
 

 

FULLY AUTONOMOUS PIEZOELECTRIC ENERGY HARVESTING 
INTERFACE CIRCUIT UTILIZING LOW PROFILE NONLINEAR SWITCHING 

TECHNIQUE 
 

 

 

A THESIS SUBMITTED TO 
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 
MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

 

 

BY 

 BERKAY døFTCø 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR 

THE DEGREE OF MASTER OF SCIENCE 
IN 

ELECTRICAL AND ELECTRONICS ENGINEERING 
 

 

 

 

JUNE 2020





 

 

Approval of the thesis: 

 

FULLY AUTONOMOUS PIEZOELECTRIC ENERGY HARVESTING 
INTERFACE CIRCUIT UTILIZING LOW PROFILE NONLINEAR 

SWITCHING TECHNIQUE 
 
 

submitted by BERKAY døF7Cø in partial fulfillment of the requirements for the 
degree of Master of Science in Electrical and Electronics Engineering 
Department, Middle East Technical University by, 
 
PURf. DU. HaOLO KaOÕSoÕOaU 
Dean, Graduate School of Natural and Applied Sciences 

 

 
Prof. Dr. øONa\ UOXVR\ 
Head of Department, Electrical and Electronics Eng. 

 

 
Prof. Dr. HaOXN K�Oah 
Supervisor, Electrical and Electronics Eng., METU 

 

 
 
 
Examining Committee Members: 
 
Prof. Dr. Ta\fXQ ANÕQ 
Electrical and Electronics Eng., METU 

 

 

Prof. Dr. HaOXN K�Oah 
Electrical and Electronics Eng., METU 

 

 

Prof. Dr. NeY]aW G�QeUL GeQoeU 
Electrical and Electronics Eng., METU 

 

 

Assoc. Prof. Dr. Serdar Kocaman 
Electrical and Electronics Eng., METU 

 

 

Assist. Prof. Dr. DLQoeU G|NceQ 
Electrical and Electronics Eng., Hacettepe University 

 

 

Date: 18.06.2020 

 



 

 
 

iv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that all information in this document has been obtained and 
presented in accordance with academic rules and ethical conduct. I also declare 
that, as required by these rules and conduct, I have fully cited and referenced all 
material and results that are not original to this work. 

 

 

Name, Surname:  
 

Signature: 
 

 Berkay difWci 

 



 

 
 
v 

 

ABSTRACT 

 

FULLY AUTONOMOUS PIEZOELECTRIC ENERGY HARVESTING 
INTERFACE CIRCUIT UTILIZING LOW PROFILE NONLINEAR 

SWITCHING TECHNIQUE 
 

difWci, Berkay 
Master of Science, Electrical and Electronics Engineering 

Supervisor: Prof. Dr. HalXk K�lah 
 

June 2020, 88 pages 

 

Energy scavenging from ambient vibration sources via piezoelectric transducers offers 

a promising solution to power microelectronic devices.  Energy extraction from 

harvesters is conducted with full-bridge rectifiers (FBRs) whose performances are 

affected harshly due to intrinsic capacitance of harvester requiring continuous 

charging.  Conventional nonlinear switching techniques proposed in literature 

overcome problems associated with standard AC/DC converters.  Nonetheless, they 

require large external components to achieve decent conversion efficiencies and 

output powers.  This obstructs miniaturization trend in micro-fabricated wireless 

sensor networks and limits their application area.  The aim of this work is to implement 

a low-profile autonomous interface circuit that can harvest energy from MEMS 

piezoelectric transducers and deliver power to electronic loads. 

In the first design, a unique low-cost fully autonomous interface circuit using novel 

SSHCI technique is proposed to reduce overall system volume.  New two-step voltage 

flipping with optimal flipping time detection enables Synchronized Switch Harvesting 

on Capacitor-Inductor (SSHCI) circuit to use inductors in the range of tens of ȝH¶s 

for voltage flipping.  This shrinks system volume significantly.  Fabricated IC is able 

to attain 6.14x output power improvement over ideal FBRs and 90.1% power 
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conversion efficiency.  Secondly, maximum power point tracking (MPPT) circuit 

integrated with SSHCI is implemented to eliminate load dependency.  Inductor 

sharing between SSHCI and MPPT allows them to employ the same low-prolife 

inductor for operation which decreases system cost.  Occasional refreshment of 

optimum battery voltage sensing makes system invulnerable to input excitation 

changes of PEH.  SSHCI-MPPT achieves 5.44x power extraction improvement and 

83% efficiency while providing load independency.  

 

Keywords: Piezoelectric Energy Harvesters,  Interface Circuit,  Low-profile, Self-

powered IC,  MPPT.   
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Piezoelektrik enerji �reWeoleri kXllanÕlarak orWam WiWreúimlerinden enerji �reWmek, 

mikro-elektronik cihazlarÕn kendi kendilerine oalÕúmalarÕnÕ sa÷lamak ioin XmXW Yerici 

bir o|]�m sunar.  Enerji �reWeolerinden g�o elde eWme iúlemi genellikle s�rekli úarj 

gerekWiren pie]oelekWrik kapasiWansa ba÷lÕ olarak performanslarÕ k|W� bir úekilde 

etkilenen tam-k|pr� do÷rXlWXcXlarla geroekleúWirilir.  LiWeraW�rdeki do÷rXsal olma\an 

anahtarlama teknikleri, standart AC/DC d|n�úW�r�c�lerde karúÕlaúÕlan problemlerin 

�sWesinden gelir.  BXnXnla birlikWe bu devreler, i\i bir g�o d|n�ú�m Yerimlili÷i Ye oÕkÕú 

g�c� elde eWmek ioin b�\�k harici bileúenlere ihWi\ao dX\arlar.  Bu, mikro fabrikasyon 

�reWimi olan kablosX] sens|r a÷larÕndaki min\aW�rleúWirme e÷ilimini engeller ve 

X\gXlama alanlarÕnÕ sÕnÕrlar.  BX oalÕúmanÕn amacÕ, MEMS pie]oelekWrik 

d|n�úW�r�c�lerden enerji Wopla\abilen Ye elekWronik \�klere g�o sa÷la\abilen d�ú�k 

profilli oWonom bir ara\�] deYresi Wasarlamak Ye X\gXlamakWÕr. 

ølk WasarÕmda, sisWem hacmini a]alWmak ioin \eni SSHCI Wekni÷ini kXllanan bir d�ú�k 

hacimli Wamamen oWonom ara\�] deYresi |nerildi.  Optimal d|n�ú�m s�resini 

algÕla\abilen \eni iki-aúamalÕ YolWaj d|n�úW�rme iúlemi, SSHCI devresinde voltaj 

d|n�úW�rme amacÕ\la kXllanÕlan bobinin bo\XWXnXn ȝH aralÕ÷Õna d�ú�r�lmesini 

sa÷lar.  BX \|nWem, sisWem hacmini |nemli |lo�de a]alWÕr.  hreWilen devre (IC), ideal 
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tam-k|pr� do÷rXlWXcXlara g|re 6.14[ oÕkÕú g�c� i\ileúWirmesi sa÷lar ve %90.1 g�o 

d|n�ú�m Yerimlili÷i elde edebilir.  økinci WasarÕmda, oÕkÕú g�c�n�n \�ke ba÷ÕmlÕlÕ÷ÕnÕ 

orWadan kaldÕrmak ioin SSHCI ile oalÕúabilen bir MPPT deYresi WasarlanmÕúWÕr.  SSHCI 

Ye MPPT arasÕndaki bobin pa\laúÕmÕ, oalÕúmalarÕ ioin a\nÕ d�ú�k profilli bobini 

kXllanmalarÕna i]in Yerir ve sistemin daha az yer kaplamasÕnÕ sa÷lar.  Optimum pil 

YolWajÕnÕn oWomaWik algÕlamasÕnÕn ara sÕra \enilenmesi, sisWemi enerji �reWecinin giriú 

X\arma de÷iúikliklerine karúÕ da\anÕklÕ hale getirir.  SSHCI-MPPT, \�kWen ba÷ÕmsÕ] 

bir \apÕ sXnarken 5.44[ oÕkÕú g�c� i\ileúWirmesi ve %83 g�o d|n�ú�m Yerimlili÷ine 

XlaúÕr. 

Anahtar Kelimeler: Pie]oelekWrik Enerji hreWeoleri,  Ara\�] ElekWroni÷i,  D�ú�k 

Profilli,  Kendi Kendine dalÕúan IC,  MPPT.  
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CHAPTER 1  

 

1. INTRODUCTION 

 

1.1. Motivation 

Downsizing trend in electronic systems has made portable electronics such as wireless 

and implantable sensors connected to a common network become popular in everyday 

life applications.  Moreover, power demands of some currently designed wireless 

sensor networks (WSNs) have been decreased down to ȝW power range [1]±[7].  

Nevertheless, they still need batteries employed as power supplies for proper sensor 

operation.  Power consumptions of WSNs presented in [1]±[7] are depicted in Figure 

1.1.  Although storage densities of batteries have been elevated with technology, they 

require recharging once in a while [8].  Reduction ratio of battery volumes is less than 

that of sensor electronics over the years [9].  Therefore, batteries are accounted for 

most of the space that Woda\¶s WSNs occupy and they obstruct attaining low profile 

systems.  Besides, battery replacement and its sustainability might be costly and 

physically infeasible in some applications [10].  Scavenging energy from 

environmental sources offers plausible and cost effective solution to power up WSNs 

while reducing overall system volume. 

Various ambient sources such as ambient light, vibration (or motion), thermal energy, 

and RF sources can be employed for energy harvesting purposes depending on their 

availability.  Application areas for harvesters converting ambient energy range from 

medical devices (such as health monitoring sensors [11] and fully implantable 

cochlear implants [12]) to RFID sensors, and smart buildings [9].  Researchers have 

been looking for ways to apply concept of energy harvesting especially on biomedical 

WSNs to make them truly wireless.   



 

 
 
2 

 

 
Figure 1.1. Power consumptions and operating supply voltages of WSNs presented in [1]-[7]. 

Toda\¶s cochlear implanWs (CIs) are poZered b\ bXlk\ e[Wernal baWWeries Zhich creaWe 

a major barrier in front of miniaturization [13].  However, power requirements of 

neural stimulation circuits that are designed to stimulate auditory neurons in new 

generation fully implantable CIs have dropped below 600 ȝW [14], [15].  Considering 

output energy potentials of energy harvesting approaches [16], it is possible to provide 

some fraction of or the entire required energy for CI system operation through energy 

harvesting. 

Design and implementation of energy harvesting architectures (or energy scavengers 

- transducers) has been a hot topic for the last decade [12], [17], [18].  These studies 

were focused on efficient mechanical structure design of energy harvesting 

transducers and their optimization in terms of output power.  However, a dedicated 

interface circuit is required to extract most of the harvested energy, especially for a 

low output power harvester.  This is because inherent impedances of energy harvesters 

must be matched to output loads so as to transfer maximum energy.  It is possible only 

if a matching network or interface exists. 

This thesis aims to design a low power, fully autonomous piezoelectric energy 

harvesting interface circuit that utilizes low profile nonlinear switching technique to 

shrink overall system volume.  The interface circuit is able to rectify AC voltage 
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generated from piezoelectric energy harvesters and supply usable DC levels which 

might be used to power up WSNs.  In this chapter, an introduction to energy harvesting 

sources (with focus on vibration based energy harvesting), electrical and mechanical 

modelling of piezoelectric energy harvesters with possible applications are provided. 

1.2. Energy Harvesting Sources 

There are four energy sources (vibration, light, RF, and heat) existing in the 

environment that intrigue researchers working on energy harvesting.  Energy 

scavenging architectures utilizing theses sources will be summarized in this section. 

1.2.1. Thermal Energy Harvesters 

Thermal energy harvesters (i.e. thermoelectric generators) are able to generate energy 

from temperature difference occurring between their two dissimilar terminals which 

are thermal conductors.  Seebeck effect is adopted to convert temperature gradient into 

electrical voltage [9].  Thermoelectric energy harvesters are especially useful when a 

large temperature difference is present in environment.  A novel thermoelectric energy 

harvester that is able to retain 2�C temperature difference inside its physical 

construction has been proposed recently [18].  It can accomplish 10.23 J/g energy 

output density which can power up most of WSNs used for ambient monitoring [18].  

In another application, thermal energy scavengers have been integrated on wristbands 

and headbands to see how much power can be generated with human body heat [19].  

A power production density of 25 ȝW/cm2 aW 22�C was measured while an office 

worker puts this device on his/her wrist for several hours of ordinary work day [19]. 

According to [16], together with photovoltaic harvesters, energy harvesting from 

temperature gradient yields the highest power output as it is shown in Figure 1.2.  

However, generated output voltage levels are low compared to other harvesting 

methods and they require dedicated interface circuits to boost output voltage to levels 

which electronic circuits in WSNs can utilize [20].  In addition, it is quite difficult to 

attain a large temperature difference between terminals while adopting small thickness 

for the sake of miniaturization [21]. 
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Figure 1.2. Power outputs of energy harvesting approaches and required power levels of some WSN 

applications according to [16]. 

1.2.2. Photovoltaic Energy Harvesters 

Ambient light (indoor or outdoor) is converted to electrical energy through 

photovoltaic energy scavengers.  Sun is an undeniable energy source with a potential 

to provide energy for various applications ranging from household electricity to 

powering up sensor in Body Area Network (BAN).  Photovoltaic harvesters have 

power conversion efficiencies around 5-30% which are contingent upon materials 

used in device fabrication [9].  Performances of III-V solar cells are evaluated as 

indoor energy harvesters in [22] and it is observed that solar cells made up of GaAs 

and GaInP have two times larger output power densities compared to conventional 

amorphous-silicon cells [22].  In another indoor application, designed photovoltaic 

harvester is able to generate more than 90 ȝW ZiWh 415 lX[ lighW illXminaWion aW 25�C 

[23].  Even though energy harvesting from indoor light has been improved recently, 

energy harvesting from outdoor light is more appealing due to its higher output power 

potential as it can be seen from Figure 1.2. 

Light sources are not always available in the environment and this might be accounted 

as a disadvantage of photovoltaic harvesters.  Besides, they can be inconsistent 

throughout the day.  This is a critical factor limiting the maximum harvested output 
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power and making output of solar cells unreliable due to fluctuation in generated 

power levels. 

1.2.3. RF Energy Harvesters 

Massive area availability of public telecommunication services such as Global System 

for Mobile Communications (GSM) and Wireless Local Area Network (WLAN) 

makes us to be exposed to radio frequency (RF) waves [21].  In fact, this offers an 

alternative energy harvesting methodology through RF waves.  In [24], a RF 

harvesting system which can produce more than 200 ȝW oXWpXW poZer Zhen Whe 

source is 2 m away was reported.  Integrated RF energy harvesting system which 

combines low power interface circuit fabricated with 130 nm CMOS and a differential 

PCB custom antenna was published in [25].  System achieves 60% peak power 

conversion efficiency in wide frequency band between 840 MHz to 975 MHz [25]. 

RF harvesters suffer from low power density levels due large distances existing 

between harvester and GSM base station [9].  Of course, it is possible to boost 

available energy density via RF harvesters having larger area (antenna area); however, 

it will increase overall space occupied by harvester and this limit application areas 

especially in low profile WSNs. 

1.2.4. Energy Harvesting from Vibration 

Harvesting energy from ambient vibrations have always been a popular topic since the 

beginning of energy scavenging phenomenon came out [16].  This is due to the fact 

that environmental vibrations are abundant in nature.  Vibration (or motion) can be 

present in human body movements, acoustic noise vibrations, vehicle motion (from 

relocation of vehicle or motor vibration), and seismic vibrations that exist in moving 

structures like bridges.  These sources have distinct vibration frequencies and 

amplitudes requiring various mechanical structures to convert kinetic energy into 

usable electrical energy.  Three conversion mechanisms namely electrostatic, 

electromagnetic, and piezoelectric appear as energy harvesting methods from motion 

in the literature. 
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In capacitive conversion which is realized via electrostatic energy harvesters, 

harvesting process takes place when the distance (or gap) between two plates of 

polarized capacitor alters with ambient motion [9].  A voltage difference is created 

between capacitor terminals thanks to this motion and some current starts to flow 

through the external load [21].  A micro-electrostatic energy harvester fabricated with 

MEMS technology was presented in [26] along with its characterization and 

equivalent electrical modelling.  This micro-generator was able to produce 3.5 ȝW 

with an input excitation of 13 g [26].  Frequency range of the MEMS harvester has 

been increased with design given in [27].  Dual resonant structure benefiting from crab 

supporting legs has successfully increased frequency range from 141.6 Hz to 191.1 

Hz while producing output power up to 3.24 ȝW [27].  Despite being realized very 

easily with conventional fabrication techniques, electrostatic harvesters demand initial 

polarization with high voltage levels around 30 V.  Moreover, they deliver low output 

current because of their high output impedance while providing large output voltages 

that make it challenging to design efficient interface circuits with standard CMOS 

process [21]. 

Electromagnetic energ\ harYesWers benefiW from Farada\¶s LaZ of IndXcWion to 

generate AC voltage between its terminals with the relative movement of a magnet 

with respect to a coil.  This relative motion of magnetic material creates a change in 

magnetic flux that transforms kinetic energy into electrical one.  The micro power 

generator given in [28] is a good example of a vibration harvester employing 

electromagnetic (or inductive) conversion principle.  Like other electromagnetic 

energy harvesters, this generator can deliver high output current to loads while 

acquiring low output voltages (<1 V) which complicate harvesting interface circuit 

design [21].  Maximum achievable output power greatly depends on properties of 

magnetic material and number of turns that coil has.  Additionally, it is hard to 

fabricate electromagnetic harvesters using MEMS technology due to required bulky 

magnets which hamper miniaturization. 
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Ambient vibrations constitute strain on piezoelectric layers triggering charge 

separation among piezo material terminals.  Direct piezoelectric effect converts strain 

into AC voltage that can be used to drive an external load [21].  Unlike inductive 

conversion mechanism, piezoelectric conversion relatively high output voltages with 

small current sourcing capability.  There exist two crucial properties making 

piezoelectric energy harvesters the most preferred vibrational harvesting method.  

Firstly, they have high compatibility with standard MEMS fabrication process [16].  

This pave the way for miniature harvesting systems with integrated on-chip harvesters.  

Secondly, among other kinetic harvesters, piezoelectric conversion offers the highest 

energy storage density according to [29].  However, some kind of interface is 

mandatory to extract this energy stored.  Rest of this chapter will be about piezoelectric 

energy harvester structures, their electrical modelling, and some specific applications. 

1.3. Piezoelectric Energy Harvesters 

Lead zirconate titanate (PZT) is a frequently used piezoelectric substance in making 

vibrational energy harvesters.  Swinging of piezoelectric energy harvester (PEH) 

originating from environmental vibrations establishes strain on PZT.  This strain on 

PZT causes relocation of charges between top and bottom plates of PZT layer (direct 

piezoelectric effect) and an AC voltage is generated.  Piezoelectric effect is depicted 

in Figure 1.3 with polarization direction of dipoles in PZT crystal [21], [30].  

Naturally, for PZT crystals to perform piezoelectric effect under Curie temperature 

(T<TC), they need to be polarized by application of a strong electric field. 

Piezoelectric materials are generally quite stiff (inflexible).  This leads to impractically 

high resonant frequencies when they are fixed directly to the frame and used as PEHs.  

Therefore, PZT is coated on cantilever beam to achieve straightforward energy 

harvesting mechanical structure as shown in Figure 1.4 [21].  In this figure, a mass is 

placed at the tip of the cantilever beam to reduce resonance frequency that enables IC 

designers to come up with efficient interface circuit architectures. 
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Figure 1.3. Piezoelectric effect in PZT crystal [21]. 

 
Figure 1.4. Conventional piezo material coated on flexible cantilever beam to be used as PEH [21]. 

Compressive and tensile stresses formed by movement of cantilever beam concentrate 

around the fixed end of the beam opposite side to the tip mass.  Thus, piezo layer is 

adhered near the fixed end to convert most of these stresses into electrical energy.   

According to [9] and [31], generated power of a vibrational harvester (including PEH) 

can be calculated as follows: 

𝑃ை் ൌ 4𝜋ଷ𝑚𝑓ோ𝐸ௌଷ 𝑌𝑧ெ𝐴    (1.1) 

where m is the seismic mass, fRES is the natural resonance frequency of the harvester, 

Y is the external vibration amplitude, and zMAX is the maximum possible displacement 

of the cantilever beam.  Nonetheless, equation (1.1) does not include a very important 

parameter which is coupling coefficient of the harvesting system [32].  This parameter 

Pb2+
O2- Ti4+, Zr4+

T < TC

P
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gives us valuable information about how much of mechanical energy can be converted 

into electrical energy.  Details of this parameter will be illuminated in the following 

subsections.  More specifically, for a piezoelectric energy harvester vibrating at its 

resonance frequency, maximum output power that can be extracted is calculated 

analytically as follows [32]: 

𝑃ை் ൌ
మሺொ𝐴ሻమ

4௪
     (1.2) 

where k is system coupling coefficient, Q is the quality factor depending on damping 

ratio, A is acceleration magnitude, and w is angular excitation frequency.  It is clear 

from equation (1.2) that coupling coefficient and quality factor (or damping) should 

be optimized to boost output power extracted from PEHs. 

Minimization in WSNs forces researchers to come up with new mechanical harvesting 

structures compatible with micro fabrication process.  The aim here is to generate 

maximum output power while achieving low profile harvesters.  In [33] and [12], 

piezo ceramics with high coupling coefficient are used in MEMS fabrication process 

to obtain PEH.  Schematic of MEMS based micro power generator placed on a 

vibrating membrane proposed in [12] is exhibited in Figure 1.5.  This specific PEH is 

designed for scavenging energy from acoustic (sound) vibrations.  Membrane mimics 

motion of eardrum.  It was planned to be put on eardrum to provide required energy 

of new generation cochlear implants.  Nevertheless, it should be noted that it is not an 

easy task to fabricate a MEMS device employing bulk PZT material as in Figure 1.5.  

Output power of PEHs strongly depends on fabrication quality and environmental 

excitation conditions.  Wafer bonding process, quality of PZT material, PZT aging, 

and polarization of electrical charges in crystal structure necessitate special attention 

during MEMS fabrication.  Table 1.1 gives an exhaustive performance comparison of 

recently fabricated low profile (small scale) PEHs [34].  It can be deducted that MEMS 

based PEH presented in [33] supplies maximum of 205 ȝW at 1.5 g excitation level 

while occupying 27 mm3 active area.  This power level is more than enough to 

maintain autonomous WSN operation in some applications [3], [7]. 
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Figure 1.5. Schematic view of MEMS based PEH on vibrating membrane [12]. 

Table 1.1 also demonstrates that although [35] recorded less output power compared 

to [33], its normalized volumetric power density is larger.  Moreover, if input 

acceleration of the harvester is increased, PEH in [35] it will generate more power 

among any other small-scaled piezoelectric energy harvester.  For miniaturized 

harvesters, air resistance occurred during swing of piezoelectric beam is an important 

factor diminishing output power and vacuum-packaged structures offer a solution to 

that problem in general. 

Table 1.1. Performance comparison of recently fabricated PEHs [34]. 

Ref. 
Active Volume 

(mm3) 

Acceleration 

(g) 

Frequency 

(Hz) 

Power 

(ȝW) 

Normalized Volumetric 

Power Density 

(ȝW/(mm3.Hz.g2)) 

[35] 4.05 0.5 126 5.3 4.15x10-2 

[36] 0.02 4 1300 22 5.29x10-2 

[37] 464 0.2 76 13.9 9.85x10-3 

[38] 15 0.2 599 6.65 1.85x10-2 

[39] 18.6 1 235 14 3.20x10-3 

[33] 27 1.5 154 205 2.19x10-2 
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1.3.1. Equivalent Electrical Model of Piezoelectric Energy Harvesters 

Maximum energy transfer from PEHs to electronic loads is strongly contingent upon 

interface circuit design.  One should properly model electrical characteristics of PEHs 

before starting design process.  Here, an electrical equivalent circuit of PEHs will be 

developed for simulation purposes. 

Figure 1.6 illustrates mechanical model of PEH along with an interface circuit and 

storage capacitor [40].  This is actually a second order spring-mass-damper system.  

The frame depicts whole PEHs while m is seismic mass, kS is stiffness of the spring, 

d is the mechanical damping caused by friction, air resistance etc., and Fe is the 

restoring force that transducer applies on m if an interface circuit is connected to the 

harvester.  It should be noted that there exists a phase difference between motions of 

the frame (y(t)) and seismic mass (z(t)).  In addition, the work done by m against Fe is 

converted to into electrical energy [21].  Therefore, if restoring force Fe induced by 

interface circuit is large; more mechanical energy is converted into electrical one. 

Before mechanical model of piezoelectric harvester is driven, following assumptions 

should be made: (a) vibration source mass is larger than seismic mass m, (b) excitation 

frequency of ambient vibration matches (or close) to the natural resonant frequency of 

PEH, and (c) fundamental resonant frequency is not disturbed other harmonic 

components [41].  Transfer function of the second order system (Figure 1.6) can be 

given as in equation (1.3). 

 
Figure 1.6. Mechanical model of PEH comprised of lumped elements.  In the figure, interface 

electronics and storage capacitor are also included to show complete harvesting system. 
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𝑚𝑦ሷ ൌ 𝑚𝑎 ൌ 𝑚𝑧ሷ  𝑑𝑧ሶ  𝑘ௌ𝑧  𝐹 ൌ 𝑚𝑧ሷ  ሺ𝑑  𝑑ሻ𝑧ሶ  𝑘ௌ𝑧  (1.3) 

where the restoring force can be represented as Fe=deĪ [21].  Since we need electrical 

model of PEH, we will represent equation (1.3) with electrical parameters.  According 

to [40], mechanical force F=ma can be described as electrical voltage whereas the 

first derivative of displacement Ī can be described as electrical current: 

𝐼 ≜ 𝑧ሶ   &   𝑉 ≜ 𝐹     (1.4) 

With the help of the correlation equation provided by equation (1.4), Figure 1.7 below 

depicts equivalent electrical circuit of equation (1.3).  In this circuit, electrical output 

power that harvester generates represented by the power dissipated on resistor de 

where de represents electrical damping.  For large output powers, de parameter that is 

contingent upon electrical interface should be large.  Derivations up to here can be 

used for modelling of any kinetic energy harvester (electrostatic, piezoelectric, and 

electromagnetic).  Constitutive piezoelectric equations for PEH given in Figure 1.4 

operating in 31 mode (3 expresses that AC voltage is generated along z axis and 1 is 

the direction of applied stress ) [21], [42] can be written as follows: 

൜ 
𝐹 ൌ 𝑘𝑧  𝛤𝑉
𝐼 ൌ 𝛤𝑧ሶ െ 𝐶𝑉ሶ

     (1.5) 

where kP is the piezoelectric stiffness, ī is  the electromechanical coupling coefficient, 

VPZ is the generated AC voltage between piezoelectric terminals, IPZ is the generated 

piezo current, and CPZ is the inherent piezoelectric capacitance. 

 
Figure 1.7. Equivalent circuit of kinetic energy harvester with electrical damping caused by connected 

interface circuit. 
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If we put Fe from equation (1.5) into (1.3), we will get: 

൜ 
𝑚𝑎 ൌ 𝑚𝑧ሷ  𝑑𝑧ሶ  𝑘𝑧  𝛤𝑉

𝐼 ൌ 𝛤𝑧ሶ െ 𝐶𝑉ሶ
    (1.6) 

In these equations, k represents sum of mechanical and piezoelectric stiffness [21].  

Considering equations in (1.6), a simple electrical model of PEH can be developed as 

depicted in Figure 1.8.  This circuit was used while designing interface circuits for 

PEHs.  Electromechanical coupling coefficient ī and vibration velocity Ī govern how 

much mechanical vibration is converted into electrical energy.  Dielectric losses on 

imperfect piezoelectric capacitance CPZ are indicated with RPAR but it is around 10 M� 

which does not affect circuit operation much. 

1.3.2. Possible Applications 

According to [16], PEH are able to generate power in the range of 1-100 ȝW.  This is 

highly depend on physical volume of the harvester, excitation amplitude governing 

displacement of harvester, and resonant frequency.  Furthermore, proper interface 

circuit can improve extracted power from mechanical vibrations.  With output power 

level of piezoelectric energy harvesting system, most of WSNs can be operated. 

We have started to encounter WSNs (system level representation of a WSN can be 

seen in Figure 1.9) everywhere in daily life.  By definition, WSNs comprise of wireless 

communication units capable of monitoring (or sensing) different physical conditions 

(temperature, humidity, pressure, sound level, gas pollution level etc.) of the 

environment.  Then, recorded data sets are sent to a central location.  WSNs have 

variety of applications areas such as health monitoring, smart building (includes 

environmental monitoring), and active RFID tags [9]. 

 
Figure 1.8. Simple equivalent electrical model of PEHs. 
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Figure 1.9. System level schematic of a WSN. 

WSNs highly depend on bulky batteries to carry out their intended operations.  As a 

result, these batteries occupy most of the space WSNs are accounted for.  It is possible 

to use vibration based energy harvesters like PEHs as power supply sources instead of 

external batteries.  By this way, both overall system volume and maintenance cost of 

WSNs will be shrunk. 

Low-power and high efficiency PEH interface circuits make piezoelectric energy 

scaYenging s\sWem an aWWracWiYe solXWion for poZering Woda\¶s cochlear implanWs.  

Besides, new generation low power auditory stimulations circuits [15], [43] have 

relatively small power consumptions compared to conventional ones.  Recently 

proposed MEMS based PEH in [12] is able to generate around 17 ȝW oXWpXW poZer 

from 120 dB sound input.  This is a promising result and it is believed that output 

power of this acoustic transducer can be augmented with new fabrications methods.  

Besides, interface circuits in [44], [45] which are devoted to improve energy extraction 

from PEHs will make it possible to fulfill power requirements of new generation 

cochlear implants in the near future. 

1.4. Motivation and Organization of Thesis 

The goal of this thesis is to design and implement low profile interface circuits to 

enhance energy extraction from piezoelectric energy harvesters for biomedical 
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applications and WSNs.  Proposed interface circuits should possess the following 

properties: 

1. Power Extraction Improvement:  It is important for designed interface circuits 

to obtain as much power as it can while utilizing nonlinear switching 

techniques and surpass performance of standard converters.  To compete with 

state-of-the-art interface circuits, proposed interface circuits should be able to 

extract at least 4 times output power of ideal full bridge rectifiers. 

2. Low Profile:  MosW of Woda\¶s poZer managemenW circXiWs incorporaWe bXlk\ 

external components to attain high power conversion efficiencies.  Interface 

circuits proposed in this study should diminish volume of external components 

or try to eliminate them for the sake of minimization.  It is desired to have 

external component sizes comparable to or smaller than that of fabricated IC 

package. 

3. Autonomy:  Designed circuits should be self-powered.  In other words, they 

need to use harvested energy from PEH as their only input source and they 

should be able to begin charging output load with no initial charge (start-up 

operation should be present). 

4. Low Power Consumption:  Since energy output of PEH may be as low as few 

ȝW¶s, inWerface circXiW shoXld minimize its power dissipation by optimizing 

power consumptions of sub-blocks and switching losses.  Power conversion 

efficiencies larger than 80% are targeted for self-powered operations. 

5. Adaptability:  Harvester outputs highly depend on ambient conditions which 

might alter.  Proposed circuits should react to these changes in vibration 

frequency and amplitude and preserve its accurate operation. 

Rest of the thesis covers four chapters.  Chapter 2 is a literature review on piezoelectric 

energy harvesting interface circuits.  Advantages and disadvantages of using each 

circuit are presented with a general performance comparison table at the end.  A novel 

nonlinear switching technique called Synchronized Switch Harvesting on Capacitor-

Inductor (SSHCI) is investigated in chapter 3.  This chapter also covers evolution of 
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the new SSHCI method, design and specifications of sub-circuits, measured results of 

fabricated SSHCI chips, and performance comparison with state-of-the-art interface 

circuits. 

Chapter 4 is about second-generation SSHCI circuit with integrated maximum power 

point tracking (MPPT) system.  Theoretical calculation of optimal battery voltage for 

piezoelectric energy harvesting, modifications and improvements conducted on 

second-generation sub-blocks, and experimental results of MPPT-SSHCI chips 

fabricated with 180 nm standard CMOS process will be introduced in this chapter.  

Two different piezoelectric energy harvesters are utilized to evaluate performance of 

SSHCI-MPPT chips. 

Finally, on chapter 5, accomplishments obtained throughout this thesis will be 

summarized and future works on piezoelectric energy harvesting interface circuit 

design will be discussed. 

 

 

 

 

 



 

 
 

17 
 

CHAPTER 2  

 

2. INTERFACE ELECTRONICS OVERVIEW FOR PIEZOELECTRIC 

ENERGY HARVESTERS 

 

2.1. Motivation 

Kinetic energy harvesters benefit from environmental motions present nearly 

everywhere.  This is why they have attracted more attention as alternative power 

supplies to maintain appropriate WSN operation in contrast to other harvesting 

sources which are relatively less common [16].  Like other motion based energy 

harvesters, PEH generates AC voltage from ambient vibrations.  However, it is not 

possible to utilize this AC voltage directly to power up WSNs that require stable DC 

voltages.  For AC-DC conversion purposes, different interface circuits has been 

proposed to both yield reliable DC voltages and enhance output power from PEHs by 

altering the charge on piezoelectric material [46].  Various energy extraction circuits 

have been proposed in the literature [47] to draw out maximum available energy from 

PEHs.  Each technique has different target to conquer.   

This chapter intends to present PEH interface circuit designs which take advantage of 

various nonlinear switching techniques existing in the literature.  Section 2 is about 

standard AC-DC conversion circuits and reasons why they are not suitable for most 

of low power PEHs.  Then, Synchronous Electric Charge Extraction (SECE) method 

that offers load independent energy extraction will be discussed in Section 3.  Energy-

investing synchronous energy extraction explained in Section 4 is an improved version 

of SECE where some amount of battery charge is invested on piezoelectric 

capacitance so as to generate more power from PEHs.  Sections 5 and 6 describe 

Synchronized Switch Harvesting on Inductor (SSHI) and inductor-less design 
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techniques, respectively.  Finally, Section 7 discusses weak and strong points of all 

extant energy extraction methods by making a general comparison between them. 

2.2. Standard Interface Circuits 

In the beginning of piezoelectric energy scavenging development, researchers focused 

on mechanical transducer design rather than its interface circuit.  They tried to find 

adequate material to convert mechanical energy into electrical one and this material 

should also be compatible with standard fabrication processes.  Therefore, simple 

rectifier circuits such as full bridge rectifiers and voltage doublers were used to 

achieve AC-DC conversion. 

2.2.1. Full Bridge Rectifiers 

Figure 2.1 below illustrates standard full bridge rectifier (FBR) consisting of four 

diodes and an output capacitor along with generated output voltage [48].  Energy 

transfer from piezoelectric capacitance CPZ to storage capacitor CS parallel with 

resistive load R starts when voltage difference between CPZ reaches VRECT + 2VD where 

VD represents diode opening voltage.  Performance of FBR was investigated in [48], 

[49] and for low coupled PEHs, it was observed that efficiency in terms of power 

extraction from PEH was poor.  This is because piezoelectric capacitance CPZ needs 

to be charged up to some voltage level, which is VRECT + 2VD, before charge relocation 

to CS begins.  It creates significant energy losses as given in Figure 2.1 with shaded 

regions.  Moreover, voltage drops on the diodes should be eliminated for obtaining a 

reasonable power conversion efficiency.  According to [46], [48], maximum power 

that could be observed at the output of a FBR is given by: 

𝑃ை்,𝐹ோ ൌ 𝐶ሺ𝑉ை𝐶, െ 2𝑉ሻ2𝑓𝐸   (2.1) 

where CPZ is inherent piezoelectric capacitance, VOC,P is the amplitude (peak-to-zero) 

piezoelectric open circuit voltage, and fEX is the excitation frequency of PEH.  If we 

somehow manage to reduce diode opening voltage VD, maximum achievable output 

power using FBR will go up. 
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Figure 2.1. Standard full bridge rectifier which is the simplest AC-DC rectification circuit and 

generated output voltage [48]. 

2.2.2. Voltage Doublers 

Unlike FBRs, voltage doubler circuit employs two diodes as shown in Figure 2.2 that 

reduces required voltage level to VRECT + 2VD that piezoelectric open circuit voltage 

VPZ should overcome [48], [50].  Maximum output power that can be extracted from 

PEH using a voltage doubler is expressed as [48]: 

𝑃ை், ൌ 𝐶ሺ𝑉ை𝐶, െ 𝑉ሻ2𝑓𝐸   (2.2) 

Still, voltage doubler suffers from the same problems standard FBR faces.  Voltage 

drops on diodes limit minimum operation voltage of PEHs.  Active diodes composed 

of a MOSFET switch and comparator can be used to get rid of voltage drops but 

residual voltage on CPZ after charging makes it difficult to attain VRECT voltage again 

in the negative cycle [51]. 

2.3. Synchronous Electric Charge Extraction (SECE) 

Nonlinear switching methods in energy harvesting literature have been developed to 

match the internal impedance of PEHs to output load [47] and transfer all the available 

energy harvested from ambient environment.  For that purpose, they are using external 

inductor to compensate the impact of large inherent piezoelectric capacitance CPZ.  

SECE technique uses external inductor to store and deliver energy from CPZ into 

storage capacitor.  Figure 2.3 depicts conventional SECE converter circuit and 

waveforms of PEH terminals during SECE operation.  Three switches S1, S2, and S3 

turn ON and OFF in a synchronous manner to carry out SECE. 
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Figure 2.2. Voltage doubler circuit with generated output voltage waveforms when it is connected to 

PEHs [48]. 

 
Figure 2.3. Schematic of conventional SECE circuit and observed waveforms during its operation. 

Conventional SECE operation has three phases [52].  In the first phase, charge 

generation takes place on piezoelectric capacitance CPZ with PEH movement.  AC 

voltage occurs between terminals of PEH and this voltage is rectified through negative 

voltage converter (NVC).  When deflection on piezoelectric beam reaches its 

maximum point, rectified piezoelectric voltage VPZT attains its maximum level.  At 

that point, SECE circuit goes into second phase by turning switch S2 ON and energy 

accumulated on CPZ transfers into the external inductor L.  At the end of the second 

phase, S2 turns OFF to avoid any reverse current from L to CPZ.  During phase 3, 
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energy transferred to L is now delivered to storage capacitor with helps of switches S1 

and S3 which corresponds to the load charging phase.  After phase 3, circuit returns 

back to phase 1 by turning all switches OFF.  Similar to FBRs and voltage doublers, 

theoretically calculated maximum output power acquired using SECE technique is 

expressed as follows [53]: 

𝑃ை்,ௌ𝐸𝐶𝐸 ൌ 𝐶𝑉ை𝐶,2𝑓𝐸     (2.3) 

where VOC,PP is peak-to-peak piezoelectric open circuit voltage and clearly, SECE 

outperforms standard rectification circuits (FBRs and voltage doublers) in terms of 

maximum attainable output power.  SECE design has been implemented many times 

in the literature [52], [54]±[57].  The circuit proposed in [52] was one of the first 

complete SECE circuit which achieved 85% maximum power conversion efficiency 

while utilizing 10 mH external inductor with input power around 500 ȝW.  [55] 

introduced a new and improved SECE method where energy is extracted from PEH in 

multiple energy packages.  Although SECE provides load independent energy 

extraction via decoupling output load from PEH, output power improvement is 

inferior compared to other nonlinear switching techniques.  It also employs a bulky 

external inductor that enlarges overall harvesting system volume. 

2.4. Energy Investment  

In [58], a modified SECE method called pre-biasing SECE was presented for the first 

time.  This method which had exact same operation phases as described in SECE 

method increased output power of conventional SECE by investing some charge from 

battery to piezoelectric capacitance CPZ at the beginning of each half cycle.  

Nonetheless, it needs multiple off-chip inductors and operates with high biasing 

voltages.  Single-inductor energy investment circuits have been developed by different 

research groups [45], [59].  Figure 2.4 illustrates self-investing fully autonomous 

interface circuit proposed by our group in [45].  This circuit has almost identical 

operation phases (phases 1, 2, and 3 are the same) as conventional SECE circuit 

mentioned in the previous section.   
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Figure 2.4. Self-investing SECE piezoelectric energy harvesting interface circuit proposed by us with 

four operation phases and conceptual waveforms. 

Dissimilarity comes from the fourth phase shown in Figure 2.4.  Operation phases of 

self-investing SECE circuit can be clarified as follows: With ambient vibrations, 

electrical charge starts to accumulate on piezoelectric capacitance CPZ and rectified 

piezoelectric voltage VPZT goes up (phase I).  When VPZT peaks, switch S2 turns ON 

and energy is transferred from piezoelectric capacitance CPZ to eternal inductor LEXT 

(phase II).  The moment that there exists no charge on CPZ corresponds the time VPZT 

reaches zero volt.  Then, S2 turns OFF while S1 and S3 turn ON to deliver energy to 

storage capacitance CSTOR (phase III).  After energy transfer to CSTOR (battery charging 

phase), some amount of energy from battery is invested back to piezoelectric 

capacitance CPZ to increase electrical damping caused by the interface circuit (phase 

IV).  During investment, switches S4 & S7 or S5 & S6 are activated depending on 

polarity of the voltage on CPZ.  Since it is a self-powered structure, storage voltage 

VSTOR drops a little during investment.  Circuit and system details of self-investing 

SECE technique are given in [45].  When piezoelectric beam arrives its peak 

displacement, all accumulated charge on CPZ is transferred to LEXT and then carried to 

CSTOR as explained above.  Assuming that there is no loss occurred during synchronous 

switching, extracted energy from PEH at half period T/2 is [60]: 

𝐸ௌ𝐸𝐶𝐸,்/2 ൌ
1
2
𝐶𝑉ை𝐶,2     (2.4) 

where ESECE,T/2 represents maximum energy obtained using SECE technique for half 

period of PEH excitation.  In self-investing SECE, some amount of charge is 

transferred back to CPZ from CSTOR to increase extracted energy by making use of 
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quadratic relation of piezoelectric open circXiW YolWage Wo Whe calcXlaWed energ\.  LeW¶s 

assume that voltage VINV is added up on CPZ before PEH beam starts its swing.  This 

time, voltage on CPZ reaches a new peak voltage of VNEW = VOC,PP + VINV after its swing 

and maximum extractable energy is: 

𝐸ே𝐸ௐ ൌ 1
2
𝐶𝑉ே𝐸ௐ2 ൌ 1

2
𝐶ሺ𝑉ை𝐶,  𝑉ூேሻ2   (2.5) 

𝐸ே𝐸ௐ ൌ 1
2
𝐶𝑉ை𝐶,2  1

2
𝐶𝑉ூே2  𝐶𝑉ை𝐶,𝑉ூே  (2.6) 

where 1/2CPZVOC;PP
2=ESECE,T/2 is maximum energy obtained using SECE technique 

for half period of PEH excitation, 1/2CPZVINV
2=EINV is invested energy form CSTOR, 

and CPZVOC;PPVINV=EGAIN is extra energy gained thanks to quadratic relation of 

piezoelectric open circuit voltage to extracted energy.  Form equation (2.6), it is seen 

that self-investing SECE attains more energy compared to conventional SECE 

circuits.  Unlike standard SECE, an unlimited large current is passing from CSTOR to 

CPZ during investment.  This leads to increased power dissipation and eventually low 

power conversion efficiency. 

2.5. Synchronized Switch Harvesting on Inductor (SSHI) 

SSHI technique is by far the most investigated scheme due to its superior output power 

level [33], [48], [61]±[65].  Figure 2.5 depicts SSHI circuit and corresponding 

waveforms generated during operation.  Like SECE and energy investment methods, 

SSHI employs an external inductor.  However, this time, it is used to flip residual 

voltage left on piezoelectric capacitance CPZ after battery charging is finished.  This 

helps piezoelectric open circuit voltage to reach VSTOR voltage level in relatively short 

time and enlarges charging duration.  According to [66], maximum extractable output 

power using SSHI technique is calculated as: 

𝑃ை்,ௌௌுூ ൌ 4𝑓𝐸𝐶𝑉ௌ்ைோሺ𝑉ை𝐶,  𝑉ௌ்ைோሾ𝜂𝐹 െ 1ሿሻ  (2.7) 

where VOC,P is peak-to-zero piezoelectric open circuit voltage, and nF is voltage 

flipping efficiency which is determined by LEXT and constant for different VOC,P values 
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(0.6< nF <1).  Derivation details of equation (2.7) will be given in chapter 4.  

Conventional SSHI method has three operation phases.  As PEH swings with ambient 

vibrations, charge accumulation occurs on CPZ (phase 1).  This generated AC voltage 

is rectified via NVC or FBR and if rectified piezoelectric voltage VRECT exceeds 

storage voltage VSTOR, transistor MP turns ON and systems goes into phase 2.  Here, 

load circuit (which is battery) is being charged.  When VSTOR < VRECT as PEH curves 

into the negative half cycle, MP is turned OFF by comparator.  To reverse charge 

polarity on CPZ after charging, S1 switches starts their operation and CPZ – LEXT 

resonance circuit is constructed.  Control circuit inside SSHI turns S1¶s OFF at the 

time there is no charge left on LEXT which corresponds to half cycle of CPZ – LEXT 

resonance.  Afterwards, circuit goes back into phase 1 where charge generation on CPZ 

takes place, but this time, PEH changes its swinging direction (negative half cycle). 

According to [61], SSHI provides highest power extraction improvement with respect 

to ideal FBR.  In this paper, 3.3 mH inductor which occupies 15.2 cm3 area was used 

to increase power conversion efficiency.  An interesting SSHI circuit employing a split 

electrode MEMS harvester given in [63] lessens required input excitation level of PEH 

for appropriate SSHI operation with its start-up design.  Figure 2.6 shows theoretical 

output power comparison of various PEH interface circuits with respect to different 

piezoelectric open circuit voltages [46].  Even though single-supply pre-biasing 

(similar to our energy investment method that we have mentioned) extracts more 

power compared to parallel SSHI, it requires a relatively complex control circuitry 

and two external inductors for operation.   

It seems that SSHI circuit is the perfect candidate for energy extraction from PEHs.  

Yet, this is not the case.  External inductor unavoidably present in SSHI restrain 

miniaturization in harvesting systems.  WhaW¶s more, conWrol signals in mosW of SSHI 

circuits are adjusted externally.  This hinders fully autonomous operation which is 

critical for preserving working conditions of some distantly located WSNs.  Therefore, 

researchers concentrated on diminishing overall volume with a fully autonomous 

interface circuit. 
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Figure 2.5. Schematic of conventional SSHI circuit with corresponding operation waveforms showing 

battery charging. 

 
Figure 2.6. Theoretical output power comparison of various PEH interface circuits presented in [46]. 

2.6. Inductor-Less Designs 

In search of eliminating external inductor, researchers came up with idea that switched 

capacitor (SC) circuits can be used instead of inductors to flip residual voltage on 

SSHI method [67].  This method has become popular for last three years [68], [69], 
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[66], [70], [71].  Figure 2.7 depicts inductorless design presented in [67] that achieves 

voltage flipping described in SSHI by making use of SCs.  Cross-coupled 17 switches, 

which are controlled with synchronously generated 17 pulses, imitate operation of an 

inductor.  This circuit has identical operation phases as SSHI circuit and maximum 

extractable output power using inductorless technique is the same as equation (2.7). 

Electrical charge left on piezoelectric capacitance CP after energy transfer to the 

electrical load is flipped by sharing charge with 8 capacitors and obtaining shared 

charge back to CP with reserve polarity.  Unfortunately in [67], control signals were 

adjusted externally for different PEHs and AC-DC conversion was attained with FBR 

limiting output power enhancement.  Even though flipping capacitor rectifier (FCR) 

proposed in [70] has no external component for flipping, it is excited with 110 kHz 

frequency and it works with small CP (80 pF) harvesters to realize reasonable flipping 

efficiencies.  Furthermore, inductorless designs offer small power conversion 

efficiencies because they require quite large number of switching where currents 

passing through MOSFET switches are not limited. 

2.7. Discussion 

It is clear that different interface circuits have different advantages and disadvantages 

over each other.  Since we are interested in commonly used low coupled piezoelectric 

energy harvesters in which only small portion of vibration is converted in to electrical 

energy, we cannot use any standard rectification circuit.   

 
Figure 2.7. Inductorless Synchronized Switch Harvesting on Capacitor (SSHC) circuit proposed in [67] 

where FBR is used for AC/DC conversion. 
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Table 2.1. Performance comparison of state-of-the-art PEH interface circuits. 

Ref. Tech. Scheme Freq. 
Component 
(Volume) 

Power Conv. 
Eff. (%) 

FOM(1) Chip 
Size 

[54] 
2016 

320 nm SECE 60 Hz 
10 mH 
(NA) 

85.3(2)% 351% 
0.95 
mm2 

[52] 
2012 

350 nm SECE 175.6 Hz 
10 mH 

(0.63 cm3) 
85% 210% 

1.25 
mm2 

[55] 
2019 

180 nm MSEE 390 Hz 
1 mH 

(67 mm3) 
84.4% NA 2 mm2 

[59] 
2014 

350 nm 
Energy 

Investment 
143 Hz 

330 ȝH 
(126 mm3) 

69.2% 360% 
2.34 
mm2 

[45] 
2018 

180 nm 
Energy 

Investment 
250 Hz 

3.3 mH 
(NA) 

62.4% 300(3)% 
0.79 
mm2 

[48] 
2010 

350 nm SSHI 225 Hz 
820-22 ȝH 

(NA) 
87(4)% 420(5)% 

4.25 
mm2 

[72] 
2016 

350 nm SSHI 225 Hz 
3.3 mH 

(15.2 cm3) 
88(3)% 440% 

0.72 
mm2 

[65] 
2019 

130 nm SSHI 180 Hz 
3.3 mH 
(NA) 

78(2)% 417% 
1.07 
mm2 

[67] 
2017 

350 nm SSHC 92 Hz 
8 x 45 nF 

(8 x 2 mm3) 
NA 625(3)% 

2.9 
mm2 

[71] 
2017 

180 nm FCR 110 kHz NO NA 483% 
1.7 

mm2 
(1) FOM = 100 x POUT/fEXVOC

2CPZ    (2) External supply was used. 
(3) Calculated from paper.     (4) It is only for DC-DC converter. 
(5) Calculated with respect to off-chip FBR. 
 
In biomedical applications, miniaturization in systems plays a key role in interface 

circuit design.  Nevertheless, we cannot ignore the fact that an energy harvesting 

interface circuit should be able to extract most of the available electrical energy 

converted from ambient vibration.  Table 2.1 provides a complete performance 

comparison of state-of-the-art energy harvesting interface circuits.  Frequencies 

represent resonance frequency of each harvester utilized in experimental tests of 

fabricated chips.  These frequency values on the table depend on mechanical structure 

(dimensions, materials used, fabrication method etc.) of each harvester and they are 

different from one another. 
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It can be concluded from table that SSHI provides higher figure-of-merit (FOM) and 

power conversion efficiency than SECE and energy investment techniques.  However, 

they still depend on bulk external inductor that raises system volume.  Inductorless 

designs [67], [71] yield promising results, but switched capacitor architecture causes 

unlimited current passing on MOSFET switches.  It lowers power conversion 

efficiency and makes it difficult to achieve acceptable power improvement over ideal 

FBR.  One more issue which is not addressed in Table 2.1 is fully autonomous 

operation which can be dealt with low power analog integrated circuit design 

techniques.  A new type of nonlinear switching method which can benefit from both 

SSHI and inductorless design strategies is needed. 
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CHAPTER 3  

 

3. FULLY AUTONOMOUS SYNCHRONIZED SWITCH HARVESTING ON 

CAPACITOR-INDUCTOR (SSHCI) DESIGN AND IMPLEMENTATION 

 

3.1. Motivation 

Overview of piezoelectric energy harvesting interface circuits in previous chapter 

showed that a new generation interface circuit possessing both low profile design and 

high power extraction-conversion efficiencies is needed.  Therefore, a new nonlinear 

energy extraction technique that is able to operate with an inductor in the range of 

ȝH¶s Zhile demonsWraWing oXWpXW poZer and efficienc\ performances comparable ZiWh 

those of SSHI circuits should be developed. 

The aim of this chapter is to present a PEH interface circuit making use of the new 

low profile nonlinear switching technique called Synchronized Switch Harvesting on 

Capacitor-Inductor (SSHCI) that is proposed by us in [73].  This novel SSHCI circuit 

designed and implemented with 180 nm standard CMOS process is a direct solution 

to aforementioned problems of SSHI and inductorless designs.  Fabricated SSHCI 

chips use inductors in the range of 27-68 ȝH and carry out proper working phases with 

maximum power conversion efficiency larger than 80% [73].  Section 3.2 shares 

design steps that have been taken to reach SSHCI method.  Operation phases and 

generated waveforms are given in section 3.3 with details to describe SSHCI better.  

Section 3.4 present sub-circuit blocks which make SSHCI operation possible.  

Fabricated SSHCI chips were tested with MEMS based PEH and measured results are 

given in section 3.5.  Detailed comparison shows that SSHCI performs just as good as 

SSHI circuit in [72] while volume of the external component is much larger [73].  

Lastly, performance comparison of SSHCI performance with state-of-the-art circuits 

and SSHCI parts that need improvement are discussed in section 3.6. 
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3.2. Evolution Towards SSHCI Circuit 

SSHCI circuits in [33], [48], [61], [65] reqXire large indXcWors in Whe range of mH¶s Wo 

obtain acceptable power extraction efficiencies.  Table 3.1 below gives dimensions 

and volumes of surface mount technology (SMD) inductors that are used intensely in 

SSHI and SECE techniques [48], [55], [65], [72], [74].  Considering Table 3.1 in mind, 

an 820 ȝH SMD inductor takes up around 2 times space of conventional QFN 48 

package footprint that occupies a space of 36 mm3.  This tells us that external inductors 

are responsible for most of the volume which piezoelectric energy harvesting 

electronics occupy.  Of course one can find these inductors within smaller SMD 

packages but, smaller the packages, larger the series resistances these inductors will 

have.  Larger series resistance means larger power dissipation on inductors and small 

voltage flipping efficiencies due to voltage drop on series resistances.  Therefore, PEH 

interfaces utilizing SSHI circuits use the largest inductance values with the smallest 

series resistance.  As the first step of designing a low profile SSHI, LC resonance 

circuit between piezoelectric capacitance CPZ and external inductor LEXT was 

constructed to flip residual voltage on CPZ after battery charging.  This circuit is 

depicted in Figure 3.1(a) where S1 switches allow current to pass from CPZ to LEXT.  

Initially, 3.3 mH inductor, included in majority of SSHI circuits in the literature, was 

employed and waveforms of voltage difference VPZ between CPZ terminals and current 

iFLIP passing through LEXT were obtained via simulation.  During simulations CPZ is 

selected as 10 nF and waveforms showed in Figure 3.1(b) were observed for LEXT = 

3.3 mH.  It is clear that large inductor was able to flip most of the residual charge from 

3 V to -2.87 V (nF = 97.83%) with a maximum iFLIP current of 5.1 mA. 

Table 3.1. Specifications of various inductors used in PEH interface circuits [48], [65], [72], [74]. 

Inductance Value Dimensions (SMD Tech.) Volume Series Resistance 

820 ȝH  4.8 mm x 4.8 mm x 2.9 mm 67 mm3 3.8 � 

1 mH 4.8 mm x 4.8 mm x 2.9 mm 67 mm3 5.1 � 

3.3 mH 8 mm x 8 mm x 6.5 mm 416 mm3 7.3 � 
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Figure 3.1. (a) LC resonance circuit constructed to flip residual voltage on PEH capacitance CPZ after 

battery charging phase in SSHI circuit, simulated waveforms of voltage difference VPZ between CPZ 

terminals and current iFLIP passing through external inductor LEXT observed during voltage flipping 

phase for (b) LEXT = 3.3 mH, and (c) LEXT = 47 ȝH. 

In the second simulation, LEXT was reduced to 47 ȝH which occupies a space of 18 

mm3.  This is 1/3.72 Wimes smaller Whan WhaW of 820 ȝH indXcWor and iW is a hXge sWep 

towards miniaturization.  Figure 3.1(c) depicts simulation waveforms of VPZ and iFLIP 

for LEXT = 47 ȝH.  This Wime, 3 V residXal YolWage on CPZ was flipped to -2.13 V which 

yielded less flipping efficiency nF.  One may think that using a smaller inductance did 

not lead to a harsh decrease in flipping efficiency. However, flipping current iFLIP was 

risen to 37 mA that affects power consumption severely and diminishes power 

extraction improvement over ideal FBR.  Solution to this problem can be addressed 

as presented in Figure 3.2 by adding an external capacitor CEXT in series with small 

LEXT in order to limit current iFLIP passing through LEXT and MOSFET switches S1. 
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Figure 3.2. Modified LC resonance circuit constructed to flip residual voltage on CPZ.  A series external 

capacitance CEXT is added to limit iFLIP current. 

CEXT was selected to be equal to CPZ so that maximum charge is transferred from CPZ 

to CEXT.  From simulation waveforms illustrated in Figure 3.2, it was concluded that 

iFLIP was reduced by 1 í (27.3 mA) / (37 mA) = 26.2% and this implies less power 

consumption on parasitic resistances of MOSFET switches and series resistance of 

LEXT.  Still, flipping efficiency was disturbed in this configuration because residual 

charge was transferred to CEXT and circuit did not deliver this charge back to CPZ.  

Therefore, cross-coupled switches were introduced into LC voltage flipping 

mechanism and final design called Synchronized Switch Harvesting on Capacitor-

Inductor (SSHCI) was shaped.  LC resonance circuit utilized by proposed SSHCI 

method is depicted in Figure 3.3.  After all residual charge is transferred from CPZ to 

CEXT, switch S0 turns on for a brief moment to discharge any charge that might exist 

on CPZ.  Then, charge on CEXT is transferred back to CPZ in reverse polarity with the 

help of S2 switches to accomplish charge flipping process. 

 
Figure 3.3. LC resonance circuit utilized by proposed SSHCI design to flip residual voltage on CPZ 

after battery charging. 
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3.3. SSHCI Operation 

Figure 3.4 below depicts our SSHCI circuit [73] which contains eight sub-units: Start-

up trigger, negative voltage converter (NVC), reverse current detector (RCD), charge 

flipping detectors (CFDs), oscillation cancellation (OC), shorting pulse generator 

(SPG), sign detector (SD), and switch control block.  The enable signal generated by 

the start-up unit indicates that there exists sufficient charge on CSTOR to maintain 

proper operation of the SSHCI circuit.  The interface has five operational phases 

illustrated with the equivalent circuits established in Figure 3.5.   

 
Figure 3.4. Synchronized Switch Harvesting on Capacitor-Inductor (SSHCI) interface circuit that 

utilizes a low profile inductor and an external capacitor to flip residual voltage on CPZ. 

 
Figure 3.5. Summary of SSHCI operation phases. 
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As the piezoelectric beam swings with ambient vibration, some amount of electrical 

charge is accumulated on CPZ due to the stress applied on the piezoelectric material 

(Phase I).  The generated AC voltage is rectified through NVC.  When the output of 

NVC, VRECT, exceeds storage voltage VSTOR, RCD allows CSTOR to be charged through 

the swing of PEH beam (Phase II).  Charging process continues until VRECT < VSTOR 

and then, RCD stops conduction by turning MP OFF.  In addition, RCD enables CFD 

and turns S1 switches ON.  During phase III, energy left on CPZ is transferred to the 

external capacitance CEXT through S1 switches.  CEXT is chosen to be equal to CPZ in 

order to achieve matched impedance for maximum power transfer.  Considering the 

sign of piezoelectric voltage (VPZ) detected with SD, CFD is activated to find the 

instant at which maximum amount of energy is transferred from CPZ to CEXT.  

Following the energy transfer from CPZ to CEXT, CPZ is shorted in phase IV to discard 

the possible residual charge.  The energy on CEXT is transferred back to CPZ in the 

reverse polarity by means of S2 switches in phase V to complete the charge flipping 

process.  CFD again monitors the moment that the maximum energy transfer from 

CEXT to CPZ is attained.  Finally, system turns back to phase I in which all switches are 

OFF, and nodes VPIND, VNIND, and VNCAP are shorted to ground to eliminate any residual 

charge on CEXT and LEXT, hence preventing oscillation.  Simulation waveforms of VPZ, 

VSTOR, iIND, and grounding signal observed during SSHCI operation phases are 

depicted in Figure 3.6.  While external inductor in the range of 27-68 ȝH is employed 

here, it is obvious that our novel SSHCI method is able to provide flipping efficiencies 

comparable with conventional SSHI circuits. 

 
Figure 3.6. Simulation waveforms of piezoelectric voltage VPZ, storage voltage VSTOR, and inductor 

current iIND obtained during SSHCI operation phases. 
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Maximum extractable output power using SSHCI method is the same as equation (2.7) 

expressed in previous chapter [66], [75].  Furthermore, details of maximum output 

power derivation will be presented in chapter 4. 

3.4. Implementation Details of SSHCI 

SSHCI circuit has a fully autonomous architecture which can adapt its operation to 

changes in excitation frequency of PEH parameters such as CPZ.  In this section, 

building blocks of SSHCI circuit will be unveiled in detail. 

3.4.1. Negative Voltage Converter (NVC) 

Rectification of the AC voltage coming from PEH is conducted by NVC presented in 

Figure 3.7(a).  Two NMOS switches MN1 and MN2 are controlled by two comparators 

shown in Figure 3.7(b).  Comparators have current-follower input stages to monitor 

PEH terminal voltages VPOS and VNEG.  They decide which terminal is connected to 

ground for rectification purposes.   

 
Figure 3.7. (a) Negative voltage converter (NVC) circuit implementation and (b) comparator utilized 

inside NVC design. 
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Cross-coupled PMOS switches MP1 and MP2 driven by PEH terminals help governing 

the charge flow path to supply a positive voltage.  Mismatching created by different 

aspect ratios of M3 and M4 provides a more stable operation by preventing oscillation 

during transitions.  This circuit uses 600 mV as its biasing voltage reference level.  

W/L ratios of designed comparator are given in Figure 3.7. 

3.4.2. Reverse Current Detector (RCD) 

RCD circuit basically determines the time duration when storage capacitor CSTOR is 

charged directly from PEH.  Furthermore, it generates control signals governing MP 

and S1 switching operations.  RCD is made up of a two stage common source amplifier 

which is used as comparator.  It is shown in Figure 3.8 below. 

RCD compares rectified piezoelectric voltage VRECT with storage voltage VSTOR and if 

VRECT > VSTOR, it creates a triggering output signal RCDO.  Input NMOS pair has a 

slight mismatch which speeds up the reaction time of the circuit.  Two inverters at the 

output help transferring detection signal to the output with a correct shape since they 

provide amplification.  RCD is disabled during phases III, IV, and V not to interrupt 

SSHCI operation.  Simulation result of the proposed RCD circuit including generated 

detection signal RCDO and charging current iCHARGE is illustrated in Figure 3.9. 

 
Figure 3.8. Reverse current detector circuit that is used to determine charging intervals of the storage 

capacitor CSTOR. 
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Figure 3.9. Simulation result of proposed RCD circuit that shows generated detection signal RCDO and 

charging current iCHARGE. 

Magnitude of overall RCD voltage gain |AV| can be calculated as: 

|𝐴หൌ  ሾ𝑔8,ଽሺ𝑟ைଽ ∥ 𝑟ை11ሻ൧ሾ𝑔14ሺ𝑟ை14 ∥ 𝑟ை15ሻሿ|𝐴ூே1||𝐴ூே2|  (3.1) 

|𝐴ூே1| ൌ ሺ𝑔1  𝑔18ሻሺ𝑟ை1 ∥ 𝑟ை18ሻ   (3.2) 

|𝐴ூே2| ൌ ሺ𝑔1ଽ  𝑔20ሻሺ𝑟ை1ଽ ∥ 𝑟ை20ሻ   (3.3) 

where gm represents transconductance of MOSFET transistors and rO is the small 

signal output resistance.  Since transistors in RCD operate in subthreshold region 

(weak inversion), gm and rO are expressed as [76]: 

𝑔 ൎ ூವ
క
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ಸೄ
క

   (3.4) 

𝑟ை ൌ
1
ఒூವ

     (3.5) 

where ID is drain current, ȟ > 1 is a nonideality factor, VT = kT/q is thermal voltage, IO 

is proportional to W/L of the transistor under investigation, VGS is gate-source voltage, 

and Ȝ is channel length modulation parameter depending on process technology. 
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Since RCD is enabled most of the time, it possesses a low-power design and draws 

current levels less than 40 nA when is it working.  Power consumption of RCD is 

crucial for overall chip efficiency of SSHCI technique because RCD is responsible for 

most of energy dissipated during operation. 

3.4.3. Charge Flipping Detectors (CFD) 

Flipping time monitoring configurations for the autonomous flipping operations 

conducted by S1 and S2 switches are depicted in Figure 3.10.  In addition, Figure 3.11 

illustrates the details of the charge flipping detector circuits.  This configurations were 

proposed by us for the first time at 2019 CICC [73]. 

For the detection of maximum energy transfer point from CPZ to CEXT in phase III, 

PMOS input pairs were used, since compared voltage levels are below half of the 

supply voltage level (VSTOR=VDD), which better fits to common mode range of PMOS 

input pairs.  Similarly, NMOS input pairs were utilized in phase V to find the 

maximum energy transfer instant from CEXT back to CPZ, as compared voltage levels 

are above the half of VSTOR.  MOSFETs M11 in CFD1 and M10 in CFD2 are of low 

threshold type (VTH§300 mV).  This e[Wends Whe common mode YolWage range, and 

increases the bandwidth.  To avoid waste of power, both circuits are completely 

disabled during the phases they are not used. 

 

 
Figure 3.10. Flipping time monitoring architectures established for (a) S1 and (b) S2 switching 

operations. 
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Figure 3.11. Schematic details of comparators used as (a) charge flipping detector-1 (CFD1) and (b) 

charge flipping detector-2 (CFD2). 

Figure 3.12 exhibits simulation waveforms obtained for proper charge flipping 

monitoring operation.  When S1 switches turn ON in phase III, current starts passing 

from CPZ to CEXT and VPOS voltage begins to drop (given that PEH swings in positive 

half cycle).  The moment that VPOS and VPIND voltages cross corresponds to the time 

that all the energy is transferred to CEXT.  As it can been seen from Figure 3.12(a), 

CFD1 finds this instant correctly with a little delay which does not affect flipping 

operation much.  Likewise, Figure 3.12(b) proves appropriate CFD2 activity in which 

energy is relocated back to CPZ from CEXT. 
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Figure 3.12. Simulation waveforms of fully autonomous charge flipping monitoring for (a) CFD1 and 

(b) CFD2 circuits. 
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adequate pulse duration in phase IV to eliminate any residual charge on piezoelectric 

capacitance CPZ after charge transfer to CEXT.  This circuit is the modified version of 

our adjustable pulse generator circuit in [45].  It is a very simple circuit with an 

additional voltage bias pin VPG for controlling the pulse duration.  As input goes from 

low to high, transistor M6 senses this input change before M5 and M7 making these 

two transistors work as an inverter.  Since off-chip capacitor CD is fully charged, gates 

of M9 and M10 become low and an output pulse is observed.  Simulation result of SPG 

that generates different output pulse widths in response to various VPG voltage levels 

is depicted in Figure 3.14 below. 

 
Figure 3.13. Schematic of the shorting pulse generator (SPG) circuit whose output pulse width can be 

adjusted with its biasing voltage VPG [45]. 

 
Figure 3.14. Simulation result of SPG generating different output pulse widths (PGSIG) in response to 

a range of VPG voltage levels. 
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Gates on M5 and M7 realize the input change with a delay generated by inverters and 

RC circuit as shown in Figure 3.13.  This delay can be given as in equation (3.6).  

However, actual generated pulse is less than tdelay because transistor M7 turns on 

around 700 mV and therefore CD does not have to be fully charged to generated output 

pulse PGSIG. 

𝑡ௗ௬ ൌ 𝑡ூே1  𝑡ூே2  5𝑅𝐶   (3.6) 

3.4.5. Start-up Trigger Circuit 

Cold start-up configuration is embodied into SSHCI circuit so that harvesting system 

can charge output load from initially depleted condition.  Figure 3.15 reveals 

schematic of start-up triggering circuit.  As the battery is being charged from zero 

voltage with PEH motion, reference voltage VBIAS will be generated.  Then, elevated 

VBIAS voltage will lead to increased biasing current passing through M6.  This will 

build up voltage on gates of M6, M8, and M9 which are initially at zero voltage.  After 

some point, it will trigger the inverter made up of M8, and M9 and overall enable signal 

ENTRIG will be generated to start system operation.  After SSHCI system is fully 

operational, start-up sub-system is disabled to reduce power consumption.  The 

imperative point in this design is that bias voltage VBIAS can tune the triggering voltage 

level where output signal ENTRIG is created. 

 
Figure 3.15. Schematic of Start-up trigger circuit. 
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Figure 3.16. 2-stage start-up simulation of SSHCI circuit where RCD operation starts when VSTOR 

reaches 0.9 V and flipping begins after VSTOR passes around 1.3 V to ensure proper operation. 

In start-up design as a whole sub-system, a two-stage triggering configuration is used 

where two different triggering output signals are generated depending on different bias 

voltages.  This is because flipping control circuit and detectors are enabled after the 

second triggering circuit which helps us speed up the cold start operation.  Figure 3.16 

above illustrates 2-stage start-up simulation result of SSHCI system.  Two start-up 

trigger circuits presented in Figure 3.15 are employed in the start-up sub-block.  

ENTRIG1 signal enables only RCD circuit when VSTOR reaches around 900 mV.  It is 

clear from Figure 3.16 that RCD operation significantly accelerates charging between 

1 and 1.3 seconds.  When VSTOR is arrived around 1.3 V, whole SSHCI phases are 

launched following ENTRIG2 signal. 

3.4.6. Voltage Reference Circuit 

Almost every sub-circuit operation in SSHCI design relies on some reference voltage 

levels to work as expected.  Hence, voltage reference circuits are critical building 

blocks of a mixed-signal circuit.  Reference circuit used in SSHCI design, provided in 

Figure 3.17, is a modified version of 2T voltage reference published in [77] where all 

theoretical calculations about reference levels exist.  Depletion NMOS transistor (zero 

threshold transistors) supply required biasing current for transistors M1, M3, and M5.  
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Generated reference voltages are temperature and supply independent [78].  

Simulation result of voltage reference circuit is displayed in Figure 3.17(b). 

3.5. Experimental Results 

SSHCI circuit was fabricated with 180 nm standard CMOS technology from TSMC 

Company.  Die occupies 2.44 mm x 2.44 mm (5.95 mm2) total area whereas active 

area used by SSHCI is 0.85 mm x 1.1 mm (0.94 mm2).  Micrograph of the fabricated 

die is shown in Figure 3.18. 

 
Figure 3.17. (a) Schematic of the modified 2T voltage reference presented in [77] and (b) simulation 

result indicating produced reference voltage levels. 

 

Figure 3.18. Die micrograph of the implemented SSHCI chip. 
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A custom-made MEMS based PEH with CPZ = 2 nF was utilized to validate the 

performance of SSHCI interface.  Block diagram and picture of test setup established 

to conduct experiments on fabricated chips are illustrated on Figure 3.19 and 3.20, 

respectively. 

Shaker table vibrates MEMS based PEH with its resonance frequency which is 

controlled with the help of a software.  SSHCI chips employ 1210 (3225 in mm) SMD 

inductors in the range of 27-68 ȝH which occupy around 18 mm3 space.  Of course, 

an external capacitor CEXT = CPZ is needed in SSHCI operation; however, SMD 

capaciWors in Whe range of nF¶s can be as small as 1 mm3.  Therefore it does not add 

too much of space to overall volume.  A 453 nF capacitor was utilized as storage 

capacitor CSTOR to see charging effect clearly. 

In the following sections, experimental start-up operation details, functional 

verification of SSHCI phases with observed waveforms of storage (or battery) voltage, 

PEH terminals and output power and power conversion efficiency measurement will 

be investigated deeply.  Finally, discussion section will present comparison of SSHCI 

to other state-of-the-art designs existing in the literature. 

 
Figure 3.19. Block diagram of SSHCI test setup and devices used. 
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Figure 3.20. Picture of test setup used for performance measurement of SSHCI interface.  MEMS PEH 

was excited with vibration setup composed of software, controller, power amplifier, and shaker table.  

68 ȝH, 47 ȝH, and 27 ȝH SMD 1210 inductors were utilized for voltage flipping purposes. 

3.5.1. Start-up Operation 

Figure 3.21 displays measured waveforms of VRECT, VPOS, VNEG, VSTOR, and enable 

signal ENTRIG2 for charging from VSTOR = 0 V.  Entire start-up operation, depicted in 

Figure 3.21(a), is composed three phases.  Firstly, CSTOR is charged via NVC and on-

chip diode connected transistor DS as shown in Figure 3.21(b).  When VSTOR reaches 

around 850 mV, RCD starts its operation with the first enable signal coming from the 

first start-up trigger circuit.  Figure 3.21(c) presents measured waveforms of RCD 

output (RCDO), VSTOR, VPOS, and VNEG during RCD only phase of start-up. 
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Figure 3.21. Measured waveforms of SSHCI circuit illustrating (a) overall 2-step start-up operation, 

(b) diode only charging at start-up, (c) RCD only charging at start-up, and (d) SSHCI charging. 
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circuit can charge CSTOR up to 5 V which is determined by process specifications. 
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3.5.2. Functional Verification of SSHCI 

Figure 3.22 depicts measured waveforms of piezoelectric voltage VPZ, reverse current 

detector output RCDO, and inductor current iIND during operation phases.  SSHCI 

circuit is able to perform its functionality with success while employing a MEMS 

based PEH as its input source.  Aforementioned five operation phases of SSHCI are 

observed clearly as shown in the figure below where LEXT = 47 ȝH inductor was 

utilized during functional verification.  If the inductance value is enlarged, flipping 

efficiency will increase. 

 
Figure 3.22. Measured waveforms of (a) piezoelectric voltage VPZ, reverse current detector output 

RCDO, and (b) inductor current iIND during operation phases. 
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Figure 3.23 reveals details of measured control signals that make SSHCI method work 

as expected.  It is important to note that SSHCI gives us flexibility to control shorting 

pulse duration which is strongly related to the PEH used as input source.  If more 

charge than expected is left on CPZ after flipping, we are able to increase shorting pulse 

duration to eliminate any residual. 

Figure 3.23(a) and 3.23(b) exhibit charge flipping detection signals with a little bit of 

delay.  However, one can achieve detection of exact point where two voltages are 

crossing via adjusting biasing voltages of charge flipping detection comparators.  

Another point observation signals CFD1 and CFD2 is that since they are not larger than 

30 ns, they are hard to observe and noise can easily couple these observation signals. 

 
Figure 3.23. (a) Control signals generated during voltage flip operations and measured charge flipping 

detection signals for (b) CFD1 and (c) CFD2. 
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3.5.3. Output Power Improvement and Power Conversion Efficiency 

Figure 3.24 shows measured output power of SSHCI circuit for different piezoelectric 

open circuit voltage (VPZ,OC) amplitudes.  During these measurements, shaker table 

was excited with 415 Hz which is the resonant frequency of the MEMS PEH.  SSHCI 

is able to provide 6.14x relative performance improvement over maximum output 

power of an ideal FBR for VPZ,OC = 0.95 V (Figure 3.24(a)).  For larger VPZ,OC levels 

(Figure 3.24(b)), relative performance improvement reduces due to larger damping 

and larger displacements of the transducer.  Still, it is possible to boost SSHCI 

performance for large damping by making use of larger inductance values. 

 
Figure 3.24. (a, b) Measured output power provided by self-powered SSHCI circuit compared to on-

chip full-bridge rectifier (FBR) with different piezoelectric open circuit voltage levels VPZ,OC, and (c) 

ideal FBR, and (d) power conversion efficiency of the operation. 
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MeasXred poZer conYersion efficienc\ (Ș=POUT/PIN) for different LEXT values given in 

Figure 3.24(d) reveals that SSHCI circuit achieves around 90.1% conversion 

efficiency (PIN = 27.55 ȝW) for LEXT = 68 �H, Zhich is higher Whan Whe efficienc\ 

reported by previous designs with large inductors [48], [52], [54], [55], [59], [72]. 

3.6. Discussion 

Table 3.2 below provides comparison of the SSHCI test chip performance against the 

state of the art piezoelectric energy harvesting interface circuits. 

Table 3.2. Comparison of the implemented SSHCI IC with state-of-the-art interface circuits. 

Reference [48] [79] [54] [72] [70] This Work [73] 

Technology 350 nm 350 nm 320 nm 350 nm 180 nm 180 nm 

Scheme Type SSHI 
Energy 

Investment 
SECE SSHI FCR SSHCI 

CPZ 12 nF 15 nF 52 nF 26 nF 80 pF 2 nF 

Excitation 
Frequency 

225 Hz 143 Hz 60 Hz 225 Hz 110 kHz 415 Hz 

Inductor 
(Volume) 

22-820 ȝH 
(NA) 

330 ȝH 
(126 mm3) 

10 mH 
(NA) 

3.3 mH 
(15.2 cm3) 

NO 
27-68 ȝH 
(18 mm3) 

Flipping Time 
Detection 

External 
Adj. 

NA NA 
External 

Adj. 
External 

Adj. 
Autonomous 

Adj. 
Cold 

Start-up 
NO NO YES YES YES YES 

Peak Conversion 
Efficiency 

87(2)% 69.2% 85.3(3)% 88(4)% NA 
90.1% (68 ȝ+) 

88% (47 ȝH) 
81.3% (27 ȝH) 

Power 
Extraction 

Improvement 
(FOM(1)x100) 

420(5)% 360% 351% 440% 483(6)% 
614% (68 ȝ+) 
506% (47 ȝ+) 
441% (27 ȝH) 

Chip Size 4.25 mm2 2.34 mm2 0.95 mm2 0.72 mm2 1.70 mm2 0.94 mm2 

(1) FOM = POUT/fEXVPZ,OC
2CPZ            (2) It is only for DC-DC converter. 

(3) External supply was used.            (4) Calculated from paper. 
(5) Calculated with respect to off-chip FBR           (6) Calculated with respect to on-chip FBR. 
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Although flipping capacitor rectifier (FCR) in [70] offers an inductorless design, its 

figure of merit (FOM), which is defined as FOM = POUT/fEXVPZ,OC
2CPZ, and power 

conversion efficiency are inferior to SSHCI.  Besides, compared to the literature, 

SSHCI circuit, which has a fully autonomous charge flipping time detection, can 

achieve higher efficiency and FOM by utilizing low-profile inductors.  This is clearly 

a huge step towards miniaturization in electronic circuits used for piezoelectric energy 

harvesting.  Thanks to low power design techniques, SSHCI can reach power 

conversion efficiencies even for low-level input excitations or vibrations.  Inherent 

capacitance value CPZ of PEH plays an important role in SSHCI operation.  SSHCI 

performs better with small CPZ values (such as 2 nF) as amount of charge that needs 

to be flipped is modest.  If CPZ is increased, the circuit may need larger LEXT component 

to achieve high voltage flipping efficiency.  Moreover, SSHCI circuit changes bending 

of PEH beam during its swing with ambient vibrations but this does not disturb SSHCI 

operation phases.   

Still, SSHCI method needs improvements in some ways.  First of all, current RCD 

design is strongly biasing voltage dependent, that is, RCD circuit requires different 

biasing voltages for different VDD levels to perform well.  External flipping capacitor 

CEXT should be equal to CPZ to transfer maximum energy during flipping and 

sometimes, it is hard to find CEXT values exactly same as CPZ.  Deviations of CEXT 

values form CPZ affects charge flipping efficiency in a bad way.  Another problem is 

that output power generated by SSHCI alters with different battery voltage levels (or 

storage voltage levels).  A special mixed-signal circuit is needed to extract maximum 

energy from PEH no matter what the battery voltage is.  A low power maximum power 

point tracking (MPPT) circuit may be a solution to that issue. 
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CHAPTER 4  

 

4. LOW PROFILE PIEZOELECTRIC ENERGY HARVESTING INTERFACE 

CIRCUIT WITH INTEGRATED NOVEL MAXIMUM POWER POINT 

TRACKING  

 

4.1. Motivation 

Most of the wireless sensor networks (WSNs) demand fixed supply voltage and stable 

power levels for proper operation.  One of the problems that SSHCI circuit presented 

in the previous chapter possesses is load dependency, that is, output power level alters 

with different VSTOR.  It can be solved by employing a maximum power point tracking 

(MPPT) system.  There are various MPPT architectures implemented in energy 

harvesting literature [61], [65], [80].  Both [61] and [65] integrates MPPT structure 

inside SSHI technique where optimum battery voltage is adjusted externally through 

resistive division in [61].  On the contrary, MPPT systems in [65] and [80] optimum 

voltage autonomously with circuit operations for input powers larger than 100 ȝWs.  

Unfortunately, they are all not suitable for low level output powers especially below 

50 �W.  Therefore, we need to come up with a new MPPT structure that can work 

seamlessly with low coupled (low output generation) PEHs.  The goal of this chapter 

is to introduce a novel MPPT system which simultaneously operates along with 

modified SSHCI circuit.  Section 4.2 presents optimal storage voltage calculation 

where maximum output power is extracted from low coupled PEH.  Top level 

operation principle and working phases of second generation SSHCI circuit with 

integrated MPPT (SSHCI-MPPT) is given in section 4.3.  Following section 4.4 

demonstrates implementation details of SSHCI-MPPT sub-blocks.  Experimental 

performance results are reported in section 4.5.  Finally, discussion section provides a 

detailed performance comparison of SSHCI-MPPT circuit with recent piezoelectric 

energy harvesting interface circuits in the literature. 
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4.2. Optimal Storage Voltage Calculation 

Since our MEMS PEH that is used to verify functionality and performance of 

harvesting interface circuits has low piezoelectric coefficient and weak 

electromechanical coupling, PEH can be modelled with intrinsic piezoelectric 

capacitance CPZ parallel with dependent current source iPZ as shown in Figure 4.1 [66].  

In half period of iPZ oscillation with external vibrations, total produced charge by PEH 

can be calculated as follows: 

𝑄்ை்𝐴 ൌ 2𝑉ை𝐶,𝐶     (4.1) 

where VOC,P is the amplitude of the produced piezoelectric open circuit voltage.  

Although SSHI operation flips most of residual charge after energy transfer to output 

load, there exists flipping loss and some amount of generated charge on PEH is needed 

to make up for this loss.  Therefore, net electric charge transferred to storage 

capacitance CSTOR when we connect PEH to SSHI circuit is: 

𝑄ே𝐸் ൌ 2𝑉ை𝐶,𝐶 െ ሺ𝑉ௌ்ைோ െ 𝑉𝐹ሻ𝐶   (4.2) 

The extracted output power in half period of iPZ oscillation can be calculated as: 

𝑃ே𝐸் ൌ
ೄೀೃொಿಶ

்
2ൗ

ൌ 2𝑓𝐸𝐶𝑉ௌ்ைோሺ2𝑉ை𝐶, െ 𝑉ௌ்ைோ  𝑉𝐹ሻ  (4.3) 

where fEX is the external excitation frequency of PEH and VF is the flipped voltage 

level thanks to SSHI operation.  VF voltage is related with VSTOR as given in the 

following: 

𝜂𝐹 ൌ
ಷ+ೄೀೃ
2ೄೀೃ

↔ 𝑉𝐹 ൌ 𝑉ௌ்ைோሺ2𝜂𝐹 െ 1ሻ   (4.4) 

where nF is the flipping efficiency.  Combining equations (4.3) and (4.4), we reach at: 

𝑃ே𝐸் ൌ 4𝑓𝐸𝐶𝑉ௌ்ைோሺ𝑉ை𝐶,  𝑉ௌ்ைோሾ𝜂𝐹 െ 1ሿሻ   (4.5) 

To find optimum storage voltage for maximum output power, we will take derivative 

of PNET with respect to VSTOR and make it equal to zero (equations (4.6) and (4.7)). 
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Figure 4.1. Schematic of conventional SSHI circuit and associated simulation waveform. 

ௗಿಶ
ௗೄೀೃ

ൌ 0 ൌ 4𝑓𝐸𝐶𝑉ை𝐶,  8𝑓𝐸𝐶𝑉ௌ்ைோ,ை்ሺ𝜂𝐹 െ 1ሻ  (4.6) 

𝑉ௌ்ைோ,ை் ൌ
ೀ,ು

2ሺ1−ఎಷሻ
     (4.7) 

Equation (4.7) is calculated under the assumption that there is no voltage drop on 

AC/DC conversion stage and transistor MP which constitutes an active diode together 

with comparator in Figure 4.1.  If there exists voltage drop somewhere in the charging 

path, optimum storage voltage VSTOR,OPT will be less than expression given in (4.7).  If 

we put VSTOR,OPT into equation (4.5), we get: 

𝑃ே𝐸்,ெ𝐴 ൌ
ಶ𝐶ುೋೀ,ು

మ

1−ఎಷ
    (4.8) 

Both equations (4.7) and (4.8) are consistent with ideal full bridge rectifier equations 

presented in chapter 2 where there is no voltage flipping and nF = 0.  All of calculations 

in this section are not only for SSHI systems.  As long as synchronized switch 

harvesting (SSH) is the core method, it does not matter whether inductor (e.g. SSHI) 

or capacitor (e.g. SSHC) or both (e.g. SSHCI) are used for flipping purposes [66].   
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4.3. Second Generation SSHCI Circuit with Integrated MPPT 

Figure 4.2 depicts the proposed energy harvesting system with required external 

components.  It is composed of SSHCI circuit, a new MPPT system, and low-dropout 

(LDO) regulator.  CPZ, LEXT, and CEXT create LC resonance circuit to acquire two-step 

voltage flipping in which residual charge on PEH capacitance is inverted [73].  A cold 

start-up is also included in SSHCI enabling system to charge its load from 0 V.  RD 

and CD are delay components that control shorting pulse duration of PEH capacitance 

in one of the operation phases.  MPPT circuit uses the same external inductor as 

SSHCI thanks to inductor sharing.  Capacitors CSENSE1 and CSENSE2 store piezoelectric 

open circuit voltage amplitude VOC,P in order to determine optimal storage voltage.  

CREFR governs piezoelectric open circuit voltage sampling frequency to compensate 

for any leakage occur on CSENSE1 and CSENSE2.  REXT1 and REXT2 provides a fraction of 

storage voltage VSTOR that is needed to evaluate whether or not VSTOR is at optimum 

level.  SSHCI circuit illustrated in Figure 4.3(a) contains ten sub-units.  Main SSHCI 

(or SSHCI-Only) operation has five phases that are shown in Figure 4.3(b).  If MPPT 

circuit is enabled, an extra phase occurs occasionally between phase IV and V to sense 

piezoelectric open circuit voltage.  Operational details of core SSHCI circuit has been 

presented broadly throughout previous chapter (Chapter 3).  Therefore, it will not be 

repeated here again.  Figure 4.4(a) depicts MPPT circuit which tries to keep VSTOR 

voltage at its optimum value.  To do so, it samples piezoelectric open circuit voltage 

amplitude VOC,P value every once in a while and compares it with a fraction of storage 

voltage VSTOR which is obtained with the help of resistors REXT1 and REXT2. 

 
Figure 4.2. Proposed low-profile energy harvesting system. 
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Figure 4.3. (a) Architecture of synchronized switch harvesting on capacitor-inductor (SSHCI) circuit 

and (b) summary of operation phases. 
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Figure 4.4. (a) Schematic of one-cycle VOC,P sensing MPPT circuit.  Simulation waveforms of (b) one-

cycle VOC,P sensing and SSHCI operation phases when sensing (c) starts and (d) ends.  VRECT is the 

rectified piezoelectric voltage, PD is the output of peak detector, VOC,PP is the peak-to-peak piezoelectric 

open circuit voltage, iND is the current passing through LEXT, and VCEXT is the voltage stored on external 

flipping capacitor CEXT. 

Simulation waveforms obtained during one-cycle VOC,P sensing are provided in Figure 

4.4(b-d).  One-cycle sensing starts when MPPT circuit is enabled via refreshment unit 

or external enable signal.  However, one-cycle VOC,P does not start immediately in 

order not to disturb SSHCI phases and cause misleading VOC,P storage.  Once phase 
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IV of SSHCI, in which CPZ shorted after energy transfer to eliminate any residuals, 

finishes as shown in Figure 4.4(c), system lets PEH to accumulate charge on CPZ with 

swinging of cantilever beam.  The point that generated AC voltage on CPZ reaches its 

maximum is caught by peak detector (PD).  This maximum also corresponds to peak-

to-peak piezoelectric open circuit voltage VOC,PP.  Thanks to switches SMPP1, SMPP2, 

and SMPP3 controlled by pulse generators, piezoelectric open circuit voltage amplitude 

VOC,P is stored on CSENSE2.  These three switches work in harmony as follows: At the 

end of SSHCI phase IV, both SMPP1 and SMPP3 turn ON to dispose of charges on sensing 

capacitors CSENSE1 and CSENSE2.  This process prepares CSENSE1 and CSENSE2 for the 

upcoming VOC,P storage.  When peak detection signal comes, SMPP1 and SMPP3 turn 

OFF and SMPP2 turns ON to sample VOC,PP value onto CSENSE1.  After a short time, 

SMPP2 turns OFF while SMPP3 turns ON to share charges between CSENSE1 and CSENSE2.  

Since CSENSE1 = CSENSE2 = 33 pF, charge is shared equally and VOC,P is stored on both 

of them.  One-cycle VOC,P sensing process is finalized when VRECT reaches zero. Zero 

crossing detector (ZCD) which generates MPPTFIN signal spots this moment and 

SSHCI operation continues from where it is left as given in Figure 4.4(d). 

Following one-cycle VOC,P sensing, hysteresis comparator in Figure 4.4(a) is enabled 

which checks whether VSTOR,OPT is reached.  It lets VSTOR voltage to increase up to 

VSTOR,OPT and if VSTOR > VSTOR,OPT, it triggers a DC/DC conversion through power 

switches S3, S4, and S5.  During that time, amount of charge which is transferred from 

CSTOR to COUT is determined by adjustable pulse generator similar to one proposed in 

[60].  This pulse generator inside MPPT switching control block directly governs how 

much time S3 stays ON.  Energy is delivered to COUT over LEXT, S3, and S5.  When 

pulse ends, S3 turns OFF and S4 starts operating which enable the system to extract 

residual energy on LEXT.  Charge depletion detector (CDD), which is a high-speed 

comparator, monitors terminals of switch S5 and creates a signal to break charging 

path if VOUT becomes larger than VNIND.  This finalizes one DC/DC conversion cycle 

and hysteresis comparator is enabled to observe VSTOR level.  Figure 4.5 presents a 

simulation result summarizing output load charging and refreshment operations that 
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take place in MPPT.  Refreshment unit provides signals to conduct one-cycle VOC,P 

storage occasionally.  It facilitates proper MPPT operation via keeping VOC,P value on 

CSENSE2 fresh.  Stored voltage might be degraded over time due to leakage, but 

refreshment unit prevents that.  Moreover, it helps MPPT system to adapt if there 

exists any change on VOC,P level.  Frequency of refreshment is contingent upon 

capacitance value of CREFR. 

4.4. Implementation of SSHCI-MPPT 

SSHCI-MPPT system is a combination of well-designed sub-blocks which were 

presented in Figure 4.3(a) and 4.4(a).  In this section, details of some critical circuit 

block designs will be revealed. 

4.4.1. Second Generation Reverse Current Detector 

For autonomous SSHCI operation, switch timing is controlled with a reverse current 

detector (RCD) and set of charge flipping detectors (CFDs).  Hybrid 2-stage 

comparator topology in Figure 4.6 is utilized to sustain high performance operation 

across the output voltage range for detecting charging intervals.  Common gate 

configuration which is made possible by transistors M11 and M12 increases detection 

sensitivity of the moment when V+ starts to become less than V-. 

 
Figure 4.5. Simulation result of output load charging and refreshment operations that occur in MPPT.  

VRECT is the rectified piezoelectric voltage, VOUT the is output load voltage, VOC,P is the stored 

piezoelectric open circuit amplitude and DCST is the control signal of switch S3. 
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Figure 4.6. Implementation of second generation reverse current detector (RCD). 

Since RCD is enabled during both phases I and II, its power dissipation has an utmost 

impact on system efficiency. Current limiting transistor M20 is included in the design 

to diminish current drawn from supply voltage while RCD is changing its output signal 

(i.e. detection moments). 

4.4.2. Refreshment Unit 
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CSENSE2, saved VOC,P voltage level drops slowly.  This leads to deviation regarding 

optimum storage voltage calculation in the circuit.  To solve this issue, one-cycle VOC,P 

sensing refreshment unit depicted in Figure 4.7(a) is designed.  After one-cycle VOC,P 

sensing, refreshment unit is enabled and mirrored biasing current which is around 15 

nA begins to fill external capacitor CREFR.  When accumulated voltage VCREFR arrives 

at around 700 mV, transistor M7 starts turning ON and triggers detection signal 

generation.  M7, M8, M10, and M11 constitute two-stage common source amplifier to 

expedite detection and provide high edge rate.  Figure 4.7(b) illustrates peak detection 

and one-cycle VOC,P sensing occur in MPPT with corresponding detection signals.  

Like RCD circuit, refreshment unit is nearly always ON which puts this unit to an 
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Figure 4.7. (a) Schematic of one-cycle VOC,P storage refreshment unit and (b) simulation waveforms of 

peak detector output (PD), refreshment triggering signal (REFRSIG), voltage accumulated on external 

capacitance CREFR (VCREFR), and rectified piezoelectric voltage VRECT. 
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signal which drives MCAP is relatively easier than inductor sharing.  Since CEXT is 

included in flipping operation phases III and V only, it can be managed by RCD enable 
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signal.  When RCD is working (ENRCD is low), switch MCAP shorts CEXT terminals to 

get rid of any residual charge.  During phases III, IV, and V, RCD is disabled and 

MCAP is turned OFF which allows CEXT to be charged and discharged and facilitate 

low-profile voltage flipping.  CEXT is shorted when it is not used. 

In SSHCI-Only operation where MPPT is disabled (ENMPPT is high), inductor 

oscillation cancellation signal OSCIND is governed by RCD output RCDO and 

adjustable CPZ shorting pulse GNDSIG generated in phase IV.  Charge flipping 

detection signals CFD1 and CFD2 established at the end of phases III and V turn MIND 

ON in order to remove residual charges and prevent oscillation throughout phases I, 

II, and IV.  In cases where MPPT is enabled either with an external signal ENEXT or 

refreshment signal REFRSIG, CONTP signal holds SSHCI circuit to enter phase V until 

one-cycle VOC,P sensing is finished.  Other than that, DC/DC conversion in MPPT 

provided by switches S3, S4, and S5 requests usage of inductor LEXT when DCST signal 

is created as shown in Figure 4.5.  DC/DC conversion is finished with DCFIN signal 

which is produced by charge depletion detector (CDD).  MIND shorts LEXT any other 

times not to encounter any oscillations.  

 
Figure 4.8. Control unit configuration of inductor sharing and external flipping capacitor shorting 
signal. 
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4.4.4. Peak Detector 

The circuit used as peak detector in MPPT is originally proposed in [55] where details 

of the circuit are presented with relevant simulations.  Figure 4.9 demonstrates the 

peak detector schematic.  This circuit is able to detect wide-frequency voltage peaks.  

Since detector works in current mode, rectified piezoelectric voltage is transformed 

into current thanks to on-chip capacitor CS.  While VRECT rises, node voltage VA 

increases up to threshold voltage of M3 due to negative feedback constructed by M2 

and M3.  Sensing current iS becomes zero as VRECT reaches its peak value.  Then, 

transistor M3 turns OFF due to decreased voltage on node VA.  This process disables 

negative feedback loop and a voltage starts to develop at node VB owing to mirrored 

bias current.  Common source amplifier constructed by transistors M10 and M11 along 

with inverters help generating the peak detection pulse. 

4.4.5. Hysteresis Comparator 

Hysteresis comparator presented in Figure 4.10(a) decides when charging of MPPT 

output load COUT starts.  W/L ratios of transistors M13 (M15) and M12 (M16) controls 

hysteresis window width. Transistor M21 works as a current limiter which shrinks 

current drawn from supply voltage when circuit changes its state.  Figure 4.10(b) 

illustrates simulation waveforms obtained during SSHCI-MPPT operation.  Hysteresis 

comparator monitors the sample portion of storage voltage VSTOR and compares it 

VOC,P to check whether VSTOR,OPT is reached. 

 
Figure 4.9. Peak detector schematic. 
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Figure 4.10. (a) Schematic of hysteresis comparator and (b) corresponding simulation result showing 

hysteresis comparator activity in SSHCI-MPPT.  VRECT is the rectified piezoelectric voltage, VSTOR-DIV 

is the sample portion of storage voltage VSTOR, VOC,P is piezoelectric open circuit voltage amplitude, and 

DCEN is the output of hysteresis comparator. 

If optimum storage voltage VSTOR,OPT is passed, it produces a signal called DCEN to 

start DC/DC conversion operation inside MPPT.  This comparator consumes as low 

as 60 nA current when it is enabled since it stays active throughout most of MPPT 

operation (it is disabled only during DC/DC conversion and one-cycle VOC,P sensing). 
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Figure 4.11. Zero crossing detection configuration for ending one-cycle VOC,P sensing phase. 

After zero crossing detection, SSHCI operation continues with phase V as shown in 

Figure 4.4(d).  One of the two P-input comparators is enabled depending on which 

cycle (positive or negative) PEH operates during one-cycle VOC,P sensing.  Selected 

comparator that is enabled after peak detection monitors VNEG (or VPOS) and offset 

voltage (VOFFS).  If VNEG (or VPOS) gets closer to VOFFS which is normally at ground 

level, MPPTFIN signal is created.  

4.4.7. Adjustable Voltage Reference 

Figure 4.12 depicts proposed voltage reference circuit which is a modified version of 

PTAT bias-current generator presented in [59].  Voltage on resistor RBIAS is created 

due to gate-source voltage difference between M1 and M2.  NMOS transistors M3 and 

M4 make sure that currents passing through M1 and M2 are equal at some biasing 

current level around 15 nA.  This supply independent current is mirrored through M5 

and M8 and then converted into reference voltage levels thanks to NMOS saturated 

load transistors M6, M7, and M9.  Transistors MS1-MS5 and CS serve as start-up 

configuration. Generated reference levels VREFH and VREFL can be tuned via RBIAS. 

4.4.8. Low-dropout Regulator 

Figure 4.13 illustrates standard low-dropout voltage regulator which is used to provide 

stable and regulated output voltage.  It is composed of a hysteresis comparator, driver, 

PMOS switch, voltage reference generator, and external resistors.  The same 

comparator in section 4.4.5 and voltage reference in section 4.4.7 are employed.  

External resistors REXT3 and REXT4 govern VLDO output voltage level. 
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Figure 4.12. (a) Schematic of on-chip voltage reference circuit and (b) its corresponding simulation 

waveforms. 

 
Figure 4.13. Schematic of low-dropout voltage regulator. 
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4.5. Experimental Results 

SSHCI-MPPT circuit is fabricated with 180 nm CMOS technology. Die micrograph 

of the fabricaWed chip is depicWed in FigXre 4.14.  IW occXpies 1400 ȝm [ 880 ȝm acWiYe 

area without on-chip voltage reference and low-dropout regulator.  Experimental setup 

used to evaluate performance of fabricated SSHCI-MPPT chip is øllXsWraWed in FigXre 

4.15.  Block diagram of the experimental setup was the same as Figure 3.19 where 

SSHCI-MPPT chip was under investigation instead of SSHCI IC.  A custom MEMS 

PEH with a footprint of 36 mm2 has been placed onto a shaker table to power up a 453 

nF storage capacitor CSTOR through interface circuit operation.  It has inherent 

capacitance CPZ of 2 nF and 415 Hz resonance frequency.  Vibration setup including 

shaker table, amplifier, controller, and vibration software excited PEH at its resonance 

freqXenc\. 68 and 100 ȝH SMD indXcWors Zere XWili]ed as LEXT along with CEXT = CPZ 

= 2 nF to implement voltage flipping and DC/DC conversion operations in SSHCI-

MPPT circuit.  Compared to the first generation SSHCI circuit, slightly large valued 

external inductor (68-100 ȝH) were employed in order to boost voltage flipping 

efficiency and compensate enlarged power dissipation of new RCD circuit and energy 

loss caused by increased number of switching mechanism.   

 
Figure 4.14. Die micrograph of SSHCI-MPPT chip fabricated with 180 nm CMOS technology. 
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Figure 4.15. Experimental setup for SSHCI-MPPT design validation. 

Figure 16(a) shows measured start-up operation which is made possible by NVC, on-

chip diode DS and switch SSU.  VSTOR level which is sufficient to activate SSHCI 

operation is determined by start-up trigger circuit.  Required VSTOR can be as low as 

1.1 V; however, start-up trigger circuit was adjusted to generate signal around 1.4 V 

to let SSHCI work safely.  Figure 16(b) presents measured SSHCI charging operation 

whereas Figure 16(c) depicts details of voltage flipping phases.  SSHCI circuit does 

not require any external adjustment to accomplish storage capacitor charging and 

optimal charge flipping.  It is able to operate with low-profile external inductors and 

still, it manages to provide flipping efficiencies comparable with conventional SSHI 

circuits [33], [48], [72].  Figure 4.17 illustrates measured waveforms of rectified 

piezoelectric voltage VRECT, storage voltage VSTOR at the output of SSHCI stage, and 

load voltage VOUT which is the output of MPPT circuit.  As it can be seen from the 

figure, MPPT operation is working seamlessly with SSHCI and keep VSTOR around 

2.26 V for piezoelectric open circuit amplitude VOC,P = 0.81 V.  Furthermore, two 

consecutive VOC,P sensing operation and charging of output capacitance COUT = 1 ȝF 

have taken place in the same figure. 
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Figure 4.16. Measured waveforms of piezoelectric voltage VPZ, storage voltage VSTOR, and inductor 

current iPZ demonstrating (a) start-up, (b) CSTOR charging, and (c) two-stage voltage flipping operation 

in SSHCI circuit. 
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Figure 4.17. Measured waveforms of VRECT, VSTOR, and VOUT during MPPT charging operation. 

Figure 4.18(a) presents multiple VOC,P sensing refreshments which were realized by 

shrinking capacitor CREFR to achieve multiple REFRSIG control signal depicted in 

Figure 4.7(b).  When REFRSIG is developed during system activity, it causes SSHCI 

operation to suspend after phase IV to let one-cycle VOC,P sensing occur.  SSHCIBREAK 

in Figure 4.18(a) represents SSHCI suspension signal triggered by REFRSIG.  After 

one-cycle VOC,P sensing is finished, it goes to low and SSHCI continues its operation 

with second flipping in phase V.  Figure 4.18(b) depicts inductor sharing.  SSHCI-

MPPT system is capable of utilizing same external inductor LEXT to attain both voltage 

flipping and DC/DC conversion.  Adjustable pulse generators inside MPPT switching 

control block in Figure 4.4 governs how long switch S3 is ON and determines how 

much current is passing through inductor at DC/DC conversion.  Figure 4.19(a, b) 

depicts measured output power of SSHCI operation under different excitation levels.  

At VOC,P = 1.02 V excitation, SSHCI was able to attain 5.44 times relative performance 

improvement over harvested power of an ideal full bridge rectifier (FBR).  As 

excitation level was enlarged, relative performance enhancement decreased owing to 

larger damping of PEH and increased conduction and switching losses. 
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Figure 4.18. Measured waveforms of VRECT, VSTOR, VOUT, iIND, and control signals PD and SSHCIBREAK 

during (a) multiple one-cycle VOC,P sensing refreshment and (b) inductor sharing. 

 

 
Figure 4.19. Measured output power of SSHCI circuit for piezoelectric open circuit voltage amplitudes 

(a) VOC,P = 1.02 V, (b) VOC,P = 2.75 V, and (c) power conversion efficiency of SSHCI operation. 

As given in Figure 4.19(c), maximum power conversion efficiency (Ș = PSSHCI/PIN) of 

83% (PIN = 27.37 ȝW) was recorded which makes SSHCI technique superior among 

other low-profile circuits [67], [66], [70].  Most of energy consumption is caused by 

RCD circuit which continues to operate during phases I and II. 

Figure 4.20 illustrates measured harvested power levels at optimum storage voltages 

VSTOR,OPT and corresponding Figure-of-Merit (FOM) values of both core SSHCI and 

SSHCI-MPPT operations for different PEH excitation levels (LEXT = 100 ȝH). 
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Figure 4.20. Measured harvested power of SSHCI and MPPT circuits compared to ideal FBR at 

different piezoelectric open circuit voltage amplitudes (VOC,P). 

FOM describes how much improvement is obtained over ideal FBR: 
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inductor which occupies 18 mm3.  This FOM is the result of weak electromechanical 

coupling of MEMS PEH which affects performance of FBR harshly.  When MPPT is 

enabled, maximum FOM drops to 3.81 due to elevated power consumption coming 

from MPPT sub-circuits.  This power consumption mainly corresponds to switching 

losses in DC/DC conversion, energy dissipations of pulse generators inside MPPT 

switching control unit and switch drivers.  Both SSHCI-Only and SSHCI-MPPT 

modes performed better at low excitation levels where nonlinear switching technique 

handles damping force well [74].  

4.6. Discussion 

Table 4.1 introduces a performance comparison of fabricated chips against state-of-

the-art PEH interface circuits. In terms of autonomy, SSHCI circuit distinguishes from 

others which require some kind of external adjustment. 
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Table 4.1. Comparison of implemented SSHCI-MPPT with state-of-the-art. 

Ref. [59] [54] [72] [65] [70] [66] [80] This Work 

Tech. 350 nm 320 nm 350 nm 130 nm 180 nm 180 nm 350 nm 180 nm 

Chip Size 
2.34 

mm2 

0.95 

mm2 

1.17 

mm2 

1.07 

mm2 

1.70 

mm2 

3.90 

mm2 

5.52 

mm2 
1.23 mm2 

CPZ 15 nF 52 nF 9 nF 
20 nF 

100 nF 
80 pF 1.94 nF 11 nF 2 nF 

Excitation 

Frequency 
143 Hz 60 Hz 229 Hz 

100 Hz 

180 Hz 
110 kHz 219 Hz NA 415 Hz 

Inductor 

(Volume) 

330 ȝH 

(126 mm3) 

10 mH 

(NA) 

3.3 mH 

(15.2 mm3) 

3.3 mH 

(NA) 
NO NO 

10 mH 

(NA) 

68-100 ȝH 

(18 mm2) 

Flipping 

Time 

Detection 

NA NA 
External 

Adj. 

External 

Adj. 

External 

Adj. 

External 

Adj. 
NA 

Autonomous  

Adj. 

Cold 

Start-up 
NO YES YES YES YES NO YES YES 

MPPT NO NO YES YES NO NO YES YES 

Peak 

Conversion 

Efficiency 

69.2% 85.3(2)% NA 78(3)% NA NA 80(3)% 
83% (100 ȝH) 

78.7% (68 ȝH) 

Power 

Extraction 

Gain 

FOM(1)x100 

360% 351% 440% 417% 483(4)% 606(5)% 97% 
544% (100 ȝH) 

456% (68 ȝH) 

 

(1) FOM = POUT/fEXVOC,P2CPZ  (2) External supply was used.  
(3) It is only for DC/DC converter.  (4) Calculated with respect to on-chip FBR.  
(5) Calculated from paper.   
 

Conventional methods may create inconvenience in some biomedical applications 

demanding fully integrated and autonomous system operation.  SECE circuits in [54], 

[59] suffer from relatively small FOM values.  Sanchez [72] employed a large external 

inductor to realize a conventional SSHI interface that can extract energy from both 

periodic and shock excitations.  Although this circuit acquired decent output powers 

and externally controlled MPPT, aim of miniaturized harvesting system is far beyond 

to reach.  Recently, Li [65] proposed perturb and observe (P & O) method integrated 

with SSHI circuit which senses output power continually to find optimum level.  
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External inductor is shared between SSHI and MPPT blocks as in our system; 

however, SSHCI provides larger FOM and efficiency while utilizing low-profile 

components.  Inductorless designs in [66], [70] uses on-chip capacitors for flipping 

which is a huge step towards miniaturization.  They present FOM values better than 

traditional SSHI circuit.  Nonetheless, synchronized switch harvesting (SSH) 

technique is the nature of both inductorless architectures that makes them strongly 

load dependent.  Like SSHCI-MPPT, Shim [80] benefits from half open circuit voltage 

sensing to detect optimum battery voltage.  Yet, active rectifier (AR) is the AC/DC 

mechanism that harvesting circuit relies on and this leads to small FOM.  SSHCI 

circuit provides a basis to realize low-profile and autonomous energy harvesting 

systems thanks to its novel two-step voltage flipping mechanism and optimum charge 

transfer detection.  Compared to our previous work in [73], power extraction 

improvement and power conversion efficiency values go worse due to increased 

power dissipation of second generation RCD design and energy loss coming from 

increased number of switching mechanisms.  However, new MPPT architecture 

eliminates load dependency and increase robustness in exchange for reduction in 

FOM.  Small inductance utilized in this system does not prevent SSHCI circuit to 

obtain power extraction improvement and efficiency superior to conventional SECE 

and SSHI methods. 
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CHAPTER 5  

 

5. CONCLUSION AND FUTURE WORK 

In the scope of this thesis, a fully autonomous self-powered piezoelectric energy 

harvesting interface circuit composed of low-profile external components and 

integrated maximum power point tracking (MPPT) system have been developed and 

implemented.  Designs presented in this study paves the way for miniaturization in 

energy harvesting systems and broadens application area of energy scavenging 

concept.  Cochlear implants (CIs) are one of the biomedical devices that can benefit 

from low-profile energy harvesting systems to eliminate bulk batteries they need for 

operation.  It is conceptually possible to supply some amount of or whole energy that 

CIs demand through energy harvesting provided that MEMS PEH is capable of 

scaYenging 100s of ȝWs.  Explanation of the proposed novel nonlinear switching 

technique SSHCI, detailed circuit designs, and theoretical optimum battery voltage 

calculations were established in previous chapters.  Fabricated ICs have been tested 

with MEMS based piezoelectric energy harvesters to validate their functionality.  

Performance values of implemented ICs have been compared with state-of-the-art 

interface circuits to see their places in piezoelectric energy harvesting literature.  This 

chapter presents major accomplishments obtained during this research and future 

works that can be done to improve current low-profile design. 

5.1. Major Accomplishments 

The first generation SSHCI circuit is implemented to improve extracted energy from 

PEH and power conversion efficiency while utilizing low-profile (small-volume) 

external components.  Major accomplishments earned with this design can be 

described as follows: 

� The novel two-step voltage flipping proposed with SSHCI helps reducing 

external component sizes while showing performances comparable to the ones 
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using bulky inductors.  This offers a huge step towards miniaturized harvesting 

system since inductors account for most of the space that system occupies. 

� SSHCI is able to detect optimal charge flipping detection times thanks to its 

built-in detectors.  This eliminates the need for external adjustment that nearly 

every other interface circuit requires and autonomy in SSHCI operation is 

secured with charge flipping detectors and reverse current monitoring. 

� Cold start-up structure inside SSHCI facilitates storage capacitor changing 

even if it is completely depleted.  Sub-threshold design of RCD allows it to 

begin its operation early which accelerates start-up process. 

� Fabricated ICs achieve a maximum of 90.1% power conversion efficiency as 

a result of low-power design techniques that were applied.   

� Compared to conventional SECE and SSHI techniques and recent inductorless 

designs, SSHCI provides higher output power improvement at low excitation 

levels. 

The second generation piezoelectric energy harvesting interface circuit is designed 

and implemented to get rid of load dependency that SSHCI circuit inherently has.  

Below, major achievements that are attained with SSHCI-MPPT IC are listed: 

� Theoretical optimum storage (or battery) voltage has been calculated which 

created a foundation towards MPPT design.  This optimum voltage is also 

valid for SSHI and SSHC techniques that utilize low coupled PEHs to power 

up their systems. 

� MPPT circuit that works seamlessly with SSHCI provides load independency. 

� Inductor sharing reduces number of external components that SSHCI-MPPT 

circuit need for proper operation.  Same low-profile external inductor is 

employed for both charge flipping operation in SSHCI and for DC/DC 

conversion in MPPT. 

� Refreshment unit assures that optimum output power is preserved and 

therefore, it makes MPPT system invulnerable to input excitation level 

changes. 
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� SSHCI-MPPT presents 5.44x output power improvement over ideal FBR.  

MPPT operation curtails this improvement in exchange for enhanced system 

robustness.  SSHCI-MPPT is one of a kind PEH interfacing architecture in the 

literature which has both minimum number of external components with low-

cost sizes and dedicated MPPT circuit. 

5.2. Future Work 

Even if novel SSHCI and SSHCI-MPPT circuits contribute to the PEH interface 

circuit literature in terms of output power enhancement and miniaturization, there exist 

some improvements that can be done to boost their specifications: 

� SSHCI based circuits require an external capacitance value equals to PEH 

intrinsic capacitor.  This increases system volume.  It can be excluded if an 

enhanced SSHI (E-SSHI) based circuit with low-cost inductor is developed.  

Optimal charge flipping detection introduced in this thesis might be the 

starting point of the new E-SSHI method.  Moreover, reducing number 

external components may ease system integration in space limited biomedical 

devices such as cochlear implants (CIs). 

� Power consumptions inside MPPT circuits can be optimized.  SSHCI-MPPT 

output power is affected by relatively high energy consumptions of pulse 

generators and switch drivers inside MPPT.  Furthermore, number of switches 

that makes DC/DC conversion and one-cycle VOC,P sensing possible may be 

decreased.  This may also help easing MPPT complexity. 

� Instead of using only one energy source (or harvester) as an input, multiple 

sources (both vibration based and others) might be utilized to extract more 

energy and deliver more output power.  It can be possible with a hybrid energy 

harvesting system that can harvest energy from a wide frequency range and 

various sources available in environment.  This will enhance system reliability.  

With hybrid energy harvesting from various environmental energy sources, it 

is possible to provide almost complete amount of energy that CIs dissipate.   
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