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ABSTRACT 

DESIGN AND IMPLEMENTATION OF AN INTERFACE CIRCUIT FOR 

PIEZOELECTRIC ENERGY HARVESTERS 

 

 

Chamanian, Salar 

Ph.D, Department of Electrical and Electronics Engineering 

Supervisor: Prof. Dr. Haluk Külah 

Co-Supervisor: Assoc. Prof. Dr. Ali Muhtaroğlu 

 

October 2018, 112 pages 

 

Micro-fabricated piezoelectric transducer is a prominent harvesting method due to its 

small size and relatively high energy density.  However, the available interface circuits 

(IC) in the literature for piezoelectric energy harvesters (PEH) are generally designed 

for macro-scaled versions having a power output in the range of hundreds µW. The 

efficiency of such systems is significantly diminished when input power drops to tens 

of µWs or less, which is the pertinent power output range for micro-fabricated devices. 

Therefore, it is necessary to develop efficient electronics to extract energy from low 

output power levels of Microelectromechanical systems (MEMS) piezoelectric energy 

harvesters. The main aim of this thesis is to develop ICs that can efficiently extract 

energy from the MEMS piezoelectric energy harvesters and charge storage element 

for powering up micro-electronic devices. 

In the first IC, a novel multi-stage energy extraction method is proposed to optimize 

the implementation of the synchronous electrical charge extraction (SECE) converter. 

This optimization allows downsizing of the external inductor without affecting the 

power-conversion efficiency. Then, a charge management approach is presented to 

speed up the charging of the large storage element. The advantage of this method is 

that it accelerates the transition from passive mode to active mode. Several circuit 

techniques are introduced  to enhance practicability of the energy harvesting IC. An 

autonomous system is achieved through a start-up circuit with power management 
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circuit that initiates the circuit from no primary charge. Implementations of active 

negative voltage converter and new ultra-low-power peak detector expand operating 

frequency range of the IC from 100 Hz to 4 kHz. Finally, self-adapting multi-stage 

energy extraction (MSEE) enhances power conversion efficiency for a wide input-

power range. Maximum charging efficiency of 84 % is achieved with a 1 mH external 

inductor, while MEMS PEH is excited at 390 Hz.  

Second IC introduces a novel nonlinear switching technique aiming to boost extracted 

energy from low coupling factor PEHs and provide load-independent energy 

extraction with a single inductor. The idea is to enhance effective damping force of the 

PEH by processing piezoelectric voltage through a set of switches and an inductor. A 

novel maximum power point (MPP) sensing approach is proposed to achieve the 

optimal operation point of the proposed circuit regardless of input excitation level, for 

the first time in literature. The IC can efficiently harvest energy from shock vibrations, 

as MPP circuit adjusts optimal point regardless of the variation in the available energy 

on PEH. 

In the end, an efficient hybrid energy-harvesting interface is presented to 

simultaneously scavenge power from electromagnetic and piezoelectric sources, while 

driving a single load. The total simultaneously extracted power from both harvesters 

is more than the power obtained from each independently. The hybrid IC reaches up 

to 90% conversion efficiency with output power level of 100 µW. A wearable 

harvesting prototype consisting of custom-made electromagnetic harvester, off-the-

shelf PEH, and the proposed interface circuit is built and tested to harvest energy from 

body movement.  

Keywords: Interface circuit, Piezoelectric energy harvester, MEMS, Self-adapting, 

Maximum power point, Hybrid IC. 
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ÖZ 

PİEZOELEKTRİK ENERJİ ÜRETEÇLERİ İÇİN ARAYÜZ DEVRESİ 

TASARIMI VE UYGULAMASI 

 

 

Chamanian, Salar 

Doktora, Elektrik ve Elektronik Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. Haluk Külah 

Ortak Tez Yöneticisi: Doç. Dr. Ali Muhtaroğlu 

 

Ekim 2018, 112 sayfa 

 

Mikro düzeyde üretilmiş piezoelektrik enerji üreteçleri, küçük boyutlu olmaları ve 

yüksek enerji yoğunluğuna sahip olmalarından dolayı enerji üreteçleri arasında ön 

plana çıkmaktadır. Fakat piezoelektrik üreteçler için literatürde bulunan mevcut ara 

yüz devreleri genellikle çıkış güçleri yüzlerce μW civarlarında olan büyük ölçekli 

modelleri için dizayn edilmiştir. Bu tarz sistemlerin verimlilikleri girişlerindeki güç 

seviyesi onlarca µW ve daha az olduğu zaman önemli ölçüde etkilenirler ki bu durum 

mikro düzeydeki cihazlarda çoğunlukla gözlemlenmektedir. Bu nedenle, düşük güç 

girişlerinden enerji sağlayan sistemler için yüksek verimli ara yüz devreleri 

geliştirilmelidir. Bu tezin amacı, biyolojik mikro elektronik devreler için, MEMS 

enerji üreteçlerinden enerji sağlayan ve regüle edilmiş DC voltaj sağlayan bir ara yüz 

devresi geliştirmektir. 

Birinci arayüz devresinde (IC), SECE çeviricilerin optimum uygulaması için yeni bir 

çok-aşamalı enerji çıkarım yöntemi önerilmiştir. Bu optimizasyon güç verimliliğini 

etkilemeden harici bobinin değerinin düşürülmesini almaktadır.  Sonrasında, yüksek 

kapasiteli depolama elemanını daha hızlı şarj etmek için yeni bir yük yönetim 

yaklaşımı sunulmuştur.  Bu metodu avantajı pasif şarjdan aktif şarja hızlı bir geçiş 

sağlamasıdır.  Devrenin enerji üreteçlerindeki pratik kullanımını artırmak için farklı 

devre teknikleri uygulanmıştır.  Sonuç olarak başlangıç (start-up) devresi ve PMC ile 

başlangıçta hiç yük olmadığı durumda da çalışabilen otonom bir devre elde edilmiştir.  
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Aktif NVC ve yeni ultra-düşük güçlü tepe noktası belirleyici devre ile devrenin 

çalışma frekansının 100 Hz ile 4 kHz arasında gibi geniş bir bantta olması sağlanmıştır.  

Son olarak, kendinden adaptif MSEE tekniği geniş aralıktaki giriş gücü seviyeleri için 

güç verimliliğini artırmıştır.  1 mH harici bobin ve 390 Hz’te uyarılan MEMS PEH 

için %84 maksimum şarj verimliliği elde edilmiştir. 

Tasarlanan ikinci arayüz devresi düşük kuplaj faktörlü PEH’lerden enerji çıkarımını 

artıracak yeni bir doğrusal olmayan anahtarlama tekniği önermektedir.  Ayrıca, bu 

devre tek bobin ile yükten bağımsız enerji çıkarımı sağlamaktadır.  Bu tekniğin 

arkasında yatan temel fikir, piezoelektrik voltajı birtakım anahtarlar ve bobin ile 

işleyerek PEH üzerindeki efektif sönümleme kuvvetini yükseltmektir.  Literatürde ilk 

kez, giriş uyarım seviyesinden bağımsız olarak çalışan ve maksimum güç noktası 

(MPP) belirleme yöntemini kullanan yeni bir devre önerilmiştir.  Arayüz devresi MPP 

sayesinde optimum noktayı bulabilmesi sayesinde şok titreşimlerde de verimli bir 

şekilde enerji üretebilmektedir. 

Son olarak, elektromanyetik ve piezoelektrik kaynaklardan aynı anda güç çekip tekbir 

yüke iletebilen verimli bir hibrit enerji üreteci devresi sunulmuştur.  Hibrit sistemden 

çıkan toplan güç, ayrı ayrı enerji üreteci kaynaklarının toplamından çıkan güçten daha 

fazladır.  Hibrit arayüz devresi çıkış güç seviyesi 100 µW seviyesinde iken %90 güç 

verimliliğine ulaşmaktadır.  İnsan vücudu hareketlerinden enerji üretmek için hibrit 

elektromanyetik ve piezoelektrik enerji üreteçleri ve arayüz elektroniğinden oluşan 

giyilebilir bir prototip tasarlanmış ve test edilmiştir. 

 

Anahtar Sözcükler: Arayüz devresi, Piezoelektrik enerji üreteçleri, MEMS, 

Kendinden adaptif, maksimum güç noktası, Hibrit arayüz devresi. 
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CHAPTER 1 

1 INTRODUCTION 

Miniaturization in microelectronic systems, such as wireless and implantable sensors, 

demands increasingly stringent battery size provisions. Such systems contrarily 

require large energy sources for prolonged operation with low maintenance in order to 

achieve low cost. Although low-power design techniques prolong the operation of such 

microelectronics devices, size-limited batteries utilized to supply power to the 

transducers constrain their lifetimes. Battery volume does not diminish at the same rate 

as the transducer electronics, and thus form the bulk of the system [1]. Besides, 

replacement and maintenance of these batteries can be costly and practically 

unattainable due to the location of the transducer or increasingly large number of 

sensor nodes. Hence, microelectronics start making use of energy harvesting systems 

to achieve reliable operation over long periods, and reduce system costs. Micro-scaled 

devices have a remarkable contribution in the health industry recently. Heart rate 

monitors, pacemakers, and neural stimulators together represent a broad subset of bio-

electronic devices that provide continuous diagnostics and therapy. One of the most 

trend topics is middle ear applications of microsystems. More than 120,000 patients 

worldwide are using cochlear implants [2] which are utilized for treatment of severe-

to-profound hearing loss [3].  A large storage element is particularly required for 

powering up these devices to avoid frequent charging or replacement [4]. While the 

anatomy of both human and animals (for study cases) constrains the size of the battery. 

The issues associated with maintenance costs, limitations of battery capacity and 

recycling of batteries can be alleviated by extracting some portion or entire of the 

required electrical energy from ambient energy sources by means of energy harvesting 

techniques [5]. Most of implementable harvesting transducers can provide tens of nW 

up to tens of µW of output power. The harvested energy requires not only converting 

to usable form but also needs an additional process that can extract maximum available 

energy from out of the harvesters. This is essential due to often low voltage and low 
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power output of the energy harvesting elements. The CI devices rely on some form of 

battery power for operation.  

This thesis looks into interface circuits (ICs) specific to piezoelectric energy 

harvesters, which are potential solution to power microdevices. The IC is employed to 

process and extract alternating signal across the piezoelectric energy harvester and 

manage the harvested power. This chapter represents literature survey on vibration-

based energy harvesting principles and interface electronics with focus on 

piezoelectric energy harvesting systems. 

1.1 Energy Harvesting Foundation 

A 1cm3 non-rechargeable lithium battery with typical energy storage capacity of 2800J 

can supply 100 µW of power for 1 year [6]. However even this high energy density 

battery is not sufficient for long-term operation where battery replacement is not an 

easy option. One of the main challenges in designing portable electronic devices is the 

battery technology due to either size or cost.  Large size of the batteries in comparison 

with micro-scale devices and battery maintenance are limiting factors due to device 

placement. Therefore, exploring ambient energy sources and power generation 

approaches become more important for portable electronic devices as an alternative 

power source. 

Energy harvesters exploit environmental energy sources such as heat, sunlight, RF 

signals, or vibration, and convert them to electrical energy. Temperature gradients 

available in the neighborhood of a sensor can be used to harvest excess heat through 

thermoelectric (TE) conversion. However, the output of a thermoelectric generator has 

a low voltage range, up to a few hundreds of millivolts, and low power density of 10 

μW/cm3 under 30°C gradients [7], which is far below energy requirements of the 

sensors. Solar energy harvesters are more interesting in outdoor applications due to the 

availability of sunlight [8].  However, the generated energy level scales with the size 

of the solar panel, and the efficiency is drastically affected if indoor operation is 

required [9]. In RF power harvesters, the challenge is the efficient design of the IC 

with the very limited RF power in the environment [10], [11]. Hence, RF energy 



 

 

3 

 

harvesting is mostly useful if there exists an RF power base station nearby or for 

powering ultra-low power wireless architectures where the node operates with a very 

low duty-cycle.  Among the mentioned ambient energy sources, vibration is 

particularly attractive as it is easily available as in vehicle motions, human movements, 

acoustic noise and seismic vibrations that vary in frequency and amplitude.  These 

vibrations are harvested by using different energy conversion methods such as 

electrostatic, electromagnetic and piezoelectric transduction. 

 The electrostatic conversion is achieved through the capacitance variation of 

pre-charged variable capacitors in response to external vibration. Mechanical 

structure of the electrostatic harvesters includes usually inertial mass and 

supporting legs associated with comb fingers, which are used to obtain large 

capacitance value. Separate pre-charge source is required in this technique to 

initiate harvesting process as the conductors of the capacitor are displaced 

relative to each other. Sterken et al. [12] introduced electret-based electrostatic 

harvesters by use of an electret (permanently polarized dielectric) as a primary 

polarization that eliminated external charge source requirement. Experimental 

results show that harvesting power strongly depends on primary polarization 

source. The electrostatic energy harvesters are more suitable for small scaled 

devices due to full compatibility with MEMS technology and CMOS process. 

Displacement limitation, mechanical stop and initial polarization requirements 

and high impact of parasitic capacitances are the problems related with this 

harvesting technique.  Moreover, high output impedance and relative low 

power density of this method restrict usage of this method. 

 Electromagnetic scavengers employ electromagnetic induction, arising from 

the relative motion between a permanent magnet and a conductor. The 

Faraday’s law of electromagnetic induction states that change of magnetic 

fields enclosed by coil wound induces an electrical current on the coil wound.  

The generated output power depends strongly on magnetic flux changes and 

input vibration frequency. The flux change is firmly relative with the size and 

magnet properties. Although electromagnetic harvesters show high efficiencies 
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in macro scale, low output voltage of micro-scalded electromagnetic harvester 

makes implementation of energy harvesting system more challenging. 

Furthermore, micro-scaled electromagnetic harvesters are difficult to integrate 

with MEMS technology and magnetic flux dramatically diminishes with 

miniaturizing magnet size.  

 In piezoelectric energy harvesters, an electrical charge is produced across 

piezoelectric material when imposed to mechanical stress, which is so-called 

direct piezoelectric effect. This stress is generally generated through 

deformation of a base-structure that piezoelectric material is mounted on. 

Among these methods, piezoelectric conversion is advantageous to energy 

harvesting devices due to the relatively high energy density of piezoelectric 

materials, and ease of integration [13], [14]. Thus, the following sections are 

devoted to piezoelectric harvesters, related applications, modeling, and front-

end interface circuits in more detail. 

1.2 Piezoelectric Energy Harvester 

The direct piezoelectric effect arise from asymmetry of the certain solid material like 

crystals and ceramics. The piezoelectric effect can be illustrated by means of Figure 

1.1. Indeed, below Curie temperature, crystallite forms asymmetric charge 

arrangement leading to random orientation of electric dipoles. Polarization of the 

piezoelectric material under a strong electric filed aligns the groups of dipoles, 

resulting in exhibition of piezoelectric characteristics. Lead zirconate titanate (PZT) is 

the most commonly used piezoelectric material, nowadays. 
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Figure 1.1. (a) Intrinsic piezoelectric effect in PZT and (b) polarized piezoelectric material. 

The piezoelectric harvesters can be applied in different harvesting configurations and 

geometries [15], [16]. The most prevalent configuration is cantilever beam since it is 

very compliant structure that can be implemented with MEMS technology. Figure 1.2 

shows a typical piezoelectric energy harvester structure.  Piezoelectric energy 

harvesters use a cantilever beam with or without a proof mass to tune to lower 

resonance frequencies and higher resonance frequencies, respectively.  Usually a 

piezoelectric layer is bonded around the fixed side of the beam.  The harvester is 

generally mounted on vibrating sections and mechanical coupling transfers these 

vibrations to the harvester.  Thus, base excitation forces the beam to vibrate.  The 

bending of the beam results in alternating tensile and compressive stresses on the 

piezoelectric layer.  Then, depending on the amplitude of the stress, an oscillating (AC) 

voltage output is generated across the piezoelectric layer.  

An analytical analysis conducted by Roundy [17] has illustrated that the output power 

of piezoelectric generator depends on the system coupling coefficient ( ), the quality 

factor of the device (Q), the density of the generator, and transmission coefficient of 

the electrical load. At the end, the maximum power that can be extracted from 

piezoelectric energy harvester has been obtained as follow: 
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where 𝜔 and A are exciting frequency and acceleration, respectively. It is necessary to 

maximize coupling coefficient, as well as the mass of the device to achieve higher 

power conversion. As a case in point, Aktakka [18] has developed a micro-scale 

piezoelectric energy harvester by using bulk piezoceramics.  The advantage of bulk 

piezoceramics is its higher piezoelectric coupling coefficient with respect to other 

materials. However, the integration of bulk piezoceramics into standard MEMS 

fabrication processes is not trivial.  The relationship between the power and resonance 

frequency depends on both excitation and device conditions. If the excitation is set to 

a level that at a resulting mass acceleration (QA) is constant, then, the power is 

inversely proportional to resonance frequency. If the excitation is set to a level that at 

a resulting mass displacement is constant, then the power is proportional to the third 

power of the resonance frequency.  

Ultimately, the AC output power of piezoelectric harvesters depends on piezoelectric 

characteristics and the vibration level. The output impedance of piezoelectric energy 

harvesters is capacitive and is relatively high (~ 200 k - 10 M) that impedes 

efficient power transfer with the conventional AC/DC conversion techniques.  

Therefore, there are significant challenges in designing efficient front-end interfaces 

or rectifying the output of the piezoelectric harvesters. 

 

Figure 1.2. Piezoelectric energy harvester schematic; a fixed-free cantilever with tip mass. 

 

 



 

 

7 

 

1.2.1 Applications 

1.2.1.1 Powering of Wireless Sensor Networks 

A Wireless Sensor Network (WSN) is defined as a set of wireless communication 

units, which are equipped with various sensors organized into a cooperative network. 

Sensor networks are wildly used in a range of different applications such as security, 

military, and environmental monitoring [19], [20]. These gadgets are also used in 

many civilian applications, such as habitat monitoring, healthcare applications, home 

automation and traffic control [21], [22], [23]. The development of WSN technologies 

enabled target detection, identification and tracking in a largescale of monitoring zones 

[24]. Managing the power consumption of a node in a WSN is an essential step to 

prop-up a reliable network. Energy is generally known as a main obstacle for battery-

powered devices and embedded sensor nodes. In designing a battery-powered WSN, 

energy limitation has always been addressed as a crucial issue. Powering up the nodes 

of a WSN with energy harvesters is an evolving technology in such applications [25]. 

In this context, vibration is considered as a perpetual energy source for WSNs due to 

its affluence and availability [26]. A typical vibration energy harvesting WSN is 

depicted in Figure 1.3. The piezoelectric transducer is one of the most preferable 

harvesting method, considering its various types and the operating frequency range, to 

extract vibrational energy for providing whole or portion of the required energy of the 

WSN [13]. 

 

Figure 1.3. A vibration energy harvesting WSN for sensing ambient parameters. 
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1.2.1.2 Powering of Cochlear implant  

Cochlear implants (CI) have been using for the treatment of sensorineural hearing loss. 

CIs use electronics to directly stimulate the auditory nerve fibers, thus bypassing the 

damaged hair cells in the cochlea. In recent decade, studies about the cochlear implants 

are mainly focused on making CIs fully implantable.  A Fully implanted cochlear 

implant (FICI) has three main requirements that are distinct from a conventional CI. 

First, a FICI that is completely untethered (i.e., without a coil that continuously 

provides power) requires an implanted battery that is rechargeable because of the 

volume and power consumption constraints of the FICI, as well as the need to avoid 

future surgeries for battery replacement. The number of charges per day must also be 

limited to once or twice a day to minimize user impact. 

Investigating various energy harvesting methods to power CIs have been elaborate 

with the lower power-requirements of the FICI systems. One recent study by Mercier 

et al. [27] has suggested using intra-cochlear potential for energy extraction for 

powering biological sensors. Maximum output power measured from a guinea pig was 

1.12 nW during 5 hour experiment.  Mukherjee et al [28] investigated the possible use 

of piezoelectric materials in the cochlea as the charge generating device. They 

conducted preliminary in vivo tests on guinea pigs with limited success. Inaoka et al 

[29] place small piezoelectric device on the basilar membrane in cochlea of a guinea 

pig as a transducer.  The measured results illustrate that the output voltage is not 

enough for direct stimulation of the auditory nerves and requires amplification in the 

order of thousands. Placing the piezoelectric materials inside cochlea to generate 

voltage from the traveling wave inside the cochlear fluid has not been very successful 

for stimulating the auditory nerves. The vibration characteristics of the tympanic 

membrane have been investigated in [30], [31] to attach the transducer.  Vibration of 

umbo has been measured by a laser doppler vibrometer (LDV) at different sound 

pressures and frequencies as shown in Figure 1.4.  Figure 1.5 shows the acceleration 

results for 80 and 100 dB SPL from four cadaveric ears with and without incus (the 

second ossicles bone). In many cochlear implant operations, incus is removed to open 

space in the middle ear cavity.  Removal of incus increased the tympanic membrane 

acceleration up to three times, depending on the vibration frequency.  
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Figure 1.4. Location of umbo and LDV measurement axes. 

 

Figure 1.5. LDV (laser Doppler vibrometer) measurements of umbo acceleration vs. frequency before 

and after incus detachment at 80 SPL and 100 SPL [31] . 

In a previous study of our group, an alternative energy harvesting method was 

suggested [32] using a unimorph cantilever piezoelectric energy harvesters placed on 

eardrum.  The harvester was fabricated and tested on a shaker table.  In this study, 

piezoelectric energy harvester is considered and investigated as a solution for CI power 

requirements under different acoustic signal strengths. The generated rms output 

power was measured for several excitation levels and the piezoelectric maximum 

power of around 1µW and 100µW are obtained under 0.1 g and 1.6g accelerations, 

respectively. The cochlear implant device presented by Yip et al. [33] dissipates 55 
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µW power for processing the sound and 226 µW for 4 electrodes stimulation where 

the total power dissipation is about 281 µW and lower than a typical presented cochlear 

implant power in literature. Comparing the power requirements of the CI electronics 

and nerve stimulating electrodes, it can be seen that the piezoelectric harvester output 

below 100 dB SPL is not sufficient.  While, a specifically adjusted acoustic signal at 

the resonance frequency of the harvester with a high amplitude sound can be utilized 

to charge the CI battery. 

1.2.2 Piezoelectric Electrical Model  

In order to develop a model for piezoelectric structure as shown in Figure 1.2, the 

following assumptions are taken: (i) the frequency of the input vibration is close to 

main natural frequencies of the cantilever beam, (ii) the different modes of resonance 

of the structure do not interfere with each other, (iii) mechanical and electrical wave 

propagation phenomena can be ignored. These assumptions allow describing the 

system in terms of lumped elements. Lumped parameter modeling is simplification of 

the physical system into several lumped discrete elements, which are describing the 

behavior of the physical system. This modeling approach is widely used for electrical 

circuits, and is also applicable to piezoelectric energy harvesters. By using 

piezoelectric constitutive equations (1.2) in term of macroscopic variables, restoring 

force (F) and mass displacement (u) as the mechanical domain are coupled with 

outgoing voltage (V) and Current (I) of the piezoelectric as the electrical domain.  

{
𝐹 = 𝐾𝑝𝑐𝑢 + Γ𝑉𝑃

𝐼 = Γ𝑢̇ − 𝐶𝑝𝑉̇𝑃
 (1.2) 

In equation (1.2) Kpc is the stiffness of the piezoelectric beam, Cp is the piezoelectric 

capacitance, and Γ denotes coupling factor. 

In 2002, Flynn et al. modeled piezoelectric coupling as a transformer, where 

transformer relates stress to electric field [34]. Thus, a transformer relation between 

these domains and electromechanical model of the piezoelectric energy harvester can 

be obtained by using circuit elements.  The equivalent model of piezoelectric bending 

beam is represented in the form of two ports electrical network as shown in Figure 1.6 
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[35]. The left side of the circuit corresponds to mechanical domain and the right to 

electrical properties of piezoelectric. In the mechanical domain, a capacitor Cm=1/kc is 

the reciprocal mechanical stiffness and the effective beam mass is represented by an 

inductance Lm=meff. The electromechanical conversion is virtualized by a perfect 

transformer Γ related with coupling factor. In this particular application, the 

piezoelectric energy harvesters are subjected to steady state vibrations. Therefore, the 

ac voltage source is connected to the mechanical ports of the network as a source of 

mechanical energy. It is assumed to be F=meffa0sin(2πft), where a0 and f stand for the 

excitation acceleration amplitude and excitation frequency, respectively. On the other 

side, the electrical ports are connected to an electrical load in which energy is stored 

or dissipated in parallel with piezoelectric capacitance CP. The voltage developed 

across the piezoelectric layer is denoted as VP. 

Piezoelectric harvesters can be modeled in a simple way by a current source in parallel 

with a capacitance of the piezoelectric material, CP, as shown in Figure 1.7. The input 

vibration is modeled by a current source where 𝑢̇ is the velocity of the vibration.  The 

coupling factor, Γ, determines the energy conversion of the piezoelectric from the 

vibration to the electric voltage 

 

Figure 1.6. Equivalent network model for piezoelectric energy harvester. 

 

Figure 1.7. Simple piezoelectric electrical model used in circuit design simulations. 

CPύΓ

VP



 

 

12 

 

1.3 Overview of Interface Circuits for PEH 

In this section, we discuss the most common and important techniques utilized to 

convert AC signal generated by vibration based piezoelectric transducers into the DC 

form. Piezoelectric harvesting IC can be divided into two main categories, namely 

standard rectifiers and nonlinear switching rectifiers.  

1.3.1 Standard Rectifiers 

Two standard rectifiers, full-bridge rectifier and voltage doubler are conventional AC-

DC converters, which have been demonstrated in several works [36], [37]. As shown 

in Figure 1.8, the classic full-bridge rectifier includes a diode rectifier and a filter 

capacitor with terminal electrical load modeled by an equivalent resistor R. Figure 1.9 

shows the other commonly used circuit, named as the Cockroft-Walton voltage 

doubler. The circuit is quite practical for some applications when the electrical load 

with a high resistance needs higher power. 

 

Figure 1.8. Standard full bridge rectifier. 

 

Figure 1.9. Cockroft-Walton Voltage doubler IC. 
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These types of electronic interfaces and even active rectifiers suffer from low 

extraction efficiency due to significant power losses during intermittent vibrations. 

The main reason for the low extraction efficiency is that the rectifier has to charge and 

discharge the piezoelectric capacitor each cycle, which dissipates considerable power 

in the circuit. During charge transmitting to the output, effect of damping-force of the 

piezoelectric structure is limited, resulting in reduction of energy conversion factor.  

This leads to significant lower power extraction compared with the maximum 

available power.  

Active rectifiers [38][39] were commonly employed to reduce power dissipation, 

which origins from the voltage drop in each diode of the rectifier circuit. Active 

rectifiers basically utilize monitoring comparators and switches instead of diodes to 

control power flow and minimize conduction loss. The main challenge is designing 

low power and accurate comparators to achieve higher power conversion efficiency. 

However, these circuits also suffer from reactive power dissipation due to capacitive 

impedance of the PEH. 

Maximum power point tracking method is utilized to match load impedance of the 

full bridge rectifier to the real part of the source impedance, which enhances power 

efficiency. This achieves through adjusting duty-cycle of a DC-DC step-down 

converter [40]. The piezoelectric open-circuit voltage (VOC) sensing method were 

implemented in [41] to keep output voltage of the full-bridge at half of VOC. This 

approach improves significantly tracking time. Nevertheless, these methods focused 

on matching real part of the source impedance, and thus could not prevent wasting 

significant amount of transient charge at piezoelectric capacitance. Furthermore, the 

proposed methods are only effective for periodic vibrations. 

Meantime, other researchers have looked into other circuit configurations for 

extracting more energy from the piezoelectric material [42].  These ICs utilize 

switching techniques based on non-linear processing of the voltage across the PEH 

and enable higher power extraction rates, by better matching of the circuit impedance 

with that of the piezoelectric element. 
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1.3.2 Nonlinear Switching Techniques 

The piezoelectric generators’ internal impedance is relatively high, which limits the 

delivered power to the traditional ICs with non-matching input impedance 

characteristics. Since the piezoelectric element has a large capacitance, a conjugate 

impedance matching circuit is required to maximize the generated power. It is known 

that an inductor can be added to compensate the contribution of the piezoelectric 

capacitor, but it cannot be adaptive to the energy-source variations.  Moreover, the 

value of the inductance becomes too large for low frequency excitations. To overcome 

these drawbacks, switching-type charging circuits were proposed and have been 

popularly used in recent years. Several synchronized switching topologies and 

corresponding switching laws were proposed. These studies can be classified into two 

categories according to the placement of the rectifier and the inductor with active 

switches.  

I. Synchronous Electric Charge Extraction (SECE) [43],[44]: Inductor and 

switches are placed between the rectifier and output capacitance. 

II. Synchronous Switching Harvesting on Inductor (SSHI) [45], [42]:  Inductor 

and switches are placed between the piezoelectric and the rectifier. 

1.3.2.1 SECE 

SECE ICs customizes the current flow to the output capacitance. This technique can 

be implemented both in fly-back [46] and buck-boost [47] topologies as shown in 

Figure 1.10. It is shown that harvested power can be increased up to 400% through the 

SECE topology, wherein the generated charge at peak displacement is transferred to 

the output capacitance through LC resonant circuits. SECE is an efficient approach 

among switching techniques for facilitating charge delivery and achieving matched 

load at the same time. The SECE converter was integrated within CMOS technology 

in [43]. Figure 1.11 shows implemented circuit that benefits from negative voltage 

converter (NVC) instead of full-bridge rectifier and can provide maximum efficiency 

of 70 %. However, the piezoelectric voltage level is limited to output voltage where 

higher piezoelectric voltage is clamped by bulk-drain diodes and thus remarkably 

constrained input power range. Furthermore, timing of switching instants is only set 
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for one voltage level that also limits operation range of the converter. Later, voltage 

limitation and timing problems were alleviated by enhanced structure [44] of 

integrated SECE circuit. 

Energy extraction and transfer in several successive charge packages enables reduction 

in the size of off-chip electromagnetic components [48]. The fly-back SECE converter, 

implemented in [48], is efficient only for mechanical frequency range below 100Hz, 

and depends on digital inputs for establishing critical time constants related with 

piezoelectric and output storage capacitances, to regulate extraction and transfer 

durations. High input voltage level and low input frequency operation range are mapped 

to bulky piezoelectric harvesters, which are impractical for deployment in the 

implantable micro-devices. 

In the SECE circuits, the switches should be operated synchronously with the vibration 

of the host structure in order to optimize the power flow; hence they require precise 

switching control circuitry. The performance of the switch control circuitry determines 

the efficiency of the whole system in exploiting harvested energy. The main drawbacks 

of the previously reported SECE implementations are their input voltage limitation 

and timing challenge [43]. Input limitation is related to minimum and maximum 

tolerable voltage of transistors and circuit implementation. The frequency and level of 

excitation range are befitting for macro-scale piezoelectric harvesters and making the 

circuit inefficient for lower power levels [44], [48], whereas for micro-scaled devices 

maximum extractable power by MEMS-based piezoelectric harvesters is even far 

below the required energy for properly operation of the switch control circuitry. 

 

Figure 1.10. Circuit diagram of SECE converter implemented in (a) buck-boost and (b) fly-back 

topologies. 
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Figure 1.11. Circuit diagram of integrated implementation of SECE converter [43]. 

1.3.2.2 SSHI 

SSHI technique was proposed in [45], shown in Figure 1.12, to transfer energy to the 

storage device with minimal charge dissipation at the rectifier through charge 

inversion on piezoelectric capacitance. At opposite displacement, charge generation is 

initiated close to conduction threshold of the rectifier by means of charge inversion at 

the end of previous conduction. It is shown that the electrical harvested power can be 

increased by as much as 900%, depending on load matching, over the standard 

technique. In this method, the power improvement strongly depends on the output 

load. Adjustment of charge inversion timing and startup are the other main challenges 

in designing of the SSHI converters  

Garbuio [49] had proposed SSHI interface with Magnetic Rectifier as shown in Figure 

1.13. It benefits from charge inversion on Cp through a transformer in each half-cycle 

instead of an inductor. Magnetic Rectifier allows decreasing power losses associated 

with diodes and reduces minimum input voltage level. The output power depends on 

output load at the higher resistance value with regard to the SSHI. 

 

Figure 1.12. Equivalent circuit of series-SSHI converter. 

S1

S2
L

NVC

PEH

R

CS

R

CS

PEH Sw

L

Rectifier



 

 

17 

 

 

Figure 1.13. Equivalent circuit of SSHI MR converter [49]. 

Shen [50] aimed to optimize a series-SSHI with an intermediate switching stage, as 

presented in Figure 1.14. Two steps switching law was defined for extracting and 

transferring energy. This study optimized intermediate buffer capacitor to enhance 

extracted energy. Although, the dependence of output power to the load is reduced, the 

maximum extractable power is still dependent on preset voltage level, which is 

determined by the excitation level. Beside, a secondary piezoelectric harvester was 

utilized to start the harvesting circuit up. 

On the contrary, Wu [51] used active diodes to secure optimal timing of charge 

flipping. However, the improvement of extraction power was not considerable 

compared to the ideal upper limit. Several adaptations [49][52] and on-chip 

implementations [53][54] were presented to enhance performance of the SSHI 

rectifier. However, high efficiency of SSHI can only be attained in limited range of 

excitation levels.  

Aside from above methods, pre-biasing [55] and energy investment [56] methods have 

been presented to boost extracted power through investing portion of the stored energy 

into the piezoelectric capacitor to step up electrostatic force of the piezoelectric 

transducer. However, optimization of invested energy requires high battery voltage 

and cumbersome adjustments.  
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Figure 1.14. Equivalent circuit of enhanced SSHI converter [50]. 

1.4 Aim of This Study and Thesis Organization 

Piezoelectric transducers provide higher power density than the electrostatic 

harvesters, and provide ease of integration, planarity and higher output voltage in 

comparison with electromagnetic counterparts. PEHs can supply power from µW to 

mW by extracting ambient vibrations. Besides, there has been tremendous 

development in micro-fabrication processes [57], [58] and power density of MEMS 

transducers [59]. The MEMS harvesters gain importance in volume and weight 

constrained applications such as bio-implantable devices [60], [2], and [61] where 

battery replacement is impractical and costly. Hence, development of an IC for PEHs 

gains significantly value. 

The aim of this thesis is to realize practical harvesting ICs that are compatible with 

MEMS energy harvesters and can be used in real applications such as biomedical 

devices and WSNs. Design criteria for a practical IC can be listed as follows:  

1. Power enhancement: The interface should harvest utmost extractable energy 

and outperform the standard rectifiers.  

2. Independent extraction: The power extraction should be independent of the 

load and any design parameter.  
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3. Autonomous: The circuit should be self-powered and supply required power 

of control circuitry.  It means that can capable of start up with no initial charge 

and operation without need to external supply voltage.  

4. Synchrony: The circuit should adapt itself to variation of excitations and 

generate all necessary signals for proper operation. 

5. High efficiency: Minimizing power consumptions containing quiescent 

current, conduction loss and switching loss allows the circuit to harvest any 

valuable energy and operate in wide range of excitation frequency  

Low power and high mechanical frequency of MEMS PEH requires careful design of 

the AC/DC convertor to achieve high efficiency. SECE is an effective topology to 

interface piezoelectric harvesters operating at low voltages. Hence, the first main aim 

of this study in chapter 2 is to present a circuit that fulfills all practical requirements 

for MEMS PEH. The proposed multi-stage energy extraction (MSEE) on buck-boost 

SECE architecture allows shrinking the external inductor without affecting power 

conversion efficiency. Although the core configuration of the circuit in this chapter is 

similar to SECE integrated circuits in [62], [63], a comprehensive power analysis is 

presented that leads to minimize power losses with the help of the multi-stage 

technique. In the previously reported multistage circuits, timing is calculated by 

multiplying digital inputs set by user and predefined coefficients, which requires 

measurements and hand-calculations. Moreover, compromises between mechanical 

frequency and power consumption cannot be avoided. The implementation of the 

multistage generator with energy sensing method eliminates efficiency and cost 

limitations arising from high mechanical frequency, additional digital inputs and 

timing problems. The several circuit enhancements including a high accuracy peak 

detector and ultra-low power control are implemented to extract maximum power for 

a wide input power and frequency range. The ultimate goal is to charge rechargeable 

energy storage element, hence a power management circuit is presented to fasten 

charge speed of high value storage capacitance. 



 

 

20 

 

As discussed in previous section, high efficiency of SSHI can only be achieved in 

higher excitation levels in limited range. On the other hand, SECE provide load 

independent power extraction with lower power gain. In the chapter 3, a novel double 

synchronized switch harvesting (DSSH) circuit is presented to bridge the gap between 

SSHI and SECE techniques. The aim of this work is to integrate a self-adapting DSSH 

IC to boost extracted power from micro-watt piezoelectric energy harvesters. A novel 

MPP sensing approach is proposed to achieve optimal point of operation for the 

proposed circuit regardless of input excitation level, for the first time in literature. The 

one of main challenges in this nonlinear switching is adjusting exact time of charge 

inversion for variable vibrations. In this respect, a sensing circuit is designed to secure 

optimum charge inversion time for wide range of the input vibration.  The 

implementation of an enhanced switching technique and MPP circuit aims to 

simultaneously provide high power extraction gain and load independence with a 

single inductor. 

Harvesting energy from both low and high frequencies are beneficial in terms of 

increased power capacity, which in turns improves lifetime and system reliability. In 

the literature, there are numerous electronic systems for harvesting low frequency 

vibrations through electromagnetic harvesters [64], and high frequency vibrations 

through piezoelectric harvesters [65], [51], however few studies exist for a hybrid 

system. Chapter 4 presents an efficient hybrid energy harvesting interface to 

simultaneously scavenge power from electromagnetic (EM) and piezoelectric sources, 

and drive a single load. The EM harvester output is rectified through a self-powered 

active doubler structure, and stored on a buffer capacitor and a SECE converter is 

utilized to interface PEH. A novel power management circuit is designed to extract 

energy from two energy sources at the same time with high conversion efficiency. The 

total simultaneously extracted power from both harvesters is more than the power 

obtained from each independently. A wearable energy harvesting system is fabricated 

to validate hybrid operation. The hybrid system is carried on a human wrist to collect 

energy from body movements. 
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CHAPTER 2 

 

2 IC FOR PEHS DESIGN I: MULTISTAGE ENERGY EXTRACTION BASED 

ON SECE TECHNIQUE 

The aim of this work is to realize an autonomous harvesting circuit that is compatible 

with MEMS energy harvesters used to power-up biomedical devices. As discussed in 

chapter 1, SECE is an efficient approach among switching techniques for facilitating 

charge delivery and achieving load matching at the same time. The main challenge in 

this approach is extracting maximum power for a wide input power and frequency 

range.  On the other hand, the SECE requires large size of off-chip electromagnetic 

components to achieve high power-conversion efficiency. The previously 

implementations of the SECE are efficient only for high input voltages [44], 

mechanical frequency range below 100Hz [48], and depends on external adjustments 

for establishing critical time constants [43], [48] associated with piezoelectric and 

output storage capacitances. High input voltage and low input frequency operation 

necessitates a large harvester, which is impractical for deployment in implantable 

micro-devices. This chapter presents a power optimized SECE IC that improves the 

minimum required input power and frequency range of MEMS PEHs with low voltage 

output. In particular, an original multistage energy extraction technique has been 

implemented through a unique energy-based multistage generator circuit in an 

integrated SECE converter system to simultaneously achieve low cost and high power 

conversion efficiency. IC is optimized, prototyped and evaluated in this study. The 

principle of circuit operation, power optimization approach, and power management 

method are presented in the following section. Proposed circuit and implementation 

details are illustrated in Section 3 summarizes test setup and experimental results. 

Finally, the study is discussed in Section 4.  
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2.1 Interface Circuit Design 

The proposed circuit comprises four processing stages including negative voltage 

conversion, start-up, active extraction, and power management. A negative voltage 

converter (NVC) provides positive voltage by converting the negative part of the AC 

voltage generated. Figure 2.1 depicts the block diagram of the proposed circuit. The 

rectified voltage from NVC charges the storage capacitor, Cstor, at wake-up, through 

start-up circuit. The active power extraction is realized through a set of power switches 

and an external inductor. At the final stage, a power management circuit (PMC) is used 

to fasten charge of supercapacitance or rechargeable battery. In practical, the IC’s load 

is the battery voltage level that varies during charging process. 

The active extraction is designed based on the SECE technique. The power extraction 

is realized through three phases managed by control unit as shown in Figure 2.2. In the 

first phase, all switches in Figure 2.2 (a) are turned OFF to bias the PEH at open circuit 

condition until its output peaks. After peak detection, energy stored on the PEH 

capacitor is transferred to the inductor through Cp-L resonant circuit by turning S1 and 

S3 ON. The third phase is entered when PEH voltage reaches zero. At this point, S1 

and S3 are turned OFF, S2 and S4 switches are turned ON, and the stored energy on the 

inductor is transferred to the storage capacitor, Cstor. Charging of the capacitor 

continues until the inductor current reaches zero. 

 

Figure 2.1. The overview of proposed energy harvesting IC. 
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Figure 2.2. (a) Switch network and (b) extraction phases with corresponding state of the switches. 

2.2 Multi-stage Process 

MEMS piezoelectric harvesters have been utilized to generate rms output power range 

from µW up to hundred’s µW under different vibration levels.  Power optimization to 

improve the minimum required input power and frequency range of MEMS PEHs with 

low voltage output is of essential necessity for the SECE IC. In highly charged cases, 

the power extraction stage has to use large inductive component to avoid huge losses 

in the circuit. Therefore, a multistage process has been proposed to maintain the 

control of the higher input power levels over low-volume inductor (100 µH-3.3 mH). 

In this configuration, the discharge of the piezoelectric harvester will be performed at 

the same moment as that of SECE, however, the second and third phases are repeated 

in sequence according to the defined stage number, N, as shown in Figure 2.3. 
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Figure 2.3. Extraction phases and critical switching points of the SECE in time domain for single and 

two-stage transfers. 

The IC extracts generated energy in N successive packets. The energy transferred at 

each stage, n, through inductor is equal to 
1

2
Cp VOC

2 N⁄  , where VOC is the generated 

open circuit voltage at piezoelectric capacitor, CP. Thus, the magnitude of the 

oscillation current depends on the total stage number N through the following 

relationship: 

𝑖𝑝𝑒𝑎𝑘,𝑛 = 𝑉𝑜𝑐√
𝐶𝑝

𝐿×𝑁
. (2.1) 

The extraction time duration, Tp,n, is worked through energy conservation to derive the 

same quantity of energy at the inductor in each stage: 

𝑇𝑝,𝑛 =
1

𝜔𝑝
cos−1√

𝑁−𝑛

𝑁−𝑛+1
 (2.2) 
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During Ts,n, the energy of the inductor is transferred to the buffer capacitor. This period 

can be obtained by solving LC resonant circuit with initial the capacitor and the 

inductor values. Ts,n is approximated as follows by assuming Cstor >> Cp: 

𝑇𝑠,𝑛 = 𝐿
𝑖𝑝𝑒𝑎𝑘,𝑛

𝑉𝑠𝑡𝑜𝑟
 (2.3) 

In our proposed approach, energy packet size is determined with energy sensing 

method that does not require explicit calculation of extraction time duration. The 

generated energy in the first phase is sensed through a downscaling circuit, and is 

divided by N with the help of a capacitor network. It is then compared with the energy 

extracted in the second phase, which is measured through a current sensing and energy 

converting circuit to determine the magnitude of the energy packet. 

Eventually, the current magnitude in each stage is reduced by √1/N. Therefore, the 

conduction loss of the power switches and the inductor is decreased in proportion to 

the current reduction passed through inductor-switch network.  In addition, this 

approach allows utilizing a low volume inductor with small series resistance, which is 

desired for reduced system footprint and cost. Power analysis is discussed in next part. 

2.2.1 Power Analysis  

The energy generated on piezoelectric capacitor, Cp, as the beam vibrates, due to 

mechanical excitation of the harvester, is obtained as: 

𝐸𝐶𝑜𝑢𝑝𝑙𝑒𝑑 =
1

2
𝐶𝑝𝑉𝑂𝐶

2 . (2.4) 

The coupled energy is extracted through discharging the piezoelectric capacitor and 

transferred to output buffer capacitance. The e pure energy harvested, EHarv, are 

calculated as:  

𝐸𝐻𝑎𝑟𝑣 = 𝐸𝐶𝑜𝑢𝑝𝑙𝑒𝑑 − 𝐸𝑙𝑜𝑠𝑠 (2.5) 

There are four sources of power dissipation in the switching circuit: Resistive 

conduction losses in the inductors and MOSFET switches (Pcond); charge redistribution 

losses at MOSFET parasitic capacitances during phase changes (Psw), capacitive 
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switching losses at the gates of power switches (Pdriv), and leakage current associated 

with any MOSFET in OFF state (Pleak).  

𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑐𝑜𝑛𝑑 + 𝑃𝑠𝑤 + 𝑃𝑑𝑟𝑖𝑣 +  𝑃𝑙𝑒𝑎𝑘  

With regard to circuit configuration and stage number, four dynamic power losses are 

expressed as follow: 

𝑃𝑐𝑜𝑛𝑑 = (𝑅𝑖𝑛𝑑 + 𝑅𝑠𝑤1&𝑠𝑤3) × ∑ ∫ 𝑖𝑝,𝑛
2𝑇𝑝,𝑛

0𝑁 𝑑𝑡 + (𝑅𝑖𝑛𝑑 + 𝑅𝑠𝑤2&𝑠𝑤4) ×

∑ ∫ 𝑖𝑠,𝑛
2𝑇𝑠,𝑛

0𝑁 𝑑𝑡 (2.7) 

𝑃𝑑𝑟𝑖𝑣 = (𝑄𝑔,𝑠𝑤2,3,4𝑉𝑠𝑡𝑜𝑟 + 𝑄𝑔,𝑠𝑤1𝑉𝑜𝑐)𝑓𝑒𝑥𝑐 (2.8) 

𝑃𝑠𝑤 = 𝐶𝑑𝑠,𝑠𝑤2𝑉𝑝𝑧,𝑛
2 𝑓𝑒𝑥𝑐 + 𝐶𝑑𝑠,𝑠𝑤3𝑉𝑠𝑡𝑜𝑟

2 𝑓𝑒𝑥𝑐 (2.9) 

𝑃𝑙𝑒𝑎𝑘 = 𝑖𝑙𝑒𝑎𝑘𝑤𝑠𝑤1𝑉𝑜𝑐 + 𝑖𝑙𝑒𝑎𝑘𝑤𝑠𝑤4𝑉𝑠𝑡𝑜𝑟 (2.10) 

Ileak is leakage current per width specified in the technology datasheet.  

In the above equations, on-resistance RON, gate charge Qg, drain-source capacitance 

and Cds are approximated by following equations: 

𝑅𝑜𝑛 = 1/𝜇𝐶𝑜𝑥
𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡ℎ) (2.11) 

𝑄𝑞 = 2𝐶𝑜𝑣𝑊𝑉𝑔𝑠 + 𝐶𝑜𝑥𝑊𝐿(𝑉𝑔𝑠 − 𝑉𝑡ℎ) + 𝐶𝑜𝑣𝑊𝑉𝑑𝑠, (2.12) 

𝐶𝑑𝑠 = 𝑊𝐿𝐷𝐶𝑗(1 −
𝑉𝑑𝑠

𝑃𝐵
)−𝑀𝑗 + (𝑊 + 𝐿𝐷)𝐶𝑗𝑠𝑤(1 −

𝑉𝑑𝑠

𝑃𝐵𝑠𝑤
)−𝑀𝑗𝑠𝑤, (2.13) 

where µ is mobility of electron or hole, COX is gate oxide capacitance per unit area, 

COV, is gate overlap capacitance per unit length, CJ is drain bottom junction 

capacitance per unit area at zero bias, CJSW is drain sidewall junction capacitance per 

unit length at zero bias, PB is drain bottom junction built-in voltage, PBsw is drain 

sidewall junction built-in voltage, Mj is drain bottom junction grating coefficient, LD 

is lateral diffusion length, and Mjsw is drain sidewall junction grating coefficient.  
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2.2.2 Power Optimization 

The above equations indicate that on-resistance and gate-charge of the switch S2 vary 

with input piezoelectric voltage, while the same parameters are sensitive to the storage 

voltage for the other switches. The substitution of equations (2.12-2.14) into equations 

(2.8-2.11) shows that all four power-dissipation sources depend on power switch size, 

input piezoelectric voltage, and storage voltage (Vstor).  

In implemented technology, 180nm HV CMOS, N-MOSFET and P-MOSFET power 

switches tolerate up to 12 V and 17 V at their terminals, respectively. The MSEE chip 

requires minimum supply voltage of 1.1 V to drive power switches and achieve proper 

operation of the MSEE. The maximum storage voltage is limited to 3.3 V, which is 

defined by 3.3 V MOSFETs utilized in control unit. After thorough investigation of 

losses, within 180nm HV CMOS, the total power loss is obtained as a function of N-

MOSFET power switch sizes and corresponding aspect ratio of the P-MOSFET 

switches, as shown in Figure 2.4. Since efficient extraction in low-power outputs of 

the MEMS PEHs are intended, minimum input voltage is set to 1.5 V and storage 

voltage is set to maximum allowable value, Vstor=3.3 V. The power switch (S1-S4) sizes 

have been optimized, as W=4 mm for a minimum power loss of 0.86 μW at just above 

the lowest allowable PEH voltage, VOC,pp=1.5 V.  This optimization improves power 

efficiency for the low input power scenario, while maintaining the control of the higher 

input power levels through MSEE.   

Stage number is adapted to achieve maximum charging efficiency for higher input 

power levels at optimized power switch sizes. Minimum total power loss corresponds 

to the stage number provides a balance between conduction power losses and 

switching power losses. Figure 2.5 shows calculated total power loss at maximum 

allowable piezoelectric voltage as a function of number of the stages. Minimum power 

loss at VOC,pp=12 V is determined for number of stages four. Therefore, MSEE is 

implemented up to four stages and number of stages is automatically controlled by 

multi-stage generator.  
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Figure 2.4. Total power losses vs. power switch sizes @ VOC,pp=1.5 V simulated in MATLAB. 

 

Figure 2.5. Total power loss vs. number of stages @ VOC,pp=12 V simulated in MATLAB. 

2.3 Power Managing Process 

The power management approach aims to fasten charging time of large-capacity 

storage element with reducing transition time from passive mode to active mode. The 

architecture of the system contains two charge paths with a small value storage 

capacitor and the large-capacity storage element such as rechargeable battery or super-

capacitor as depicted in Figure 2.6 (a). Cstor feeds the control unit whereas the COUT 



 

 

29 

 

powers up the load. This leads to decrease considerably charging-time for suppling 

active extraction compared with single large-capacity storage.  

Initially, Cstor is passively charged via NVC and a diode while it is controlled with 

a start-up circuit to activate SECE operation. During Active mode, the PMC controls 

energy flow to Cstor and COUT as shown in Figure 2.6 (b). The lower threshold voltage 

secures the safe operation of the SECE circuit and the upper threshold voltage provide 

back-up energy to redirect energy flow to COUT. As Vstor reaches to a certain threshold 

voltage, the PMC detect it and the signal changes state. By alternating these two paths, 

the system starts with no initial charge in either reservoirs and fastens charging huge 

energy storage element. 

 

Figure 2.6. (a) Schematic of proposed circuit for charge management circuit and (b) operation principle. 
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2.4 Implementation of the Proposed Circuit  

Figure 2.7 shows the schematic of the front-end mutlistage energy extraction (MSEE) 

circuit. NVC, shown in Figure 2.8, is implemented to provide only positive voltage so 

that peak-to-peak open circuit voltage is generated in each half cycle. Two switches 

controlled with two comparators and two cross-coupled PMOS switches, which are 

driven by piezoelectric harvester, determine the charge-flow path to provide positive 

voltage. At wake-up, The positive voltage, Vpiezo, charges the storage capacitor, Cstor, 

through a diode and a control switch. The trigger circuit decouples the supply voltage 

of the control unit (VDD) and storage voltage (Vstor) as long as Vstor < Vtrig. The trigger 

circuit feeds the stored power into the control unit (VDD=Vstor), and blocks the start-up 

path when Vstor > Vtrig. In active mode, S1 power switch is realized with two 

transmission-gates, as shown in Figure 2.8, which are redirected by NVC in each half-

cycle according to piezoelectric displacement. In this way, cross-coupled PMOS 

switches of the NVC are bypassed and consequently related voltage drop and 

conduction loss are eliminated. NVC also provides positive voltage through cross-

coupled PMOS switches for start-up circuit. These cross-coupled PMOS switches are 

blocked by start-up circuit in active mode. On the other side, PMC controls energy 

flow into CStor and CBAT through S4 and S5 according to predetermine voltage threshold 

levels defined previously. 

 

Figure 2.7. Schematic of autonomous multi-stage energy extraction circuit. 
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Figure 2.8. Circuit diagram of NVC and S1 switch. 

2.4.1 Trigger Circuit  

Figure 2.9 shows schematic of the trigger circuit. When the input voltage increases 

from zero, the control signal, Dtrig, follows the input voltage while the output voltage 

remains zero due to the fighting at node X. When MP0 gets stronger than MN0 and 

resistor combination, node X is pulled up by MP0 and the output terminal starts 

following the input voltage through the pass transistor, MPass, while Dtrig is shorted to 

ground. The measured output waveforms of the circuit in response to triangle input 

voltage is shown in Figure 2.10. 
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Figure 2.9. Schematics of the trigger circuit. 

 

Figure 2.10. Measured voltage waveforms of the Start-up circuit. 
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2.4.2 Control Unit 

The control unit consists of detectors and logic circuits to process the detectors’ signals 

and control operation of the detectors. Peak detector, multi-stage generator, and charge 

depletion detector (CDD) sequence the switch drivers according to the phases 

described in the previous section, in order to realize the multi-stage synchronous 

charge extraction. 

2.4.2.1 Novel Peak Detector:  

The proposed peak detector, shown in Figure 2.11, is designed to operate at PEH 

voltage levels higher than supply voltage, VDD. The circuit operates in current mode 

with internal negative feed-back. A series capacitor, CPK, converts piezoelectric 

voltage to current, IS, where Node VX is reset to the ground, previously. Negative feed-

back action on MN0 and MP0 forces Node VX to be charged just around the threshold 

voltage of the MN0 MOSFET. As PEH voltage peaks, IS crosses zero, and voltage drop 

of the node VX over MP0 turns MN0 OFF. As MN0 turns OFF, the node VY is pulled up 

by mirroring reference current through the node. Common source amplifier and digital 

inverters in the output stage deliver a high edge rate. Figure 2.12 illustrates the 

operation of the peak detector through the voltage and current simulation waveforms. 

The accuracy of the peak detector is critical in viewpoint of power conversion 

efficiency. The previous current-mode peak detectors [62], [56], [48] suffer from 

offsets due to reference-current level and device mismatch of the current comparator. 

The proposed circuit resolves above issues using an active switch (MN0) instead of the 

current comparator. With increasing piezoelectric voltage, switch MN0 turns ON, and 

consequently MP0 starts conducting to regulate voltage at node VX due to feedback 

between VX and VY. When IS reaches zero, MP0 dissipates accumulated charge at node 

VX, turning off MN0. The applied method alleviates the sensitivity of the circuit to 

process variation and mismatches in MOSFETs. The proposed circuit pulls up node 

VY through Ipull-up without contending with peak IS, which results in significant 

improvement in response time.  The upper limit of the input frequency determines the 

reference current value, while the minimum detectable amplitude determines the value 

of the series capacitor, CPK. Drst goes high to connect node VX to ground as the 

extraction phase is entered. This suppresses IS oscillation that is caused by the resonant 
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switching in the second phase.  The aforementioned techniques and features with 

experimentally proven performance (Section 2.5.4) indicate superiority of proposed 

circuit over detectors. 

 

Figure 2.11. Schematic of the implemented Peak Detector. 

 

 

Figure 2.12. Simulated Voltage and current waveforms of the peak detector. 
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2.4.2.2 Multi-stage Generator Circuit 

The multi-stage generator, depicted in Figure 2.13(a), relies on energy drain without 

any calibration requirement. This circuit comprises of two energy sensing circuits and 

a comparator. The energy generated on piezoelectric capacitor is sensed by the energy 

sensing circuit called energy stored in piezoelectric (ESP) in the first phase. The ESP 

utilizes a capacitor to convert piezoelectric voltage to current with the help of Flipped 

Voltage Follower (FVF). The FVF provides almost constant voltage on negative 

terminal of the capacitor through feedback connection of two cascoded transistors. 

Through two current mirrors, the sensed voltage is regenerated over sensing capacitors 

with minimum voltage downscaling of CS/COP. When PEH voltage peaks, ESP circuit 

switches to hold state by lowering enable signal in order to save the measured voltage. 

During the second phase, energy transferred to the inductor is sensed through energy 

transferred on inductor (ETI) circuit based on the same principle, and the same size of 

sensing capacitance, CSI=CSP. The number of extraction steps (N) determines the 

capacitors connected in parallel to divide sensed energy by N. Four equally sized 

capacitors, 4×COI=COP, are controlled to obtain desired value, 

CT,OI=COI×M1+COI×M2+COI×M3+COI×M4. Finally, N-division of sensed energy with 

ETI through VETI is compared with generated energy, determined through VESP, using 

hysteresis comparator to determine energy packet size transferred to the inductor. This 

guarantees constant energy extraction at each stage as shown in Figure 2.13(b).  Multi-

stage output signal initiates the third phase to harvest the generated energy, and COI is 

reset for next extraction. The operation principle and related signals are illustrated in 

Figure 2.13(b).  The number of extraction stages is controlled through M1-4, generated 

from 2 digital bits (labeled N in Fig. 1) and a decoder.  
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Figure 2.13. (a) Implemented Multi-stage generator: (b) Operation principle and related signals. 
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reference current. After digital processing, 2-bit digital output is used as an input for 

the Multi-stage generator circuit. The circuit is tuned with the results obtained through 

optimization in section 3.2 and further adjustment can be done by tuning Vbias,R.  

2.4.2.4 Charge Depletion Detector (CDD): 

Depletion of stored energy in the inductor to storage capacitance is controlled by a 

charge-depletion comparator as shown in Figure 2.15, with a relatively high 

bandwidth. The comparator monitors the voltage across S4 switch to detect the end of 

inductor discharging. The CDD is only activated in the fourth phase to save power. 

2.4.3 PMC 

PMC controls energy flow into CStor and CBAT according to predetermine voltage 

threshold levels (VTh1, VTh2). PMC consists resistors with a total value of 20.5 MΩ in 

series and hysteresis comparator and a SR latch. Resistive fractions of VStor are 

compared with a stable reference voltage to signal exceeding threshold levels and SR 

latch ordinates changing path as shown in Figure 2.6. The comparators are designed 

in subthreshold region to reduce the power consumption.  

 

Figure 2.14. Implementation of N generator. 
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Figure 2.15. Charge depletion detector. 

 

 

Figure 2.16. Power management circuit for directing energy flow. 
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2.5 Experimental Results 

The IC is designed in 180 nm HV CMOS technology from X-FAB Company. The IC 

is implemented in an active area of 2 mm2 within 1.5 mm ×1.5 mm die.  The setup for 

experimental measurements is shown in Figure 2.17 with micrograph of the chip. A 

custom MEMs piezoelectric harvester [66], fabricated in METU_MEMS center, is 

mounted on holding board. The MEMS harvester with footprint of 9mm × 4mm has a 

capacitor of 4 nF. The MEMS harvester is excited at its resonance frequency with a 

shaker table consisting of a control unit, an amplifier, a feedback accelerometer, and 

an interface computer.  

The performance of the IC has been measured using a MEMs piezoelectric harvester 

with CP=4 nF attached to a shaker table. An inductor (L=1 mH/5.1 Ω) is connected to 

the chip to charge a 1 µF storage capacitance in parallel with a variable load resistance.  

 

Figure 2.17. Test setup for experiments, based on an IC, test board, and MEMS piezoelectric energy 

harvester. 
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Minimum piezoelectric peak voltage of 700 mV is required for operating start-up of 

the circuit. Figure 2.18 depicts operation of the circuit for an excitation frequency of 

390 Hz with 17 µW input power, and 275 kΩ load resistance. The storage capacitance 

is initially charged through the start-up circuit. Then energy is extracted from PEH in 

three-stages (N=3). The voltage waveform during charging of the storage capacitor in 

three stages is shown in Figure 2.18.  Figure 2.19 illustrates measured piezoelectric 

voltage and inductor current waveforms when different number of stages are used in 

the circuit. The magnitude of the current passing through inductor and switches is 

divided by the square-root of the number of stages. Consequently, conduction power 

loss is decreased with the current reduction. As seen in Figure 2.19, there is a 

harvesting time variation among different number of stages. This variation is partly 

related to the extraction time duration, Tp,n that depends on the number of stages as in 

equation (2.2). Another variation comes from the difference in storage voltage Vstor, 

which makes charge transfer duration, Ts,n=L×ipeak,n/Vstor, variant. Summing the 

extraction and transfer durations determines total time, which is distinct for different 

N.  

2.5.1.1 MS-SECE Charge Performance and Power Conversion Efficiency 

Initially, the output power extracted within a single stage has been measured as a 

function of the storage voltage. Figure 2.20 depicts the outcome for several values of 

VOC. The dependence of the extracted output power on storage voltage is low, as 

expected, due to SECE technique. Ratio of VOC to Vstor affects efficiency at lower 

storage voltage levels, as it takes longer to transfer energy to storage. Losses due to 

switching at higher storage voltage is more dominant for lower input power.  For lower 

storage voltage as ratio of VOC over Vstor increases, The output power dependence on 

the storage voltage, Vstor, is shown in Figure 2.21 and Figure 2.22 for Voc,pp=1.5 V and 

Voc,pp=3.5 V, respectively as the number of stages is varied. Single charge extraction 

shows the best performance for lower power limit, since excess switching dissipates 

dramatically higher power especially at higher output voltage. For higher input power, 

multi-stage extraction increases the output power due to the reduction of conduction 

losses on switches. Moreover, influence of the multi-stage extraction degrades with 
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increase of the output voltage due to high switching loss and increase of quiescent 

current. 

 
Figure 2.18. Measured input-output waveforms during multi-stage extraction (N=3) with highlighted 

periods for passive and active charging. 

 

Figure 2.19. Experimental piezoelectric voltage and inductor current waveforms using the multi-stage 

method: (a) Single stage, (b) two stages, (c) three stages, (d) four stages. 

0

0.4

0.8

1.2

1.6

2

6.00E+00 6.50E+00 7.00E+00 7.50E+00 8.00E+00 8.50E+00 9.00E+00
0.5 1.0 1.5 2.0 2.50.0

Time (s)

0.00

0.45

0.90

1.35

1.80

2.25

S
to

ra
g

e
 V

o
lt

a
g

e
 (

V
)

3.0

0.10022 0.10024 0.10026 0.10028 0.10030 0.10032

1.650

1.655

1.660

1.665

1.670

1.675

1.680

Time (s)

St
o

ra
ge

 V
o

lt
ag

e
 (V

)

5 µs

7 mV

Passive char. Active char.



 

 

42 

 

 

Figure 2.20. Experimental output power vs. output DC storage voltage for four values of VOC with single 

stage extraction. 

The charging efficiency, η, is obtained as ratio of the effective power delivered to the 

storage capacitance over the average input power. The effective power is calculated as 

energy increment on the storage capacitance over the charging time, 

1

2
𝐶𝑠𝑡𝑜𝑟(𝑉𝐹𝑖𝑛𝑎𝑙

2 − 𝑉𝑡𝑟𝑖𝑔
2 ) ∆𝑡⁄  where VTrig is the voltage trigging the active extraction. 

VFinal is final stabilized voltage, 3.3 V at which extraction is deactivated. The input 

power is obtained through measured input voltage and current of the harvester 

connected to the proposed circuit. Figure 2.23 depicts charging efficiency of the circuit 

as a function of the piezoelectric open-circuit voltage. 
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 (2.15) 

It is expected that multi-stage power extraction will improve power efficiency with 

increasing input power. The maximum power efficiency was measured at 84.4%. As 

it stands, the optimum stage number can be determined through input power or 

corresponding open circuit piezoelectric voltage. The power efficiency is maximized 

for all input power levels when the circuit operates in autonomous manner as shown 

1.0

10.0

1.0 1.5 2.0 2.5 3.0 3.5

O
u
tp
u
t 
P
o
w
e
r 
(µ
W
)

Vstor (V)

VOC,pp=1.5 V

VOC,pp=2 V

VOC,pp=3.5 V

VOC,pp=4.5 V
30.0

Pin=3.2 µW

Pin=6.24 µW

Pin=15.7 µW

Pin=31.1 µW



 

 

43 

 

in Figure 2.24. The stage number, N is adjusted automatically by N-generator circuit 

based on input power measurement at the end of the first phase of the extraction. 

 
Figure 2.21. Experimental output power @ VOC,pp =1.5 V for four different staging configurations vs. 

output DC storage voltage. 

 

Figure 2.22. Experimental output power @ VOC,pp =3.5 V for four different staging configurations vs. 

output DC storage voltage. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

1.0 1.5 2.0 2.5 3.0

O
u
tp
u
t 
P
o
w
e
r 
(µ
W
)

Vstor (V)

1-Stage

2-Stage

3-Stage

4-Stage

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

1.0 1.5 2.0 2.5 3.0 3.5

O
u
tp
u
t 
P
o
w
e
r 
(µ
W
)

Vstor (V)

1-Stage

2-Stage

3-Stage

4-Stage



 

 

44 

 

 

Figure 2.23. Experimental charging efficiency of the IC for four different staging configurations vs. 

peak-to-peak piezoelectric O.C. voltage. 

 

Figure 2.24. Experimental charging efficiency of the IC with automatic stage adjustment vs. peak-to-

peak piezoelectric O.C. voltage. 
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2.5.2 External Inductor  

The conversion efficiency of the MSEE circuit is analyzed for different external 

inductors. The measurements are conducted for available inductors in the market, 

while PEH is excited at VOC,pp=4.5 V and resonance frequency. The features of the 

external inductors are detailed in Table 2.1. The parasitic resistance of the inductor 

depends on both inductance and the package size. The variation of the parasitic 

resistance has a slight effect on conversion efficiency. Figure 2.25 compares the 

conversion efficiency of the MSEE IC and the SECE as a function of the inductance. 

As discussed previously, power conversion efficiency increases with the inductor 

value due to decrease in the current flowing into switches during energy extraction 

process. MSEE IC can provide higher conversion efficiency using 1mH and 680 µH 

inductances in comparison with SECE IC with 10 mH inductance. For inductances 

above 1 mH, energy extraction process is completed in much longer time as 

theoretically shown. This leads detecting circuits consume more power and limits 

conversion efficiency. For inductances lower 330 µH, performance of multi-stage 

generator is decreasing due to short oscillation period of the resonance circuit. A 

compromise between the conversion efficiency and inductor volume points out 1mH 

inductance. 

Table 2.1. Features of the external inductors. 

Inductance Parasitic Resistance Volume 

10 mH 3.9 Ω 12.5mm×6mm×6mm 

3.3 mH 7.3 Ω 8mm×8mm×6.5mm 

1 mH 5.1 Ω 4.8mm×4.8mm×2.9mm 

680 µH 3.8 Ω 4.8 mm×4.8 mm×2.9mm 

330 µH 1.8 Ω 4.8 mm×4.8 mm×2.9mm 

100 µH 12 Ω 3.2mm×2.54mm×2mm 
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Figure 2.25. Measured conversion efficiency of the MSEE IC and the SECE vs. inductance. 

2.5.3 PMC Performance 

The overall autonomous IC for PEH, including the PMC and Output capacitance is 

measured at VOC,pp=3.5 V. The harvesting system is tested for charging COUT=47 µF 

with CStor=1 µF. Fig. 9 shows charging the COUT with no initial charge. As storage 

voltage reaches to VTH2=2.4 V, S4 is deactivated, and scavenged energy is transferred 

to the CBAT through switching S5. This state continues until VStor drops down to the 

VTH1=1.7 V. Then, S5 is turned off, and is charged up again back to the potential of 

VTH2=2.1 V.  

The charge performance of IC for COUT=47 µF has been measured at the same 

condition with previous experiment where PMC is disabled.  Outcomes of two 

experiments are shown in Figure 2.27. The IC with PMC fastens the charging process 

of the output capacitance considerably compared with standard SECE IC. The 

proposed system extract 2.6 time more charges, in other words, 7.5 times more energy 

respected to standard SECE at the end of 26 second. 
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Figure 2.26. Measured storage and output voltages at VOC,pp=3.5 V with PMC. 

 

Figure 2.27. Experimentally comparison of charging of output capacitance COUT=47 µF with PMC and 

standard SECE operation excited with VOC,pp=3.5 V.  
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2.5.4 Frequency Limitation 

For analyzing frequency operation range, the PEH is replaced with a sinusoidal voltage 

source series with 4 nF capacitance, thevenin equivalent of the PEH model discussed 

in the previous chapter. This way, the excitation frequency can be easily swept for a 

wide frequency range. 

2.5.4.1 Peak detector performance 

The maximum operation frequency of the MSEE is determined by the peak detector. 

A delay in detecting peak instant may cause significant energy loss as the energy 

transfer is initiated at lower piezoelectric voltage.  The accuracy of implemented peak 

detector has thus been experimentally evaluated as a function of the input frequency. 

Figure 2.28 shows piezoelectric and peak detector output waveforms for three different 

excitation frequencies. The accuracy of the peak detector is obtained as |Vmeas| Vmax⁄ , 

which has been illustrated in Figure 2.29 up to 4,000 Hz, which is the maximum design 

frequency of the MSEE circuit. Peak point is detected with more than 98% accuracy 

for excitation frequency range of 20 to 4,000 Hz with Ipull-up=30 nA. High accuracy of 

the peak detector alleviates degradation of the power efficiency due to peak detection 

latency. The peak point can be detected with higher precision and operation frequency 

range can be extended by increasing the reference current. 

 

Figure 2.28. Measured input and output waveforms of the peak detector for (a) 500 Hz, (b) 1 kHz, and 

(c) 4 KHz input frequencies.  
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Figure 2.29. The measured accuracy of the peak detector vs. input excitation frequency with 1.5 V and 

4.5 V input peak voltages. 

2.5.4.2 MSEE performance 

The efficiency of the MSEE chip has been measured as a function of the input 
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Figure 2.30. Chip efficiency vs. excitation frequency at VOC,pp=4 V. 

2.5.5 Discussion 

Table 2.2 compares the experimental results of the implemented interface circuit with 

recent integrated SECE converters. The maximum operation frequency of the previous 

studies has been limited to achieve high conversion efficiency for harvester energy.  

This has resulted in the use of large piezoelectric harvesters with low resonance 

frequency, which is not practical in integrated and implantable electronic devices. 
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piezoelectric harvesters, and small size inductor (66.8 mm3). As a result of 
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Table 2.2. Comparison of implemented IC with Other SECE Circuits. 

Parameters 
Hehn, 

2012 [62] 

Gasnier, 

2014 [48] 

Dini, 

2016 [63] 
This work 

Technology 0.35 µm 
0.35 µm (off-

chip 
MOSFETS) 

0.32 µm 180 nm HV 

Static Power 
loss 

< 4 µW < 1 µW > 0.4 µW* <0.7 µW 

Max. input 
voltage 

< 20 V > 200 V < 5 V <12 V 

Operation 
Frequency 

range 

<600 Hz** <100 Hz** <100 Hz** <4 kHz 

Excited 
Frequency 

174 Hz 100 Hz 60 Hz 390 Hz 

Inductor 
(Volume) 

10mH 
(630mm3) 

10mH/25uH 
(125mm3) 

10mH/560uH 
(-) 

1 mH 
(67mm3) 

Max. Efficiency 
85% 

@Vp=12.8V 

61% 

@Vp=40V 

85.3% 

@Vp=4.7V 

84.4% 

@Vp=4.75V 
Output. Power 

@Max. Eff. 
477 µW 560 µW 51.33 µW 78 µW 

* Equivalent Static power loss estimated from reported quiescent current. 
** Frequency range estimated form reported efficiency limitations. 

As a conclusion, the basic structure of the SECE converter was precisely analyzed.  

Then, a novel mulit-stage energy extraction method was proposed to optimize 

implementation of the SECE converter. The circuit optimization allows reducing the 

value of the external inductor without affecting the power-conversion efficiency. 

Besides, a charge management approach was presented to fasten the charge speed of 

huge-size storage element. The advantage of this method is that accelerates the 

transition from passive mode to active mode. In the circuit level, several circuit 

techniques were implemented to enhance practicability of the IC: i) start up circuit to 

achieve autonomous system, ii) Active NVC and ultra-low power peak detector to 

extend operation frequency range, iii) self-adapting multi-shot generator that enhances 

power conversion efficiency for wide input power range. 
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The SECE converter is a proper candidate for implementation of energy harvesting 

electronic devices. Although presented MSEE circuit steps up the practicality of the 

SECE converter, there is room to investigate other switching techniques from the 

power aspect. The following chapter introduces new switching architecture looking 

into the power-extraction enhancement of low-coupled PEHs. 

 

  



 

 

53 

 

 

 

CHAPTER 3 

 

3 IC FOR PEHS DESIGN II: SELF-ADAPTING OPTIMAL DSSH 

Aside from MSEE IC, a novel synchronized switching technique is developed for low-

coupled PEHs during this Ph.D. study. As discussed in Chapter 1, the main advantage 

of the SSHI is the power-extraction enhancement in comparison with standard 

rectifiers. However, the major drawback of the SSHI circuits is that power gain is 

achieved in the limited range of the excitation level and the connected load. On one 

hand, SECE provides load independent power extraction and is efficient for low-

coupled PEHs such as MEMS PEHs. The aim of this framework is to integrate a load-

independent IC to boost extracted power from low-coupled PEHs. The idea is to take 

advantage of the synchronized switching process of both the SECE and the SSHI 

techniques with a single inductor. The proposed topology called “double synchronized 

switch harvesting (DSSH)” which introduces new switching process on piezoelectric 

transducer. A novel MPP sensing approach is proposed to achieve optimal operation 

point of the proposed circuit regardless of input excitation level, for the first time in 

literature. Several sensing circuits presented in this chapter address challenges in 

tuning exact time of charge inversion and MPP for variable vibrations. Self-adapting 

DSSH fundamentals is introduced in the first section. Section 2 provides circuit 

implementation details. Design validation results follow in Section 3 from a fabricated 

test chip. Finally, achievements from this work are discussed. 

3.1 Self-adapting DSSH IC 

3.1.1 Concept and Operation Principle 

Recycling or investing charge on piezoelectric material to increase damping force is 

essential to increase extracted power. Energy recycling can be realized through 
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flipping charge on piezoelectric capacitance, CP, as a result of establishing a resonant 

circuit between CP and an external inductor, L. The energy stored in CP is transferred 

to the inductor, and back to the capacitor to flip the capacitor voltage to –λVP. The 

efficiency of charge flipping is mainly constrained by the quality factor (Q) of the 

RLC, and the topology of the harvesting circuit. Figure 3.1 shows an RLC resonant 

circuit, where R stands for the parasitic resistance along the loop comprising of the 

parasitic resistance of the inductor (L), and the switch. The Q factor and damped 

resonant frequency of the path are given as: 

𝑄 =
1

𝑅
√
𝐿

𝐶𝑝
 (3.1) 

ωd = √
1

LCp
−
Rs
2

4L2
 (3.2) 

Let us consider that the initial value of the capacitor is VP and the switch S is closed at 

t = 0. The fraction of voltage conserved on the capacitor of an RLC oscillator with 

quality factor Q is 𝜆 = 𝑒
−
𝜋

2𝑄 after half cycle of damped resonance period. Indeed, the 

capacitor voltage flips with λ factor within time  𝑡𝑓𝑙𝑖𝑝 =
𝜋

𝜔𝑑
. As Q rises, λ gets closer 

to one; and so does the efficiency of the SSHI circuits. The proposed circuit uses 

charge-flipping technique to recycle optimum charge into the piezoelectric 

capacitance, which enables significant improvement in energy extraction from the 

harvester. 

 

Figure 3.1. (a) RLC resonant circuit established in charge filliping, (b) capacitor voltage 
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Figure 3.2 shows a model for the proposed IC. The non-linear processing circuit is 

only composed of an inductor L in series with electronic switches S1, S2 and in parallel 

with an energy transfer switch S3. The piezoelectric harvester is simply modeled by an 

alternating current source in parallel with a capacitance of the piezoelectric material 

(CP) to illustrate piezoelectric behavior and circuit operation as shown in Figure 3.3.  

Figure 3.3(a) depicts the waveforms for mechanical displacement, piezoelectric 

voltage, VPZT, and inductor current, IIND. Figure 3.3(b) presents the operation phases 

of the switching circuit for an excitation cycle. (i) Initially, positive charge is generated 

on piezoelectric capacitance, as harvester current is positive, which represents upward 

strain on piezoelectric material. In this case, S1 is ON to connect VN node to ground, 

while S2 is OFF to block current flow into the inductor. (ii) S2 switch turns ON when 

the mechanical displacement reaches its peak value. At this time, an oscillating 

electrical circuit L–CP is established and S2 switch is turned OFF after half an electrical 

period, resulting in the inversion of the peak voltage, VPN=-λV2, called charge filliping. 

(iii) Turning S1 OFF while S2 is ON starts negative charge generation phase by pushing 

charge to the VN node from the inductor, and harvester negative current starts to 

charge CP in opposite direction. (iv) Energy extraction is realized at minimum 

mechanical displacement by turning S1 and S2 ON. (v) A portion of the generated 

energy is extracted into the inductor, after which point the circuit closes S1 and opens 

 

Figure 3.2. Schematic of proposed circuit. 
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S3 to deliver the energy to the output capacitor. As inductor current crosses the zero 

point, S3 is turned OFF to block current flow back. (vi) The remaining generated 

energy is recycled into piezoelectric capacitor through positive charge flipping by 

turning both S1 and S2 ON. At the end of charge flipping, the circuit goes back to 

positive charge generation, and initiates the next cycle.  

 

 

 

Figure 3.3. (a) Representing voltage and current waveforms corresponding to (b) operation phases of 

the proposed switching circuits. 
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3.1.2 Optimal Energy Transfer with Constant Vibration Magnitude 

Extraction charge ratio, α, is defined to determine the values of the charge extracted, 

αCpV4, and recycling charge in each period, (1-α)CpV4, where V4 indicates the voltage 

accumulated at minimum mechanical displacement. The maximum energy extraction 

can be achieved by tuning α. The proportion of voltage left on the capacitor Cp after 

discharging is a control parameter adjusted by the S1 and S2 switches. The optimum 

point depends on the Q factor of charge flipping path, which in turn depends on 

piezoelectric capacitor, external inductor as well as inductor and path resistance.  

Let V1 be the voltage on Cp just after charge flipping has occurred, and harvester starts 

generating charge on Cp in positive direction. Since no current flow in generation 

phases, the amplitude of the piezoelectric voltage can be obtained through second 

equation of piezoelectric macroscopic equations (1.2) using I=0: 

𝑉𝑂𝐶 =
Γ

𝐶𝑝
2𝑈  (3.3) 

where Um=(U2-U1)/2 is average of full swing of the beam at steady state condition. 

V2=V1 + Voc is the accumulated voltage before charge flipping to negative voltage. 

Previously, λ is defined as the fraction of the voltage magnitude left after the charge 

flipping takes place, so the magnitude of the voltage after the flipping is V3=−λV2. V4 

is minimum voltage generated at negative generation phase, and V5 is the voltage left 

on Cp after the discharge takes place, such that V5=αV4. Then, 

V3=−λ(V1+
2Γ

𝐶𝑝
Um) (3.4) 

V4=V3−
2Γ

𝐶𝑝
Um (3.5) 

V5=αV4 (3.6) 

V1=−λV5 (3.7) 

Substituting for V5 from equation (3.6) into (3.7) and then for V1 from equation (3.7) 

into (3.4) eliminate two variables. Lastly, steady-state value of V4 is derived from 

solving equations (3.4-3.5) as: 



 

 

58 

 

V4 =
1+λ

1−αλ2
×
Γ

𝐶𝑝
2𝑈  (3.8) 

The extracted energy per cycle on the capacitor during discharge is:  

𝐸 = (1 − 𝛼2)
1

2
𝐶𝑃𝑉4

2 (3.9) 

The transferred energy to the storage is not affected by the extracted energy; thus 

efficiency of this step is ignored here. Substituting for V4 from equation (3.8) into 

equation (3.9) gives the extracted energy as a function of excitation level. 

𝐸 = 2(1 − 𝛼2)(
1+𝜆

1−𝛼𝜆2
)2 ×

Γ2𝑈𝑚
2

𝐶𝑝
 (3.10) 

Differentiate E with respect to α to calculate the value of α that results in maximum E: 

𝑑𝐸

𝑑𝛼
= 0 (3.11) 

The value of extraction ratio that optimizes charge extraction is α=λ2, giving the 

maximum extractable energy from the harvester as: 

𝐸 𝑎𝑥 = 2
(1+𝜆)2

1−𝜆4
×
Γ2𝑈𝑚

2

𝐶𝑝
 (3.12) 

Compared to the ideal full-bridge rectifier, this is a significant gain of 
𝐸𝑚𝑎𝑥

𝐸𝑖𝑑𝑒𝑎𝑙,𝐹𝐵
=

2
(1+𝜆)2

1−𝜆4
. Therefore, even a moderate Q provides a significant extracted energy gain. 

The problem is hence reduced to finding this optimum point in circuit implementation. 

3.2 Circuit Implementation 

Figure 3.4 shows the proposed circuit utilizing an external inductor, L, and a storage 

capacitor, Cstor. The power switches are implemented with thick-oxide 12 V 

MOSFETs to tolerate high voltage swing on their terminals. Minimizing conduction 

loss at power switches plays a significant role in achieving higher Q. Widths of the 

power switches are set to WS1,2=30 mm and WS3=12 mm, which represent compromise 
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between switching losses due to gate-source capacitance and conduction losses due to 

ON resistance. Two major design objectives of the proposed circuit are accuracy and 

minimization of power dissipation, and the building blocks are designed towards these 

objectives.  

3.2.1 Peak Detectors 

Figure 3.5 shows configuration of the proposed peak detector utilized to sense both 

positive and negative peaks with corresponding connections in the core circuit. The 

circuit operates in current mode to accommodate PEH voltages higher than its supply 

voltage. The input voltage is converted to current by a series capacitor, CPK, in 

conjunction with internal negative feedback. With increasing piezoelectric voltage, the 

sensed current, IS charges node VX up to MN0 threshold voltage. The feedback through 

MP0 prevents further increase at VX. As PEH voltage peaks, IS reaches zero, and charge 

dissipation at node VX by MP0 turns MN0 OFF. Voltage at node VY increases due to 

mirroring of the bias current. Common source amplifier and digital inverter at the 

output stage deliver a high edge rate. The bias current and the series capacitor values 

 

Figure 3.4. Implementation of proposed optimal SSHI-SE IC. 
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determine the upper limit of the input frequency and the minimum detectable 

amplitude, respectively. Details of this peak detector circuit have been reported in [67] 

with simulation and experimental results. 

3.2.2 Charge Flipping Sensor 

The charge flipping action is accomplished when all charge transferred to the inductor 

flows back into the piezoelectric capacitance, CP. The circuit presented in Figure 3.6(a) 

detects the depletion point by sensing the current that piezoelectric voltage induces on 

the CSens capacitor. The voltage-current conversion is realized using a flipped voltage 

follower (FVF) circuit that provides low input impedance and low input voltage 

requirements with the feedback connection of M1 and M3 at the drain of M1. This 

circuit retains a roughly constant voltage at VC node. The sensed current, Isens, plus 

bias current, Ibias, replicated at PMOS M1-M3 through a current mirror, establish the 

sensed voltage VS across resistor Rs in proportion to the sensed current. VS is compared 

with offset voltage, Vref, generated with mirrored bias current across the reference 

resistor, Rred=Rs. While the current on the external inductor flows into the piezoelectric 

capacitance CP, higher voltage at the inverting input of the comparator keeps previous 

state of the comparator. Just as no energy remains to drain from the external inductor, 

 

Figure 3.5. Schematic of the implemented Peak Detector. 
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the current flowing into CS becomes zero, and eventually the voltage established at RS 

falls below Vos that changes the state of the comparator from low to high as shown in 

Figure 3.7. The positive charge flip is similarly detected with the circuit shown in 

Figure 3.6(b).  

 

 

Figure 3.6. Schematic of (a) negative charge flipping sensor, and (b) positive charge flipping sensor. 
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3.2.3 Extraction Time Generator 

Extraction time generator, implemented as shown in Figure 3.8, saves optimum 

extraction time in MPPT mode and regenerates it each cycle in operation mode. During 

MPPT mode, DOPT turns MP1 switch ON to allow reference current flows through MP1 

into Copt to set the optimum extraction time as a reference voltage, VOPT. In extraction 

mode, when negative peak detector’s output goes high, control unit initiates rising edge 

of Dex,opt pulse and closes switch MP2 to steer reference current into CHARV. The 

generated ramp voltage, VHARV, is compared with VOPT, corresponding to the optimum 

extraction time, to reset SR latch and generate falling edge of the extraction time 

signal. Then, Charv is discharged through MN2 MOSFET to reset for the next cycle.  

3.2.4 Charge Depletion Detector 

Depletion of extracted energy from the inductor to the storage capacitance is controlled 

by a charge-depletion comparator with a relatively high bandwidth. A conventional 

 

Figure 3.7. Simulated current and voltage waveforms of negative charge flipping sensor 
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two-stage comparator monitors the voltage across S3 switch to detect the end of 

inductor energy discharging. The control unit activates the CDD only in charge 

transferring phase to compromise between power consumption and comparator 

bandwidth. The output signal of the CCD ends the charge transferring and initiates 

charge-flipping phase as shown in Figure 3.3. 

3.2.5 MPPT Circuit 

The optimum extraction time is achieved as 𝑡𝑒𝑥,𝑜𝑝𝑡 =
1

𝜔𝑑
cos−1( λ2), corresponding to 

optimum charge extraction ratio α=λ2 and Cp voltage during extraction phase, 

V5=λ2V4=V4cos(ωdtex,opt). This leads to a method to identify the MPP by measuring 

optimum extraction time, tex,opt. Figure 3.9 illustrates the schematic of the MPPT 

circuit with corresponding signal waveforms. The proposed MPPT circuit enables the 

piezoelectric voltage to reach a reference voltage level, VR. At this point, S1 is ON and 

S2 turns ON to establish the resonant circuit. After one cycle of resonance period, Td, 

λ2 of initial voltage, VR, is conserved on CP as a result of damping. This point is 

detected by positive charge flipping sensor, and piezoelectric voltage, λ2×VR, is 

sampled and held for comparison in the next step. Then, S2 turns OFF. Charge is 

injected into Cp from storage devices through a control switch and a diode to recover 

 

Figure 3.8. Schematic of implemented extraction time generator. 
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piezoelectric voltage to VR. At this moment, S2 closes to establish the resonant circuit 

once more with the same initial voltage on CP. The transient piezoelectric voltage is 

compared with sampled voltage to determine optimum extraction time corresponding 

to λ2. The measured pulse, Topt, is saved by time generator circuit to reproduce in 

operation mode.  
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After finding the MPP in a cycle, the system initiates harvesting operation mode and 

switching is executed as defined previously. All phases of sensing the MPP are 

completed over one cycle of the mechanical vibration. Besides, excitation level and 

frequency do not affect the MPP. As result, the IC provides maximum power 

extraction, independent of input vibration.  

3.3 Design Validation 

The SA-DSSH circuit is fabricated in 180 nm HV CMOS technology with 

900 µm × 600 µm active area. Experimental setup, evaluation board and 

microphotograph of the chip are depicted in Figure 3.10. An external L=3.3 mH 

inductor with 5 Ω series parasitic resistance and a 1µF storage capacitor are connected 

to the circuit. A 103YB cantilever PEH from Piezo System has been mounted on a 

shaker table for measurements, as shown in Figure 3.10(b). The cantilever PEH with 

 

Figure 3.9. (a) MPPT circuit and corresponding (b) digital and (c) simulated analog signal waveforms. 
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28.6 mm×3.2 mm dimensions has an output capacitance of 15 nF, and resonance 

frequency of 253 Hz. 

The measured voltage and current waveforms with corresponding phases during 

operation mode are detailed in Figure 3.11, while PEH is excited at resonance 

frequency and VOC=1 V. Figure 3.12 shows measured piezoelectric voltage and 

optimum extraction time in MPPT mode in starting point as illustrated in Figure 3.9.  

 

Figure 3.10. (a) Experimental setup, (b) evaluation board, and (c).die micrograph. 
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The optimal charge performance of the energy harvesting system is evaluated by 

manually tuning extraction time, τex, as depicted in Figure 3.13 with Cstor=1 µF, for 

253 Hz PEH stimulation and 1 V peak-to-peak amplitude. The initial value of the 

output buffer is set to 1.85 V for safe operation.  The employed MPP yields the fastest 

charge performance in comparison with shorter and longer extraction times. Shortened 

extraction time, τex=4.54 s, harvests smaller amount of the generated charge and 

reinjects more charge into Cp, which limits energy conversion due to power losses. On 

the other hand, raising τex to 6.31 µs decreases recycling charge into piezoelectric 

capacitance, and consequently reduces the contribution of the damping force.  

The power delivered to 1 µF storage capacitance in parallel with a variable load 

resistance has been measured for different excitation levels. The extracted and output 

powers as a dependence of the extracted output power on storage voltage is low, as 

expected, due to the fact that the applied technique decouples the PEH and storage 

device during energy extraction. Measured extracted power and stored power as a 

function of the storage voltage are shown in Figure 3.14 for VOC,pp=2.24 V and 

VOC,pp=5.9 V. 

 

Figure 3.11. Measured piezoelectric voltage and inductor current waveforms for (a) steady state 

operation of SA_SSH IC (b) close up of charge flipping instants, (c) close up of charge extraction and 

recycling instants. 
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The extracted power is delivered to the output after conduction and switching losses. 

The power conversion efficiency, depicted in Figure 3.15, illustrates performance of the 

IC for Voc,pp range. The IC achieves maximum efficiency of 78.4% at Voc,pp=2.8 V.  

Figure 4.16 shows the delivered power to storage element, Pstor, for different open 

circuit piezoelectric voltages, and the Figure of merit (FOM), which compares Pstor 

against the maximum extractable power by a lossless full bridge rectifier as in equation 

(3.13): 

𝐹𝑂𝑀 =
𝑃𝑠𝑡𝑜𝑟

𝑓𝑒𝑥𝑐𝐶𝑝𝑉𝑜𝑐
2  (3.13) 

 

Figure 3.12. Measured waveforms of Optimum power point detection. 
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Figure 3.13. Measured charge of storage capacitance with VOC,pp=2 V across charge extraction time (a) 

τex=4.54 µs (b) τex,opt=5.47 µs (c) τex=6.32 µs (Cstor=1 µF, RL=10 MΩ). 
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Figure 3.15. Measured end-to-end power conversion efficiency of proposed IC. 
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Figure 3.14. Measured output power vs. output DC storage voltage for VOC,pp=2.24 V and VOC,pp=5.9  V. 
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This FOM has been defined previously in [56][68][51]. The proposed IC harvests 19.9 

µW from cantilever PEH at VOC=1.12 V, and multiplies stored power 4.16 times 

compared to a lossless full-wave bridge rectifier, which delivers 3.74 µW onto 

optimum load resistance from the same vibration. The proposed system has reduced 

power gain as open circuit voltage of the PEH increases, due to the increase in power 

losses with excitation level.  

While most applications encompass periodic and semi-periodic vibrations, shock 

vibration is an abundant energy source used to power up electronic devices. 

Nevertheless, randomness of such an energy source is a great challenge in energy 

harvesting devices. To evaluate performance of the proposed IC under shock vibration 

conditions, the harvesting platform is tapped manually and the outcomes are observed 

as shown in Figure 3.17. The energy harvesting system charges 1µF storage 

capacitance from 2 V to 2.5 in response to the three shock excitations. The energy 

extraction is terminated for each tap as the peak detector is unable to sense damped 

vibration. The implemented energy harvesting system adapts to any variation of the 

 

Figure 3.16. Measured harvested power by proposed IC compared from 103YB PEH to ideal full bridge 

rectifier at different excitation levels. 
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input vibration, since it extracts and recycles the harvested energy automatically in 

each cycle in regards to previously measured extraction time.  

3.4 Performance Comparison with MEMS Harvester 

The power measurements is also conducted for custom-made MEMS PEH mounted 

on shaker table with output capacitance of 2 nF, and resonance frequency of 317 Hz. 

The harvested power, Pstor, and FOM as a function of open circuit piezoelectric 

voltages, VOC, is depicted in Figure 3.18 for 1 mH and 3.3 mH external inductor. The 

power gain of 5 and 4.6 is achieved voltage with 1mH and 3.3 mH inductor, 

 

Figure 3.17. Measured waveforms of proposed IC in response to shock excitations. 
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respectively. This power gain is due to the lower coupling-factor of the MEMS PEH, 

where the performance of the full-wave rectifier is severely affected. For better 

overview, performances of the MSEE chip, presented in chapter 2, and on-chip FWR is 

also measured with the MEMS PEH at the same conditions as depicted in Figure 3.19. 

 

Figure 3.19. Setup to measure extracted power by the DSSH chip, MSEE chip, and on-chip FWR from 

MEMS PEH. 
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Figure 3.18. Measured harvested power by proposed IC from MEMS PEH compared to ideal full bridge 

rectifier at different excitation levels. 
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Figure 3.20 compares the extracted power of DSSH IC, MSEE IC, and full-wave 

rectifier as a function of open-circuit voltage from MEMS PEH. The extracted powers 

at low excitation levels reveal that the DSSHI can provide maximum power gain of 2 

and 7.4 with regard to MSEE and FWR, respectively. However, as input power 

increases, the power gain weakens due to the decrease of the effect of increasing 

damping-force. For VOC,pp=5 V, the power gain of 1.2 and 3 is achieved with respect 

to MSEE and FWR.  

3.5 Discussion 

Table 3.1 compares characteristics and performance of the proposed IC against recent 

piezoelectric energy harvesting ICs in the literature. The proposed SA-DSSH approach 

provides self-adjusting charge flipping system with above 78% flipping efficiency and 

78.4% overall power conversion efficiency. Designs in [54] and [51] also don’t require 

external adjustment, but the FOM is less than half of the one measured in the proposed 

IC. Kwon [56] used external tunable delay to invest from battery into piezoelectric 

harvester that should be adjusted exclusively for each vibration strength. The 

 

Figure 3.20. Measured power comparison of DSSH, MSEE, and full-wave rectifier at different open-

circuit piezoelectric voltage. 
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investment technique loses its efficiency at weak and damped vibrations. Contrary to 

[56], proposed IC shows higher FOM, in weak vibrations and is highly efficient in 

response to damped vibration. The proposed circuit achieves a maximum FOM of 4.95 

at resonance excitation. The IC automatically adjusts charge flipping time and optimal 

extraction point, and reduces dependence of power extraction to the output load, which 

make the proposed circuit more robust than [68]. The proposed MPPT circuit can 

estimate power losses associated with the system, and can manage charge on 

piezoelectric harvester to extract maximum energy.  

Table 3.1 Comparison of DSSH IC with state-of-the-art. 

Ref. [19] 

SSHI 

[56] 

Invest 

[54] 

SSHI 

[68] 

SSHI 

[51] 

SSHI 

Design I 

SECE 

This work 

SA_DSSH 

Process 

CMOS 

0.35 

µm 
0.35 µm 180 nm 0.35 µm 0.32 µm 180 nm 180 nm 

Chip area 

(mm2) 
4.25 1.8×1.3 0.9×1 1.2 0.98×0.76 0.9×0.7 0.9 0.6 

Inductor 

(µH) 

(Volume 

(mm3)) 

820 

(-) 

330 

(416) 

470 

(-) 

3300 

(29650) 

220 

(29650) 

1 mH 

(67) 

3300 

(416) 

1000 

(67) 

Cp (nF) 12 15 8.5 9 19 4 15 2 

fexc (Hz) 225 143 419 229 144 390 253 317 

VOC (V) 2.4 2.6 3.39 0.95 4.9 4.5 1.12 1.07 

PFB,idl(µW) 15.67 14.48 41.05 1.86 65.7 8.3 4.475 0.678 

Pstor (µW) 47 52 55 8.19 136 26.5 20 3.1 

FOM 

(Pstor/PFB,idl) 
3 3.59 1.34 4.4 2.07 3.2 4.2 4.6 

OPP 

Flip timing 

- 

Ext. 

Adj. 

- 

Ext. 

Adj. 

- 

Self. 

Adj. 

Ext. Adj. 

Ext. adj. 

- 

Self. Adj. 

- 

- 

MPPT 

Self-Adj. 

Load 

Indep. 
NO - NO NO NO YES YES 
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To sum up, presented novel synchronized switching configuration in this chapter aims 

to boosts extracted energy from low coupling factor PEHs, and provides load-

independent energy extraction with a single inductor.  The implemented circuit 

benefits from self-adjustment charge-inversion process and MPPT circuit that secure 

optimal operation point. The operation and performance of the IC is validate through 

macro-scale and custom-made MEMS PEHs. The IC achieves maximum power gain 

of 4.2 at output power of 20 µW compared with ideal full bridge rectifier that harnesses 

4.75 µW for the same vibration strength. The IC can harvest energy efficiently from 

shocks, as system adjusts optimum operation point automatically regardless of the 

variation in the available energy on PEH. The presented IC delivers the utmost 

extractable energy to storage element, which is a significant contribution for the 

realization of the energy harvesting micro-devices. 

After extensive study on ICs for PEHs, it is intended to examine harvesting energy 

from both low and high frequency vibrations in the purpose of enhancement of power 

capacity. The next chapter investigates the hybridization of the PEH with 

electromagnetic harvester through SECE converter for this task. 
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CHAPTER 4 

 

4 HYBRID IC FOR PEHS AND ELECTROMAGNETIC HARVESTERS 

In this Chapter, a hybrid system is proposed to combine piezoelectric energy harvesters 

with electromagnetic energy harvesters to enhance energy extraction from vibrations. 

Scavenging of environmental vibrations is a promising approach to power up WSNs 

through piezoelectric and electromagnetic energy harvesters.  In the literature, there 

are different electronic systems for harnessing low frequency vibrations through 

electromagnetic harvesters [64], and high frequency vibrations through piezoelectric 

harvesters [65], [51]. Harvesting energy from both low and high frequencies are 

beneficial in terms of increased power capacity, which in turns improves lifetime and 

system reliability.  A vibration-based harvesting system presented in [69] combines 

electromagnetic and piezoelectric energy to achieve a hybrid structure .  The main 

concern in this system is that it can harvest only from a single vibration source; 

otherwise, the system operation fails. The triple hybrid power generator proposed in 

[70] has inputs from three different sources, and can extract power from each one at 

the same time to supply a DC voltage.  Nevertheless, the system can only provide 

output voltage level around 1 V in an extremely narrow range. Moreover, power 

conversion efficiency of the system is relatively low in this design.  

The main motivation of this framework is to build a hybrid system to scavenge energy 

from both (EMH) and PEH, as available vibration sources exist at low and high 

frequencies in the environment, and enhance the extracted output power.  Both EMH 

and PEH produce AC outputs, and need rectification and power management circuits 

to accumulate extracted charge on a single storage element. Thus, a novel hybrid IC is 

implemented and its operation is validated through a compact and wearable platform 

that includes custom designed electromagnetic harvester (EMH) and PEH for 

scavenging energy from human motion. This chapter is organized as follows:  Section 

4.1 describes hybrid system operation in detail.  Section 4.2 discusses experimental 
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results from the fabricated IC for high piezoelectric excitation frequencies.  Section 

4.3 presents the wearable energy harvesting system with measurements in an 

application like environment.  Finally, Section 4.5 discusses the results.  

4.1 Hybrid System Architecture 

4.1.1 Proposed System and Operation Principle 

The proposed hybrid IC, composed of three building blocks, is presented in Figure 4.1. 

The system utilizes power from EMH to invest energy to PEH in order to increase the 

damping force. The harvested energy from EMH is then transferred to the storage 

element concurrently with the energy extracted from the PEH.  Electromagnetic IC 

rectifies AC voltage through a self-powered voltage doubler with active diodes. PEH 

IC is designed based on Synchronous Electric Charge Extraction (SECE) technique 

due to the fact that this topology provides a load independent structure for fast-

charging the storage element with a wide range of output voltage.  The circuit manages 

timing to share the charge on buffer capacitance, CBUF,EM with PEH capacitor, CPZT. 

This leads to an improvement in the electromechanical coupling factor of piezoelectric 

harvester, and hence in the total power extraction compared to sum of output power 

from two harvesters.  The maximum extractable energy from the piezoelectric 

harvester is: 

𝐸𝑃𝑍𝑇1 =
1

2
𝐶𝑃𝑍𝑇𝑉𝑃𝑃

2  (4.1) 

where VPP is the voltage between two terminals of the PEH harvester.  In the proposed 

system, the circuit invests charge into CPZT from CBUF,EM at minimum or maximum 

displacement of the harvester.  Assume Δ𝑉 is added up on CPZT. After the full swing 

of the PEH harvester, V2 = VPP + ΔV accumulates on CPZT, resulting in extractable 

energy from harvester as: 

𝐸𝑃𝑍𝑇2 =
1

2
𝐶𝑃𝑍𝑇𝑉2

2 =
1

2
𝐶𝑃𝑍𝑇(𝑉𝑃𝑃 + Δ𝑉)

2 =
1

2
𝐶𝑃𝑍𝑇𝑉𝑃𝑃

2 +
1

2
𝐶𝑃𝑍𝑇Δ𝑉

2 + 𝐶𝑃𝑍𝑇𝑉𝑃𝑃Δ𝑉  (4.2) 
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Figure 4.1. System architecture of the vibration-based hybrid harvester interface. 

where 1/2CPZTVPP
2 = EPZT1 is the energy generated on CPZT without any investment, 

1/2CPZTΔV2 = EINV is the invested energy from EM harvester output, and CPZTVPPΔV 

= EGAIN is the augmenting energy extracted due to the squared relation of generated 

energy to the voltage.  It can be seen from equation (4.2) that apart from the individual 

outputs of each harvester, augmenting energy, EGAIN can be generated on CPZT, which 

improves the output power of the hybrid system.  As a result, proposed hybrid 

architecture can simultaneously extract more power from two different harvesters 

compared to voltage adding [71], [72] and inductor sharing techniques [73], [74].   

4.1.2 Electromagnetic Harvesting IC 

Environmental vibrations can occur both at low and high frequency domains. 

Inertial mass of EMHs enables capturing of low frequency and low profile ambient 

vibrations with limited output voltage amplitude, which requires efficient rectifier 

circuits to minimize losses.  The AC voltage harvested from low frequency vibrations 

is efficiently converted into DC through an IC that both rectifies and boosts the input 
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voltage.  The utilized electromagnetic harvesting IC depicted in Figure 4.2 is a 

modified version of the one presented in [64].  The rectification of the input signal is 

handled through an active diode that provide forward voltage-drop close to that of an 

ideal rectifier.  The active diode utilizes a PMOS switch to pass or block the input 

voltage based on a comparator output, which is powered by passive AC/DC quadrupler 

structures.  The passive components are also driven by the EMH to maintain self-

powered operation. The positive quadrupler delivers high enough voltage to turn off 

the switch with low leakage current, while the negative quadrupler reduces path 

resistance to drive current through high source-to-gate voltage. For negative input 

voltages with Vx < GND, switch MP9 is turned on by the corresponding comparator 

and charges the external capacitor until the negative input peak.  When Vx > GND, the 

MP9 switch is turned off and the charge is stored on the capacitor.  For positive input 

voltages with Vx > VBUF,EM, the MP10 switch is turned ON, and the output capacitor 

(CBUF,EM) is charged until two times the input peak voltage.  When Vx goes below 

VBUF,EM, the switch MP10 is turned off to preserve the maximum charge at the output.  

The utilized comparators are designed to obtain single-ended output with high gain 

and sensitivity, and minimize forward voltage drop between source and drain of the 

active switches. 

 

Figure 4.2. Self-powered electromagnetic harvesting IC for low frequency vibrations. 
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Figure 4.3. Schematic of PEH IC and investment time manager. 

4.1.3 Piezoelectric Harvesting IC and Investment Time Manager 

Piezoelectric harvesting IC operates in synchrony with investment time manager to 

facilitate charge transfer from buffer capacitance.  Piezoelectric harvesting IC consists 

of a negative voltage converter (NVC), start-up block, three detectors, and switch 

control logic similar to our previous work [75] , as shown in Figure 4.3.  

4.1.3.1 Negative Voltage Converter 

NVC generates a peak-to-peak open circuit voltage in each half cycle. Two switches 

controlled by two comparators and two cross-coupled PMOS switches driven by 

piezoelectric harvester determine the charge-flow path to provide positive voltage. A 

current-follower input stage that monitors piezoelectric voltage following by a 

common-source stage form the comparator as shown in Figure 4.4. An offset is 

imposed by slightly mismatching the aspect ratio of M3 and M4 MOSFETs to avoid 

premature switching during transition.  The rising edge of each comparator output 

indicates maximum and minimum displacement that shorts lower-potential terminal of 

the harvester to ground.  
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Figure 4.4. Schematic of (a) the proposed negative voltage converter (NVC), (b) the comparator utilized 

inside NVC structure. 

The storage capacitance is initially charged via the NVC, a diode, and a switch 

controlled by the start-up circuit. The circuit continuously monitors the storage voltage 

and powers up the control unit when it exceeds the minimum required value of 1.1 V. 

4.1.3.2 PZT Harvesting Phases 

Energy extraction is realized through four phases of switching as shown in Figure 4.5.  

In phase I, all the switches are OFF, and voltage across piezoelectric capacitor is 

increasing due to charge generation on piezoelectric material.  As peak instant is 

sensed by the peak detector (PD), the circuit initiates phase II by turning the switch S2 

ON. The operation of the PD was extensively analyzed in chapter 2. At this point, 

charge generated on CPZT is transferred to the external inductor due to the 

establishment of LC resonance circuit.  Zero-crossing detector (ZCD) outputs a signal 

when VPZT drops below zero to terminate charge extraction.  In phase III, extracted 
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and S1 & S3 ON.  Charging of CSTOR is completed as stored charge starts flowing back 

from CSTOR to the inductor. A standard two-stage comparator monitors voltage drop 

on M3 to signal end of phase III. Charge investment is performed during Phase IV. The 

rising edge of VSPOS/VSNEG of NVC initiates charge investment by triggering an 

adjustable pulse generator.  Investment time manager applies a pulse to invest charge 

into piezoelectric capacitance with controlling switch network corresponding to 

downward or upward displacement.  

4.1.3.3 Adjustable Pulse Generator 

Adjustable pulse generator circuit is implemented as shown in Figure 4.6 to control 

the time interval of charge investment. The circuit uses inverters and R-C components 

to set delay time. A current-controlled inverter is also utilized for fine-tuning. As the 

input transitions high, M7 and M5 trip and M4 is still ON so that Vx is discharged 

through M4 and M5 to generate rising-edge of a pulse. M4 and M6 start to trip within 

the delay time and M7 pulls Vx up. As result, output falls to generate the output pulse 

width.  All components, including the resistor and the capacitor, are embedded into 

the chip.  

 

Figure 4.5. Summary of operation phases for piezoelectric energy harvesting IC and investment time 

manager. 
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Figure 4.6. Schematic of the adjustable pulse generator. 

4.2 Design Validation 

Figure 4.7 presents the die micrograph of electromagnetic and piezoelectric harvesting 

ICs fabricated in 0.18 µm HV CMOS technology. The first experiment verifies 

operation of the proposed system with the assumption that two independent vibration 

sources are available at lower and higher frequency bands. A PEH (Mide V22) with a 

4.7 nF capacitor is excited with shaker table and EMH is emulated by an AC voltage 

source with a 72 Ω series resistor.  An inductor with L=3.3 mH and parasitic resistance 

R=8.97 Ω, and a storage capacitor with Cstor=1 µF are externally connected to the 

circuit as shown in Figure 4.8. 

Figure 4.9 shows measured waveforms of the hybrid interface operation while PEH 
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performance of the proposed IC for different input power levels supplies from the 

EMH.  The Hybrid IC transfers the stored charge from buffer capacitor to the storage 

capacitor, thus reinforcing power output.  

 

Figure 4.7. Die micrograph of the implemented hybrid IC fabricated in 0.18 µm HV CMOS technology. 

 

Figure 4.8. Test setup for hybrid energy harvesting IC. 
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Figure 4.9. Measured waveforms of the hybrid harvesting interface operation with generated control 

signals PD, ZCD, and RCD. 
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ICs. As expected, power conversion efficiency increases with the charge investment 

from EMH based on the elevated damping of the PEH. Lower efficiency is observed 

at low VOC, due to dominant static and conduction power losses. Maximum efficiency 

of 90.3% is observed for hybrid system at VOC,PZT = 5.5 VPP.  

 
Figure 4.10. Measured charge profile of a 1 µF load capacitor for different outputs of electromagnetic 

harvesting IC. 

 

Figure 4.11. Extracted power vs. peak-to-peak piezoelectric open circuit voltage for high frequency 

excitations. 
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Figure 4.12. Experimental power conversion efficiency vs. peak-to-peak piezoelectric open circuit 

voltage for high frequency excitations. 
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prototype to extract power from body movements.  The harvester is composed of a 

conventional PEH (V22BL) from MIDE Company and a custom-made EMH as shown 

in Figure 4.13. PEH V22BL has two identical piezoelectric layers with capacitance of 

CPZT=9 nF on top and bottom of the cantilever beam, and only one of them is utilized 

in the hybrid system.  In the proposed system, base structure of PEH is clamped to the 

lower cap of the EMH. A support beam with magnetic tip mass is attached to harvester 

cantilever beam to translate vertical motion.  EMH, which can generate power from 

low frequency vibrations, has a similar structure as the one used in [70].  It contains a 

fixed magnet at the lower cap in opposite polarity with a free moving magnet inside 

the cylindrical tube.  As the free moving magnet oscillates inside the pick-up coil due 

to external vibration, an alternating magnetic field induces voltage between two 

terminals of the pick-up coil according to Faraday’s law. Moreover, when the free 

magnet gets closer to the lower cap, it pulls up magnetic tip attached to the support 

beam and consequently deflects cantilever beam.  As the free magnet moves upward 

in the tube, magnetic tip is released and PEH starts oscillation at its damping resonance 

0

10

20

30

40

50

60

70

80

90

100

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

P
o

w
e

r 
C

o
n

ve
rs

io
n

 E
ff

ic
ie

n
c

y,
 η

(%
)

Peak-to-Peak Piezoelctric Open Circuit Voltage (VPP)

PE
HYBRID 1V
HYBRID 1.5V
HYBRID 2V

PEM = 0 µW

PEM = 37 µW

PEM = 24.8 µW

PEM = 12.6 µW

 =
     

   ,   +    ,   



 

 

89 

 

frequency. This frequency up-conversion enables both harvester to generate energy 

concurrently. 

Fabricated prototype of the hybrid system is presented in Figure 4.14.  Electrical 

connection pins of harvesters are taken from top of the system in order not to disturb 

operation of harvesters.  The wearable hybrid harvester system was located on the 

wrist of a jogger as shown in Figure 4.14(c).  Throughout experiments, fundamental 

vibration frequencies between 2 and 3 Hz were observed for EMH placed on the wrist 

of a jogger as presented in [25]. PEH V22BL was clamped to the  base structure, and 

operates around 20 Hz damping resonance frequency with the support beam and the 

tip mass. 

 

Figure 4.13. Schematic of hybrid energy harvester prototype consisting of a PEH (V22BL from MIDE 

Company) and custom-made EMH. 
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The harvested energy from jogging charges the CBUF,EM as shown in Figure 4.15.  

Figure 4.16 presents the measured waveforms of VPZT and VSTOR during jog when 800 

kΩ load resistance is connected to storage capacitance.  Waveforms of Figure 4.15 and 

Figure 4.16 were monitored at different time frames.  Figure 4.16 demonstrates that 

piezoelectric tip mass is caught by EMH magnet before fluctuation of PEH beam dies 

out completely.  As PEH displacement attenuates, most of the charge packet 

transferred to the storage capacitance belongs to the harvested energy by EMH. 

Measured extracted power of the hybrid system and standalone harvesting circuits for 

various loading conditions are presented in Figure 4.17.  Hybrid system can deliver a 

power to the load close to the sum of PEH and EMH output powers. Moreover, the 

hybrid system can provide wide storage voltage range of 1V to 3.4 V while driving 

resistive load ranging from 100 kΩ to 1200 kΩ. 

 

Figure 4.14. (a) Fabricated prototype of hybrid energy harvester, and (b) its protective shelf with flexible 

wristband adapted for daily usage of the system.  (c) Hybrid energy harvester system placed on the wrist 

of a jogger. 
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Figure 4.15. Measured waveforms of VEM and VBUF,EM with hybrid system operation during jogging. 

 

Figure 4.16. Measured waveforms of VPZT and VSTOR with hybrid system operation during jogging. 
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Figure 4.17. Experimental extracted power at various loading conditions for excitations during jogging. 

More power could be generated if the resonance frequency of PEH is increased up and 

damping factor is diminished.  Moreover, dimensions of EMH, which occupies most 

of the hybrid system volume, can be optimized to have a more compact device. 

4.4 Discussion 

Table 4.1 represents the performance of the proposed hybrid harvesting circuit 

compared with ICs in the state-of-the-art literature.  The proposed IC for vibration-

based harvesters can extract power in a wide vibration frequency range from 2 Hz to 

500 Hz.  The hybrid operation provides simultaneous extraction in a power range of 1 

µW to 100 µW. Maximum power conversion efficiency of 90% is achieved, which is 

considerably higher than the state-of-the-art. The wearable harvesting system can 

provide up to 20 µW under different loads during walk action. Due to its relatively 

small dimension, this system can be placed on mobile animals to sustain WSNs and 

tracking applications. Besides, the proposed circuit is also adaptable to various 

harvester types that provides DC output, such as thermoelectric generators, to generate 

power simultaneously with the PEH. Finally, the proposed hybrid system can 
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efficiently extract available ambient energy, and can increase reliability of autonomous 

micro-devices in WSNs. 

Table 4.1 Comparison of hybrid IC with state-of-the-art. 

Parameters 
Bandyopadhyay, 

2012 [74] 

Uluşan, 

2018 [70] 

Katic, 

2018 [73] 

This 

Work 

Technology 0.35 µm 0.18 µm 0.18 µm 0.18 µm HV 

Harvesting 

Sources 

Photovoltaic 

Thermoelectric 

Piezoelectric  

Piezoelectric 

Electromagnetic 

Thermoelectric 

Glucose 

Biofuel Cell 

Thermoelectric 

Piezoelectric 

Electromagnetic 

Excitation 

Frequencies 

of 

Harvesters 

PV: DC 

TEG: DC 

PEH: NA 

PEH: 282 Hz 

EMH: 2-3Hz 

TEG: DC 

GBFC: DC 

TEG: DC 

PEH: 20-500 Hz 

EMH: 2-10 Hz 

Minimum 

Input 

Power 

PV: 150 µW 

TEG: 90 µW 

PEH: 45 µW 

PEH: 4.2 µW 

EMH: 1 µW 

TEG: NA 

GBFC: 0.5 

µW  

TEG: 0.5 µW 

PEH: < 0.7 µW 

EMH: 1 µW 

Output 

Voltage 
1.9 V 0.8-1.25 V 1.9 V 1.1-3.41 V 

Peak 

Efficiency 
NA 29% @ 68 µW 

85 % @ 66 

µW* 
90% @ 100 µW 

 

* It is only for DC-DC circuit. 
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CHAPTER 5 

 

5 CONCLUSION AND FUTURE WORK  

In this Ph.D research, three different energy harvesting ICs have been developed: i) 

Adaptive MSEE IC ii) Optimal DSSH IC, and iii) Hybrid IC. Design and 

implementation of each IC, were demonstrated in details in the content of the relative 

chapter. Extensive experiments merged with custom-made MEMS PEH and 

commercial PEHs have been conducted for adaptive MSEE and optimal DSSH chips. 

The performance of each chip has been evaluated in terms of extracted power, power-

conversion efficiency and operating range. Contribution of each chip and comparison 

with state-of-art were thoroughly discussed as well.  Overview and major 

achievements are summarized in this chapter based on studies outlined in the research. 

Finally, we highlight points for further improvement as future works. 

5.1 Overview and Major Achievements 

5.1.1 MSEE IC 

A fully self-powered IC has been implemented to enhance practicability of MEMs 

PEHs to can be used in implantable or micro devices. The major achievements with 

regard to the criteria discussed previously are as follows 

 The proposed MSEE on buck-boost SECE architecture allows shrinking the 

external inductor without affecting power conversion efficiency. The 

multistage extraction can efficiently transfer the harvested energy over a 

relatively low-profile inductor (100 µH-1 mH).  

 The MSEE chip is adaptable to minimize power losses with the help of the 

multistage technique that does not require explicit calculation of extraction 
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time duration. Automatic Multistage generator provides maximum efficiency 

for wide range of input power. 

 The circuit enhancements, which include a high accuracy peak detector and 

ultra-low power control, reduced minimum required input power that is 

significant improvement to extract power more efficiently from MEMS PEH 

with few microwatts of capacity and high excitation frequency compared to 

previous approaches. 

 Implementation of the multistage generator with energy sensing method 

eliminates efficiency and cost limitations arising from high mechanical 

frequency, additional digital inputs and timing problems. 

 Implementation of proposed power management circuit fastens the charging 

time of 47 µF output capacitance 2.5 times in comparison with only MSEE 

operation. 

5.1.2 Optimal DSSH IC 

A synchronized switching configuration, called “double synchronized switch 

harvesting”, with a MPPT circuit has been proposed and implemented to harvest 

maximal energy from ambient vibrations. The fabricated chip has following 

properties. 

 The proposed synchronized switching configuration boosts extracted energy 

from PEHs, and provide load-independent energy extraction with a single 

inductor.  

 Theoretical analysis indicates that optimum operation point of the proposed 

circuit is a function of Q factor of the charge inversion path. A novel MPP 

sensing approach is proposed, and implemented that achieves optimal point 

regardless of input excitation level for the first time in literature to the best of 

author’s knowledge. 
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 Implementation of robust charge flipping circuit secures optimal charge 

flipping time. Moreover, the low power design of building blocks provides 

efficient operation with wider range of excitation frequency and output voltage.  

 The transferred power from the PEH is increased by up to 600% for the full 

storage voltage range of 1.8-3.7 V. The piezoelectric harvesting system 

harnesses 460% more power compared to an ideal full-bridge rectifier as PEH 

is excited at resonant frequency. 

 DSSH IC can harvest energy efficiently from shock vibration, as system adjusts 

optimum operation point automatically regardless of the variation in the 

available energy on PEH. This property is valuable as shock vibrations are the 

most available energy source in real applications.  

5.1.3 Hybrid Energy Harvesting System 

A hybrid energy harvesting system has been presented to extract low and high 

frequency vibrations simultaneously through electromagnetic and piezoelectric 

harvesters.  The aim of this study was to elaborate power capacity of energy harvesting 

system and evaluate it in real harvesting condition.   

 Implementation of novel power management circuit based on charge 

investment approach boosts effective damping force of PEH and extracted 

power as well. 

 The Hybrid IC provides a load independent structure for fast-charging single 

storage element with a wide range of output voltage from 1 V to 3.4 V. 

 The circuit can handle minimum input power of 1 µW. The system has a broad 

operation range between few µWs available from body motion to more than 

100 µW generated from high frequency excitations. 

 The total harvested power from both harvesters is greater than the power 

obtained from each independently.  The hybrid IC achieves with high power 

conversion efficiency from two energy sources at the same time. 
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 A wearable harvester prototype consisting of custom-made EM harvester, off-

the-shelf PEH, and the Hybrid IC has been built for extracting energy from 

body movement. The harvesting system mounted on the wrist of a jogger can 

extract up to 20 µW for different output voltages. 

5.2 Future Work 

Although the presented ICs and related achievements further the development of 

energy harvesting systems and meanwhile are comparable with state-of-art, 

modifications and more studies could be done as well as presenting new topologies.  

 The output voltage of MSEE IC is not regulated to specific value and is 

determined by the input power. Any buck-boost converter can be applied to 

put in desired voltage range for related application. 

 DSSH IC is the most promising part in this research. The utilized power 

MOSFET switches have a large threshold voltage that leads to higher 

conduction losses in lower storage voltage.  Therefore, the circuit can be 

designed and optimized within voltage and power range of the MEMS 

piezoelectric harvester to achieve higher performance. A similar PMC, used 

for the MSEE, can be also implemented for this method to fasten huge storage 

capacitance. Alternatively, an intermittent capacitance could be used to transfer 

harvested charge.  

 The hybrid system can be enhanced to triple hybrid system by adding 

thermoelectric energy harvester. In this case, the investment process from both 

EMH and thermoelectric harvester will require an inductor to accumulate the 

harvested charges on piezoelectric capacitance efficiently. The inductor of the 

SECE can be shared to minimize volume and costs. 

 Proposing new topology: MSEE and optimal DSSH techniques can provide 

load independent operation, and their performances in term of extracted power 

levels are superior to other SECE and SSHI techniques.  Nevertheless, to obtain 
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higher efficiencies and high power extraction gains, these methods require 

external inductors in the range of 100 µH to 1mH. Therefore, we have proposed 

Synchronized Switch Harvesting on Capacitor Inductor (SSH-CI) technique to 

extract energy from MEMS PEHs. It benefits from two-step charge-inversion 

process over series of an inductor and a capacitor as well as similar structure 

to conventional SSHI method. The proposed circuit can achieve high power 

conversion efficiencies and power extraction enhancements with small 

inductance values in the range of a few tens of µH’s associated with a capacitor.   
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