digital low voltage library of the Design Kit H35. 

Switch Control Block

The switch control block presented earlier in -Power Switch -SW LI . This section is dedicated to the transistor level implementation of the switch control block.

The MUXII, which allows an activation of the switch driver, is a standard gate cell identical to MUXI.

The architecture of the switch driver is motivated by the following consideration. Using AMS 0.35µm technology, the high voltage transistors can stand high voltages up to 50V between the source and the drain electrode, yet the gate voltage is limited to a low voltage of 3.3V2 -with respect to the bulk. If PMOS transistor is to be used, the gate voltage is has to be referenced to the source voltage, which is connected to V res in our design. Thus, to be able to operate the PMOS gate the control command should swing between V res and V res -3.3V . However, since all the controlling block of the LI controller operates in low voltage (e.g 3.3V) a level shifting stage is needed. This level shifting is performed using a dynamic flip-flop level shifter, cf Figure 4.15.

Thus the LI switch must compose of [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF]:

-The high-side PMOS transistor operating in triode mode when on.

-The level-shifter LS block translating a low-voltage enable pulse so to generate on or off gate voltage referenced to V res . 

Flip-Flop Level Shifter

Power Switch -SW LI

The switch M SW was developed by a previous PhD student -Andrii Dudka [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF] and is slightly modified to suit our design. The PMOS switch M SW3 is triggered to V res for its Off state and V res -3.3V for the On state using a level-shifter to raise the low trigger voltage into this necessary voltages.

The power switch M SW is designed to withstand current up to few tens of milliampere and also to have a low on resistance. This is achieved through maximising the W/L ratio. With a minimum length of L = 1µm dictated by the technology constrains, the width of M SW is chosen to be 1000µm and the on-resistance is 39Ω [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF].

Dynamic flip-flop level shifter

This dynamic flip-flop level shifter was first introduced by [START_REF] Basset | Conception, realisation et test d'un micro systeme de transport alimente a distance[END_REF]. It uses two capacitors to maintain the set C set and reset C rest state of the flip flop, cf. Figure 4.16. This is achieved through two controlling pulses to charge either the state-storing capacitors C res or C rest according to the required state. Depending on the input at which a pulse is applied ("on" or "off"), one of the output nodes -set or reset -is connected to V res or V res -3.3 respectively. The change in states is achieved by charging the state-storing capacitors through the bias currents I b .

Through using series of forward-biased didoes, the voltage drop at the output node V out is limited. However, these diodes usually exhibit losses through junction capacitance in reverse bias which contribute to gradually losing the stored state in the capacitors C set and C rest , due to charge sharing. This leads to a decrease in V out of the flip-flop which is the gate driving voltage for the power switch M SW . This in turns will increase the on resistance of the power switch, leading to higher energy consumption. To overcome charge sharing problem Dudka et al; [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF] proposed to introduce two switches on' and off' to isolate the C res from C rest when flipping the state. This is achieved through synchronised yet shorter pulses matching the on and off controlling pulses, cf. Figure 4.16, through SW3 and SW4 switches.

The transistor level implementation of the flip-flop and the power switch M SW are shown in Figure 4.17. The switches SW3 and SW4 are implemented using current mirrors that allow to disconnect C res and C rest earlier as the transition from high-tolow happens for the trigger pulses on the switches MN1 and MN2. This technique replaces the need to implement a synchronised SW3 and SW4 switches, as does not require additional control signals on' and off' and hence presents a more simple and less power-consuming solution [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF]. Moreover, exploiting transistor gate capacitance allows the replacement of the two capacitors C set and C reset by the gate capacitances of the transistors MP4 and MP5, though a proper sizing.

-The set capacitor is equivalent to the gate capacitance of M SW and M P 4 and is calculated by,

C set ≈ C ox (W L) M SW + (W L) M P 4 = 4.7pF (4.14) 
-The reset capacitor is the M P 5 gate capacitance and is calculated by,

C reset ≈ C ox W L M P 5 = 0.55pF (4.15) 
-The charging current of for the set and reset capacitors has to be independent on V res . It is supplied through MN1 and MN2 respectively. Both MN1 and MN2 are designed to operate in saturation region with I d M N 1,2 = 2mA, and the ratio of W/L = 

I d M N 1,2 = 1 2 µ n C ox W L M N 1,2 (V gs M N 1,2 -V th ) 2 (4.16) 
with transistor parameters listed in Table 4.2. The value of V gs,MN1,2 are determined by the voltage drop on two series diode connected transistors MP1 and MP2. Together MP1-MP2 and MP1-MP3 provide a voltage drop of -2.8V.

-The time needed for both the on and off triggers is the time needed to charge the set and reset capacitors to their V gs and can be calculated by,

t on = C set • V gs,M N 4 I d M N 1 , t of f = C set • V gs,M N 5 I d M N 2 (4.17) 
The t on and t of f are set to 50ns and are triggered using gate flip-flop gate driver block, see section 4.7.3. Moreover the frequency and the duty cycle of the trigger pulses are defined by other elements of the switch control block, namely the MUXII and the time delay element, as will be explained in the next subsections.

Switch Driver

The gate driver generates the switching commands to SW LI as shown in Figure 4.18. As can be seen, the clock pulse CLKI is with 50% duty cycle which is used to generate the switching pulse. Generating SW LI command depends on the implementation of the switch itself. The SW LI is controlled through a flip-flop level-shifter that flips its state through low voltage pulse command. This means precise triggering command is needed to flip the state of SW LI with a distinction between two pulses t on and t of f , subsection 4.7.1.

The output of MUXII is used to trigger the flip-flop level shifter high, while a delayed version of the output is used to flip it back low. This is explained in details in the rest of this subsection. 

CLKI on off

Edge Detector

The rising edge detector senses the low-to-high transition of MUXII output. This is achieved through comparing MUXII output with an AND gate of an inverted and delayed version of MUXII output. The duration of the pulse that is seen on the output of the AND gate is defined by the RC delay. A 50ns output pulse of the edge detector is achieved though a 50KΩ and capacitance of 1pF with both implemented on chip. 

Gate Driver

To drive the two transistors responsible for flipping the state of the level-shifter MN1 and MN2, cf. 

Time Delay

Time delay block is used to generate a delayed version of the flip-flop level shifter ontrigger. This delayed trigger is the low pulse of the level shifter. It is necessary for the multiple energy shot transfer. Recalling section 3.6, the energy transfer is achieved in a multiple energy shot. With each on pulse followed by an off pulse by a time constant that defines the energy shot. Since this time constant -energy shot time -is constant, it is defined by an integrated RC circuit.

Simulation Results: First Implementation

The load interface controller transistor level implementation was simulated with the design parameters of:

-Inductor L = 10mH and the maximum allowed current I Lmax = 15mA.

-Reservoir capacitor C res = 1µF.

-Optimum interval for V reS between V res H = 6V and V res L = 5V.

-Buffer capacitor C buffer = 20µF.

-The timing of the switch is t on = 25µs and t off = 175µs.

-For this simulation the input energy flux is assumed to be much greater than in real application, I harv = 2µA. This will reduce the simulation time. It must be noticed that the load interface control is not impacted with the input energy flux at this stage, since its supply voltage is assumed to be an standard voltage supply of 3.3V.

The simulation shown in Figure 4.21a is for 5 seconds operation. A zoomed plot shows the details of the multiple energy-shot transfer of energy from C res to C buf f er , Figure 4.21b. As can be seen the maximum inductor is indeed fixed to less than 15mA, with each successive energy-shot transfer having lower max current. This is due to that in each energy-shot transfer the buffer voltage is increased by the pervious energy shot transfer.

The main goal for this implementation was to present a transistor level implementation of LI where the energy is extracted from the CC C res , and dumped into a intermediate storage C buffer . Moreover, multiple energy-shot transfers was adopted to increase the transfer efficiency, see chapter 3. At this stage no load is connected nor load regulation was considered, as power consumption optimazation was first needed for the LI blocks.

The average total power consumption of each block is shown in Figure 4.22, with the switch and comparator consuming the largest average power of the LI. The average power consumption of each block is presented with an overall power consumption of 2.1µW for 5s operation .

This however pushes the boundaries for the energy consumption of the LI controller, and leaves the load with barely any energy. Thus, in the next chapter, we tackle the blocks of the LI controller which consumes most of the energy, mainly the comparator. Moreover, the next goal would be to implement a semi-autonomous system that is capable to operate with just an initial charge to its harvesters and buffer capacitors. Thus, load regulation block must be addressed in the next step of the system design.

Summary

This chapter presented the main blocks for the intimidate LI block including the LI controller. This block is responsible for regulating the internal voltage of the CC, V res , through regularly extracting the energy from the CC into a buffer capacitor C buffer . The energy extraction is achieved through first defining the mode operating for the LI, and then generating sequences of command pulses that controls the LI switch SW LI , which allows the energy to be extracted in the form of multiple energy-shot transfer.

The LI was fully proposed in transistor level using ams 0. maintaining V res within its optimum region was met through using a hysteresis comparator that has its hysteresis gap fitted to the optimum interval of V res . A degree of freedom with the thresholds was introduced through proposing adjustable thresholds of the comparator. A transistor level simulation showed that the LI controller consumed around 2µW of average power in 5s of operation In the next chapter we tackle the power consumption problem, proposed a buffer voltage regulation block and introduce a semi-autonomous system that operates with only charges in the CC and the buffer capacitor.

Overview

Second, a load voltage regulator is introduce to periodically supply a load with a regulated voltage. Finally, the autonomy of the system is test by self-supplying the reservoir capacitor voltage regulator and the load voltage regulator using the buffer capacitor.

The improved system address the following goals:

-Lowering the power consumption of the LI controller.

-Stablilized the load voltage around the nominal low voltage.

-Improving the energy transfer efficiency.

In addition to the implementation presented earlier in Chapter 4 goals which included:

-Regulating V res to optimal operation mode of the conditioning circuit.

-Stepping down of V res since to supply the load.

The implementation presented in Chapter 4 suffered from few short comings that needed to be improved upon to decrease the overall power consumption of LI controller aught.

These short comings, which are summarised in Figure 5.1, include:

-High losses in comparator conduction current when switching states.

-Two clocks working in background regardless of the operating mode.

-Standard supply voltage source of 3.3V which is separated from the LI controller. 

Second implementation modification

The LI modified controller, shown in Figure 5.2, can be summarised in the following points:

-First the supply voltage is reduced from 3.3V to 1.1V which allowed quadratically reduction of power.

-The diode-connected voltage divider where replace by two off-chip resistances for the voltage divider. This allowed the elimination of V res sampling process.

-To ensure energy is transferred in precisely defined shots a safe-clock gating block is used.

-Load voltage regulation is added allowing the buffer capacitor to supply the LI controller with the required supply voltage. First, the improved implementation is examined in terms of the power consumption with no load voltage regulation. Then the load voltage regulation implementation is proposed and a full transistor level simulation is presented. To distinguish between the two regulating block through out this chapter the reservoir regulation block is called condition circuit regulator CCR, while the load voltage regulator is called LVR.

Comparator Modification

In the first implementation presented in chapter 4, the main power consuming block was the 6T hysteresis comparator. This is due to the direct current path it provides between VDD to ground when switching states. A first attempt to reduce this power consumption was to reduce the VDD required to power up the comparator. This however reduced the adjustable range of the comparator's thresholds, cf. Figure 4.11 due to scaling down the supply voltage to values comparable to the transistors threshold voltage (see Table 4.2). To further reduce the power consumption of the comparator, we adopted another comparator design based on RS triggers.

-As the input voltage increases further and reaches the high trigger voltage V H for high inverter INV1, INV1 changes its state to low. Still both INV2 and INV3 keep their pervious state. The RS trigger input at this stage is low set and high reset, thus the comparator output is now flipped to low.

-Now, when the input voltage starts to decrease, the first inverter to switch its state will be the high comparator INV1, flipping back to high when the input voltage decreases below V H . The input of the RS trigger now will be high set and high reset which again force to comparator to keep its pervious output low state.

-Finally, when the input voltage falls below the triggering voltage of INV2, INV2 switch state which in turns forces INV3 to flip from high to low. The input to the RS trigger now would be high set and low reset, rendering the output of the comparator to flip again to high.

It must be noticed that, since by definition the upper threshold V H is always higher than the lower threshold V L , the illegal state of the RS-Trigger (Set=0, Reset=0) is granted not to occur.

RS-trigger comparator design

The design of the RS-trigger thresholds is achieved by defining the logical thresholds for the inverters INV1 and INV2 through defining the inverters' aspect ratio. If a supply low supply voltage of 1.1V -which is comparable to the threshold of the CMOS transistor used -powered the inverters, the triggers threshold are defined by [START_REF] Pedroni | Low-voltage high-speed schmitt trigger and compact window comparator[END_REF],

V M = V T n + r(VDD + V T p ) 1 + r (5.1)
where

r = k p /k n , k p = µ p C ox W L p , k n = µ n C ox W
L n , V M is the inverter trigger point and V Tn and V Tp are the threshold voltages for the nmos and pmos transistors used for the inverter [START_REF] Pedroni | Low-voltage high-speed schmitt trigger and compact window comparator[END_REF].

The inverter trigger point is weakly sensitive to the variation of the transistor's aspect ratio, especially when the ratio of the supply voltage to the transistor threshold is small. This gives the RS-trigger comparator the advantage of being less sensitive to fabrication process variation. However, this comes with the cost of larger die size especially when adjustable threshold RS-comparator is proposed later in section 5.3.5 .

Comparing 6T and RS-trigger comparators

To compare between the two comparators architectures, 6T and RS-trigger, in terms of power consumption a test-bench is set up for both comparators where both are implemented in ams 0.35µm technology. Both designs will target the same switching triggers and thus the transistors dimensions will be updated accordingly. Moreover, the length size of all transistors in both architectures are kept equal. The power supply for both architectures examined are low supply voltage of 1.1V.

6T comparator testbench

A testbench is set for the 6T comparator similar to the one presented in chapter 4, cf. Figure 4.7. The transistor sizing is concluded to the summarized value shown in Table 5.1. These will set the lower threshold V L ≈ 200mV and the upper threshold V H ≈ 680mV . The simulation results are shown in Figure 5.4. Figure 5.4a shows the input voltage changes between 0V to 1.1V, the output of the comparator being triggered at different upper and lower triggering voltage and the instantaneous consumed power. It can be seen that the transition does not happen instantaneous at V M . This drawback allow a direct current path when changing states, especially when transition from high to low, see section 4.5.3. 

RS-trigger Comparator

A similar testbench is build for the RS-Trigger comparator with identical thresholds targeted to match with the 6T comparator where V L ≈ 200mV and V H ≈ 640mV .

The MOS sizing were concluded to the values shown in Table 5.2. The comparator is subjected to the same input single. The transfer characteristic is shown in Figure 5.5. 

Energy consumption of 6T and RS-trigger comparator

To illustrate the superiority of the Rs-trigger comparator over the 6T comparator, the energy consumed in two transitions -high-to-low and low-to-high -is calculated for the pervious testbenches. The energy consumed is calculated for duration interval of 200µs with results shown in Table 5.3.

The results shows almost 4 times reduction in the consumed energy between the two comparators under the same operating conditions. This lower energy consumption justifies the adoption of the RS-trigger comparator over the 6T comparator. The rest of this chapter is dedicated to discuss the modification required for LI controller that allows the adoption of this comparator.

Adjustable RS-Trigger comparator

This section presents a method to allow a degree of freedom to the RS-Trigger comparator fixed thresholds. As described in 5.3.3, the threshold of the comparators are defined through the aspect ratio of the transistors forming INV1 and INV2. These are thus fixed once the chip is fabricated. What we propose is adding a number of folded inverter design for these inverters that can be activated with external enable signals when needed allowing to modify the effective aspect ratio of the transistor. A self-adapting thresholds is not the focus of this work.

An adjustable RS Trigger comparator as shown in Figure 5.6 through external enable commands a 0 & a 1 for the lower threshold. The principle behind this adjustability is to change the effective equivalent width of the transistor.

Consider only a lower adjustable threshold two cascaded inverters are introduced. These inverters are composed of two main transistors N0 and N1 as well as two enabling transistors NE0 and NE1. The sizing of N0, N1, NE0 and NE1 are summarized in the Table 5.4. This arrangement allows a dynamic range of almost 100mV. 

VDD

V in a 0 a 1 NE1 NE0 N1 N0 N inv P inv V out V L a 0 a 1 V in INV1 INV2 V in V H V L V out INV3 V ′

State

V lower V a0=0, a1=0 453mV a0=1, a1=0 400mV a0=1, a1=1 365mV A test-bench was setup for to test the adjustable lower threshold for the RScomparator as been from the transfer characteristic shown in Figure 5.7. It demonstrates that the dynamic adjustable range for the lower threshold is 100mV from 350mV to 450mV with a 50mV step set by the two bit control a0 and a1. This however comes at the cost of power consumption as can be seen from Figure 5.8 which shows the transit response of the adjustable RS-trigger comparator along with the instantaneous power consumption. In the practical implementations this can be adopted to provide an adjustable threshold that can be controlled externally when needed. The rest of this chapter is dedicated to present an improved version of the LI in terms of the power consumption.

V L a 0 a 1 V in

The CCR comparator

The internal voltage of the harvester V res is regulated to its optimum interval by CCR Controller. By fitting the hysteresis gap of COMP1 comparator to a scaled down version of C res optimum interval a switching decision. This comparator for the CCR replaces the 6T comparator in the previous implementation, yet serves the same purpose of generating the switching decisions described in section 4.4.

The sizing of COMP1 transistors are shown in Figure 5.9, with the standard NAND gates with both pull-up and pull-down transistors minimum size to ensure fast transition ( 0.35µm 10µm ).

High side power switch -SW LI

The high side power switch -shown in The ON (OFF) pulse duration is modified from the earlier version of the switch and is set to charge C set (C reset ) using a low voltage of 1.1V. The necessary adjustments is made to the power switch control transistors MN1 and MN2 with the lengths shown in Figure 5.10. The width is increased to 300µm for both MN1 and MN2 to maintain the drain current of 2mA as shown in Figure 5.11. This however will require to also modify the gate driver to be able to safely drive MN1 and MN2 gates with their increased capacitive load. A 2.5V voltage drop is defined by MOS diodes connected transistors M1 -M3. This low supply voltage is necessary to maintain low power consumption of the CCR blocks. It also enables the system to self power using a pre-charged supply capacitor V buffer .

Safe-clock gating block

To insure proper switching for the harvester regulator and that every ON command is followed by a OFF command an enabled clock (latch trigger) is used as shown in Figure 5.12. This block is needed in order to have integer number of the clock pulses and to avoid truncated clock pulse. The CCR Controller incorporates a 3kHz clock similar to the one introduced in Chapter 4.

CCR using the second LI implementation

The transistor level implementation of the CCR controller is shows in Figure 5.13. With the controller power optimised to operating at a low VDD of 1.1V, simulation -5.7 CCR using the second LI implementation shown in Figure 5.14 -shows the LI controller average power is < 100nW as summarised in Table 5.6. This is an order of magnitude improvement in the consumed power compared to the first LI implementation presented in section 4.8 which had an average power consumption of 2µW.

The transistor level simulation shown in Figure 5.17, had the following parameters:

-Optimum interval set for V upper = 10V and V lower = 7.5V.

-LI inductor = 15mH.

-Reservoir capacitor of C res = 1µF with initial voltage of 10V.

-Buffer capacitor C buffer = 20µF which was initially depleted of charges.

-CCR controller supply is a pre-charge capacitor separated from the controller.

-Input energy flux is defined by a current source accounting for 0.6µW input power.

The system was simulated to run for 120s in which 3 energy transfers occurred. A zoomed-in of the simulation is shown in Figure 5.17 showing the multiple energy-shot transfer taking place. A series of precisely defined on/off pulses defines these shots.

To compare the performance of the improved implementation with the implementation of Chapter 4, the average power consumption of each block of the LI is calculated for 120s of operation. In section 5.9.3, the energy consumption of a single transfer is discuss in details, yet here the average power is presented as an indicator to the reduced overall power of the LI controller. As shown in Table 5.6, the comparator average power consumption over 120s is 3.3nW while the time delay is 75nW. The time delay consumption is inevitable, since it is used with every single energy-shot transfer, while the comparator is only activated 3 times in the 120s.

In the next section, we focus on regulating the load voltage as without such regulation V buffer will continue to increase until reaching a saturation point where no more energy can be transferred. Moreover, the buffer voltage needs to be regulated as it should eventually replace the dummy supply voltage C dummy . This will allow autonomous operation of the LI controller. 

Load voltage Regulator LVR

As described earlier in Chapter 3, the load is periodically supplied by C buffer with the load voltage regulator block (LVR) managing this process. First, the LVR controller senses a divided voltage of V buffer using a second comparator (COMP2) as shown in Figure 5.15. Second, the output of COMP2 controls a low voltage switch SW load connecting the load when sufficient energy is accumulated on C buffer and disconnected when C buffer voltage falls below a certain voltage. Thus maintaining V buffer low voltage between V buffer U and V buffer L .

The LVR uses an off-chip resistive voltage divider allowing a degree of freedom to shift the regulation interval for V buffer when needed by changing the division factor. The buffer voltage V buffer is then regulated through using a hysteresis comparator COMP2 similar to CCR comparator.

The voltage divider was chosen with a ratio of (30G/10G Ω). The transistor sizing of COMP2 is summarised in Table 5.7. The switch SW load is a low voltage pmos switch with an aspect ratio of 1000µm 10µm . A full transistor level simulation was conducted including the CCR an the LVR. The V buffer is 2V < V buffer < 2.3V by allowing the 

Autonomy of second implementation

In Chapter 3 a multiple energy-shot transfer was proposed to handle high inductor's current when regulating the harvester voltage, see section 3.6, yet the system autonomy was not examined. Thanks to the minimised power consumption of CCR controller and LVR we obtained in the second design, the interface circuit can now be self-powered with the energy provided by the conditioning circuit and accumulated on the buffer capacitor. This buffer capacitor should eventually be the supply source for the LI controllers in future implementations. This section presents a three step investigation of an autonomous operation of the circuit: -First step: We examen the system autonomously through supplying the CCR and LVR with a separated voltage source that is identical to the buffer capacitor. This power source receives no restoring energy and is allowed to drain its energy driving the CCR and LVR controllers for a fixed duration. The energy consumed by this source is examined at the end of the duration to determine the amount of energy necessary to safely drive the LI.

-Second step: The energy extracted from the reservoir and redistributed in the system (into C buffer , CCR, LVR and the load) is examined in details.

Autonomous energy management system setup

To illustrate that the improved energy management system is capable of running from a pre-charged state a pre-charged capacitor was used to supply the CCR controller, cf. Figure 5.16. The system is allowed to run for a 1ms draining that supply. For this demonstration the V buffer is regulated to be within 1.6V and 1.8V, while the V res is regulated to be within 15.5V and 17.5V. Since the supply for CCR and the LVR is separated from C buffer , the energy intake is accelerated to decrease simulation run time.

Figure 5.17 shows the result simulation of the system showing that V buffer was initially discharged while the V res initially charged to 17V . As the energy accumulates on the reservoir capacitor by the CC, V res increases to reach 17.5V . When this upper limit is reached the energy extraction process begins, and part of the charges are removed from C res into C buffer . Since the charge removal rate is much higher than the charges replenished by the CC, the voltage on C res drops. When the lower threshold for V res is reached, the transfer process is stopped, allowing the energy harvesting process -through the CC -to be resumed. This process of accumulation of energy and extraction is repeated. The energy is accumulated on the buffer capacitor until it reaches 1.8V . When this upper limit is reached a load is connected and is powered by both the CC and the buffer capacitor. The load is allowed to be connected until it drop the buffer voltage to 1.6V , then it is disconnected. The discharged buffer voltages was charged to 1.8V in two successive transfers. Afterwards, the load is connect 7 successive times. The VDD powering the energy extraction controller and load regulator dropped from 1.1V to 1.096V through 1s which corresponds to 87nJ. To this figure, we need to add the energy consumed by the clock generator (which, in this simulation, was substitute by its behavioural model for reduction of the simulation time). As said in section 5.7, the clock generator consumes for 1 second of operation corresponds to 18.75nJ. So, the overall energy consumed during 1 second of operation is 105.75nJ, and the average power is ≈ 105nW . This is far less than typical power provided by conditioning circuit, which is of order of 1µW.

Next, the output voltage voltage was adjusted to a narrower thresholds (here it is set between 1.6V and 1.7V) where this narrower thresholds will be required for the proposed future work of a self-power LI. This will allow a stabilised supply source for the CCR and LVR controller. Moreover, to present the system versatility we changed modified slightly the CCR comparator thresholds. In this second simulated results the thresholds was raised to higher level where V res is now maintained between 19V < V res < 15V along with a a lower input energy flux of 1.8µW , to show the system versatility when modified optimum interval is needed. The behaviour of the system is shown in Figure 5.18.

It must be highlighted that the LVR process is independent from the CCR process, meaning that the load can be connected as V res being regulated. In this second simulation the load was connected twice while CCR is turned on as shown in Figure5.18. 

Connection between on-chip and off-chip components of the load interface

The designed load interface contains off-chip and on-chip blocks. The only off-chip blocks are the inductor, the freewheeling diode, the buffer capacitor and the resistances of the divider used in CCR. The connection between on-chip and off-chip components is achieved with use of pads. These pads are provides with AMS 0.35µm technology design tool kit. For our design we used the high voltage pads -APRIOP HV -as can be seen in Figure 5.19. This section presents the simulated results of the system modelled the connecting pads. The design schematic can be found in Appendix C. Similar design conditions are used as in the previous section first simulation 1 . The simulation results are shown in Figures 5.20,5.21,5.22. They show the energy extraction process from C res into C buffer maintaining V res within a predefined optimum interval as shown in Figure 5.20a. The buffer capacitor was initially depleted and was charged to its steady-state regulated interval after two energy extraction (from t=0s to t=2s), cf. Figure 5.20b. When enough energy is accumulated on C buffer its voltage is then regulated through connecting a load -1kΩ -periodically (at t ≈ 2s, 3s, 4s), cf Figure 5.20c. The inductor current is kept constrained with a maximum current of 10mA as shown in Figure 5.20d. V res at 2s to 2.04s (c) V buffer at 2s to 2.04s (d) Load resistance voltage at 2.01s to 2.35s energy they receive in an energy transfer is calculated. The energy of a transfer (at time t=0.97s to t=1s) is calculated as shown in Figure 5.24. The reservoir capacitor voltage V res drops from 17.7V to 15.6V which corresponds to 33.2µJ while the energy received by the buffer capacitor is 20.1µJ. These results shows that the transfer efficiency of almost 60% at this transient state. Most of the loses are due to the diode. The "freewheeling" diode D LI losses become more significant when operating at low voltage (1.1V) since each energy transfer an amount of energy is lost in the forward biasing the diode ( ∆W diode = ∆q • V D , where q is the charges passing through the diode). This can be in future LI implementations by replacing the freewheeling diode with a synchronised switch at the expense of increased system complexity [START_REF] Torres | Self-Tuning Electrostatic Energy-Harvester IC[END_REF]. For the analysed energy transfer (at time t=0.97s to t=1s) the diode losses accounts for 10µJ which is 33%. These diode losses are the highest since they occur at the transient stage -where C buffer is still charging to its steady state value. The energy consumption of the CCR comparator can be calculated with average energy consumption per of 91pJ for one V res regulation -from V res = 17.7V to V res = 15.7 as can be seen in Table 5.8.

The instantaneous power consumption of the highest power consuming blocks -CCR comparator, time delay element, the edge detector block and the CCR controller pad -are shown in Figures 5.23a In this chapter we summarise the work presented in this manuscript. The main contribution of this work is discussed and perspectives for future work are listed.

Conclusions

Electrostatic energy harvesting is a challenging research domain that requires an interdisciplinarian knowledge. It raises many challenges such due to its particular characteristics. This characteristics includes a relatively high voltage and low output power which eventually requires a mixed of a high voltage/low power design to take full advantage of the electrostatic harvester.

In the last decade, electrostatic energy harvesting has gained more attention and has just started to pick up peace with other energy harvesting techniques such as piezoelectric energy harvesting. Unlike its counter part, electrostatic energy harvesting is still not mature enough to compete with other transduction methods such as piezoelectric where the design stream flow is already well defined [START_REF] Manoli | CMOS circuits for Piezoelectric Energy Harvesters[END_REF]. However, with the recent trend of power electronics shifting towards ultra low power consumption along substantial development of electrostatic energy harvesters and new conditioning circuits -such as series-parallel charge pumps it is expected that in the next three to five years the capacitive transduction will be widely adopted for applications that requires tens micro watts of power [START_REF] Blokhina | Towards autonomous microscale systems: Progress in electrostatic kinetic energy harvesting[END_REF].

Conclusions

In this work we demonstrated a full e-VEH load interface for rectangular QV-cycles CC which to our knowledge, was never been addressed before. For our implementation we adopted the series-parallel charge pump which allowed to self-increase of the internal voltage of the CC from relatively low voltage [START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF]. Afterwards, we proposed an intermediate stage permitted the regulation of the CC internal voltage keeping it from saturation and maintain it within it optimum interval range [START_REF] Bedier | A smart energy extraction interface for electrostatic vibrational energy harvester[END_REF]. This was complemented with an added stage of low voltage regulation for the load [START_REF] Bedier | A smart energy extraction interface for electrostatic vibrational energy harvester[END_REF]. A focus on low power average consumption for the load interface blocks was taken into account to reduce it to less than 100nW [START_REF] Bedier | Autonomous energy management interface for electrostatic series-parallel charge pump vibrational energy harvester[END_REF]. With these implementations it is obvious that a self-power and self-regulating interface for any rectangular QV cycle CC is possible.

The focus of this work is towards implementing a load interface controller that allows to maximise the harvested energy. Thus an adoption of different mixed signal -high voltage and low power -techniques is needed for the proposed custom tailored controller. Each of the fundamental blocks was build in AMS 0.35µm technology including an ultra low power clock, hysteresis comparator, high-voltage level shifter and a power switch. The power cost of the controlling is less than 100 nW in average, and the efficiency of the power transfer from the conditioning circuit to the load voltage low is 60 %. The last figure can be improved by implementing freewheeling with an active zero-threshold diode. Such performances allows the system to operate with input power levels as low as few hundreds of nanowatts.

The biggest challenge was to implement a low power hysteresis comparator and adjust its hysteresis gap to the CC optimum interval. To achieve such goal we incorporated two comparators for each of the proposed design.

Another challenge was to generate a precisely defined switching command using a single clock generator that can be used to trigger the LI and allowing multiple energyshot transfer to take place. This was achieved by using a time delay and separating the on and off command generation for the switch.

As mentioned earlier, the design flow of electrostatic energy harvester has not been fully standardised, yet some key features can be examined if the overall system performance is to be compared to similar design approaches. In Table 6.1, we summarises these key features of our design and compare it to two designs developed at imec in 2013 and 2015.

For our design we used AMS 0.35µm technology while the other mentioned work TSMC 0.25 µm BCD was used. In the two implementation in [START_REF] Stanzione | A High Voltage Self-Biased Integrated DC-DC Buck Converter With Fully Analog MPPT Algorithm for Electrostatic Energy Harvesters[END_REF] and [START_REF] Stanzione | 20.8 A 500nW batteryless integrated electrostatic energy harvester interface based on a DC-DC converter with 60V maximum input voltage and operating from 1uW available power, including MPPT and cold start[END_REF], a Maximum Power Point Tracking algorithm for matching the equivalent source resistance of harvester and AC-DC converter were used. This replaces the series-parallel charge pump in our design. In [START_REF] Dudka | Wideband Electrostatic Vibration Energy Harvester (e-VEH) Having a Low Start-Up Voltage Employing a High-Voltage Integrated Interface[END_REF] The input energy range was assumed to be significantly higher than in our design with ranges between tens of micro watts up to 1mW. The reported end-to-end efficiency was higher than our proposed design, yet that can be improved by reducing the losses of the flyback diode.

A few challenges however are still need to be address to achieve a complete system. These are discussed in the rest of this chapter. 

Perspectives and Future work

In order to complete the e-VEH system, a few points needs to be addressed. These includes a start-up circuit, reducing the diode losses and the integration of the CC.

Start-up circuit

In the proposed design, it was assumed a supply source is available to power the LI controller from the start of its operation. However, the ultimate goal is to supply the LI controller through the harvested energy without the need of any external or pre-charged supply source. This will require a startup circuit enabling a cold start of the controller [START_REF] Yang | Challenges for energy harvesting systems under intermittent excitation[END_REF]. One proposed architecture proposed by Stenzione et al. [START_REF] Stanzione | 20.8 A 500nW batteryless integrated electrostatic energy harvester interface based on a DC-DC converter with 60V maximum input voltage and operating from 1uW available power, including MPPT and cold start[END_REF] was to permit a direct charging of the supply source before enabling the LI controller.

Diode losses

The diode losses is a major issue when it comes to energy transfer efficiency. This energy consuming element is dictated by the architecture of the dc-dc buck converter load interface not by the LI controller design. To prevent the LI diode losses, an active diode or an synchronised switch should be implemented. This however is not a straight forward problem as it would require current sensing of a high voltage node. This topic is the ongoing research of our team.

Integration of CC

The ultimate goal for a smart e-VEH is to integrate all of its components on-chip. This is yet challenging as the series-parallel charge-pumps utilises a multiple of diodes and relatively high capacitance ratios. With better understanding of how these CC behave such as the work presented in [START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF][START_REF] Truong | Analysis of electrostatic energy harvesters electrically configured as bennet's doublers[END_REF] and thanks to new cmos technologies developing an integrable version of the CC can be possible. This issue is the currently being investigate by our team.

6.2 Perspectives and Future work

Self-adjustability threshold

In the presented work, we proposed an externally adjustable threshold controls for the LI comparators. For the future work, these thresholds should be able to dynamically change as the operating conditions of the CC change with the external vibration, i.e MPPT. One way to achieve such self-adjustability is to introduce a calibration phase where the energy harvesting process is withheld temporary for few seconds and new thresholds values are refreshed to new values if necessary. A similar calibration phase was proposed within our team in [START_REF] Dudka | Design of controller ic for asynchronous conditioning circuit of an electrostatic vibration energy harvester[END_REF] in the frame of flyback mechanism for charge-pump CC. This work can be adopted for the LI proposed for this work, yet few challenges needs to be overcome including power consumption and proper command generation that can be used to drive the ultra low power comparators proposed in this PhD work.
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 523 Figure 5.23: Instantaneous power consumption of (a) CCR comparator (b) time delay block (c) edge detector block (d) CCR controller pad
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Table 1 . 1 :

 11 Estimated harvestable power density

	Energy Source	Characteristics	Harvestable Power
	Vibration	Hz -Human kHz -Industrial	4µW/cm 2 800µW/cm 3
	Thermal	Human Industrial	60µW/cm 2 1 -10µW/cm 2
	Light	Outdoor Indoor	100mW/cm 2 100µW/cm 2
	Radio Frequency	GSM 900 MHz WiFi	0.1µW/cm 2 0.001/muW/cm 2

Table 1 . 3 :

 13 Comparison between PE, EM and ES transduction methods

Table 2 . 1 :

 21 State-of-art for electret-free electrostatic transducer

	Source	A ex	f	Power	Load	Precharge Year
		[g]	[Hz]	[µW]	[Ω]	[V]	
	Meninger [29]	n/a 2200	8	n/a	5	2001
	Mitcheson[39]	n/a	41	0.0072	n/a	30	2004
	Despesse [37]	9.36g	50	70	n/a	40	2005
	Bartsch [40]	n/a 1738	n/a	340kΩ	70	2007
	Basset [41]	0.25g 250	0.061	60MΩ	n/a	2009
	Yang [42]	0.25g	63	0.39	80MΩ	n/a	2010
	Choi [43]	n/a	5	35.3	n/a	1	2011
	Hoffmann [38] 5.1g 1075	0.82	60kΩ	20	2011
	Basset [44]	n/a	150	2.2	5.4	30	2013
	Lu [45]	2g	15	2.8	6.6MΩ	20	2017

Table 2 . 2 :

 22 State-of-art for electret-based electrostatic transducer

	Source	A ex	f	Power	Load	Year
		[g]	[Hz]	[µW]	[Ω]	
	Boland [56]	7.1g	50	6	12MΩ	2005
	Tsutsumino [57] 1.5g	20	37.7	60MΩ	2006
	Lo [46]	14.2g	60	2.267	40MΩ	2007
	Lo [47]	4.93g	50	17.98	80MΩ	2008
	Sakane [58]	0.9g	20	700	2.5MΩ 2008
	Edamoto [59]	0.87g	21	12.5	8.5 MΩ 2009
	Hoffman [48]	13g	1460	3.5	560kΩ 2009
	Naruse [60]	0.4g	2	40	7MΩ	2009
	Jang [61]	0.7g	20	5.9	6.26kΩ 2011
	Boisseau[36]	0.9g	50	50	300MΩ 2011
	Altena [49]	2.5g	1187	495	3.2MΩ 2013
	Chiu [50]	2g	110	20.7	50MΩ	2013
	Bu [62]	2.5g	120	0.66	36.5MΩ 2013
	Wang [51]	1g	96	0.15	13.4MΩ 2014
	Tao [52]	0.05	66	4.80 • 10 -3 60M Ω 2014
	Perez [54]	1.3g	406	2100	14MΩ	2015
	Tao [55]	1g	122.1	22	30MΩ	2017

Table 4 . 1 :

 41 CMOS 0.35µm H35B4D3 technology specifications

	Technology	0.35µm H35B4D3
	Number of Masks	27
	Substrate Type	p-type
	Maximum Die Size	2cm • 2cm
	Poly layers	2 High Resistive Poly
	Metal layers	4 Thick Metal
	Metal Type	Aluminum
	POLY1/POLY2 Current Density	0.34/0.2 mA/mum
	High Resistive Poly Current Density	0.07 mA/µm
	Metal (MET1,2,3) Current Density	0.67 mA/mum
	Thick Top Metal Current Density.	3.35 mA/mum
	Capacitor Types	MOS, PIP
	Gate Oxide Capacitance	4.54 fF/mum 2
	V th of 3.3V NMOS/PMOS	Typical +0.59V / -0.72V
	Core Cells	300 Standard Digital Cells
	Periphery Cells	A/D LV, HV and Floating LV
	Supply Voltage	3.3V, 5V, 20V, 50V, 120V
	Temperature Range	From-40C/ + 125C
	Special Features	

Table 4 . 2 :

 42 High voltage transistor parameters of AMS H35B4D3 Figure4.2. It must be notice that the reservoir capacitor C res is a part of the harvester's CC and for the LI design perspective it is predefined by the CC. The C buffer is chosen 20 times larger to serve as the buffer and eventually as the power supply for the LI. The first LI implementation has the parameters summarised in Table4.3.

	Paramater		NMOS50T	PMOS50T
	Oxide thickness T ox [m]		7.575 • 10 -9	7.66 • 10 -9
	Oxide capacitance C ox [F/m 2 ]	4.555 • 10 -3	4.506 • 10 -3
	Electron mobility µ [m 2 /V • s]	0.039	0.0128
	V th [V]		0.47	0.63
	V gs,max [V]		3.3	3.3
	first implementation components, cf. e-VEH CC of the load interface	LI Control
				Load control
	first implementation Off-chip component
	Figure 4.2: Load Interface showing off chip blocks

Table 4 . 3 :

 43 Design parameters of the load interface first implementation

	Element	Value	Note
	C res	1µF	harvester capacitor
	V resopt	5V < V resopt < 6V	optimum interval
	C buffer	20µF	temporary buffer capacitor
	I Lmax	15mH	load interface inductor
	E harv	< 5µ W	input energy flux
	V DD	3.3V	LI control supply

Table 4 . 4 :

 44 Design parameters for the two clock generators

	Element Width [µm] Length [µm]	Element	Name	Library
	MC1	4	4		INVC1	INV0	CORELIB
	MC2	4	32		INVC2	INV0	CORELIB
	MC3	0.4	0.4		GC1	NOR20 CORELIB
	MC4	0.4	0.4		GC2	NOR20 CORELIB
	MC5	15	0.35		GC3	TFC1 CORELIB
	(a) Clock generator MOS parameters		(b) Standard Cell Gates
		Element Value		Note	
		I B	100 pA Generated by SBCS	
		V ref	70mV Generated by PTAT	
		C CLK1	0.5pF		Fast Clock 5kHz	
		C CLK2	2.9pF	Slow Clock 1.25kHz	
			(c) General Design Paramaters	

  4.7 Switch Control Block

	CLK1	COMP MUX II	Time Delay Switch Driver	Edge Detector Edge Detector	Flip-flop Gate driver Flip-flop Gate driver	Flip Low Level Shifter Flip-Flop Flip High:	On/Off Sequence:
			Figure 4.14: Switch Control Block	

  [START_REF] Karami | Analysis and comparison of charge-pump conditioning circuits for capacitive electromechanical energy conversion[END_REF] µm high voltage technology H35B4D3, with the LI controller being fully integrated in CMOS. The goal of Load interface MOSFET simulation of multiple energy-shot transfer showing inductor current i L (t), reservoir V res (t) and load V load (t) voltages where (a) 0s < t < 5s (b) 2.9s < t < 2.904s

	4.9 Summary									
			Inductor current						Inductor current	
												13.80m	A
	11.40m									
	Current (A)	3.80m 7.60m										4.60m 9.20m	A A
												0.00	A
		0.00										1.1	V
		1.32	Load Voltage							Load Voltage	
	Load (V)	0.44 0.88										0.9 1.0	V V
												0.8	V
		0.00									
												0.7	V
			Reservoir Voltage					Reservoir Voltage
		5.74										5.74	V
	Res (V)	5.33										5.33	V
		4.92										4.92	V
		4.51										4.51	V
		0	1	2	3	4	5	2.900	2.901	2.902	2.903	2.904
			Time (sec)					Time (sec)
				(a)						(b)
	0.0u 0.8u 1.0u Figure 4.21: Switch 0.85uW 0.2u 0.4u 0.6u Average Power (Watt)	Comparator 0.79uW	Divider 0.36uW	0.00n 0.28n 0.35n 0.07n 0.21n 0.14n	Gate driver Edge detctor 0.32n 0.13n	Mux 48p	Inverter 3p

Table 5 .

 5 

		1: 6T comparator transistor sizing
	CMOS Width(µm) Length (µm)
	MC1	1	10
	MC2	2	10
	MC3	0.5	10
	PC1	3.5	10
	PC2	1	10
	PC3	3	10

Table 5 .

 5 

			2: RS-Trigger CMOS sizing
	Element CMOS Width (µm) Length (µm)
	INV1	MN MP		0.35 100			10 10
	INV2	MN MP		0.35 0.5			10 10
	INV3	MN MP		0.35 0.5			10 10
								Output
								Power
		1.2					
								300.0n
		1.0					
								250.0n
		0.8					
								200.0n
	Output (V)	0.6						100.0n 150.0n	Power (W)
		0.4					
								50.0n
		0.2					
								0.0
		0.0					
		0.0	0.2	0.4	0.6	0.8	1.0	1.2
					Input (V)		

Table 5 . 3 :

 53 Energy for Single ON and OFF switching

	Comparator Energy (Joules)
	6T	1.89 * 10 -12
	RS	0.503 * 10 -12

Table 5 . 4

 54 

		: Adjustable Inverter Sizing
	CMOS Width (µm) Length (µm)
	N0	10	0.35
	NE0	0.5	0.35
	N1	100	0.35
	NE1	0.5	0.35

Table 5 . 5 :

 55 Adjustable V lower

Table 5 . 6 :

 56 Average Power Consumption modified LI

	Element	Average Power (nW)
	Clock Generator	18.75
	Hysteresis Comp	3.30
	Delay	75
	Gate Drivers	0.76
	Level Shifter	0.24
	Total	98.05

Table 5 . 7 :

 57 RS-Trigger comparator COMP2

	Element CMOS Width (µm) Length (µm)
	INV1	MN MP	0.35 2	10 10
	INV2	MN MP	0.5 2	10 10
	INV3	MN MP	0.35 0.35	10 10
			93	

LI Figure 5.15: Load voltage regulator

Table 5 . 8 :

 58 CCR comparator consumed energy per transfer

	Transfer stars Transfer Ends Energy consumed per transfer
	0.97s	1s	90.29pJ
	2s	2.03s	101.5pJ
	3.04s	3.07s	88.15pJ
	4.08s	4.11s	84.27pJ

Table 6 . 1 :

 61 Comparison with similar work

	Element	This work	imec 2013 [70] imec 2015 [71]
	CMOS Process	0.35µm AMS 0.25µm BCD	0.25µm BCD
	Input Power	1 -5µW	25 -1600µW	1µW -1mW
	Input Voltage	5-50V	5-60V	5-60V
	Output Voltage	1.6-2.6 V	2-5 V	0-5V
	Inductor Current	15mH	10mH	n/a
	Average static current	< 90nA	1.3µA	n/a
	Control Power	100nW	5000nW	500nW
	Battery-less	Yes	No	Yes
	Reported end-to-end efficiency	74%	89 %	85%

The health monitoring wearable is not the scope of this thesis whereas the energy management interface is the main focus of this work.

The moving part can be either the movable coil or the permanent magnet.

Electrostatic transducers can be non-resonators, yet in this context they are assumed resonant structures.

Figure adopted from[START_REF] Meninger | Vibration-to-electric energy conversion[END_REF] 

The time constant of when the capacitors is connected to the inductor is much shorter than the vibration period.

This clock design is later on modified to decrease the power consumption using a lower VDD of 1.1V in the next chapter.

Later this block is adjusted to operate with lower trigger voltage of 1.1V (Chapter 5)

A PMOS transistor is driven with a voltage level lower than the highest potential in the circuit. In contrast, using a NMOS switch would require to generate a voltage above the higher voltage, adding complex and energy consuming blocks to the design.

Only the input energy flux was slightly decreased

Acknowledgements

Abbreviations

Reservoir Voltage regulation Strategies

In chapter one the CCs were introduced with section 1.5 highlighting the need for a load interface to regulate the reservoir voltage. This section discusses in details how this regulation is defined, then explains how this regulation can be achieved.

Defining V res Regulation Interval

As mentioned earlier, a primary goal for the LI is to maintains the internal voltage of the harvester -in this case V res -within is optimum value to maximise the rate of the harvested energy per cycle. To illustrate the harvester optimum value, we propose to consider the measurements of a series-parallel charge pump harvester's output voltage shown in Figure 3.5. The measurements shows that for every set of operation condition, their exists an optimum point of V opt that maximizes the output energy flux. The only way to regulate V res to a it's optimum value, is to know forehand the set of operating conditions. This however is not realistic for real-life e-VEH, where some -if not all the operating conditions -such as vibration frequency and amplitude. For this PhD we propose to adopt a range of permissible voltages rather than fixed value of V res , cf. Figure 3.5 grey region. The permissible voltages are chosen empirically to satisfy the majority of the operating conditions. This range of permissible voltages is defined by an upper V upper limit and a lower V lower limit on V res .

Another advantage of adopting a range of permissible voltage rather than a single operating point V opt is a reduction of the frequency of the required energy transfer. 

Overview

T his chapter presents a first implementation of the load interface (LI) for vibrational energy harvesters. As introduced earlier in pervious chapters, the goal is to implement a load interface that acts as an intermediate stage between the CC and the load. This load interface maintains a maximised harvested energy rate and uses a dc-dc buck converter to supply a low voltage buffer capacitor, which in turns periodically supply a load. 

Overview

T his chapter presents an improved version of the Load interface in terms of power consumption and load voltage regulation. First we investigate the power consuming elements of the design presented in Chapter 4, then we introduce alternative implementations for these elements which ends up reducing the overall power consumption.

RS-Trigger based Hysteresis Comparator

A low power implementation of the Hysteresis comparator is the RS-Trigger based comparator shown in Figure 5.3a. It was first reported in [START_REF] Pedroni | Low-voltage high-speed schmitt trigger and compact window comparator[END_REF][START_REF] Pham | Cmos schmitt trigger circuit with controllable hysteresis using logical threshold voltage control circuit[END_REF]. The design was later improved upon in [START_REF] Zou | A novel schmitt trigger with low temperature coeficient[END_REF] as shown in Figure 5.3a. These hysteresis comparator circuit proved to have a very well defined hysteresis gap and is well suited for lowvoltage and high speed applications. However the drawback of such circuit was that logical threshold voltages are fixedly designed. Later in this chapter, we present an adjustable threshold implementation of the RS-trigger based comparator.

RS-trigger hysteresis comparator operation

The RS-trigger comparator is composed of two inverters INV1 and INV2. These two inverters have two different inverting points V H and V L . The outputs of the two inverters connected to a NAND RS-Trigger where the output of V H inverter is connected to the SET terminal of the RS-Trigger and the V L is connected the RESET terminal. The transition of each switching event can be seen in Figure5.3b. -As the input voltage increases and reaches the first triggering voltage V L the lower inverter INV2 is trigger to switch to low which in turns triggers INV3 high. The high threshold inverters keeps its high state. The RS trigger is now subjected to both high set and reset, forcing the comparator output to keep its previous high state. 

Summary

In this chapter we presented an improved implementation of the LI controller as well as load voltage regulator block. The system was examined in terms of power consumption to insure an overall power consumption for the LI controller to be less than 1µW . All the controlling blocks, including the CCR and LVR controllers -consume less than this budget energy leaving enough energy to periodically power a load. For the proposed LI we demonstrated as system the is capable of:

(1) transferring part of the reservoir capacitor (C res ) energy towards a buffer capacitor (C buffer ).

(2) ensuring V res is maintained within its optimum. This is however challenging since V res optimum interval can be as high as 30V for some capacitive transducers, whereas the load buffer voltage is 1-2V.

(3) Multiple energy-shot transfer was introduce to for the CC energy extraction to avoid high inductor current. This allows a transfer with lower resistive loses.

(4) The average power consumption of the active blocks load interface (excluding losses in the switches during the energy transfer) is estimated to be 105 nW in the steady-state mode. When the block is inactive (e.g., when the input energy flow is weak and the comparator doesn't order transfers), only the comparator and the clock consume power. This idle power is estimated to be less than 30 nW (less then 10 nW for the comparator, cf. Figure . 5.23a and 18nW for the clock). Such a low energy consumption allows the circuit to operate even when the input energy flow is few hundreds of nanowatts.

(5) A buffer low voltage regulation through periodically connecting to the load when enough energy is accumulated on C buffer .

(6) An end-to-end efficiency of 60%, thanks to the multiple energy-shot technique, that can be improved by replacing flyback diode with an active switch.

Appendix A

Analysis of Current and Energy for dc-dc buck load interface

Defining the governing equations, assuming voltage and current directions as show in Chapter 1 where,

Differentiating Eq.3.5 with respect of time,

Using the governing equation of Eq.A.1 and Eq.A.4,

Substituting in Eq.A.5

Also, expressing Q load (t) in terms of Q res (t) using Eq.A. 

Substituting in Eq.A.14, -λ 3 e -λt -λe -λt 1 LC eq = 0 (A. [START_REF] Williams | Development of an electromagnetic micro-generator[END_REF] Substituting in Eq.A.14,

then, λ 0 = 0 (A.21) The first initial conditions for the load interface can be defined as follows:

From governing equations of Eq.A.1 and Eq.A. 

The second initial conditions for the load interface can be defined as follows,

Where, the suffix of Q res 0 defines the charge cycle number. Thus, Eq.A.34 can be expressed as follows,

Substituting into Eq.A.34 then,

The third initial condition for the load interface can be defined as follows, 

Second implementation schematic