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A Thermoelectric Energy Harvesting System

Assisted by a Piezoelectric Transducer Achieving
10-mV Cold-Startup and 82.7% Peak Efficiency

Tianqgi Lu
Xinling Yue
Zhiyuan Chen"”, Member, IEEE, Xun Liu

Bo Zhao

Abstract—This article presents a 10 mV-startup-voltage ther-
moelectric energy harvesting system, assisted by a piezoelectric
generator (PEG) as a cold starter. It exploits the fact that when
a thermoelectric energy harvesting system is implemented in a
place where kinetic energy is also present, the PEG starter can
provide a clock signal to start the system. Thanks to the high output
impedance of the PEG, the generated clock voltage can easily go
over several hundreds of mV, which can be used to drive the boost
converter to harvest thermoelectric energy even at an extremely
low thermoelectric generator (TEG) voltage. The proposed system
was fabricated in a 180-nm BCD process. The measurement results
show that the TEG system can start up from the cold state with a
TEG voltage as low as 10 mV while maintaining a 63.9 % efficiency.
The peak power conversion efficiency reaches 83.7 % when the TEG
voltage is 55 mV.

Index Terms—Boost converter, cold-startup, de—dc converter,
maximum power point tracking (MPPT), piezoelectric generator
(PEG), thermoelectric energy generator (TEG), thermoelectric
energy harvesting.
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I. INTRODUCTION

ITH the rapid development of the Internet of Things
(IoTs), powering techniques for electronic devices have
attracted significant attention. Since the applied low-power sen-
sors in an [oT system usually require a long operation lifetime
with no battery replacement, harvesting energy from the ambient
environment becomes a promising solution for the powering
issue [1]. Thermal energy, RF energy, kinetic energy, and solar
energy are the most common resources in the surrounding envi-
ronment. Among these potential sources, thermal energy draws
much interest because of its high power density and stability.
Thermoelectric energy generator (TEG) provides reliable
thermal energy conversion to electrical energy. The TEG can
generate an output voltage Vigg when a temperature difference
exists across it. The generated voltage is proportional to the
temperature difference (A7), which can be written as

Vigg = S - AT (1)

where S is the Seebeck coefficient of the thermopile in the
TEG [2].

The energy harvesting system is usually required to be small in
terms of area and weight to make it compact to be integrated into
an [oT system. Based on the temperature coefficient of common
TEG products, which is roughly from 22 to 34 mV/K [3], [4],
[5],161,[7],a 10 cm? TEG with a temperature gradient between
0.5 and 2 K across it can only generate an open-circuit voltage
(Vreg) varying from 11 to 68 mV. Such Vrgg is usually much
lower than the required supply voltages of the IoT electronics.
Therefore, a dc—dc boost converter is needed to convert the low
input voltage to a high output voltage, in a thermoelectric energy
harvesting system.

In the typical implementation of a thermoelectric energy
harvesting system, a cold-startup circuit is necessary to drive
the dc—dc converter at the kick-off, as the Vigg is even smaller
than the typical threshold voltage (hundreds of mV) of a MOSFET
transistor. Over the past years, different kinds of startup tech-
niques, which require no extra battery to start the operation of the
circuity, have been proposed. For instance, a mechanical switch
is used in [8] to start up the circuit at a Vigg of 35 mV. In [9],
a one-shot cold-start technique has been proposed to generate a
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single startup pulse to turn ONthe switch in the boost converter.
In addition, a self-startup technique based on a low-voltage
ring oscillator and a charge pump powered by Vigg has been
proposed, which can generate a stepping-up voltage to start up
the circuit [10]. Although these designs can achieve cold-start
without any battery assistance, their required startup voltages
(>35 mV) are still higher than the minimum voltage (~10 mV)
that a small-area TEG can generate, thus limiting the operating
range. To break through the limitations and achieve an even
lower startup voltage, a new startup mechanism is proposed in
this article.

The proposed thermoelectric energy harvesting system uti-
lizes a piezoelectric starter to achieve an ultra-low startup volt-
age. It is worth noting that vibration and heat are generated
together in many scenarios, e.g., the engines of airplanes and
vehicles generate heat and mechanical vibrations, the human
body generates heat together with body movements, etc. The
proposed piezoelectric generator (PEG) starter can collect ki-
netic energy and generate an ac signal, which is then trans-
formed into a clock signal to drive the switches in the boost
converter during the startup state. Thanks to the high output
impedance of the PEG, the generated signal can easily achieve
several hundreds of mV or even higher, which is high enough to
drive the low-side NMOS switch of a boost converter directly.
The maximum power point tracking (MPPT) technique is also
employed to match the converter input impedance with the TEG
internal impedance, further maximizing the extracted energy and
improving the power efficiency.

The rest of this article is organized as follows. Section II
reviews the previous cold-startup techniques and presents the
proposed piezoelectric starter. System architecture and working
principle are shown in Section III. Section IV details several key
circuit implementations. Section V exhibits the measurement
results and compares the proposed design with state-of-the-art
works. Finally, Section VI concludes this article.

II. COLD-STARTUP TECHNIQUES
A. Previous Cold-Startup Techniques

When a TEG experiences a near-zero temperature difference
and generates little energy for a long period, the energy stored in
the system may run out due to quiescent power dissipation and
leakage. To let the system extract energy again when the TEG
can generate more energy, a cold-startup circuitry is necessary
to drive the boost converter with only a low-voltage source from
the TEG. Several techniques have been proposed to fulfill this
necessity.

To achieve the cold startup, Ramadass and Chandrakasan [8]
presented a thermoelectric energy harvesting system for wear-
able applications with a starter that takes advantage of the
movement of the human body. Body movements trigger a me-
chanical switch SO in the startup circuit, as shown in Fig. 1. After
several mechanical movement periods, energy can be stored in
a capacitor to build a high voltage to drive switches in the boost
converter. After that, this mechanical switch is disabled, and the
internal oscillator can generate a much faster clock signal to
extract energy from TEG with a higher efficiency.
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Fig. 1. Schematic of the startup circuit with the assistance of a mechanical
switch [8].
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Fig. 2. Schematic of the one-shot startup technique based on a low-voltage
charge pump [9].

In [9], a one-shot cold-startup technique is adopted for self-
start. As shown in Fig. 2, during the cold-startup operation, a
charge-pump-based on-chip voltage multiplier boosts the input
voltage ViN to a high voltage of V- p. Thanks to the use of low-
threshold voltage transistors, the voltage multiplier can be driven
by alow-voltage ring oscillator directly powered by Vin. A single
startup strobe pulse, Vs, is then generated by Vo p. During this
short duration, the inductor is charged with the current from
TEG. At the end of the startup pulse, the PMOS diode S1 is
turned ON to transfer the power from the inductor to the on-chip
capacitor, C'pp, generating a voltage Vpp higher than 500 mV
to power a secondary oscillator to clock the entire system. The
minimum self-startup voltage of this design is 50 mV due to
the limitation of the threshold voltage of transistors in the low-
voltage oscillator.

Fig. 3 shows the architecture of the low-voltage starter pro-
posed in [10]. It consists of an LC-tank oscillator and a voltage
multiplier. First, the oscillator converts the input dc energy
into an ac signal. Then, a voltage multiplier transfers the ac
energy back to dc with a boosted level. Unlike the one-shot
design in [9], this work directly charges the output capacitor
during the startup state instead of driving the boost converter
to charge the intermediate storage capacitor, simplifying the
system. However, the minimum start-up voltage of 50 mV is
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Fig. 3. Schematic of the low-voltage starter based on an LC oscillator and a
voltage multiplier [10].
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Fig. 4. Schematic of the proposed thermoelectric energy harvesting system

with a PEG cold-starter.

still limited by the threshold voltage of the transistors in the
oscillator.

B. Proposed Low-Voltage PEG Starter

By exploiting either kinetic energy or ac—dc energy con-
version, the previous cold-startup designs achieve low start-up
voltages around several tens of mV, which is still higher than the
minimum voltage (~10mV) that a compact TEG can provide. To
further break the startup-voltage bottleneck, this work combines
both TEG and PEG mechanisms, as shown in Fig. 4. It takes
advantage of the kinetic energy collected by the PEG to generate
a startup clock signal, CLKpgg, which is used to drive the boost
converter to work at an extremely low Vrgg and store harvested
thermal energy into a capacitor in the cold state.

To utilize the ac energy generated by the PEG, a full-bridge
rectifier is employed to convert the ac input into a dc voltage,
VpEG, as shown in Fig. 5(a). As the PEG has an internal ca-
pacitor, which is charged and discharged periodically due to
kinetic vibration, the polarity of IN+ and IN— is also reversed
periodically [11]. To directly generate a clock signal from this
flipping voltage IN+, four cascaded inverters powered by Vppg
are employed to reshape the PEG output to a square wave
(CLKpgg), as shown in Fig. 5(b). Although the output of the
inverter is not a perfect square wave due to the fluctuation in the
supply, the falling edge is sharp enough to turn OFF the low-side
NMOS in the boost converter in a short instant without reducing
the current in the inductor too much.

Assuming that the proposed energy harvesting system is
mounted on a surface with a vibration frequency of fpgg, the
input resistance of the boost converter in the startup state is
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Fig. 5. PEG startup block and its waveforms. (a) Circuit diagram of the PEG
startup block. (b) Associated waveform in two periods.

given as [12]

2L
]:L)IN7 startup — % 2

where L is the value of the inductor and D is the duty cycle of
the NMOS switch S0 (see Fig. 4). Then, the input power of the
energy harvesting system can be rewritten as

2L feec + RrecD?)?
where Rtgg and Vigg are the TEG’s internal resistance and
generated voltage, respectively. The system will not harvest ther-
moelectric energy with the self-generated clock until the voltage
on Ccrre (the internal power supply capacitor) is charged to
VeTrL,min, Which is the lowest voltage ensuring a proper system
operation. The lowest required energy is derived as

1
2
where Zgup s the time of the startup state. Based on (3) and
(4), the minimum startup Vrgg can be formulated as

\/CCTRLVCQTRL,min (2L feeg + RrecD?)?
VIEG,min = :

3)

P ,startup — (

_ 2 _
Estartup - CCTRLVCTRL’min - ]DIN,sla.rtuptstanup (4)

&)

2tstartup 2L f PEG D2

By setting the fppg as the only variable while the other param-
eters are constant, the simulated relation between the minimum
TEG voltage (Vrgg) for startup and the frequency of the clock
signal generated by the PEG starter (CLKpgg) is shown in Fig. 6.
With a vibration frequency higher than 200 Hz, the minimum
startup voltage can be lower than 10 mV.

Compared with the designs that only use vibration to drive
mechanical switches, this work can control the startup pro-
cess more subtly. Moreover, the proposed technique allows the
startup circuit to overcome the limitation of the minimum startup
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Fig. 6.  Minimum TEG voltage for the startup versus the vibration frequency
generated by the PEH starter.

voltage of the transistor, compared with the works that use a ring
oscillator in the startup circuit. Furthermore, the startup block
is solely powered by the harvested kinetic energy during the
startup state. All the harvested energy from the thermoelectric
source can be stored without sharing any portion with the startup
clock generation, further lowering the required minimum startup
V1EG.

III. PROPOSED TEG ENERGY HARVESTING SYSTEM
A. System Architecture

The architecture of the proposed TEG harvesting system is
presented in Fig. 7. It comprises a TEG-based power converter, a
PEG-based cold startup circuit, and several control blocks. The
TEG can be modeled as a voltage source Vrgg in series with
an internal resistor Rtgg. During the startup period, the PEG
starter provides the initial switching signal to drive the boost
converter to achieve a sufficiently high Vg from a low Vigg
until the control blocks can start operating autonomously. The
converter stores the harvested energy into two capacitors, Cour
and Ctrp. Cerre provides the supply voltage, Verry, for the
internal control circuits, and Coyr is used to generate a supply
voltage, Vour, for the external loads.

The control circuits are mainly composed of a state detection
block, an MPPT block, a voltage-controlled oscillator (VCO), a
zero-current switching (ZCS) block, and a low-dropout regulator
(LDO). The voltage dividers in the state detector provide the
divided versions of Vrrr, and Voyr. By comparing them with a
voltage reference, the state detection block can generate signals
instructing the system to work in different operation states. More
details about the operation states will be given in the next section.
The MPPT and VCO blocks adjust the gate-driving signal of
switch S0 and the system operating frequency according to the
variation of Vrgg, thus ensuring the interface circuit collects
power as much as possible from the TEG. The ZCS block
detects the polarity of the current in the paths having switches
S1 and S2. By turning OFF the conduction path precisely at the
polarity reversing point, the circuit avoids the reverse current
draining energy from the power supply capacitor; it also avoids
the positive current being wasted because of the early cutting-off.
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B. Operation Principle

The system has four operation states, which are cold-start
state, internal-charging state, external-charging state, and output
state, respectively. Fig. 8(a) shows the state transition flow with
conditions. When the system starts from the cold-start state,
Verre is charged until it reaches about 0.6 V. After that, the
internal oscillator can be powered to generate a much faster
clock than that from the PEG starter. This state will continue
to charge Verre until it reaches 1.3 V, after which the system
enters the output state to provide a stable output voltage Vour
to the loads. The first three states, i.e., cold-start state, internal-
charging state, and external-charging state, are counted as the
cold-startup period of the system. In the output state, the system
powers the external loads steadily.

As shown in Fig. 8(b), the system starts from the cold state
without external battery assistance and any energy stored in the
system. During this period, all the control circuits are in idleness.
Triggered by ambient vibration, the PEG stater starts to generate
the clock signal, CLKpgg, to drive the low-side switch, SO. With
a temperature difference across the TEG which induces a Vrgg
higher than the minimum startup voltage, the inductor starts
to be energized. After SO turns OFF, the energy stored in the
inductor is transferred to Ccrp and Coyr through the high-side
switches, S1and S2. Since the ZCS block cannot control the gate
switching of S1 and S2 during the cold state, both transistors
work as diodes. In this state, the PEG starter helps the converter
collect energy from the TEG, establishing an increasingly high
supply voltage for the control circuits. Once the Verry, increases
to 600 mV, the system transitions from the cold-start state to the
internal-charging state.

As the system enters the internal-charging state, the PEG
starter will be disabled, and the ZCS block, the MPPT block, and
the VCO start operating, as shown in Fig. 8(c). These control
circuits are powered by Verre. The MUX on the gate of SO
selects the switching clock, S0, generated by the MPPT block
to optimize the operation of the boost converter. In this state, the
boost converter accelerates the charging process of Ccrgry, as the
switching frequency of S0 is much higher than that of CLKpgg.
Also, the switch S1 works more efficiently with the driving
signal generated by the ZCS block than working as a diode.
Moreover, the boost converter operates in the discontinuous
conduction mode (DCM) as the power harvested from the TEG
is low [13]. The ZCS block dynamically adjusts the on-time of
S1 to prevent reverse currents.

The state detection block monitors the level of Virre. As
soon as Verre reaches 1.3 V, the system enters the external-
charging state, and all control blocks are enabled, as shown in
Fig. 8(d). Another energy harvesting path through the high-side
switch S2 is activated in this state, and the energy harvested
from the TEG is transferred to the output capacitor Coyr. It
should be noticed that the amplitude of Vrry is influenced by the
operation of the boost converter in two aspects. On the one hand,
the harvested energy is used to charge Coyr, meaning there is
no energy delivered to Ccrry in some cycles. On the other hand,
the control circuits keep consuming the energy stored in Cerr.
As a result, Verrp can drop slowly. As Cergr provides energy
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Fig.8. Illustrated states of operation of the energy harvesting system. (a) States transition flow. (b) Cold-start state. (c) Internal-charging state. (d) External-charging

state.

for all the internal circuits, it should have the priority to maintain
Verre- Consequently, once Virry drops below 1.3 V, the energy
harvesting path through S2 will be turned OFF temporarily, and
S1 will be activated to charge Ccrgry, until Vergy backs to 1.3 V.
To avoid the impact of the fluctuation of Verrr, on powering
internal control circuits, an LDO is employed to generate a stable

supply, Vpp, of 1.2 V for the internal circuits. Moreover, the
dynamic bulk biasing technique connects the bodies of S1 and
S2 to a higher potential port between their source and drain.
Finally, as Vout goes above 1.2 V, the system enters output
mode. In this state, the switches S1 and S2 are turned ON
alternately to ensure that the Verry stays around 1.3 V, and the
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Fig. 9. ZCS block. (a) Circuit implementation. (b) Timing diagram of the

DCM operation.

output port can provide a stable 1.2-V supply. When Vrry goes
below 1.3 V, the system will switch to charge Vergrp because
it is the supply for the entire energy harvesting system. If the
Vreg is fluctuating and the harvested power is lower than that
required by the external loads, the energy stored in the Cour
will decrease, and Vpyr will drop. As Voyr drops below the
preset threshold voltage 1.2 V, the system will switch back to
the external-charging state to recover Vour. In extreme cases
where the input power remains insufficient, the Verrr, may also
drop. When Virre decreases below 600 mV, the system will
enter the cold-start state again.

IV. KEY CIRCUIT IMPLEMENTATIONS
A. Zero-Current Switching

As the proposed boost converter operates in the DCM, a ZCS
circuitis required, as illustrated in Fig. 9(a). To sense the polarity
of the current flowing through the inductor, a comparator is
used to compare the voltages on the drain and the source of
the conducting PMOS switch, S1 or S2. It is important to note
that two PMOS switches work for two different energy storage
capacitors. Therefore, a MUX chooses either Vergry or Vour
to be one of the inputs of the comparator, which is selected
by the state signal, Ssgr.. The other input of the comparator is
connected to the common terminal of S1 and S2, V. In each
cycle, the comparator generates a polarity indicating signal,
INC/DEC, based on the polarity of the voltage drops on the
conducting PMOS switch. The comparator is triggered by a
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delayed version of the PMOS gate switching signal, either S1¢
or S2¢. This delayed trigger plays two roles in the operation of
the comparator. On the one hand, Vg exhibits either an overshoot
or an undershoot corresponding to the polarity of the current at
the PMOS turn-OFF moment. Thus, a small time slot is necessary
to settle the Vs after the rising edge of the gate-switching signal.
On the other hand, the comparator needs a setup time when both
inputs are settled. To achieve zero-voltage sensing (ZVS), the
ON-time of S1 or S2 is defined by a 5-bit programmable delay
cell (RC Delay), whose output, S12¢, can go to either S1 or S2.
The 5-bit delay cell is controlled by 5-bit counters, Counter; and
Countery, whose up/down behavior is controlled by the polarity
indicating signal, INC/DEC. Therefore, the two counters store
the delay codes for the gate-switching signals, where the delay
codes are adjusted to achieve the ZVS. Each unit cell in the 5-bit
delay cell can generate a delay of 35 ns.

As depicted in Fig. 9(b), at the first rising edge of Slg,
an overshoot appears at Vg because of the accumulation of
positive charges delivered by the residual forward inductor
current. Hence, a positive INC/DEC signal is generated. Then,
the corresponding counter, Counter, is adjusted to enlarge the
ON-time of the corresponding PMOS switch, S1, by tuning the
5-bit programmable delay cell. In contrast, an undershoot at Vg
indicates that a negative current is flowing in the inductor at the
moment that S1 is turned OFF. The ZCS block will then shorten
the ON-time of S1 to avoid the reverse current discharging the
output capacitor, Ccrre, in the next cycle. In steady states, the
delay code of the programmable delay cell will switch between
two adjacent values with near-optimal switching behavior of S1.
A similar ZCS operation applies when the system is charging
Cour using S2.

B. Maximum Power Point Tracking

According to the equivalent circuit of the TEG and the MPPT
theory [2], [12], [14], the maximum power can be extracted from
TEG when the input resistance of the dc—dc converter, Ry, is
equal to the internal resistance of the TEG, Rygg. The theoretical
maximum extractable power from TEG can be expressed as

Vit
4R1EG
Since the converter works in the DCM with a high voltage
conversion ratio, the ON-time of the PMOS switch is negligible

compared with the ON-time of the NMOS switch. Thus, Ry can
be given by [15]

(6)

PHar MAX =

2Lf.
Rin = D;ys
where fqy is the system switching frequency. Therefore, using
(6) and (7), the MPPT efficiency, nvppr, can be written as

8RTEGLfsys D4
2Lfsys + RTEGD2)2 .

Based on (6), the input voltage of the converter should be
maintained equal to half of Vigg to achieve the maximum
extractable power from TEG. Also, (7) points out that the value
of Ry depends on D for a given fy. Therefore, MPPT can be

(N

®)

TIMPPT =
(
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Fig. 11.  Circuit implementation of the MPPT block.

achieved by tuning D. For instance, for a fixed system frequency,
fsys = 5 kHz, the optimal MPPT efficiency is achieved by tuning
D around 0.67, as shown in Fig. 10. A sample-and-hold circuit
is utilized to periodically sample the halved version of Vigg on
Caample (Vaampte = 1/2VEG), as shown in Fig. 11. The Vigmple is
then compared with Viy to determine the ON-time of the switch
S0. If Vi is larger than 1/2Vigg, which means Ryy is larger
than Rrgg, a pulse signal will be generated at the comparator
output, which will be counted in the 5-bit counter. Consequently,
the programmable delay cell (RC delay) increases the delay
between CLKys and CLK s 4e1. Thus, the D increases, and Ry
can decrease based on (7). Similarly, the programmable delay
cell decreases the delay to decrease D when Vjy is smaller than
1/2Vrgg.

Since the converter works in the DCM and there is no en-
ergy transfer when the PMOS switches disconnect the energy
harvesting path, the operation of the MPPT is arranged during
the disconnection period to avoid disturbing the energy har-
vesting process. Moreover, the sample-and-hold circuit samples
1/2 Vrgg for every 64 system cycles (CLKyppr) as the tempera-
ture on TEG only changes gradually. In contrast, the comparison
between Vin and Viampie takes place for every cycle so that Ry
follows the change of Rygg and the system tracks the maximum
power point timely. Besides, the MPPT block is activated once
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the system enters the internal-charging state, which facilitates
the setup of Vergrr and Vour.

C. Voltage-Controlled Oscillator

With an ideal MPPT block, the input resistance of the har-
vester should match the TEG internal resistance, Ry = Rrgg.

Thus, the system’s overall efficiency can be expressed in terms
of D and fys as

4(RN + \YOIET RP) 1 CngUTRTEG
nsys = - 5 fsys 9)
3RtEG D Vix

where Ry and Rp are the ON-resistances of the NMOS and
PMOS switches, respectively. Equation (9) demonstrates that for
different values of Vi, different kinds of losses can dominate.
For example, if Vg is at an extremely low level (e.g., 10 —
30 mV), the switching loss becomes the dominating loss. To
reduce the converter loss while keeping the input matched as
derived in (7), a smaller fyy together with a reduced D can
effectively reduce the switching loss and improve the system
efficiency, as shown in Fig. 12. The decrease in D does not
induce too much conduction loss because of the low Viy.

As the Vrgg increases, the previous set of D and fiys becomes
no longer appropriate for minimizing power losses, as shown in
Fig. 12. This is because the conduction loss starts to dominate.
Consequently, a larger value of D together with a proportional
increased fiy is beneficial to decrease the conduction loss while
maintaining the input resistance matched. The increase in fre-
quency does not increase the switching loss as a percentage since
Vin is large.

A relation between Vg and fiys can be found that as Vigg
increases, the fgys also increases. Meanwhile, D and fys follow

the (7) for MPPT. As described in [16], the optimal switching

frequency is nearly proportional to VTE/G Instead of making

a sophisticated circuit design to satisfy the subtle relation,
fsys,optimal X VflE/é’ , a tradeoff is made to reduce the circuit com-
plexity and maintain the high efficiency of the converter by
simplifying it to fsys optimal < VTEG-

The implementation of the VCO is shown in Fig. 13. It mainly
consists of two parts: a biasing current generator and a ring
oscillator. The amplifier and its feedback loop make up a voltage-
to-current converter. The converted current is Vigg /R, which is

Authorized licensed use limited to: TU Delft Library. Downloaded on April 22,2024 at 07:27:02 UTC from IEEE Xplore. Restrictions apply.



LU et al.: THERMOELECTRIC ENERGY HARVESTING SYSTEM ASSISTED BY A PIEZOELECTRIC TRANSDUCER

Fig. 13.  Circuit implementation of the VCO.
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Fig. 14.  Circuit implementation of the LDO.

replicated by a current mirror to bias the ring oscillator. Thus,
the frequency of CLKgys is proportional to the biasing current,
which can be expressed as

VreG
RCoscVbp

where Cogc is the capacitance in the oscillator.

fsys = (10)

D. Low-Dropout Regulator

The implementation of the LDO is shown in Fig. 14. Mp,
Mp1, and M p3 form the core of the LDO. The bias currents in
Mo, M3, and M pq are set to be 2:1:1 so that the two identical
transistors M ps and M p4 will have the same V. Therefore,
the output voltage of the LDO can be expressed as

Ry (1)

where R; and Ry form a resistive voltage divider of Vrp. The
error amplifier is implemented with a single-stage differential
pair to lower the power dissipation.

R
Vop = Vi = <1 + —1> Viet

V. MEASUREMENT RESULTS

The thermoelectric energy harvesting system was designed
and fabricated in a 180-nm BCD process. A die micrograph
is shown in Fig. 15 (VRG: voltage reference generator). The
proposed system occupies an active area of 0.4 mm?. Fig. 16
shows the experimental measurement setup. The off-chip com-
ponents consist of a 220 pH inductor, L, with an internal re-
sistance of 0.3 2, an 84 M resistor (for LDO), a 40 MQ
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0.4 mm

Fig. 15. Die micrograph of the proposed system.
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Fig. 16. Measurement setup.

resistor (for LDO), and several buffer capacitors. The TEG is
mimicked by a dc voltage source (MX180TP) in series with a
5Q) resistor. A piezoelectric energy generation platform (PEG
Platform) that vibrates the piezoelectric material (part number:
S129-HS5FR-1803YB) is used to provide the input of the PEG
starter, which has an open-circuit voltage amplitude of 1.8 V
and a frequency of 280 Hz. The PEG platform includes a signal
generator (Agilent 33220 A), a power amplifier (LDS LPA100),
and a vibration generator (LDS V406). The measurement results
were extracted from a digital oscilloscope (RTB2004).

Fig. 17 shows the key signals during the cold startup of
the system. The achieved minimum Vg for cold-startup is
10 mV. It takes about 2.36 s for the whole system to start from
a zero-energy-stored state to a normal-output state. The startup
time mainly depends on three factors. One is the capacitance
of the energy storage capacitor. The larger the capacitance is,
the longer it takes to reach the required voltage. Another major
factor is the input power. At the minimum startup voltage, the
system can only harvest a small amount of power from the
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Fig. 17. Measured startup waveform at Vrgg = 10 mV. (a) Full waveforms
from the cold state to the normal operation state. (b) Zoomed-in waveforms
showing the details of the internal-charging and external-charging state.

TEG. Therefore, the startup state takes a longer time. The last
factor is the frequency of vibration. A higher vibration frequency
promotes that the gate-driving signal has a higher switching
frequency, which means the system can extract energy faster
from the TEG.

In the cold-start state, only the PEG startup circuit works. As
shown in Fig. 17(a), this state takes the longest time during the
startup period, even though there is no active power consumption
in the circuit. The low switching frequency and high voltage
drop on the PMOS diode impede the rising speed of Vcrrr. The
short startup period in the dotted box is zoomed in for a better
explanation in Fig. 17(b).

As Verre goes over 600 mV, the system enters the internal-
charging state, as shown in Fig. 17(b). The PEG starter is no
longer used in this state, and the system clock is generated
from the internal oscillator (VCO). The MPPT block stabilizes
the input voltage of the inductor, Vin, at half of Vigg. The
involvement of MPPT maximizes the extractable power from
the TEG source and reduces the time spent in this state.
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Fig. 19. Measured power efficiency and output power of the system versus
the TEG voltage.

Once Verre reaches 1.3V, it stops increasing and is reg-
ulated by the ON—OFF control of the ZCS block. During the
external-charging state, the output voltage Vour keeps rising
until it reaches 1.2 V. Eventually, in the output state, the output
voltage, Vour, is regulated at 1.2 V.

Fig. 18 shows the gate-switching strategy of S1 and S2 in the
external-charging state (which also applies to the output state).
When the Virry is higher than 1.3 V, all the harvested energy is
transferred to the output capacitor. With each pulse of S2¢, the
Vour increases step by step. Since Vergre is the power supply of
the internal control circuit, it has the priority to be maintained ata
certain level. Once Vg drops below 1.3 V, S2 will be disabled
temporarily. During this instant, S1 can transfer the harvested
energy to Cerrr and boost Verre. Once Verre surpasses 1.3 V,
52 will be enabled again and resume charging Vour.

The measured overall power conversion efficiency in a range
of Vrgg is shown in Fig. 19. It is worth noting that the harvester
can not only achieve the cold startup at an ultra-low Vigg of
10 mV but also achieve an efficiency of 63.9% at this extremely
low Vrgg. The peak efficiency of 82.7% is achieved at Vigg =
55 mV. For Vigg larger than 35 mV, the overall efficiency is
maintained over 80%. Fig. 20 shows the power distribution of
the proposed system at Vipg = 10 mV.

The comparison of the performance with state-of-the-art
works is given in Table I. Among all of the designs, this work
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TABLE I
COMPARISON WITH STATE-OF-THE-ART WORKS
(8] [17] [10] [18] [19] [20] [16] 91 [21] This Work
Process 0.35 um N/A 65nm N/A 65nm 65 nm 0.18 um | 0.18 um | 0.13 pm 0.18 ©m
Rigg 50 20 6.2Q 1Q~50 2.2Q 5Q 21092 50 2002 5Q
# of inductors 2 2 3 1 2 1 1 1 1 1
MPPT YES NO YES YES YES YES YES YES YES YES
Adaptive NO N/A YES N/A NO YES YES YES YES YES
Frequency
Peak efficiency 58% 55% 73% 68% 75% 71.5% 84% 80% 90% 82.7%
Startup Mechanical | Resonant | Charge Meissner 10-stage volt. | 3-stage charge Charge One-shot Charge PEG
Mechanism Switch Oscillator Pump Oscillator multiplier pump Pump ) Pump Starter
Min. Startup 35mV 30mV | 50mV | 40mV 40mV 210mV 129mV | 50mV | 140mV | 10 mV
Voltage
Efficiency N/A 37% 45% 43% 12% 50% 23% 58% 29% 63.9%
@ Min. VTEG

The bold values highlight the results from this work, to be distinguished from the prior arts for a clear comparison.

Estimated
Loss (32%)
(Control & Parasitic)

Gate
Driver(41%)

Others(8%)

MPPT(6%)

MPPT VCO(24%)

Loss(4%) Measured
Output ZCS(7%)
Power(64%)
(a) (b)
Fig. 20. System power distribution at Vg = 10 mV. (a) Measured output

power with estimated loss. (b) Post-layout simulated chip power breakdown
with a total power consumption of 1.6 nW.

achieves the lowest cold-start voltage at 10 mV, while other
designs need at least 35 mV. In terms of the efficiency at the
lowest cold-startup voltage, prior designs generally achieve
around 40%, while this work reaches an efficiency of 63.9%,
the highest value. The peak efficiency is achieved at 82.7%. The
performance improvements regarding the cold-startup voltage
and power efficiency are achieved with the help of the proposed
PEG starter. Unlike state-of-the-art multi-input energy harvest-
ing systems, which either have no focus on cold startup [22],
[23] or simply let each energy harvester start up from the cold
state without collaborative operation [24], the proposed system
breaks through the bottleneck by benefiting the TEH startup
process from the PEG starter. However, it is also worth noting
that adding a PEG harvester means more cost required by the
system implementation, which might, in some cases, limit the
usage of the proposed system. Inspired by reported multi-input
energy harvesting system works, some future upgrades of the
proposed system can be expected, which include but are not
limited to harvesting kinetic energy from the PEG harvester
constantly in steady states as a parallel path to the TEG harvester.

VI. CONCLUSION

This article presents a thermoelectric energy harvesting sys-
tem assisted by a PEG starter that can generate a startup clock

when the system is vibrating. The VCO and MPPT circuits adap-
tively control the system switching frequency and duty cycle by
sensing the TEG voltage to achieve high efficiency and high
output power. The ZCS block tracks the near-optimal ON-time
of PMOS power switches to maximize energy conversion. The
prototype chip achieves a minimum startup voltage of 10 mV
with an end-to-end efficiency of 63.9%, thanks to the PEG
startup block. The peak efficiency reaches 82.7% with a 55 mV
TEG voltage.

REFERENCES

[1]1 Y. Zhang et al., “A batteryless 19uw MICS/ISM-band energy harvesting
body sensor node SoC for ExG applications,” IEEE J. Solid-State Circuits,
vol. 48, no. 1, pp. 199-213, Jan. 2013.

[2] A. Nozariasbmarz et al., “Review of wearable thermoelectric energy
harvesting: From body temperature to electronic systems,” Appl. Energy,
vol. 258, 2020, Art. no. 114069.

[3] M. Dezyani, H. Ghafoorifard, S. Sheikhaei, and W. A. Serdijn, “A 60 mV

input voltage, process tolerant start-up system for thermoelectric energy

harvesting,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 65, no. 10,

pp. 3568-3577, Oct. 2018.

J. Xie, C. Lee, and H. Feng, “Design, fabrication, and characterization

of CMOS MEMS-based thermoelectric power generators,” J. Microelec-

tromech. Syst., vol. 19, no. 2, pp. 317-324, 2010.

S. Yang, T. Lee, and C. Jeng, “Development of a thermoelectric energy har-

vester with thermal isolation cavity by standard CMOS process,” Sensors

Actuators A, Phys., vol. 153, pp. 244-250, 2009.

[6] E. J. Carlson and J. R. Smith, “A £ 0.5-mV-minimum-input DC-DC
converter with stepwise adiabatic gate-drive and efficient timing control
for thermoelectric energy harvesting,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 70, no. 2, pp. 977-990, Feb. 2023.

[7]1 S.C.Chandrarathna and J. Lee, “A 580 nW dual-input energy harvester IC
using multi-task MPPT and a current boost converter for heterogeneous
source combining,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 67,
no. 12, pp. 5650-5663, Dec. 2020.

[8] Y. K. Ramadass and A. P. Chandrakasan, “A battery-less thermoelectric
energy harvesting interface circuit with 35 mV startup voltage,” IEEE J.
Solid-State Circuits, vol. 46, no. 1, pp. 333-341, Jan. 2011.

[9] S.Bose, T. Anand, and M. L. Johnston, “A 3.5-mV input single-inductor

self-starting boost converter with loss-aware MPPT for efficient au-

tonomous body-heat energy harvesting,” IEEE J. Solid-State Circuits,

vol. 56, no. 6, pp. 1837-1848, Jun. 2021.

P. Weng, H. Tang, P. Ku, and L. Lu, “50 mV-input batteryless boost

converter for thermal energy harvesting,” IEEE J. Solid-State Circuits,

vol. 48, no. 4, pp. 1031-1041, Apr. 2013.

N. Sezer and M. Kog¢, “A comprehensive review on the state-of-the-

art of piezoelectric energy harvesting,” Nano Energy, vol. 80, 2021,

Art. no. 105567.

[4

=

[5

[t}

[10]

(1]

Authorized licensed use limited to: TU Delft Library. Downloaded on April 22,2024 at 07:27:02 UTC from IEEE Xplore. Restrictions apply.



6362

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

J. Kim and C. Kim, “A DC-DC boost converter with variation-tolerant
MPPT technique and efficient ZCS circuit for thermoelectric energy
harvesting applications,” IEEE Trans. Power Electron., vol. 28, no. 8,
pp. 3827-3833, Apr. 2013.

X. Zhou, M. Donati, L. Amoroso, and F. Lee, “Improved light-load
efficiency for synchronous rectifier voltage regulator module,” IEEE Trans.
Power Electron., vol. 15, no. 5, pp. 826-834, Sep. 2000.

S. C. Chandrarathna and J. Lee, “A dual-stage boost converter using two-
dimensional adaptive input-sampling MPPT for thermoelectric energy
harvesting,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 66, no. 12,
pp. 4888-4900, Dec. 2019.

S. Bandyopadhyay and A. P. Chandrakasan, “Platform architecture for
solar, thermal, and vibration energy combining with MPPT and single
inductor,” IEEE J. Solid-State Circuits, vol. 47, no. 9, pp. 2199-2215,
Sep. 2012.

P. Cao, Y. Qian, P. Xue, D. Lu,J. He, and Z. Hong, “A bipolar-input thermo-
electric energy-harvesting interface with boost/flyback hybrid converter
and on-chip cold starter,” IEEE J. Solid-State Circuits, vol. 54, no. 12,
pp. 3362-3374, Dec. 2019.

A. Devices, “Ultralow voltage step-up converter and power manager,”
LTC3108 Datasheet, 2019.

N. V. Desai, Y. K. Ramadass, and A. P. Chandrakasan, “A bipolar +40
mV self-starting boost converter with transformer reuse for thermoelectric
energy harvesting,” in Proc. IEEE/ACM Int. Symp. Low Power Electron.
Des., 2014, pp. 221-226.

B. Lim, J. Seo, and S. Lee, “A Colpitts oscillator-based self-starting boost
converter for thermoelectric energy harvesting with 40-mv startup voltage
and 75% maximum efficiency,” IEEE J. Solid-State Circuits, vol. 53,
no. 11, pp. 3293-3302, Nov. 2018.

Z. Luo, L. Zeng, B. Lau, Y. Lian, and C. Heng, “A sub-10 mV power
converter with fully integrated self-start, MPPT, and ZCS control for
thermoelectric energy harvesting,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 65, no. 5, pp. 1744-1757, May 2018.

Q. Kuai, H. Y. Leung, Q. Wan, and P. K. T. Mok, “A high-efficiency
dual-polarity thermoelectric energy-harvesting interface circuit with cold
startup and fast-searching ZCD,” IEEE J. Solid-State Circuits, vol. 57,
no. 6, pp. 1899-1912, Jun. 2022.

Z.-Y. Yang et al., “30.2 a 93.2%-efficiency multi-input bipolar energy
harvester with 17.9 x MPPT loss reduction,” in Proc. IEEE Int. Solid-State
Circuits Conf., 2023, pp. 440-442.

S. S. Amin and P. P. Mercier, “MISIMO: A multi-input single-inductor
multi-output energy harvesting platform in 28-nm FDSOI for powering
net-zero-energy systems,” IEEE J. Solid-State Circuits, vol. 53, no. 12,
pp. 3407-3419, Dec. 2018.

S. Li, X. Liu, and B. H. Calhoun, “A 32na fully autonomous multi-input
single-inductor multi-output energy-harvesting and power-management
platform with 1.2 x 105 dynamic range, integrated MPPT, and multi-modal
cold start-up,” in Proc. IEEE Int. Solid-State Circuits Conf., 2022, pp. 1-3.

Tianqi Lu (Graduate Student Member, IEEE) re-
ceived the B.Sc. degree in physics from Nanchang
University, Nanchang, China, in 2018, and the M.Sc.
degree in integrated circuit engineering from Ts-
inghua University, Beijing, China, in 2021. He is
currently worling toward the Ph.D. degree in micro-
electronics with the Department of Microelectronics,
Delft University of Technology, Delft, The Nether-
lands.

His research interests include power management
integrated circuits for wireless power transfer and

dc—dc power converters.

Ruizhi Wang received the B.Sc. degree in electri-
cal engineering from the School of Information Sci-
ence and Engineering, Southeast University, Nanjing,
China, in 2020, and the M.Sc. degree in electrical
engineering from the Delft University of Technology,
Delft, The Netherlands, in 2022.

He is currently with Maxscend, Shanghai, China,
working on the power management unit for wireless
applications.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

Zhong Tang (Member, IEEE) received the B.S. and
Ph.D. degrees in electrical engineering from Zhejiang
University, Hangzhou, China, in 2015 and 2020, re-
spectively.

From 2019 to 2020, he was a Visiting Ph.D. Stu-
dent with the EEIC Group, Eindhoven University of
Technology, Eindhoven, The Netherlands. From 2020
to0 2023, he was a Postdoc Researcher with Electronic
Instrumentation Lab, Delft University of Technology,
Delft, The Netherlands. He is currently an Analog IC
Designer with Vango Technologies Inc., Hangzhou,
China. He has authored or co-authored more than 30 technical articles. His
research includes precision analog and mixed-signal integrated circuits.

Dr. Tang was the recipient of the Outstanding Doctoral Thesis Award of the
Chinese Institute of Electronics in 2022.

Yiwei Zou received the B.Sc. degree in electrical
engineering from the Huazhong University of Science
and Technology, Wuhan, China, in 2022. He is cur-
rently working toward the Ph.D. degree in electrical
and computer engineering from the Department of
Electrical and Computer Engineering, Rice Univer-
sity, TX, USA.

He was a Research Assistant with the Delft Univer-
sity of Technology, Delft, The Netherlands, in 2021.
His research interests include power management IC
for energy harvesting and wireless power transfer.

Xinling Yue (Graduate Student Member, IEEE) is
currently working toward the Ph.D. degree in micro-
electronics with the Delft University of Technology,
Delft, the Netherlands.

She joined the Electronic Instrumentation Lab-
oratory, Delft University of Technology. Her cur-
rent research is focused on energy-efficient power
management integrated circuits and systems, which
include energy harvesting, ac/dc rectifiers, dc/dc
converters, and maximum power point tracking
techniques.

Ms. Yue received the Best Student Paper Award at 2022 IEEE International
Conference on Electronics Circuits and Systems, Student Travel Grant Awards
in 2022 IEEE International Symposium on Circuits and Systems and 2023
International Solid-State Circuits Conference (ISSCC), and 2023-2024 SSCS
predoctoral achievement award.

Yansong Liang received the bachelor degree in mi-
croelectronics from Xi’an Jiaotong University, Xi’an,
China, in 2022. He is currently working toward the
Ph.D. degree in electrical engineering with the Uni-
versity of California, San Diego, California.

He was a Research Assistant of Sijun Dus group
with the Delft University of Technology, Delft, The
Netherlands, in 2021. His research interests in-
clude low-power circuits and circuits for biomedical
applications.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 22,2024 at 07:27:02 UTC from IEEE Xplore. Restrictions apply.



LU et al.: THERMOELECTRIC ENERGY HARVESTING SYSTEM ASSISTED BY A PIEZOELECTRIC TRANSDUCER

Haoran Gong received the B.Sc. degree in elec-
trical engineering from the South China University
of Technology, Guangzhou, China, in 2021, and the
M.Sc. degree in electrical engineering from the Delft
university of Technology, Delft, The Netherlands, in
2023.

He is currently an Analog Design Engineer with
BYD, Shenzhen, China. His research interests include
thermoelectric energy harvesting and power manage-
ment circuits.

Shurui Liu received the B.Sc. degree in communi-
cation engineering from the Harbin Institute of Tech-
nology, Harbin, China, in 2020, and the M.Sc. degree
in electrical engineering from the Delft University of
Technology, Delft, The Netherlands, in 2022.

J He is currently an Analog Design Engineer with
Nexperia, Nijmegen, The Netherlands. His research
interests include wireless power transfer, power man-
agement circuits, and dc—dc converters.

Zhiyuan Chen (Member, IEEE) received the B.Sc.,
M.Sc., and Ph.D. degrees in electrical engineering
from the University of Macau, Macao, China, in2011,
2013 and 2018, respectively.

Since 2018, he has been with the School of Mi-
croelectronics, Fudan University, Shanghai, China,
where he is currently Associate Professor. His re-
search interests include ultra-low power management
systems, solar, and piezoelectric energy harvesting
systems.

Dr. Chen is a Member of the Technical Committee
of Power and Energy Circuits and Systems in IEEE Circuits and Systems
Society and has been the Review Committee Member of the IEEE ISCAS since
2021. He was the recipient of the Macau Science and Technology Development
FundPostgraduates Award and Shanghai Super Postdoctoral Award.

Xun Liu (Member, IEEE) received the B.Eng. de-
gree in electronic and information engineering from
Zhejiang University, Hangzhou, China, in 2011, and
the Ph.D. degree in electronic and computer engineer-
ing from The Hong Kong University of Science and
Technology (HKUST), Hong Kong, in 2017.

In 2017, she was a Postdoctoral Fellow with
HKUST and an Engineering Intern with the Depart-
ment of Power Management IC, Qualcomm Tech-
nologies, Inc., San Diego, CA, USA. From 2018 to
2021, she was a Senior Analog Designer with Qual-
comm, Santa Clara, CA, USA. In 2021, she joined the Chinese University of
Hong Kong (CUHK), Shenzhen, China, as an Assistant Professor. Her research
interests include power management IC and analog IC design, especially in
high-frequency dc—dc converters, hybrid power converters, and power amplifier
supply modulator design.

Dr. Liu has been a Member of the Technical Program Committees of the IEEE
ISSCC since 2021 and the Eighth International Workshop on Power Supply on
Chip since 2022. She was a Session Chair for ISSCC 2022 and ISSCC 2023 and
the review committee of APCCAS 2022. She was the recipient of the President
Young Scholar Award from CUHK and the Qualcomm Patent Award in 2020,
and the corecipient of the ASP-DAC University LSI Design Contest Special
Feature Award in 2018.

6363

Junming Jiang (Member, IEEE) received the B.Eng.
degree in electronic and information engineering
from Zhejiang University, Hangzhou, China, in 2011,
and the Ph.D. degree in electronic and computer engi-
neering from The Hong Kong University of Science
and Technology (HKUST), Hong Kong, in 2017.

He was a Visiting Scholar with the State Key
Laboratory of AMSYV, University of Macau, in 2015,
and was a Postdoctoral Fellow with HKUST, in 2017.
From 2018 to 2021, he was an Analog Design Engi-
neer with Kilby Labs Silicon Valley, Texas Instru-
ments, Santa Clara, CA, USA. In 2021, he joined the Southern University of
Science and Technology (SUSTech), Shenzhen, China, where he is currently an
Associate Professor. His current research interests include power management
IC design, especially in switched-mode power converter design.

Dr. Jiang is a Review Committee Member of IEEE ISCAS from 2021 to 2023
and is an Associate Editor and Guest Editor of IEEE TCAS-II. He was a recipient
of the IEEE Solid-State Circuits Society (SSCS) Student Travel Grant Award
2015, the Analog Devices Inc. Outstanding Student Designer Award in 2015,
the Solomon Systech Scholarship in 2017, the IEEE Solid-State Circuits Society
(SSCS) Predoctoral Achievement Award 2016-2017, the ASP-DAC University
LSIDesign Contest Special Feature Award in 2018, the Texas Instruments Patent
Awards in 2019-2020.

Bo Zhao (Senior Member, IEEE) received the Ph.D.
degree in electrical engineering from the Department
of Electronic Engineering, Tsinghua University, Bei-
jing, China, in 2011.

From 2013 to 2015, he was a Research Fellow
with the National University of Singapore, Singapore.
From 2015 to 2018, he was an Assistant Project
Scientist with Berkeley Wireless Research Center
(BWRC), Department of Electrical Engineering and
Computer Sciences, University of California, Berke-
ley, CA, USA. Since 2018, he has been a Professor
with the Institute of VLSI Design, Zhejiang University, Hangzhou, China. He
has authored or co-authored more than 60 articles and book chapters, and he
holds more than 30 Chinese patents. His research interests include IoT radios,
wireless power transfer, and wearable/implantable radios.

Dr. Zhao was arecipient of the 2017 IEEE TCAS Darlington Best Paper Award
and the Design Contest Award of the 2013 IEEE ISLPED. He is an Associate
Editor for IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, and
an Associate Editor for IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS I:
REGULAR PAPERS. He is also a Committee Member of IEEE/C/SM. He was the
Publication Chair of the 2016 IEEE BIOCAS. In 2022, he was elected to be the
Chair-Elect of Biomedical and Life Science Circuits and Systems Society.

Sijun Du (Senior Member, IEEE) received the B.Eng.
degree (first class) in electrical engineering from
University Pierre and Marie Curie (UPMC), Paris,
France, in 2011, the M.Sc. degree (Distinction) in
electrical and electronics engineering from Imperial
College, London, U.K., in 2012, and the Ph.D. degree
in electrical engineering from the University of Cam-
bridge, Cambridge, U.K., in 2018.

He was with the Laboratoire d’Informatique de
Paris 6, University Pierre and Marie Curie, Paris,
France, and then worked as a digital IC engineer in
Shanghai, China, between 2012 and 2014. He was a Summer Engineer Intern
with Qualcomm Technology Inc., San Diego, CA, USA, in 2016. He was a
Visiting Scholar with the Department of Microelectronics, Fudan University,
Shanghai, China, in 2018. He was a Postdoctoral Researcher with the Berkeley
Wireless Research Center, Department of Electrical Engineering and Computer
Sciences, University of California, Berkeley, CA, USA, between 2018 and 2020.
In 2020, he joined the Department of Microelectronics, Delft University of Tech-
nology, Delft, The Netherlands, where he is currently an Assistant Professor. His
current research is focused on energy-efficient integrated circuits and systems,
including power management integrated circuits, energy harvesting, wireless
power transfer, and dc/dc converters used in Internet-of-Things wireless sensors,
wearable electronics, biomedical devices, and microrobots.

Dr. Du was the recipient of the Dutch Research Council (NWO) Talent
Program-VENI grant in the 2021 round. He was a corecipient of the Best Student
Paper Award in IEEE ICECS 2022. He is a technical Committee Member of the
IEEE Power Electronics Society and IEEE Circuits and Systems Society. He
has been a Committee Member of the IEEE ISSCC Student Research Preview
since 2023.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 22,2024 at 07:27:02 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


