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ABSTRACT The Internet of Things (IoT) is a revolutionizing technology which aims to create an ecosystem
of connected objects and embedded devices and provide ubiquitous connectivity between trillions of not
only smart devices but also simple sensors and actuators. Although recent advancements in miniaturization
of devices with higher computational capabilities and ultra-low power communication technologies have
enabled the vast deployment of sensors and actuators everywhere, such an evolution calls for fundamental
changes in hardware design, software, network architecture, data analytics, data storage, and power sources.
A large portion of the IoT devices cannot be powered by batteries only anymore, as they will be installed in
hard to reach areas and regular battery replacement and maintenance are infeasible. A viable solution is to
scavenge and harvest energy from the environment and then provide enough energy to the devices to perform
their operations. This will significantly increase the device life time and eliminate the need for the battery as
an energy source. This survey aims at providing a comprehensive study on energy harvesting techniques as
alternative and promising solutions to power the IoT devices. We present the main design challenges of the
IoT devices in terms of energy and power and provide design considerations for a successful implementation
of self-powered the IoT devices. We then specifically focus on piezoelectric energy harvesting as one of the
most promising solutions to power the IoT devices and present the main challenges and research directions.
We also shed lights on the hybrid energy harvesting for the IoT and security challenges of energy harvesting
enabled the IoT systems.

INDEX TERMS Energy harvesting, Internet of Things (IoT), RF energy harvesting, piezoelectric.

I. INTRODUCTION
Recent advancements in miniaturization of devices with
higher computational capabilities and ultra-low power com-
munication technologies are driving forces for the ever grow-
ing deployment of embedded devices in our surroundings.
This will transform every physical object, i.e., thing, into an
information source with the potential to communicate with
every other thing in the network. This ecosystem of connected
things are called Internet of Things (IoT).

The associate editor coordinating the review of this manuscript and
approving it for publication was Kai Yang.

IoT applications and services cover almost any sector
where embedded devices can replace human in performing
tasks. Examples are home automation, agriculture, smart
cities, industrial automation, healthcare, remote monitor-
ing, and many more. IoT provides a network of connected
devices that real time information can be shared and used
in order to enhance life quality, improve industry processes,
energy efficiency, and level of services. IoT significantly
improves supply chain efficiencies and develop new services
for retailers [2]. Such a network of inter-connected devices
enables the factories to get humans and enterprise systems
more involved with the machines in the whole supply chain
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FIGURE 4. Thermal energy generator.

responsible for scavenging RF energy and delivering a stable
output power, a power management unit, and possibly an
onboard battery. Recently, Freevolt proposed an innovative
technology, called Low Energy Internet of Things (LE-IoT)
devices, which can harvest RF energy from both short-range
and cellular wireless networks, such 4G, WiFi and Digital
TV [26].

Washington University [27] has developed a novel com-
munication system - Wi-Fi Backscatter, which aims to estab-
lish Internet connectivity for the IoT RF-powered devices.
Nonetheless, the energy harvested from the RF signals is
far less comparing with many harvesters that based on other
energy sources. Therefore, the scalability of this type of
harvesters is limited and these would be more suitable for
powering auxiliary devices like Wi-Fi Backscatter.

Another emerging technology that enables the RF energy
harvesting is using metamaterials instead of antennas.
The concept of metamaterial is to use an architecture con-
sists of many small-sized elements to manipulate the elec-
tromagnetic waves. This array of all elements called meta-
material which can be engineered and designed to behave
very different compared to other known materials. For
instance, a metamaterial can be designed to have a very
high absorption coefficient and very low transmission and
reflection coefficients. This leads to higher conversion effi-
ciencies for metamaterial energy harvesters. In [28], an RF
energy harvester was designed for 900MHz frequency con-
sists of 5 elements reaching the efficiency of 36% at 70�
load. The unique characteristics of metamaterials made them
very attractive for scavenging energy from high frequency
electromagnetic waves, optical beams and even acoustic
waves [29].

4) THERMAL ENERGY
A thermal energy generator (TEG) (see Fig. 4) converts
temperature differences into electrical energy. A TEG usu-
ally suffers from low efficiency (5-10%) which limits its
widespread adoption [30], [31]. However it has a long life
cycle and stationary parts. To extract the energy from a ther-
mal source, a thermal difference is required; e.g, 30 degree
difference in the temperature of hot and cold surfaces of the
device in the room temperature, results in only up to 10%
conversion efficiency [32].

As shown in [33], about 22 µW can be harvested from
a human body which was used to derive a Seiko ther-
mic wrist watch and charge a lithium-ion battery. Authors
in [30], [34], [35] showed that efficiencies more than 10%

FIGURE 5. A Heckman diagram representing the interrelationship
between mechanical, thermal and electrical properties of materials [41].

can be achieved by using new thermoelectric materials and
efficient modules. It was also shown that the power density
can be scaled by the square of the temperature difference [36],
which makes thermal energy harvesting more suitable for
environments with large temperature differences, such as
buildings with heaters.

5) SOLAR AND PHOTOVOLTAIC ENERGY
Photovoltaic (PV) is considered as one of the most effective
EH techniques to power IoT devices due to its power density,
efficiency, and the flexibility in terms of different output
voltage and current [37], [38]. When sunlight is directed to
certain semiconductor materials, solar energy will be con-
verted into DC power. This is called the PV effect. A solar
cell is usually composed of silicon and when it is stroke
by sunlight with enough energy, the electron and holes are
separated and using an input an output regulator, electrons
start to move towards the load [39]. To control the charging
current to a battery or super-capacitor a maximum power
point tracking (MPPT) unit is necessary, which also maxi-
mize the efficiency of the PV cells.

Outdoor environments are exposed to sunlight and are
generally more appropriate for PV energy harvesting [39],
where for a typical outdoor illumination level of 500 W/m2,
efficiencies of 15% to 25% can be achieved using poly-
crystalline and amorphous silicon cells [40]. Other indoor
environments such as hospitals and stadiums can also benefit
from this technology as they have many lightings. Authors
in [40] reported PV energy efficiencies of 2% to 10% for
indoor applications at illumination level of 10 W/m2.

6) MECHANICAL ENERGY
The Heckman diagram shown in Fig. 5 provides an overview
of the interactions betweenmechanical, thermal and electrical
properties of solids [41], [42]. A pair of coupled effects is
joined by a line, indicating that a small change in one of the
variables produces a corresponding change in the other.
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batteries remain a basic component of IoT sys-
tems. Consequently, energy harvesting (EH) meth-
ods will play a vital role in expanding the device 
lifetime by giving a manageable method to ener-
gize the batteries. EH is a promising innovation 
that does not reduce device consumed power, 
instead facilitating the transition to being self-pow-
ered if power deficiency is experienced. 

5G ENERGY HARVESTING ECOSYSTEM 
The taxonomy of the 5G EH system can be classi-
fied as follows:
• Sources of energy
• EH devices
• Methods of energy conversion
• Phases of energy harvesting
• Harvesting models
• Medium of energy propagation
Among these, there are transducers, which con-
vert the available EH sources to applicable elec-
trical power; integrated power management 
circuits, which, in addition to other things, per-
form conversion of power to serve the load; and 
capacity of energy storage, for example, super-
capacitors or batteries to reserve the converted 
power. Together, these form the EH ecosystem, 
which is discussed below.

AMBIENT ENERGY SOURCES AND HARVESTING:
Numerous ambient energy sources are accessi-
ble in the environment for mining energy in 5G 
systems [12], which can be mainly categorized 
into the following: a) solar, b) electromagnetic, 
c) thermal, d) wind, and e) mechanical vibrations 
or kinetic energy sources. Electromagnetic ener-
gy harvesting utilizes available radio frequency 
(RF) signal from different electromagnetic radi-
ation sources (i.e., Bluetooth, telecom BS, and 
infrared devices) by using an antenna. In general, 
energy can be generated from electromagnetic 
radiation in two ways, namely, non-radiative or 
near-field and radiative or far-field methods. The 
non-radiative technique provides higher efficien-
cy, but the range is limited, whereas the radiative 
approach permits lower efficiency with a longer 

range. Thus, efficient use of these techniques 
is vital in the 5G and beyond era. For example, 
beamforming by using intelligent reflector surface 
or metasurface can be a new paradigm to steer 
the electromagnetic far-field radiation. This not 
only helps to increase the energy transfer efficien-
cy without increasing the transmitted power, but 
it can also enable less electromagnetic exposure 
at 5G frequencies (e.g., 5.8 GHz). Smart two-di-
mensional materials — metasurfaces — powered 
by AI techniques can be used for high-through-
put millimeter and sub-millimeter band com-
munications. The signal processing and control 
associated with the formation and tracking of the 
communication beams can be implemented with-
in the smart, programmable metasurface layers. 
Additionally, electromagnetic wave contains both 
information and energy; thus, the idea of simul-
taneous wireless information and power transfer 
(SWIPT) adds a new dimension to the emerg-
ing 5G era. Apart from electromagnetic energy, 
solar energy is already established for large-scale 
power generation. Photovoltaic frameworks are 
utilized to deliver power from solar energy. Fur-
thermore, wind energy is another form of ambient 
energy source that can be collected using wind 
turbines that convert the dynamic energy of the 
breeze into mechanical energy. From there on, 
the mechanical energy is transformed into usable 
electrical power by generators. Wind power can 
generate power in the kilowatt to megawatt 
range. In addition, by utilizing a thermoelectric 
generator, energy can be harvested quickly from 
different thermal sources (e.g., humans, animals, 
and machines), which is known as thermal ener-
gy. Another active energy harvester (e.g., piezo-
electric) transforms the mechanical force received 
due to human movement or vibration into electri-
cal signal using a smaller-scale electromechanical 
framework. Energy reaped from kinetic sourc-
es may be a key empowering component for 
developing 5G-based implantable and wearable 
devices. For instance, implantable devices such 
as pacemakers, brain stimulators, and wearable 
sensors like electronic contact lenses can harvest 

FIGURE 2. Consumed peak power vs. coverage applicable for wireless systems. Low-range wireless technologies operating over extremely low power, which 
is acceptable for IoT applications, may not be viable in long-range systems. Long-range wireless technologies such as LPWAN require substantial transmit 
power; therefore, batteries will stay basic parts for IoT devices.

Energy harvesting (EH) 
methods will play a vital 

role in expanding the device 
lifetime by giving a manage-
able method to energize the 
batteries. EH is a promising 

innovation that does not 
reduce device consumed 

power, instead facilitating the 
transition to being self-pow-

ered if power deficiency is 
experienced.
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A 3.5-mV Input Single-Inductor Self-Starting Boost
Converter With Loss-Aware MPPT for Efficient

Autonomous Body-Heat Energy Harvesting
Soumya Bose , Member, IEEE, Tejasvi Anand, Member, IEEE, and Matthew L. Johnston , Member, IEEE

Abstract— A single-inductor self-starting boost converter is
presented, which is suitable for thermoelectric energy harvesting
from human body heat. In order to extract maximum energy
from a thermoelectric generator (TEG) at small temperature
gradients, a loss-aware maximum power point tracking (MPPT)
scheme was developed, which enables the harvester to achieve
high end-to-end efficiency at low input voltages. The boost
converter is implemented in a 0.18-µm CMOS technology and
is more than 75% efficient for a matched input voltage range
of 15–100 mV, with a peak efficiency of 82%. Enhanced power
extraction enables the converter to sustain operation at an input
voltage as low as 3.5 mV. In addition, the boost converter self-
starts with a minimum TEG voltage of 50 mV leveraging a dual-
path architecture without using additional off-chip components.

Index Terms— Battery-less, body heat, cold-start, dc–dc boost
converter, energy harvesting, thermoelectric generator (TEG).

I. INTRODUCTION

ENERGY harvesting can be used to power wireless sensor
nodes for realizing fully autonomous networks [1] or

for powering miniaturized, self-sustaining wearable devices
for preventive healthcare and continuous vital sign monitor-
ing [2]. Microwatt-scale power extracted from human body
heat using thermoelectric generators (TEGs) can provide
such power autonomy efficiently, and this approach excels in
indoor environments where other energy sources, such as solar
energy, are less abundant. However, the small temperature
gradient (!T ) of a few degrees between the skin surface
and the ambient environment generates only a few tens of
millivolts of open-circuit voltage from a centimeter-scale TEG;
impedance matching for maximum power transfer further
reduces the input voltage to the dc–dc boost converter. This
makes efficient power conversion, especially challenging, and
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for fully autonomous applications, the converter must also self-
start at this low input voltage.

In recent years, a variety of dc–dc boost converter archi-
tectures have been reported to address the challenges posed
by low input voltage. One such boost converter designed for
thermoelectric energy harvesting can operate with an input
voltage as low as 20 mV [3]. However, this architecture lacks
maximum power point tracking (MPPT), reducing the total
extracted output power of the harvester despite high converter
efficiency; the design also requires an additional source of
energy for initial start-up of the converter. Boost converter
architectures sustaining operation with an input voltage as low
as 10 mV have also been demonstrated [4], [5], but these
approaches also fail to self-start at low input voltage, making
them unsuitable for fully battery-less energy harvesting.

For low-voltage self-start, off-chip transformers have been
exploited to start a boost converter at tens of millivolts from
a TEG [6], [7]; however, the implementation in [6] for high-
resistance TEGs is not capable of generating microwatts of
power from low-temperature differential (e.g., body heat),
whereas transformer reuse in [7] restricts the efficiency of the
converter to 61%. High peak efficiency and low-voltage cold-
start of the boost converter is demonstrated in [8] and [9],
but these require multiple inductors, increasing the form-factor
and off-chip component count for the harvester. Cold-start of
the boost converter at 70 mV in [10] and at 57 mV in [11]
is achieved using integrated self-start techniques, but overall
converter efficiency is comparatively low. Hence, it is evident
that high efficiency and self-start of the converter at low
voltages are fundamentally difficult problems to address using
a single architecture and requires further investigation.

In this work, we present a single-inductor boost converter
architecture that is capable of harvesting energy efficiently and
can also self-start at low voltage from a TEG [12]. A unique
loss-aware MPPT scheme is proposed, which reduces the total
losses of the boost converter while ensuring maximum power
transfer (MPT) from the source to the input, improving the
end-to-end efficiency and output power of the harvester. The
boost converter delivers power to the output with more than
75% efficiency at input voltages above 15 mV, and it achieves
a peak efficiency of 82% with 50-mV input. Efficient low-
voltage operation of the converter enables sustained operation
at an input voltage as low as 3.5 mV. In addition, a dual-
path architecture is proposed, which assists in self-starting the
converter with an input voltage as low as 50 mV, without

0018-9200 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Self-starting single-inductor boost converter architecture for low-voltage thermoelectric energy harvesting utilizing human body heat.

requiring additional off-chip components. The harvester gen-
erates a regulated output voltage of 1.2 V and operates over a
TEG output voltage range of 7–200 mV.

The rest of this article is organized as follows. Section II
describes the boost converter architecture and theoretical basis
of loss-optimized MPPT. Section III explains detailed circuit
implementations and design methodology. Performance of
the fabricated chip is presented in Section IV, and finally,
Section V provides a brief conclusion.

II. SELF-STARTING BOOST CONVERTER ARCHITECTURE

A TEG generates voltage, VTG, proportional to the !T
between human skin and environment with only a few ohms of
source resistance, RTG. A dual-path dc–dc converter architec-
ture is implemented to boost the voltage as shown in Fig. 1 by
utilizing a single off-chip inductor to achieve efficient power
conversion as well as low-voltage self-start.

A. Low-Voltage Self-Start and Dual-Path Operation

A one-shot cold-start technique demonstrating fast and
low-voltage cold-start of a boost converter is adopted for
self-start [11]. During cold-start, as shown in Fig. 2(a),
a charge-pump-based on-chip voltage multiplier clocked by
a low-voltage ring oscillator boosts the input voltage VIN. The
boosted output of the charge pump, VCP, is used to generate a
single start-up strobe pulse, VST. This pulse turns on the start-
up low-side switch, MST, for a small duration, which charges
the inductor, L, with current from the TEG.

On the falling edge of VST, inductive overshoot at VS turns
on the PMOS diode, MD, asynchronously and the inductor
current charges the on-chip storage capacitor, CINT. This
intermediate storage capacitor is chosen small enough (200 pF)
so that energy accumulated during the strobe cycle can charge
it sufficiently to generate a voltage, VINT, momentarily higher
than 500 mV following the falling edge of VST. A secondary
oscillator (OSC) powered by VINT starts operation and gen-
erates a switching clock, CK, to continue operation of the
inductive boost converter. Now, the inductor is energized with

more current every CK cycle using a wider low-side switch,
MLS, as shown in Fig. 2(b), and energy is transferred to
CINT; this is an asynchronous mode of operation. A voltage
regulation block is also activated in this phase to track VINT.

A power-on-reset (POR1) circuit senses the rise of VINT and
turns on switch S1 as soon as VINT crosses 1 V. As shown
in Fig. 2(c), this activates a secondary path of inductor
energy transfer, which operates synchronously using a high-
side PMOS switch, MHS, and powers the final output, VOUT.
The n-well of MHS (and of MD) is always biased to the highest
potential using dynamic body biasing (DBB) to avoid ineffi-
cient body current (Fig. 1). S1, implemented using a PMOS
transistor, is held off in the previous phases utilizing the charge
pump output, VCP, and restricts the start-up energy of the
inductor from flowing to the synchronous path on the falling
edge of VST. This helps in kick-starting the asynchronous
path with a relatively small amount of energy and accelerates
the overall start-up process. With low available TEG power,
discontinuous conduction mode (DCM) operation is used for
synchronous boost conversion [13], implemented by a zero
current sensing (ZCS) block to adjust the on-time, tHS, of MHS.

During this handover phase, shown in Fig. 2(c), the high-
efficiency synchronous path charges the output capacitor, COUT

(1 µF), whereas the asynchronous path provides power to
the control circuits. The dual paths are operated in a time-
multiplexed manner by means of a dead time, !t , between tLS

and tHS. Output, EN, of the voltage regulation block, which
monitors VINT, enables !t to force MD to turn on briefly; the
inductor current is rerouted to the asynchronous path during
this dead time and recharges CINT. With the falling edge of
CKHS, as MHS is turned on, the inductor current reverts back
to the synchronous path to charge COUT.

Finally, as VOUT crosses 0.7 V, detected by POR2,
the PMOS power switch S2 is turned on, shorting VOUT

and VINT; !t is deactivated with the help of a multiplexer.
As shown in Fig. 2(d), the boost converter now operates
in an exclusively synchronous mode to provide both control
power and output power. The rising VOUT disables the start-up
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Fig. 2. Illustrated phases of operation of the energy harvester architecture. (a) Cold-start operation. (b) Asynchronous operation. (c) Dual asynchronous and
synchronous operation (handover phase). (d) Fully synchronous operation (primary boost conversion).

clock and turns off the start-up voltage multiplier, avoiding
unnecessary power consumption during normal operation of
the boost converter. As POR2 goes low, the EN signal from the
same voltage regulation block is now utilized to enable/disable
the switching clock and regulate VOUT using an ON–OFF

hysteretic control scheme.
The proposed dual-path architecture utilizes the asynchro-

nous path to speed up the start-up process, leveraging the
one-shot cold-start mechanism, and ultimately starts a high-
efficiency synchronous boost converter at low input voltage
without requiring an additional off-chip inductor.

B. Boost Converter Losses and MPT

The efficiency of the boost converter and MPT at the input
determines the final output power available to the load.

1) Losses in a DC–DC Boost Converter: The voltage con-
version gain K of a boost converter operating in DCM mode
is given as

K = VOUT

VIN
=

(
1 + tLS

tHS

)
(1)

where tLS and tHS are the on-times of MLS and MHS, respec-
tively, as shown in Fig. 3(a). For applications with low VIN,
required K being large, tLS ! tHS, and the input power, PIN,
flowing into the converter can be calculated as

PIN = 1
T

.
1
2
.VIN IP(tLS + tHS) ≈ 1

2
.
VIN

2tLS
2

LT
(2)

where T is the time period of the switching clock and IP =
VINtLS/L (when tLS # inductor charging time constant) is the
peak inductor current. On the other hand, conduction power
losses, PC, due to the ON-resistance of MLS and MHS can be
derived as

PC = PC,LS + PC,HS

= 1
3
.
IP

2

T
.(RLStLS + RHStHS). (3)

By expressing tHS and IP in (3) in terms of tLS

PC = 1
3
.
VIN

2tLS
3 RC

L2T
(4)

where RC = (RLS + RHS/K ) represents the total conduction
resistance contributed by LS and HS switches. For high values
of K , conduction loss contributed by the LS path dominates.

Power consumed by the control circuits is mostly the
switching power required for the drivers to drive the large LS
and HS switches. If the total lumped switch gate capacitance
of the control circuit is CSW, the switching power is given as

PSW = CSV 2
OUT. fS = CS K 2VIN

2. fS (5)

where fS = 1/T is the switching frequency.
Additional power losses due to timing imperfections, leak-

age currents, and parasitic loading are small and can be
neglected. Hence, the total power loss of the converter can
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Fig. 2. Illustrated phases of operation of the energy harvester architecture. (a) Cold-start operation. (b) Asynchronous operation. (c) Dual asynchronous and
synchronous operation (handover phase). (d) Fully synchronous operation (primary boost conversion).

clock and turns off the start-up voltage multiplier, avoiding
unnecessary power consumption during normal operation of
the boost converter. As POR2 goes low, the EN signal from the
same voltage regulation block is now utilized to enable/disable
the switching clock and regulate VOUT using an ON–OFF

hysteretic control scheme.
The proposed dual-path architecture utilizes the asynchro-

nous path to speed up the start-up process, leveraging the
one-shot cold-start mechanism, and ultimately starts a high-
efficiency synchronous boost converter at low input voltage
without requiring an additional off-chip inductor.

B. Boost Converter Losses and MPT

The efficiency of the boost converter and MPT at the input
determines the final output power available to the load.

1) Losses in a DC–DC Boost Converter: The voltage con-
version gain K of a boost converter operating in DCM mode
is given as

K = VOUT

VIN
=

(
1 + tLS

tHS

)
(1)

where tLS and tHS are the on-times of MLS and MHS, respec-
tively, as shown in Fig. 3(a). For applications with low VIN,
required K being large, tLS ! tHS, and the input power, PIN,
flowing into the converter can be calculated as

PIN = 1
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(2)

where T is the time period of the switching clock and IP =
VINtLS/L (when tLS # inductor charging time constant) is the
peak inductor current. On the other hand, conduction power
losses, PC, due to the ON-resistance of MLS and MHS can be
derived as

PC = PC,LS + PC,HS

= 1
3
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IP
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T
.(RLStLS + RHStHS). (3)

By expressing tHS and IP in (3) in terms of tLS

PC = 1
3
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where RC = (RLS + RHS/K ) represents the total conduction
resistance contributed by LS and HS switches. For high values
of K , conduction loss contributed by the LS path dominates.

Power consumed by the control circuits is mostly the
switching power required for the drivers to drive the large LS
and HS switches. If the total lumped switch gate capacitance
of the control circuit is CSW, the switching power is given as

PSW = CSV 2
OUT. fS = CS K 2VIN

2. fS (5)

where fS = 1/T is the switching frequency.
Additional power losses due to timing imperfections, leak-

age currents, and parasitic loading are small and can be
neglected. Hence, the total power loss of the converter can
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Fig. 2. Illustrated phases of operation of the energy harvester architecture. (a) Cold-start operation. (b) Asynchronous operation. (c) Dual asynchronous and
synchronous operation (handover phase). (d) Fully synchronous operation (primary boost conversion).

clock and turns off the start-up voltage multiplier, avoiding
unnecessary power consumption during normal operation of
the boost converter. As POR2 goes low, the EN signal from the
same voltage regulation block is now utilized to enable/disable
the switching clock and regulate VOUT using an ON–OFF

hysteretic control scheme.
The proposed dual-path architecture utilizes the asynchro-

nous path to speed up the start-up process, leveraging the
one-shot cold-start mechanism, and ultimately starts a high-
efficiency synchronous boost converter at low input voltage
without requiring an additional off-chip inductor.

B. Boost Converter Losses and MPT

The efficiency of the boost converter and MPT at the input
determines the final output power available to the load.

1) Losses in a DC–DC Boost Converter: The voltage con-
version gain K of a boost converter operating in DCM mode
is given as
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where RC = (RLS + RHS/K ) represents the total conduction
resistance contributed by LS and HS switches. For high values
of K , conduction loss contributed by the LS path dominates.

Power consumed by the control circuits is mostly the
switching power required for the drivers to drive the large LS
and HS switches. If the total lumped switch gate capacitance
of the control circuit is CSW, the switching power is given as

PSW = CSV 2
OUT. fS = CS K 2VIN

2. fS (5)

where fS = 1/T is the switching frequency.
Additional power losses due to timing imperfections, leak-

age currents, and parasitic loading are small and can be
neglected. Hence, the total power loss of the converter can
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Fig. 2. Illustrated phases of operation of the energy harvester architecture. (a) Cold-start operation. (b) Asynchronous operation. (c) Dual asynchronous and
synchronous operation (handover phase). (d) Fully synchronous operation (primary boost conversion).
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same voltage regulation block is now utilized to enable/disable
the switching clock and regulate VOUT using an ON–OFF

hysteretic control scheme.
The proposed dual-path architecture utilizes the asynchro-

nous path to speed up the start-up process, leveraging the
one-shot cold-start mechanism, and ultimately starts a high-
efficiency synchronous boost converter at low input voltage
without requiring an additional off-chip inductor.

B. Boost Converter Losses and MPT

The efficiency of the boost converter and MPT at the input
determines the final output power available to the load.

1) Losses in a DC–DC Boost Converter: The voltage con-
version gain K of a boost converter operating in DCM mode
is given as

K = VOUT
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where tLS and tHS are the on-times of MLS and MHS, respec-
tively, as shown in Fig. 3(a). For applications with low VIN,
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flowing into the converter can be calculated as
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where T is the time period of the switching clock and IP =
VINtLS/L (when tLS # inductor charging time constant) is the
peak inductor current. On the other hand, conduction power
losses, PC, due to the ON-resistance of MLS and MHS can be
derived as
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where RC = (RLS + RHS/K ) represents the total conduction
resistance contributed by LS and HS switches. For high values
of K , conduction loss contributed by the LS path dominates.

Power consumed by the control circuits is mostly the
switching power required for the drivers to drive the large LS
and HS switches. If the total lumped switch gate capacitance
of the control circuit is CSW, the switching power is given as

PSW = CSV 2
OUT. fS = CS K 2VIN

2. fS (5)

where fS = 1/T is the switching frequency.
Additional power losses due to timing imperfections, leak-

age currents, and parasitic loading are small and can be
neglected. Hence, the total power loss of the converter can
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#!/usr/bin/env python3
import numpy as np
import matplotlib.pyplot as plt

m = 1e-3  
i_load = np.linspace(1e-5,1e-3,200)

i_s = 1e-12  # saturation current 
i_ph = 1e-3  # Photocurrent

V_T = 1.38e-23*300/1.6e-19  #Thermal voltage

V_D = V_T*np.log((i_ph - i_load)/(i_s) + 1)

P_load = V_D*i_load

plt.subplot(2,1,1)
plt.plot(i_load/m,V_D)
plt.ylabel("Diode voltage [mA]")
plt.grid()
plt.subplot(2,1,2)
plt.plot(i_load/m,P_load/m)
plt.xlabel("Current load [mA]")
plt.ylabel("Power Load [mW]")
plt.grid()
plt.savefig("pv.pdf")
plt.show()
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A Reconfigurable Capacitive Power Converter With
Capacitance Redistribution for Indoor
Light-Powered Batteryless Internet-

of-Things Devices
Hao-Chung Cheng , Graduate Student Member, IEEE, Po-Han Chen , Student Member, IEEE, Yu-Tong Su, and

Po-Hung Chen , Senior Member, IEEE

Abstract— In this article, a reconfigurable capacitive
power converter with capacitance redistribution for indoor
light-powered batteryless Internet-of-Things (IoT) devices is
presented. The proposed converter is capable of redistributing the
capacitance among two charge pump stages to efficiently utilize
the harvested energy and further powering milliwatt-powered
loading circuits occasionally. Moreover, the proposed converter
is capable of storing and reusing the harvested energy to cope
with the power demand under different operating modes. The
first charge pump stage stores the excessive energy produced
by a photovoltaic (PV) cell to the storage capacitor using
a maximum power point tracking (MPPT) technique under
low-output power demand, whereas the second stage provides a
regulated 1.5-V output voltage. The variation of the PV input
voltage (from 0.45 to 0.9 V) is compensated by employing
a converter, whose power stage consists of 16 reconfigurable
charge pump submodules with 1.5× and 2× conversion ratios
and a digital low-dropout (DLDO) regulator. By implementing
the proposed capacitance redistribution, the on-chip capacitance
can be reduced by 46.7%. The proposed capacitive power
converter is fabricated using a 0.18-µm CMOS process. The
measured results show a peak-power conversion efficiency of
92.4%, 65.7%, and 69.5% for 1×, 1.5×, and 2× conversion
ratios, respectively.

Index Terms— Capacitance redistribution, energy harvesting,
Internet of Things (IoT), reconfigurable charge pump.

I. INTRODUCTION

THE Internet-of-Things (IoT) industry has been rapidly
developed in recent years. Nowadays, sensing nodes are

widely used in various applications. Generally, an IoT device
contains a battery as a power source along with a power man-
agement unit for internal supply generation and an RF-power
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amplifier for data transmission. However, with the rising num-
ber of IoT sensing nodes, replacing the batteries requires extra
cost and effort, thus limiting possible applications. Recently,
batteryless IoT devices have been considered as a promising
solution to extend the range of applications. The use of energy
transducers, such as photovoltaic (PV) cells, thermoelectric
generators, or piezoelectric transducers, to harvest energy
from the environment increases the possibility of realizing
batteryless devices. Among all common transducers, PV cells
received significant attention recently because of their superior
efficiency and widespread availability.

The output voltage of PV cells ranges from 0.45 to 0.9 V
according to the light intensity. Under the indoor light illu-
mination, compact PV cells are only capable of providing
a power of several microwatts but incapable of constantly
supplying the milliwatt power required by the loading circuit in
IoT devices. However, in certain applications, such as health
and environment monitoring, the devices operate only in a
high-power-demand active mode for a short period (<1%),
whereas they operate in a low-power sleep mode for most of
the operating period (>99%) [1].

This configuration allows indoor light-powered PV cells
to be used as input sources in batteryless IoT devices by
constructing a special energy-harvesting interface. In this way,
the harvested power from PV cells can be properly managed,
and the output power requirements can be met under different
operating modes. Several energy-harvesting interfaces [2]–[5]
have been proposed in recent years. The converters described
in these papers are capable of storing the excessive energy
in a storage capacitor during sleep mode and reusing the
stored energy in the active mode to meet the output power
requirements. A two-stage inductive power converter with two
inductors is one possible approach [2], as shown in Fig. 1(a).
In the first stage, the harvested PV energy is stored in the
storage capacitor with the help of the maximum power point
tracking (MPPT) technique, whereas, in the second stage,
the output voltage is regulated. The converter can be further
shrunk into a single-stage converter using a shared induc-
tor [3]–[5], as shown in Fig. 1(b). However, bulky off-chip
inductors are necessary for these converters. Except for the
inductive power converter, a capacitive power converter with

0018-9200 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Possible approaches for batteryless IoT devices: (a) inductive
converter with two inductors, (b) SIMO inductive converter [5], (c) capacitive
converter with hysteresis control [6], (d) two-stage capacitive converter, and
(e) proposed redistributable capacitive converter.

a hysteresis regulation mechanism was proposed in [6] for
compact IoT applications, as shown in Fig. 1(c). The hysteresis
regulation mechanism controls the output voltage within the
range of 1.1–1.3 V and supplies the loading circuit only when
the voltage on the storage element is charged to a preset upper
bound. However, an additional low-dropout (LDO) regulator
is required for voltage regulation, leading to significant power
conversion-efficiency degradation. Another approach to meet
the requirements of energy storage and output regulation is
to build multiple charge pump stages. As shown in Fig. 1(d),
two-stage charge pumps are employed along with a storage
capacitor. In the first stage, the harvested energy provided
by the transducer is stored, whereas the voltage regulation
is realized in the second stage. However, the on-chip flying
capacitors occupy a large chip area to meet the high power
demand in the active mode.

In this article, a reconfigurable capacitive power converter
with capacitance redistribution is proposed for compact IoT
applications, as shown in Fig. 1(e). The proposed converter
consists of multiple partitioned charge pump submodules. The
number of submodules among the two stages is redistributed
under different operating modes to share the on-chip flying
capacitors. By redistributing the on-chip capacitance, a 46.7%
capacitance reduction can be achieved. Moreover, to obtain
better efficiency at different input voltage levels, other than
the reconfigurable charge pump with 1.5× and 2× conversion
ratios, a digital LDO (DLDO) regulator is constructed
to further extend the available input voltage range. The

measurement results show that the peak conversion efficiency
of the reconfigurable charge pump and DLDO is 69.5% and
92.4%, respectively.

This article is organized as follows. The system architecture
of the capacitive power converter and the operation principles
of the charge pump power stage are introduced in Section II.
The advantages of the proposed capacitance redistribution
technique are analyzed in Section III. The subcircuit imple-
mentation of the converter is described in Section IV. The mea-
surement results and a comparison with state-of-the-art power
converters are presented in Section V. Finally, the conclusions
are presented in Section VI.

II. SYSTEM ARCHITECTURE

A detailed block diagram of the proposed redistributable
capacitive power converter is shown in Fig. 2. The pro-
posed converter consists of a reconfigurable charge pump
power stage, a multiphase clock generator, a startup circuit,
an MPPT circuit, and a pulse-skip modulator. In the design
of capacitive power converters, the multiphase interleaving
technique is widely used to efficiently reduce the output
voltage ripple [7]. In this design, the charge pump core is
partitioned into 16 submodules to reduce the efficiency penalty
due to output ripple [7] and keep the capacitance area overhead
below 10% [8]. In the proposed reconfigurable converter, each
submodule is controlled by a phase-shifted clock signal to
implement the multiphase interleaving technique.

The MPPT circuit is used to extract the maximum power
and ensure the efficient usage of the harvested energy from the
transducer. The startup circuit is implemented to precharge
the storage element (CSTO) and output capacitor (COUT) at
cold-start conditions. The multiphase clock generator [9] is
composed of a current-starved ring oscillator and logic circuits,
while the driver and gate control circuits [9] employ bootstrap-
ping techniques to drive the power stage. The pulse-skip mod-
ulation (PSM) controller is composed of latched comparators
and logic circuits [9]. The comparators compare VOUT with
VREF and allow the charge pump power stage to provide output
power once the output voltage is insufficient.

A. Power Stage of the Proposed Converter

The topology of the power stage is illustrated in Fig. 3.
This power stage consists of reconfigurable charge pumps
and a DLDO to provide multiple conversion ratios. The
reconfigurable charge pumps contain 16 submodules with a
conversion ratio of 2×. To achieve a conversion ratio of 1.5×,
two submodules are grouped together. The DLDO provides a
conversion ratio of 1×. There are two power-delivery paths
in the proposed charge pump power stage: the storing path
and the recycling path. For the storing path, the charge pump
delivers the energy from the energy transducer to the storage
element. For the recycling path, the charge pump power stage
or the 5-bit DLDO recycles the stored energy from the storage
element and delivers it to the output terminal with voltage
regulation.
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Fig. 2. System architecture of the proposed redistributable capacitive converter.

Fig. 3. Power stage of the proposed converter.

B. Capacitance Redistribution Under Different Operating
Modes

The proposed reconfigurable charge pump redistributes the
capacitance among the two charge pump stages to meet differ-
ent output power requirements. The distribution of submodules
under different operating modes is illustrated in Fig. 4. During
the sleep-mode operation, which refers to low-output power
demand, 14 submodules (which construct the first charge pump
stage) are responsible for storing the PV energy into the
storage capacitor (CSTO). In the first stage, the MPPT circuit is
activated to ensure efficient usage of the harvested energy. The
remaining two submodules, which form the second stage, take
charge of recycling the stored power in CSTO and deliver the
power to the loading circuit. On the other hand, to cope with
the high-output power demand in the active-mode operation,
all 16 reconfigurable charge pump submodules are used for
energy recycling. VOUT is regulated to 1.5 V with the help of
the PSM technique. The available duration of active mode is
related to CSTO, VSTO, CR, and power conversion efficiency.

Fig. 4. Proposed submodule redistribution under different operating modes.

The available time duration of active mode TACTIVE can be
calculated as

TACTIVE = η · CSTO ·"VSTO

CR ∗ ILOAD
(1)

where "VSTO is the voltage drop of VSTO during the
active-mode operation and η is the power conversion
efficiency.

The output voltage of PV cells varies with light intensity.
To maintain reasonable conversion efficiency over a wide
input voltage range, the converter core must be capable of
providing different conversion ratios. Fig. 5 shows the theo-
retical power conversion efficiency and the power flow in each
power-delivery state. It shows that multiple CRs improve the
efficiency under different VSTO’s. A 2× conversion ratio is
always selected in storing state so that the harvested energy is
stored in CSTO with the highest voltage level. The performing
conversion ratio in the recycling state is determined by the
VSTO value to improve the overall power conversion efficiency
within the available input voltage range. The reconfigurable
charge pump is activated when VSTO is lower than 1.55 V,
and it is capable of achieving 1.5× and 2× conversion ratios.
When VSTO is between 0.9 and 1.2 V, a 2× conversion ratio
is selected. To achieve a 2× conversion ratio, the capacitors
in parallel are charged during the charging phase. During the
pumping phase, the bottom plate of the capacitor is connected
to VIN to pump up VOUT to a higher level. When VSTO is
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A Fully Integrated Split-Electrode SSHC Rectifier
for Piezoelectric Energy Harvesting

Sijun Du , Member, IEEE, Yu Jia, Member, IEEE, Chun Zhao , Member, IEEE,

Gehan A. J. Amaratunga, and Ashwin A. Seshia , Senior Member, IEEE

Abstract— In order to efficiently extract power from piezo-
electric vibration energy harvesters, various active rectifiers have
been proposed in the past decade, which include synchronized
switch harvesting on inductor (SSHI), synchronous electric
charge extraction (SECE), and so on. Although reported active
rectifiers show good performance improvements compared to full-
bridge rectifiers (FBRs), large off-chip inductors are typically
required and the system volume is inevitably increased as a result,
counter to the requirement for system miniaturization. In this
paper, a fully integrated split-electrode synchronized switch
harvesting on capacitors (SSHC) rectifier is proposed, which
achieves significant performance enhancement without employing
any off-chip components. The proposed circuit is designed and
fabricated in a 0.18-µm CMOS process and it is co-integrated
with a custom microelectromechanical systems (MEMS) piezo-
electric transducer with its electrode layer equally split into four
regions. The measured results show that the proposed rectifier
can provide up to 8.2× and 5.2× boost, using on-chip and off-chip
diodes, respectively, in harvested power compared to an FBR
under low excitation levels and the peak rectified output power
achieves 186 µW.

Index Terms— Energy harvesting, fully integrated system,
piezoelectric transducers (PTs), power conditioning, recti-
fiers, switched capacitors (SCs), synchronized switch harvest-
ing on capacitors (SSHC), synchronized switch harvesting on
inductor (SSHI). I. INTRODUCTION

ALONG with the development of the Internet of Every-
thing (IoE), miniaturized piezoelectric vibration-based

energy harvesters have drawn significant interest as a means
of harvesting ambient kinetic energy to power wireless sensor
nodes in wireless sensor networks (WSN) [1]–[3]. Since the
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environmental vibration is periodic and highly unpredictable,
the energy generated by a piezoelectric transducer (PT) can-
not be directly used and an interface circuit is needed to
rectify the generated power and provide a stable dc sup-
ply to the loads. Full-bridge rectifiers (FBRs) are widely
employed in most commercially available power management
units (PMU) due to their simplicity and stability; however,
the low power-extraction efficiency of FBRs limits the usable
output power for loads, especially under low ambient exci-
tation levels [4], [5]. In order to increase rectified power,
a variety of active interface circuits have been proposed in
the past decades, which include synchronized switch harvest-
ing on inductor (SSHI), synchronous electric charge extrac-
tion (SECE), and so on [6]–[16]. Although these reported
rectifiers show a good performance enhancement compared to
FBRs under low excitation levels, they typically require large
inductors to achieve good performance and the inductance
values can be up to 10’s mH. These inductors significantly
increase the system volume, especially for microelectro-
mechanical systems (MEMS)-CMOS co-integrated systems,
counter to the requirement for system miniaturization.

Recently, an inductorless interface circuit was proposed
by Chen et al. [17] which uses a technique called flipping-
capacitor rectifier (FCR), which employs a number of switched
capacitors (SCs) to synchronously flip the voltage across
the PT. The work achieves a fully integrated implementa-
tion with high-performance enhancement, thanks to the small
inherent capacitance of the PT (CP = 80 pF). The term “high
performance” used here and later in this paper means the
extracted power ratio between using an active rectifier and
using a passive FBR is high, and this ratio is usually in the
range of 1–10 for reported interface circuits. However, this
small PT with high resonant frequency (110 kHz) used in [17]
is typically used in ultrasonic wireless power transfer (WPT)
systems and may not be suitable for kinetic vibration energy
harvesting since the real-world kinetic vibration typically has
a much lower frequency range between 10’s Hz and 1’s kHz.
PTs targeting this frequency range usually have much higher
inherent capacitance CP (between 1’s and 100’s nF), and as
a result, the required total capacitance value for the FCR
technique will be too large to be implemented on-chip. Besides
the FCR technique, a synchronized switch harvesting on
capacitors (SSHC) rectifier has been proposed in [18]. Similar
to SSHI rectifiers, the SSHC rectifier employs capacitors
instead of inductors to perform synchronous voltage flip. The
number of employed capacitors can be configured to any
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Fig. 1. Circuit diagrams of (a) FBR, (b) SSHI rectifier, and (c) SSHC rectifier with k SCs.

positive integer according to the tradeoff on performance and
system volume: more capacitors result in higher performance.

Fig. 1 shows the circuit diagrams of a FBR, a SSHI
rectifier and a SSHC rectifier. While the PT is vibrating,
it can be modeled as a current source IP in parallel with a
capacitor CP . This equivalent circuit model of a PT has been
proven to be inaccurate for PTs with strong electromechanical
coupling [19]. However, the PT used in this paper is fabricated
in a commercial MEMS process with AlN (Aluminum Nitride)
as the piezoelectric material. Due to the low piezoelectric
coefficient and coupling factor of AlN, which are around
1–2 orders of magnitude lower than those of lead zirconate
titanate (PZT), the electromechanical coupling is weak for
AlN and the generated voltage across the PT has very little
effect on the mechanical vibrations. In this case, the specified
equivalent circuit model comprising a current source and a
capacitor is sufficiently accurate. The voltage flip efficiency
plot in Fig. 1(c) shows that more SCs in an SSHC rectifier
can increase the voltage flip efficiency, hence, the power
extraction performance. The relation between voltage flip
efficiency and output power will be derived later in Section II-
B. Previous work clarifying this relation can also be found
in [6], [16], [20], and [21]. According to different applications
and performance requirements, the SSHC rectifier can be
configured by employing a suitable number of SCs. Despite
the performance and configurable architecture of the SSHC
rectifier, the SCs are sometimes difficult to be implemented
on-chip, since the SCs need to have equal capacitance as CP to
achieve optimal performance [18]. The term “optimal perfor-
mance” used here and later in this paper means the voltage flip
efficiency is maximum while varying the capacitance values
of the SCs. This peak is achieved while CP is the same as
all the SCs and the flip efficiency plot in Fig. 1(c) actually
shows the optimal flip efficiency when CP = CSC . Although
on-chip implementations can be easily achieved while using
small PTs, such as the PT with CP = 80 pF used in [17], it is
almost impossible to implement the SCs on-chip for large PTs

in kinetic vibration energy harvesting systems since such PTs
typically have CP values between 1’s and 100’s nF.

In this paper, a fully integrated split-electrode SSHC
(SE-SSHC) rectifier is proposed to perform synchronous volt-
age flip. With the proposed architecture, required SCs to
achieve the optimal performance is significantly reduced so
that they can be easily implemented on-chip even for PTs with
large CP capacitance. Since this design does not require any
off-chip component (except for power capacitors), the system
volume is significantly reduced while achieving high perfor-
mance. The rest of this paper is organized as follows. Sec-
tion II presents the proposed SE-SSHC rectifier and provides
power analysis in comparison with an FBR. Detailed circuit
implementations are shown in Section III. Measured results
and comparisons with state-of-the-art rectifiers are provided
in Section IV and a conclusion is provided in Section V.

II. PROPOSED SE-SSHC SYSTEM

As previously discussed, the SSHC rectifier shown
in Fig. 1(c) requires all the SCs have the equal capacitance
as that of the PT to achieve the optimal performance, such as
C1 = C2 = · · · = Ck = CP . This requirement makes on-chip
implementation of SCs very impractical when PTs with large
CP values are employed. In order to address a fully integrated
implementation, the optimal SC values need to be significantly
decreased. In the proposed SE-SSHC system, an SE PT is
employed with its electrode layer split into several regions,
assuming n regions (n = 4 in this paper). During the voltage
flip time instants, the four regions are temporarily connected in
series so that the effective capacitance of the PT is decreased
by 42 = 16 times, as shown in Fig. 2. As a result, the required
SCs in the SSHC rectifier are also decreased by 16 times
such that they can be implemented on-chip. In this paper,
the PT is designed and fabricated in a commercial MEMS
process. In order to achieve this design, the n regions need
to be completely separated for all the layers in the MEMS
process, including the top electrode layer, piezoelectric layer,
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Current progress on power management systems for 

triboelectric nanogenerators1 

Tingshu Hu, Senior Member, IEEE, Haifeng Wang, Member, IEEE, William Harmon,  
David Bamgboje, Member, IEEE, Zhong-Lin Wang  

 

Abstract—This paper presents a review on the development of 
power management systems (PMS) for triboelectric 
nanogenerators (TENGs). The TENG is a most recent technology 
to harvest ambient mechanical energy from the environment and 
human activities. Its invention was motivated by the prospect of 
building self-powered systems. The TENG has several appealing 
advantages, such as, high power density, high voltage output, high 
efficiency at low frequency and low cost. However, due to the 
TENG’s unique nonlinear electrical property and capacitive 
behavior, the development of its PMS has presented great 
challenges as compared to other energy harvesters. The objective 
of PMS design has evolved from boosting the peak output power, 
to increasing the energy stored in a capacitor, and to increasing 
the steady state output power of a resistive load by using a power 
converter. Driven by the need to build self-powered systems, the 
switches in the TENG PMS have evolved from active switches to 
passive switches. The past decade has witnessed exciting 
breakthroughs in the development of TENG PMS, yet there are 
still unlimited opportunities in exploring TENG’s energy 
generation mechanism and vast potential in boosting energy 
extraction from the TENG by designing effective power converter 
topologies.  

Index Terms—Energy harvesting, Triboelectric nanogenerator, 
power management, power converter  

I. INTRODUCTION 

 

    The triboelectric nanogenerator (TENG) is a most recent 

technology to harvest ambient mechanical energy from the 

environment and human activities. It was invented in 2012 by 

Zhong-Lin Wang and his group [1, 2], following the invention 

of the piezoelectric nanogenerator (PENG) in 2006 [3]. The 

development of both the PENG and TENG was motivated by 

the prospect of building self-powered systems – a system that 

is self-sufficient in energy which is harvested from its working 

environment [4-6]. Fig. 1 illustrates a self-powered system 

using energy harvested from TENGs to power electronic 

devices.        

    The self-powered or human powered systems have been a 

naturally appealing concept [7-9], for example, to charge a 

cellphone using the mechanical energy from walking [10],  and 

have been explored by researchers before the advent of the 
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nanogenerators. The feasibility of human powered wearable 

computing was explored in [8, 9] with detailed analysis of 

power generation through daily activities. Reference [7] 

presented three devices built inside shoes to harvest energy with 

3 different energy harvesting mechanisms, using a magnetic 

generator and piezoelectric materials. A backpack was 

developed in [11] to harvest energy while walking with loads. 

     Recent years have witnessed an upsurge of research efforts 

in energy harvesting for self-powered and human powered 

systems, which are propelled by the increasing needs for 

portable, wearable electronics and sensors, in internet of things 

and artificial intelligence [8, 12-20].  Almost all these electronic 

devices and sensors are powered by batteries, which have 

limited life span and need frequent replacement or recharging, 

posing inconvenience and challenges in many applications [5, 

8, 13, 15, 16, 21, 22].  Furthermore, the disposal of trillions of 

used batteries will present severe environmental issues. 

However, if the energy in the environment and human body can 

be harvested and used to power these electronic devices and 

sensors, it will provide a clean and sustainable solution to 

reduce or eliminate the impediment of batteries while avoiding 

a potential environmental crisis [8, 15, 23].  

    A conventional approach to harvest biomechanical energy is 

based on electromagnetic generators, which was adopted in [11, 

24-27] to harvest energy from walking. The piezoelectric effect 

enabled the development of more compact and lighter weight 

generators.  In [28], the energy expended during respiration by 

Fig. 1.  Illustration of a self-powered system using energy 

harvested with TENGs. A power management system is needed 

to convert the TENG’s output into a regulated form suitable for 

electronic devices. 
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II. TENG’S ENERGY HARVESTING MECHANISM AND  
ELECTRICAL MODEL 

 
    The triboelectric effect is an everyday experience. It is a type 
of contact electrification that happens when two surfaces of 
different materials come into contact and then separate.  The 
resulting electrostatic charges are generally a nuisance, but may 
cause real damages to sensitive electronics and be hazardous in 
the workplace and nature, such as causing a wildfire [4].  This 
same triboelectric effect was exploited for the first time to build 
a generator in [1, 2], later called triboelectric nanogenerator 
(TENG), to convert the otherwise wasted mechanical energy 
into useful resource for mankind. As such, the construction of 
a TENG is very simple and straightforward – with two surfaces 
of different materials, each attached to an electrode. The two 
surfaces are placed in such a way that a certain mechanical 
motion will drive them into contact and then separate them. Fig. 
2 shows the construction of a TENG, a photograph of a 
fabricated TENG, and the process for fabricating a TENG [55].  

When the TENG is pressed with fingers, the two surfaces come 
into contact. When the pressing force is removed, the 4 springs 
at the corners will drive the two surfaces apart. A TENG device 
with similar construction (but with flexible materials) can be 
placed inside the shoe to harvest biomechanical energy while 
walking. Since the first TENG was reported in [1, 2], 4 different 
types of TENGs have been developed based on 4 fundamental 
working modes (see Fig. 3 as duplicated from [5]), to harvest 
energy from different mechanical motions:  vertical contact 
separation mode [1, 2, 55, 56] (as pictured in Figs. 2,3a), in-
plane sliding mode [55] (Fig. 3b), single electrode mode [57] 
(Fig. 3c), and free-standing mode [58] (Fig. 3d). With these 4 
modes of TENGs, all kinds of mechanical energy can be 
harvested [4, 5],  ranging from finger typing, engine vibration, 
walking (mode 1, mode 3), to wind energy, hydropower (mode 

2), and raindrop, airflow, and rotating tire (mode 3, mode 4).  
These 4 types of TENGs have also been used to construct 
numerous active sensors, for example, pressure sensors, 
acoustic sensors, body motion sensors, vibration sensors, 
biosensors [5]. Later research efforts have been devoted to the 
optimization of structural and material designs to enhance the 
output power, the energy conversion efficiency, device 
robustness and to widen the applications of the TENGs [59-63]. 

As mentioned in the introduction, to convert the raw energy 
harvested by TENGs into regulated and steady power that is 
suitable for electronic devices, a power management system 
(PMS) is indispensable. To build a PMS for a TENG, it is 
fundamental to understand its electrical properties. 

A TENG generates electricity due to the coupling of contact 
electrification and electrostatic induction. Contact 
electrification provides static polarized charges and 
electrostatic induction is the main mechanism that converts 
mechanical energy to electricity. Although contact 
electrification has been documented for 2600 years, the 
scientific understanding of the mechanism remains debatable 
and inconclusive [64-67], thus there is no universal model for 
the description of charge generation from contact electrification. 
However, for a particular material, its triboelectric property can 
be quantitatively measured with a parameter, the triboelectric 
charge density, denoted as 𝜎.  In [67], a standard experimental 
method was developed to quantify the charge density of a series 
of materials. The charge density is the main parameter to 
determine the amount of charge generated due to contact 
electrification. Since the invention of the TENG, continuous 
efforts have been devoted to increasing the triboelectric charge 
density by modifying material composition, improving 
effective contact area and changing environmental conditions 
[68,69].  

Fig. 3.  4 modes of TENG operation [5] 

Fig. 2.  (a) Schematic of a TENG and (b) photograph of a 
fabricated TENG. (c) SEM image of gold nanoparticles coated on 
gold surface. (d) Process flow for fabricating the TENG [55] 
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A Fully Energy-Autonomous Temperature-to-Time
Converter Powered by a Triboelectric Energy

Harvester for Biomedical Applications
Joanne Si Ying Tan , Student Member, IEEE, Jeong Hoan Park, Member, IEEE,

Jiamin Li, Student Member, IEEE, Yilong Dong, Student Member, IEEE, Kwok Hoe Chan,

Ghim Wei Ho, and Jerald Yoo , Senior Member, IEEE

Abstract— This article presents a fully energy-autonomous
temperature-to-time converter (TTC), entirely powered up by a
triboelectric nanogenerator (TENG) for biomedical applications.
Existing sensing systems either consume too much power to
be sustained by energy harvesting or have poor accuracy.
Also, the harvesting of low-frequency energy input has been
challenging due to high reverse leakage of a rectifier. The
proposed dynamic leakage suppression full-bridge rectifier (DLS-
FBR) reduces the reverse leakage current by more than 1000×,
enabling harvesting from sparse and sporadic energy sources;
this enables the TTC to function with a TENG as the sole power
source operating at <1-Hz human motion. Upon harvesting
0.6 V in the storage capacitor, the power management unit
(PMU) activates the low-power TTC, which performs one-shot
conversion of temperature to pulsewidth. Designed for biomedical
applications, the TTC enables a temperature measurement range
from 15 ◦C to 45 ◦C. The energy-autonomous TTC is fabricated in
0.18-µm 1P6M CMOS technology, consuming 0.14 pJ/conversion
with 0.014-ms conversion time.

Index Terms— Biomedical applications, dynamic leakage sup-
pression full-bridge rectifier (DLS-FBR), energy harvesting,
energy autonomous, Internet of Things (IoT), low leakage, low
power, temperature-to-time converter (TTC).

I. INTRODUCTION

TEMPERATURE information acquisition is essential in
assessing and monitoring the operation conditions of

sensor nodes/devices widely employed in assisted diagnos-
tics, remote healthcare, and Internet-of-Things (IoT) nodes
in general. With the devices worn or implanted in patients,
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overheating becomes detrimental to not only device perfor-
mance but more importantly for tissues that suffer from
thermal damage when exposed to high temperatures above
43 ◦C [1]. Therefore, implanted systems, such as [2] and [3],
require temperature data to ensure patients’ safety. Conversely,
detection of temperatures below meaningful range detectable
on body (<36 ◦C) could signal a potential detachment in need
of prompt discovery and adjustment. Hence, the collection of
temperature data is vital in biomedical devices for the safety
of the patients and effectiveness of the monitoring devices.

Sensor nodes for biomedical IoT are numerous and widely
distributed. For long-term monitoring, it is imperative to
have sustainable and maintenance-free capabilities. One of
the greatest limitations is the heavy reliance on batteries,
an unsustainable source of power that requires replacement or
cumbersome recharging [4]. Hence, it is essential for energy
harvesting to supercede this depletable counterpart. Many
energy harvester types are available, including pyroelectric,
piezoelectric, triboelectric, and photovoltaic and radio fre-
quency [5], [6]. For wearable or implanted devices, human
motion is a readily available ambient source that is usu-
ally at frequencies below 1 Hz. Triboelectric nanogener-
ators (TENGs) are promising for harvesting such sparse
human motion. However, although TENGs can produce large
open-circuit voltages, the efficacy is severely restricted by the
high reverse leakage current of full-bridge rectifiers (FBRs).
As a result, storage of collected charges is impossible, espe-
cially at low harvesting frequencies of <1 Hz.

In addition, sensor nodes are required to function at
extremely low voltages and power due to the efficiency
limitations of energy harvesters. Recent temperature sen-
sors [7]–[9], [12] consume microwatts of power. In addi-
tion, these sensors generally function at operating voltages
(VDDLs) above 1 V, excessively high for energy-harvesting
systems. Wang and Mercier [11] proposed a low-power tem-
perature sensor; however, the inaccuracy is large even after
two-point calibration.

To address these challenges and to achieve the energy-
autonomous temperature sensing for IoT-based bio-
applications, this article presents an ultra-low-power one-shot
temperature-to-time converter (TTC) that operates at 0.6 V,
with energy accumulation enabled by sporadic triboelectric

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 6. (a) Photograph and (b) model of the TENG.

Fig. 7. Measurement results of (a) open-circuit output voltage of TENG
(1 × 1 cm2) shown in Fig. 6; (b) voltage and current relationship with
load impedance; (c) peak power output against load impedance at actuation
of 1 Hz.

ing at 1 Hz. Energy harvested from sparse voltage pulses
below 1 Hz cannot be sufficiently accumulated if the rate of
leakage is faster than accumulation. Hence, minimizing reverse

leakage is vital. In the proposed design, four transistors, M5,
M8, M9, and M12, are added, which suppresses leakage
dynamically, dramatically enhancing the leakage reduction
ability.

The proposed DLS-FBR trades off conversion efficiency to
achieve leakage suppression, which dominates the harvested
power dissipation, enabling voltage/energy accumulation for
TTC activation. At the +Ve half input, where IP is positive
and IN is negative, the current path formed by M5, M6,
M11, and M12 charges the capacitor, while idle transistors
M7–M10 are in super-cutoff state, reducing the OFF current
along the potential leakage paths. When IP becomes negative
with the positive voltage at IN, similar leakage suppression is
illustrated. In contrast, transistors in OFF-state in conventional
rectifiers, such as M2 and M3, will still exhibit leakage current
between their drains and sources.

Fig. 10 analyzes the mechanism of the DLS. When the input
is +Ve, current flows from IP to OP in Fig. 10(a). On the other
hand, when the input is −Ve, current flows from IP to ON in
Fig. 10(b). As shown in Fig. 10(a), when the positive voltage
is at IP, DLS is performed, with VGS of NMOS and PMOS
devices negatively self-biased in the super cutoff regions. Such
VGS values of the transistors are determined by the internal
node, VY. Fig. 10(c) shows the relationship of the voltages in
the input, output, and intermediate nodes. The idle transistors
are in the super cutoff state as they have negative VGS, and
hence, ultra-low leakage is achieved. The internal node, VX,
determines VGS of transistors in the top half that are turned
on, forming a current path to charge the capacitor. When the
negative voltage is at IP, the regions flip, with the transistors
at the top half in super cutoff and transistors at the bottom
half forming a path for current flow.

Fig. 11 simulates the leakage in DLS-FBR across cor-
ners and temperature. Temperature and process variations
can be seen to have a negligible effect on the leakage
suppression ability of the DLS-FBR. In contrast to con-
ventional architecture, DLS-FBR achieves an exceptional
>1000× leakage reduction. Attributed to the DLS-FBR, self-
sustaining the entire system by low-frequency TENG becomes
possible.

B. Power Management Unit

Fig. 12 shows the schematic and functionality of the PMU.
Due to the slow ramping up of the collected charges in
VDDLQ, we require the PMU to enable the TTC only when
the required voltage level of VDDL has been reached.

The imbalanced comparator (IMB COMP) monitors and
detects the voltage difference between VB0 and VB1 that are
obtained using a voltage divider of cascaded diode-connected
PMOS transistors. To attain the ultra-low static current con-
sumption of only 0.2 pA and low mismatch of the voltage
divider PMOS chain, careful sizing and layout have been
performed.

By sizing the two branches of the comparator with a ratio
of 1:27, the PMU effectively turns on the TTC when the
VDDLQ in the charge-collecting capacitor reaches the proper
VDDL of 0.6 V.
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Fig. 1. System architecture of (a) conventional temperature sensing system
and (b) proposed energy-autonomous system.

harvesting with the proposed dynamic leakage suppression
full-bridge rectifier (DLS-FBR), shown in Fig. 1 [13]. The
overall system achieves 0.14 pJ/conversion with only 5-nW
stand-by power with the power management.

This article is organized as follows. Section II describes
the overall architecture, TENG, and key design considera-
tions of the proposed temperature sensing system. Section III
delves into the circuit implementation and analysis. Section IV
presents the measurement results. Section V discusses possible
future work. Finally, Section VI concludes this article.

II. SYSTEM ARCHITECTURE AND TRIBOELECTRIC

HARVESTER

A. Overall Architecture

Fig. 2 shows the overall architecture of the energy-
autonomous TTC system. It consists of four main parts: the
TENG, the >1000× leakage reduction DLS-FBR, nano-watt
static power management unit (PMU), and ultra-low-power
one-shot TTC. Fig. 3 shows the concept of the system.
When the sparse input is given to the TENG, conventional
FBR does not allow the accumulation of energy due to high
reverse leakage. In contrast, the proposed DLS-FBR minimizes
leakage dynamically, allowing the charge to accumulate. Upon
sufficient energy accumulation, the PMU activates the one-shot
TTC. Conventional temperature systems use amplifiers [7], [8]
or oscillators [9], [10], [12] that are power-hungry. The pro-
posed design uses a time-based charge accumulation scheme
operating at a low supply of 0.6 V and outputs pulses encod-
ing temperature information at only 0.14 pJ/conversion. The
low voltage and power required, along with effective energy
accumulation with DLS-FBR, allow the entire system to be

sustained solely by the energy harvested from a TENG of
<1-Hz frequency.

B. Triboelectric Energy Harvesting From Human Motion

To achieve energy-autonomous systems, the energy sources
must be clean and sustainable. Fig. 4 compares the existing
energy harvesters [4]. The efficiency of solar and RF is limited
indoors and thermal harvesters rely on steep temperature
gradients. Piezoelectric harvesters require high frequencies
shown in Fig. 5. TENGs can scavenge ambient mechanical
energy generated from human motion, with a frequency that
can go down to 1 Hz. At such low frequencies, around
microwatts of power per cm2 could be expected. Furthermore,
their flexible nature allows for future integration with wearable
biosensors [17].

Fig. 6 shows the photograph of the TENG used in this article
and its equivalent circuit model [18]. The harvester consists of
a top conductive Ni-perfluoroalkoxy (PFA) layer and a bottom
conductive Ni layer. Fig. 7 shows the measured characteristics
of the harvester with 1-Hz actuation at contact separation mode
for a 1 × 1 cm2 active area. Fig. 7(a) shows the open-circuit
output voltage, Fig. 7(b) shows the output voltage and current
against load impedance, and Fig. 7(c) shows the power output
against load impedance. Due to the dynamic nature of the
DLS-FBR, load impedance (ZLoad) ranges from 5 M! at peak
input voltage to hundreds of megaohms when the input pulse
is rising or falling, shown in Fig. 7(b) and (c) as the Z-band of
interest. The peak output power of the TENG lies within this
ZLoad range, maximizing the harvested power. Voltage output
reaches 4 V, while the current generated is low at <500 nA per
pulse. Assuming that 1-Hz motion is maintained, the lowest
power generated is around 500 nW, which is our power
budget.

A major challenge for effective utilization of harvested
energy is the high leakage in the system since the generated
current is low. High reverse leakage current in conventional
FBRs prevents harvested energy from being effectively sus-
tained and accumulated, limiting its practicality. This is espe-
cially problematic in TENG for biomedical application, with
the main source being the human motion that is generally of
very low frequencies (<1 Hz). To solve this issue, we propose
a DLS-FBR.

C. Ultra-Low-Power and Low Leakage Sensing

Power management is vital in energy-harvesting systems
to provide a proper VDDL to the TTC. However, several
challenges need to be addressed. The first is the slow ramp-
ing up of the harvested voltage (VDDLQ). The PMU must
effectively supply only at the desired VDDL and cut off
when the VDDLQ is insufficient for the accuracy of the
TTC. The second is static power consumption. If the power
consumption is too high, harvested energy will be wasted at
the PMU and not reach the load.

Since the proposed TTC is designed for condition monitor-
ing and assessing of devices worn on or implanted in patients,
the sensing range should cover human body range with a
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Fig. 2. Overall architecture of the proposed energy-autonomous TTC.

Fig. 3. Concept of the proposed energy-autonomous TTC.

Fig. 4. Comparison of energy harvesters [4].

suitable margin for this application. The TTC is designed to
target the range from 15 ◦C to 45 ◦C, more than sufficient for
this application.

III. BUILDING BLOCKS

To achieve ultra-low leakage and low-power sensing, our
proposed energy-autonomous sensing system is explained in
Sections III-A–III-C.

Fig. 5. TENG against other harvesters for low-frequency sources.

A. Dynamic Leakage Suppression Full-Bridge Rectifier

Figs. 8 and 9 show the leakage in conventional FBR and
the leakage suppression of the novel DLS-FBR, respectively.
At low frequency, leakage dominates the power dissipation,
compared to the active power consumption. As depicted,
idle transistors in conventional FBR suffer from high reverse
leakage current. From our measurements with conventional
FBRs, 79% of charge is leaked away within 1 s during
a reverse-biased state when charged with a TENG operat-
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