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Piezoelectric Energy Harvesting Interface Using
Self-Bias-Flip Rectifier and Switched-PEH

DC–DC for MPPT
Zhen Li , Member, IEEE, Jing Wang, Man-Kay Law , Senior Member, IEEE,

Sijun Du , Senior Member, IEEE, Junrui Liang , Senior Member, IEEE, Xu Cheng , Jun Han , Member, IEEE,
Xiaoyang Zeng , Senior Member, IEEE, and Zhiyuan Chen , Member, IEEE

Abstract— This article proposes a novel eight-phase self-
bias-flip piezoelectric energy harvesting interface with charge
recycling and reusing (SBFRR) and a switched-piezoelectric
energy harvester (PEH) dc–dc (SPDC) converter. The proposed
scheme innovatively utilizes the inherent capacitors (CP ) of four
PEHs as energy sources, flying capacitors, and flipping capacitors
for time-sharing reuse to achieve both a high-voltage flipping
and dc–dc conversion efficiency, while avoiding the use of extra
energy reservoirs. The design is fully integrated and fabricated in
standard 0.18-µm CMOS. Measurement result demonstrates that
the voltage flipping efficiency of up to 80% is achieved. Compared
with the ideal full-bridge rectifier (FBR), the measured maximum
output power improving rate (MOPIR) can be increased to
4.88×. In addition, with the four CP serving as flying capacitors
to achieve SPDC conversion for maximum power point track
(MPPT), an MOPIR of >3.5× can be maintained with a PEH
input voltage from 0.78 to 4.9 V.

Index Terms— Energy harvesting, flipping efficiency, fully
integrated, maximum output power improving rate (MOPIR),
maximum power point track (MPPT), multi-input, piezoelec-
tric, self-bias-flip, switched-piezoelectric energy harvester (PEH)
dc–dc (SPDC).

I. INTRODUCTION

WIRELESS sensor network raises the challenge of
employing multiple sensor nodes for facilitating human

life. The energy harvesting technique is a promising technique
that attracts widespread attention. Energy sources including
piezoelectric [1], [2], [3], [4], [5], thermoelectric [6], [7],
[8], solar [9], [10], [11] and radio frequency (RF) [12], [13],
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and piezoelectric energy harvesting have been reported.
Among them, piezoelectric energy harvesting is popular for
the advantage of high power density and simple structure.
Commonly, a piezoelectric energy harvester (PEH) adopts a
cantilever structure by attaching the piezoelectric materials
(such as PZT) to a cantilever beam. During vibration, a PEH
transfers the mechanical power into electricity through the
piezoelectric effect. When motivated by a sinusoidal force at
the resonant frequency as shown in Fig. 1, a PEH can be
equivalent to an ac current source in parallel with an inherent
capacitor (CP ) and a resistor. The ac current source can be
defined as iP = IP sinωP t , where the peak value IP is related
to the level of vibration. Here, ωP = 2π fP , with fP denoting
the vibration frequency. The value of CP is relevant to the
PEH’s area and can be in the order of tens of nF. To convert
the ac voltage of PEH into the required dc voltage, a rectifier is
necessary for ac–dc conversion. Although a full-bridge rectifier
(FBR) has a simple structure with well-defined operation,
it can lead to energy loss due to the periodic charging and
discharging of CP .

To increase the efficiency, the existing synchronous switch
harvesting on inductor/capacitor (SSHI/C) techniques [14],
[15], [16], [17], [18], [19] target to flip the charge on CP

when IP crosses zero, as shown in Fig. 1. SSHI constructs an
LC loop by an inductor and CP to realize bias-flip at zero-
crossing (ZC) of IP . For higher flipping efficiency, a high
Q inductor is necessary. Thus, the value of the inductor is
usually in the range of µH–mH, inevitably occupying a large
volume. Different from SSHI, SSHC flips the charge on CP

based on charge-sharing. In SSHC, large flipping capacitors
with multiphase bias-flip operation are adopted to improve
the voltage flipping efficiency. As both SSHI and SSHC
require large passive elements, they cannot be employed in
applications with strict volume constraints.

In [20], it is illustrated that multi-input piezoelectric energy
harvesting is a potential trend that can significantly reduce
the size of flipping capacitors or inductors. The proposed
SE-SSHC technique can achieve a fully integrated design by
separating PEH electrodes. However, this solution still requires
ON-chip capacitors to achieve voltage flipping, resulting in a
large chip area. In addition, the series PEH connection can
reduce the system efficiency due to the use of excessive HV
devices. In [21], [22], and [23], the use of shared inductors
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Fig. 1. Bias-flip technique: (a) SSHI/C. (b) Proposed SBFRR. (c) Corre-
sponding current and voltage waveforms.

or reconfigurable PEH arrays in multi-input PEH circuits
is studied, but large passive components are still inevitable.
As shown in Fig. 1(b), this design innovatively uses the
inherent CP of piezoelectric harvesters as flipping capacitors.
A total of four PEHs are employed to tradeoff between the
number of flipping phases and circuit complexity. During the
ZC state, the charge of PEH<3,4> are cleared to serve as
flipping capacitors to flip PEH<1,2>. Except for basic bias-
flip phases, charge recycle and charge reuse phases are also
added to improve the voltage-flipping efficiency. The proposed
voltage flipping technique is named self-bias-flip with charge
recycle and reuse (SBFRR) and will be introduced in detail
later.

To achieve a high ac–dc conversion efficiency, the rectifier
output voltage (VRECT) must be adjusted to the optimal value
VRECT,OPT. However, VRECT,OPT is usually not equal to the
required load voltage (VLOAD). Thus, a complete interface
system should include a maximum power point track (MPPT)
module to maintain VRECT at VRECT,OPT and further convert
VRECT,OPT to the VLOAD. Conventional PEH interfaces realize
MPPT by configuring the voltage conversion ratio (VCR)
of an inductive or capacitive dc–dc converter as shown in
Fig. 2(a). To avoid using extra passives as in conventional
dc–dc converters, we propose a switched PEH dc–dc converter
(SPDC), which is composed of a four-PEH input array and
CRECT as shown in Fig. 2(b). The PEH array can be imple-
mented by splitting one monolithic PEH into four elements,
each with independent positive and negative electrodes, thus
not occupying additional volume. Particularly, the four PEHs
alternately serve as energy sources and flying capacitors as

Fig. 2. (a) Conventional PEH interface based on the dc–dc converter.
(b) Proposed PEH interface based on the SPDC technique.

Fig. 3. Overview of the proposed interface system.

part of SPDC, and the VCR of the SPDC is set according to
the vibration level.

The rest of the article is organized as follows. Section II
aims to introduce the proposed SBFRR and SPDC and con-
ducts the theoretical analysis with simulation verification.
Section III introduces the circuit implementation. Section IV
carries out the test verification of the proposed piezoelectric
energy harvesting interface. Finally, Section V draws the
conclusion.

II. PROPOSED SBFRR AND SPDC TECHNIQUE

Based on the proposed SBFRR and SPDC techniques, PEHs
are alternately employed as energy sources, flying capacitors,
and flipping capacitors for efficient energy extraction. The
operation of the proposed interface is composed of three states:
ZC, EH, and MPPT. During the ZC state, the interface flips
the PEH voltage based on the proposed SBFRR technique.
In the EH state, the harvested power is transferred to load by
the proposed SPDC technique. In the MPPT state, the MPPT
controller presets the configuration of the four PEHs according
to the vibration level. Fig. 3 shows the proposed interface
system. SBFRR and SPDC are realized by configuring the
analog switch array through the MPPT controller as triggered
by the external signal VMODE to set the VCR. Thanks to the
SBFRR and SPDC techniques, the proposed system achieves
self-bias-flip and MPPT with a fully integrated design and is
especially suitable for miniaturized applications.

Authorized licensed use limited to: TU Delft Library. Downloaded on July 22,2024 at 14:07:26 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 4. Operation of the proposed SBFRR technique.

A. Proposed SBFRR Technique

Upon the zero crossing of IP , the system enters the ZC
state. The ZC state consists of the recycle phase (PHRYC),
bias-flip phases (PHBF<1,5>), the reuse phase (PHRUS), and
the rebalance phase (PHRB). The combinations of the four
PEH inputs under each phase are shown in Fig. 4. For
illustration, we assign PEH<1,2> to serve as the conventional
PEHs and configure PEH<3,4> as flipping capacitors. Starting
from PHRYC, PEH<3,4> recycles half of the charge to CRECT,
followed by PHBF1 where the residual charge is completely
discharged. The charge on PEH<1,2> is gradually flipped in
three steps from PHBF2 to PHBF4 to reduce the charge sharing
loss and is finally cleared in PHBF5. To improve the energy
extraction efficiency, the previously recovered charge at CRECT
is reinjected to PEH<1,2> in PHRUS, and the PEH voltage is
then equalized in PHRB. Finally, PEH<1,4> are connected in
parallel to attain the rebuilt voltage (VRBT) in PHRB, where
VRBT is defined in (9), and the polarity of VRBT is correlated
with that of IP . Thanks to the proposed SBFRR, the interface
achieves a high efficiency without using any extra energy
reservoir. The theoretical analysis and proof are as follows.

Assuming the inherent capacitors of PEH<1,4> are CP<1,4>

with CP1 = CP2 = CP3 = CP4 = CP . Thus, the PEH
open-circuit voltage VP is

VP =
IP

ωP · CP
. (1)

The charge generated by four PEH inputs (Q0.5CY) in half a
cycle is

Q0.5CY = 8 · CP · VP . (2)

During PHRYC, PEH<3,4> are configured in series to deliver
power PRECT,RYC to CRECT

PRECT,RYC = CP · V 2
RECT · fP . (3)

After the charge recycling is completed, the voltage across
PEH<1,2> and PEH<3,4> are equal to

VPEH1,2 = 2 · VPEH3,4 = VRECT. (4)

Subsequently, VPEH<3,4> are fully discharged during PHBF1.
During PHBF2, PEH<1,2> are in parallel, while PEH<3,4> are

in series. They are further connected in parallel to execute
charge sharing, resulting in

VPEH1,2 = 2 · |VPEH3,4| = 0.8 · VRECT. (5)

Similarly, after PHBF5, we can have

VPEH1 = VPEH2 = 0 (6a)
|VPEH3| = |VPEH4| = 0.72 · VRECT. (6b)

During PHRUS, PEH<1,2> are series connected, and the
recycle charge in PHRYC is invested to PEH<1,2>. The reuse
power PRUS is

PRUS = CP · V 2
RECT · fP . (7)

And the voltage across the PEH<1,4> after PHRUS are

VPEH1 = VPEH2 = 0.5 · VRECT (8a)
|VPEH3| = |VPEH4| = 0.72 · VRECT. (8b)

Finally, PEH<1,4> are switched to parallel during PHRB, and
the rebuilt voltage VRBT is

|VRBT| = 0.61 · VRECT. (9)

The charge loss (Q0.5LOST) in SBFRR is

Q0.5LOST = 4 · CP · (VRECT − VRBT)

= 1.56 · CP · VRECT. (10)

The harvested power related to self-bias-flip PRECT,SBF is

PRECT,SBF = (Q0.5CY − Q0.5LOST) · VRECT · 2 fP . (11)

Thus, the output power of the rectifier PRECT is

PRECT = PRECT,SBF + PRECT,RYC − PRUS

= [16 · VP − 3.12 · VRECT] · CP · VRECT · fP . (12)

By differentiating (12) with respect to VRECT and equating
the result to zero, the maximum output power can be attained
when VRECT = 2.564 · VP

PRECT,MAX = 20.512 · CP · V 2
P · fP . (13)

Authorized licensed use limited to: TU Delft Library. Downloaded on July 22,2024 at 14:07:26 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 5. Comparison on the MOPIRRECT of FCR and the proposed SBFRR.

If PEH<1,4> is followed by an ideal FBR, the harvested
power attains the maximum value PFBR,MAX when VRECT =

VP /2 [2]

PFBR,MAX = 4 · CP · V 2
P · fP . (14)

The maximum output power improving rate (MOPIR) can be
calculated as

MOPIRRECT =
PRECT,MAX

PFBR,MAX
= 5.128. (15)

According to (15), the proposed SBFRR can reach a
MOPIRRECT of 5.128× without the aid of extra passive
elements. Particularly, the introduction of PHRYC and PHRUS
contributes to the significant improvement of MOPIRRECT.
Otherwise, the theoretical value of MOPIRRECT will decrease
to 3.12×.

The proposed SBFRR can be expanded to a larger input
array. When applying SBFRR to the eight-PEH input array,
the MOPIRRECT will increase to 7.04. Although increasing
the array scale can improve the MOPIRRECT, the switch array
complexity and switching loss will also increase significantly.
To balance energy extraction efficiency, area overhead, and
design complexity, a four-PEH input array is adopted to realize
the SBFRR. Fig. 5 compares theoretical MOPIRRECT of the
switch only rectifier (SOR) [2], capacitive bias-flip technique
FCR [18], and the proposed SBFRR. The line labeled “4 cap
FCR/2 cap FCR” represents the total MOPIRRECT obtained
by extracting power from four independent PEHs through
the FCR circuit using 4/2 additional capacitors. It can be
observed that the proposed SBFRR achieves the MOPIRRECT
of 5.128 without any extra capacitor Ctotal. FCR has a much
worse energy improvement effect than SBFRR when the
number of capacitors and the total capacitance value are small.
Although the FCR can attain the MOPIRRECT of about 5.21
(using two capacitors) and 6.3 (using four capacitors), it will
occupy much more volume due to the cost of large Ctotal
(Ctotal/4CP = 10).

B. Proposed SPDC Technique

Fig. 6 presents the operation of the proposed SPDC at the
EH state, where the four PEHs serve as flying capacitors
for dc–dc conversion to extend the input power range. It is
composed of three phases (PHEH0–PHEH2). During PHEH0,
the four PEHs serve as energy sources and transfer charges
to CRECT through the active rectifier (AR), which is also
responsible for ZC detection and IP polarity determination.

During PHEH1 and PHEH2, the four PEHs are used as flying
capacitors and are periodically switched among series and
parallel connections. During PHEH1, the PEH array and CRECT
together form an SPDC to deliver charge to the load, with a
total of four possible VCRs through SPDC reconfiguration.
Fig. 6 presents the configurations of the four PEHs at different
VCRs, which are preset according to the vibration level in
the MPPT state. To prevent error during ZC detection at
PHEH0, the voltages on PEH<1,4> and CRECT are rebalanced
in PHEH2. This can also prevent the PEH from deviating from
the MPP. The proposed system typically transits between the
ZC and EH states as shown in Fig. 7. Upon the triggering
of the external signal VMODE, the system will temporarily
switch to the MPPT state, and the combination of PEH<1,4> is
configured according to the current phase. The ZC detection
occurs at PHEH0. If IP has crossed zero, the system will switch
to the ZC state. Otherwise, it keeps in the EH state.

C. Simulation Results of SBFRR and SPDC Techniques

Fig. 8 shows the simulated waveform of the proposed
SBFRR and SPDC techniques. The waveform of VPEH<1,4>

in the EH state and the ZC state is shown in Fig. 8(a), which
indicates that the charge on PEH<1,4> is harvested and flipped
periodically. The zoomed-in view of the waveform in the ZC
state is depicted in Fig. 8(b), showing the change of VPEH<1,4>

during PHRYC, PHBF<1,5>, PHRUS, and PHRB in detail. Through
the eight-phase SBFRR technique, the VPEH<1,4> can be rebuilt
at a voltage of 0.61 VRECT. Notice that as the duration of the
ZC state is about 80 µs, which accounts for only 1.6% of half
the excitation cycle, PEH<3,4> can be regarded as flipping
capacitors during this period without sacrificing the energy
harvesting efficiency.

Fig. 8(c) depicts the zoomed-in view of the waveform
in the EH state. Due to the use of the three-phase SPDC
technique, the voltage at both ends of the PEH is not clamped
to VRECT as the traditional designs, but changes periodically
with the states. The detailed view of the PEH voltage ripple is
shown in Fig. 8(d). During PHEH0, VPEH<1,4> are rectified and
charge CRECT. As CP is much smaller than CRECT, VPEH<1,4>

increases significantly. During PHEH1, PEH<1,4> are used as
flying capacitors to power the load, leading to a decrease in
VPEH<1,4>. During PHEH2, PEH<1,4> are connected in parallel
to CRECT to voltage rebalancing. Notice that a hump will
emerge on CRECT when the interface enters the ZC state as
shown in Fig. 8(c). This phenomenon is due to the charge
recycle in PHRYC and charge reuse in PHRUS. Fig. 9 shows
the simulation results when the load voltage VLOAD is set
to 4.8 V. It can be observed that the nonideal factors have
much less influence on MOPIR when vibration level is high.
When VCR = 1×, the simulated MOPIR is 5×, which is close
to the theoretical value. When the VCR is other than 1, the
simulated MOPIRs are lower due to the offset in ZC detection
and forward voltage in AR.

III. CIRCUIT IMPLEMENTATION

The block diagram of the proposed system is depicted in
Fig. 10. To reduce the power consumption, the system is
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Fig. 6. Three-phase operation of the proposed SPDC technique.

Fig. 7. State machine of the proposed interface system.

Fig. 8. Simulated waveform of the proposed system: (a) EH state. (b) ZC
state. (c) VPEH<3,4> in EH state. (d) Detailed view of the ripple and drive
clocks.

divided into two voltage domains. The controller is driven by
system clock fOSC_SLOW to configure the analog switch array

Fig. 9. Simulated PRECT/PFBR,MAX versus VP under different VCR.

to adjust the combination of the PEH inputs. The controller
configures the analog switch array to adjust the combination
of the PEH inputs. During PHEH0, the AR generates VCP<1,2>,
which is sampled by fZCD_SAMPLE to output VZC<1,2>. VZC<1,2>

is the instruction signal of the ZC/EH state. When VZC<1,2>

maintains at a high voltage, the system operates in EH mode
and enters the ZC state otherwise. The analog switch array
controller generates signals [(U⃗ , B⃗, K⃗ , D⃗)] to control the ana-
log switch array to configure PEHs as energy sources, flying
capacitors, and flipping capacitors for time-sharing reuse. The
external signal VMODE can control whether the system switches
to the MPPT state. In the MPPT mode, the MPPT controller
will set the VCRs of SPDC according to VP . Meanwhile,
fOSC_SLOW is adjusted to improve the output ripple under
high excitation intensity, reduce switching losses, and improve
the reliability of zero crossing detection under low excitation
intensity.

Authorized licensed use limited to: TU Delft Library. Downloaded on July 22,2024 at 14:07:26 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 10. Structure of the proposed interface.

Fig. 11. Circuit implementation: (a) OSC preventive AR. (b) ZC detector.
(c) Comparator in rectifier.

Fig. 12. Analog switch array.

A. AR and ZC Detectors

Fig. 11(a) shows the AR implementation, which is com-
posed of power transistors P<1,2> and N<1,2> and comparators
CMP<1,2>, with CMP<1,2> and N<1,2> serving as active
diodes. One major problem of AR is that when the ZC of
IP is detected, the nonideal factors such as charge injec-
tion may induce a voltage noise at both ends of the PEH,
leading to VCP<1,2> oscillation after being amplified by the
comparator, affecting the normal operation of the system.
To address this problem, MUXs are inserted in the loop to
disconnect the comparators after VCP<1,2> changes and connect

Fig. 13. EH sequence generator.

the comparators next time before ZC detection. Taking the
left side of AR as an example, VCP1 drops down to zero to
turn off N1 when IP crosses zero, causing VCP1N to rise.
This triggers DFF1 for switching MUX1 output to ground,
thus cutting off the path that may cause oscillation at the
VCP1 node. Meanwhile, the rising edge of VCP1N resets the
DFF2 to enable MUX2 and CMP2. During PHEH0, fZCD_SAMPLE
samples VCP<1,2> to obtain VZC<1,2>, which will be utilized to
instruct the EH/ZC sequence generator to produce the required
configuration pulses.

B. Analog Switch Array

Fig. 12 depicts the analog switch array. There are
34 switches in the array, including 20 high-power switches and
14 low-power switches. The switches adopt the transmission
gate structure, and the MOSFETs in each switch adopt active
body biasing. The switch array is designed based on two
considerations, to optimize the gate switching loss, the switch
conduction loss, and the power density. The first consideration
is to reuse switches on the same path to reduce the number of
switches required in different phases. For example, switch U11
is reused during PHRYC and PHEH1, and switch K12 is reused
during PHBF4, PHBF5, PHRUS, and PHEH1. Thanks to the switch

Authorized licensed use limited to: TU Delft Library. Downloaded on July 22,2024 at 14:07:26 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 14. ZC sequence generator.

Fig. 15. Analog switch array controller.

Fig. 16. MPPT controller and simulated waveform during the MPPT state.

reuse, the number of switches decreased from 110 to 34. The
second consideration is that there are two switch sizes based on
the conduction current. Specifically, the current at nodes near
CRECT and VLOAD is larger than that at the other nodes. The
aspect ratio of PMOS and NMOS in the high-power switches
are 480/0.5 µm and 400/0.6 µm, respectively, while the size of
low-power switches is half of that of the high-power switches.

C. Sequence Generator

Fig. 13 shows the EH sequence generator, which generates
the control sequence to drive the SPDC switches from PHEH0
to PHEH2 during EH state. The six DFFs form a shift register to
generate six pulses periodically. The logic circuit then encodes
VZC<1,2> and Q<1,6> to generate the required control signals,
such as fZCD_SAMPLE, V⃗ P H,E H , and so on. The duration ratio
of PHEH0∼PHEH2 is 3:1:2, as PHEH0 and PHEH2 need more
time to ensure stable sampling and voltage balancing. Notice
that there is no interval between adjacent pulses Q<1,6>, which
will lead to phase overlap between V⃗ P H,E H and energy loss
in the EH state. To avoid phase overlap, the aspect ratio in the
gray-filled inverter adopts an asymmetric design to increase
the delay time of the rising edge as shown in the figure.

Fig. 14 depicts the ZC sequence generator which generates
the pulses from PHRYC to PHRB during the ZC state. There
are two paths in the generator. When the rectifier detects the
ZC time, VZC1/2 jumps to zero, indicating that the IP crosses
from positive to negative (PTN) or negative to positive (NTP),

respectively. The falling edge of VZC1/2 triggers the pulse
generators (PGs) to generate the required sequence.

D. Analog Switch Array Controller

Fig. 15 shows the analog switch array controller, which
decodes the output pulses of EH & ZC sequence generator to
generate the control signals (U⃗ , B⃗, K⃗ , and D⃗). To save power,
digital signals are processed in the low-power domain and
then level-shifted using the level shifter (LS) array to control
the analog switch array. When VMODE is low, the system will
enter the normal energy harvesting state. Otherwise, the system
will enter the MPPT state. The analog switch array controller
employs 39 LS cells with low power consumption as shown in
Fig. 15. Simulation results show that an LS cell only consumes
0.53 pJ/cycle when the input is converted from 1.6 to 4.8 V.

E. MPPT Controller

In this system, the open-circuit voltage of the PEH is
positively correlated with the excitation intensity. Therefore,
it is necessary to set the optimal VCR according to VP in
the MPPT state for operating at the MPP. Fig. 16 depicts the
MPPT controller, which is composed of a ratio peak detector,
a 3-bit comparator, and an encoder. We explore the fractional
open-circuit voltage (FVOC) method for MPPT and employ a
ratioed peak detector to prevent detection error or overshoot.
When the external signal VMODE triggers the system into the
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Fig. 17. (a) Chip micrograph. (b) Measurement setup.

Fig. 18. Measured waveform of VPEH and the zoomed-in view during the
ZC state.

MPPT state, the ratio peak detector and the 3-bit comparator
will be reset by VRST to switch PEH<1,4> into parallel and con-
nect to the node VM P PT . Here, D1 is responsible for rectifying
the PEH output, and R1 is for reducing the impedance across
the PEH terminals. The detected peak voltage VRPV is scaled
to about 0.5 VP . The 3-bit comparator outputs are determined
according to VRPV for triggering DFF1 and DFF2, with the
results further processed by the encoder to configure the VCR
and fOSC_SLOW to optimize the system’s performance.

IV. MEASUREMENT RESULTS

The proposed interface chip prototype is fabricated using
a 0.18-µm CMOS process. The chip micrograph is shown in
Fig. 17(a), occupying an active area of 0.7 mm2.

The four PEH arrays are tightly mounted on the shaker
(KDJ-50), which receives periodic vibrations from a function
generator together with a power amplifier (KD5708) as shown
in Fig. 17(b). PPA-1021 is adopted to implement the PEH
array. To decrease the mismatch between the PEH cells, the
customized clamp used to fix the array is designed with rigid
materials. The measurement results indicate that the maximum
voltage difference between the edge PEHs and center PEHs
is 0.1 V, which is only about 3% of the open-circuit voltage.
This mismatch will decrease with the reduction of the vibration

Fig. 19. Zoomed-in view of the measured VPEH during the EH state.

level. The interface is measured at a PEH excitation frequency
of 100 Hz, with VLOAD set to 4.8 V by manually tuning the
load current.

Fig. 18 shows the measured waveform across the PEH
terminals at ZC state with VCR = 2 at an excitation frequency
of 100 Hz. During the ZC state, after eight phases of SBFRR
operation, the PEH voltage is flipped from −2.5 to 1.5 V. This
corresponds to a voltage flipping efficiency of 80%, defined
as

Flipping efficiency =
VRBT + VRECT

2 · VRECT
. (16)

Fig. 19 shows the measured waveform across the PEH
terminals during the EH state. VPEH<1,4> is charged from the
rebuilt voltage (VRBT), with the clock signal ( fZCD_SAMPLE)
triggering the sampling of VCP<1,2>. When VPEH<1,4> exceeds
VRECT, AR is turned on, and the system starts to operate among
the EH phases (PHEH0–PHEH2). If VPEH<1,4> is lower than
VRECT, the system will reenter the ZC state, leading to a droop
at VRECT as observed in Fig. 19 as induced by the charge
injection in the PHRYC phase. This droop will be recovered in
the PHRUS phase due to the connection to CRECT.
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Fig. 20. Measured waveform during the MPPT state.

Fig. 21. Measured PRECT versus VRECT under different VP .

Fig. 22. Measured relationship between MOPIRRECT and VP .

Fig. 20 depicts the waveform of VPEH4 in the MPPT state.
Initially, the optimal VCR is 2×, and VRECT is around 2.4 V.
Increasing the vibration level causes the interface to deviate
from the maximum power point. During the MPPT state, VPEH4
is rectified and decreased to about 0.5 VP . The shrunken
VPEH4 is then compared with the reference voltage VREF[2:0]

to update VCR. When the interface returns to the EH state,
VRECT rises to about 4.8 V, which verifies that the VCR is
switched to 1×. The operation frequency fOSC_SLOW automati-
cally changes based on the input vibration level. When VCR =

1×, fOSC_SLOW is 40 kHz; When VCR = 2×, 3×, and 4×,
fOSC_SLOW is 20 kHz.

Fig. 23. Measured POUT versus VP under different VCR.

Fig. 24. Measured relationship between MOPIR and VP under different
VCR.

Fig. 21 depicts the measurement of the harvested power
PRECT versus VRECT under three different vibration levels.
When VP equals 1.5 V, PRECT attains its maximum value at
VRECT = 3.2 V. It can deliver up to 162µW at VP = 4.4 V.
The relationship between MOPIRRECT and VP is shown in
Fig. 22. The measured MOPIRRECT can be up to 4.98× when
VP = 2.32 V. The MOPIR is obtained by comparing the
measured maximum output power with the calculated output
power for an ideal FBR (with diode drop VD = 0). When
VP > 1 V, MOPIRRECT can maintain above 4.43×. When
VP < 1 V, MOPIRRECT is significantly reduced due to the
nonideal zero-crossing detection and increased switching loss.

The measured POUT versus VP under different VCR is
depicted in Fig. 23. It can be observed that a low VCR is
preferable when the vibration intensity is high. When VP =

1.72 V, the interface can obtain 121 µW with VCR = 1×,
while only output 51 µW with VCR = 4×. Fig. 24 shows
MOPIR versus VP under different VCR. When VCR = 1, the
MOPIR of the system can reach 4.88×. As the VCR increases,
the MOPIR reduces due to the reduction of the ZC accuracy.
However, when VCR = 4, the MOPIR can still reach 2.78×,
which is a 39% improvement compared to the ideal switch-
only rectifier. The entire system can maintain an MOPIR of
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TABLE I
PERFORMANCE COMPARISON

Fig. 25. Power breakdown of the proposed system at VCR = 3×.

> 3.5× when VP is from 0.78 to 4.9 V. Fig. 25 summarizes
the measured power breakdown at VCR = 3×. The proposed
system achieves an efficiency of 82.6%, with 3.3%, 5.5%,
5.3%, 2.5%, and 0.8% consumed by the switch array, AR,
SC dc–dc, array controller, and MPPT controller.

Table I shows the comparison of the proposed design with
the state of the art. Compared to [20], this work can avoid
using flipping and flying capacitors, as well as excessive HV
devices, thus greatly reducing the chip area and cost. In this
article, the IC chips for all the interface circuits are assumed
to occupy 10 mm3, the volume of the resistance or capacitance
is assumed to occupy 0.75 mm3/unit, and the volume of the
inductance is assumed to be 100 mm3/mH, similar to [17].
Based on these parameters, we can calculate the system vol-
ume for other works. The figure of merit (FoM) represents the
performance improvement per unit volume, which is given by

FoM = (MOPIR)/(system volume). Compared to other designs
in the table, this work achieves the highest FoM without
using any external energy reservoirs, which is imperative to
applications requiring an ultracompact system volume, such
as an implantable microoxygen generator (IMOG) [27] or a
gastric seed [28].

V. CONCLUSION

This work proposes a novel self-bias flip PEH inter-
face and switched-PEH dc–dc converter. The fully integrated
solution together with a high FoM renders the proposed
PEH interface suitable for applications requiring ultracompact
system volumes such as biomedical implants or wearable
devices. Particularly, the proposed technology can be com-
bined with MEMS, greatly reducing the system volume.
It utilizes the PEH inherent capacitor for self-bias-flip, which
further improves the system energy efficiency through charge
recycling and reusing phases. Using a total of four PEHs,
this work achieves an eight-phase operation without using
additional volume-consuming passive components. In addition,
PEHs can serve as both energy sources and flying capacitors to
achieve maximum power transmission to the load. To ensure
a more stable and reliable operation, this work also improves
the active diode in the ac–dc rectifier to avoid zero-crossing
oscillation.

REFERENCES

[1] G. K. Ottman, H. F. Hofmann, A. C. Bhatt, and G. A. Lesieutre, “Adap-
tive piezoelectric energy harvesting circuit for wireless remote power
supply,” IEEE Trans. Power Electron., vol. 17, no. 5, pp. 669–676,
Sep. 2002.

Authorized licensed use limited to: TU Delft Library. Downloaded on July 22,2024 at 14:07:26 UTC from IEEE Xplore.  Restrictions apply. 



2258 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 59, NO. 7, JULY 2024

[2] Y. K. Ramadass and A. P. Chandrakasan, “An efficient piezoelectric
energy harvesting interface circuit using a bias-flip rectifier and shared
inductor,” IEEE J. Solid-State Circuits, vol. 45, no. 1, pp. 189–204,
Jan. 2010.

[3] T. Hehn et al., “A fully autonomous integrated interface circuit for
piezoelectric harvesters,” IEEE J. Solid-State Circuits, vol. 47, no. 9,
pp. 2185–2198, Sep. 2012.

[4] S. Javvaji, V. Singhal, V. Menezes, R. Chauhan, and S. Pavan, “Analysis
and design of a multi-step bias-flip rectifier for piezoelectric energy
harvesting,” IEEE J. Solid-State Circuits, vol. 54, no. 9, pp. 2590–2600,
Sep. 2019.

[5] S. Sankar, P.-H. Chen, and M. S. Baghini, “An efficient inductive
rectifier based piezo-energy harvesting using recursive pre-charge and
accumulation operation,” IEEE J. Solid-State Circuits, vol. 57, no. 8,
pp. 2404–2417, Aug. 2022.

[6] Q. Wan and P. K. T. Mok, “A 14-nA, highly efficient triple-output
thermoelectric energy harvesting system based on a reconfigurable TEG
array,” IEEE J. Solid-State Circuits, vol. 54, no. 6, pp. 1720–1732,
Jun. 2019.

[7] P. Cao, Y. Qian, P. Xue, D. Lu, J. He, and Z. Hong, “A bipolar-input
thermoelectric 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.

[8] 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.

[9] Z. Chen, M.-K. Law, P.-I. Mak, and R. P. Martins, “A single-chip
solar energy harvesting IC using integrated photodiodes for biomedical
implant applications,” IEEE Trans. Biomed. Circuits Syst., vol. 11, no. 1,
pp. 44–53, Feb. 2017.

[10] E. Choi et al., “A 1.4 mW to 119 mW, wide output power range energy
harvesting system with 2-D fast MPPT based on HC for 1k to 50k
illuminated solar cell,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 69,
no. 11, pp. 4389–4393, Nov. 2022.

[11] S. C. Chandrarathna and J.-W. Lee, “A self-resonant boost converter for
photovoltaic energy harvesting with a tracking efficiency >90% over an
ultra-wide source range,” IEEE J. Solid-State Circuits, vol. 57, no. 6,
pp. 1865–1876, Jun. 2022.

[12] S. M. Noghabaei, R. L. Radin, Y. Savaria, and M. Sawan, “A high-
sensitivity wide input-power-range ultra-low-power RF energy harvester
for IoT applications,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 69,
no. 1, pp. 440–451, Jan. 2022.

[13] G. C. Martins and W. A. Serdijn, “An RF energy harvesting and power
management unit operating over −24 to +15 dBm input range,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 68, no. 3, pp. 1342–1353,
Mar. 2021.

[14] D. Guyomar, A. Badel, E. Lefeuvre, and C. Richard, “Toward energy
harvesting using active materials and conversion improvement by non-
linear processing,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control,
vol. 52, no. 4, pp. 584–595, Apr. 2005.

[15] L. Wu and D. S. Ha, “A self-powered piezoelectric energy harvesting
circuit with an optimal flipping time SSHI and maximum power point
tracking,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 66, no. 10,
pp. 1758–1762, Oct. 2019.

[16] D. A. Sanchez, J. Leicht, F. Hagedorn, E. Jodka, E. Fazel, and Y. Manoli,
“A parallel-SSHI rectifier for piezoelectric energy harvesting of periodic
and shock excitations,” IEEE J. Solid-State Circuits, vol. 51, no. 12,
pp. 2867–2879, Dec. 2016.

[17] S. Du and A. A. Seshia, “An inductorless bias-flip rectifier for piezo-
electric energy harvesting,” IEEE J. Solid-State Circuits, vol. 52, no. 10,
pp. 2746–2757, Oct. 2017.

[18] Z. Chen, M.-K. Law, P.-I. Mak, W.-H. Ki, and R. P. Martins, “Fully inte-
grated inductor-less flipping-capacitor rectifier for piezoelectric energy
harvesting,” IEEE J. Solid-State Circuits, vol. 52, no. 12, pp. 3168–3180,
Dec. 2017.

[19] Z. Chen, M.-K. Law, P.-I. Mak, X. Zeng, and R. P. Martins, “Piezo-
electric energy-harvesting interface using split-phase flipping-capacitor
rectifier with capacitor reuse for input power adaptation,” IEEE J. Solid-
State Circuits, vol. 55, no. 8, pp. 2106–2117, Aug. 2020.

[20] S. Du, Y. Jia, C. Zhao, G. A. J. Amaratunga, and A. A. Seshia,
“A fully integrated split-electrode SSHC rectifier for piezoelectric energy
harvesting,” IEEE J. Solid-State Circuits, vol. 54, no. 6, pp. 1733–1743,
Jun. 2019.

[21] X. Wang et al., “Multi-input SECE based on buck structure for piezo-
electric energy harvesting,” IEEE Trans. Power Electron., vol. 36, no. 4,
pp. 3638–3642, Apr. 2021.

[22] Z. Chen, Y. Xia, G. Shi, X. Wang, H. Xia, and Y. Ye, “Self-powered
multi-input serial SSHI interface circuit with arbitrary phase difference
for piezoelectric energy harvesting,” IEEE Trans. Power Electron.,
vol. 36, no. 8, pp. 9183–9192, Aug. 2021.

[23] Z. Li et al., “An energy harvesting system with reconfigurable piezo-
electric energy harvester array for IoT applications,” in Proc. IEEE Int.
Symp. Circuits Syst. (ISCAS), Oct. 2020, pp. 1–5.

[24] Y. Peng et al., “27.2 An adiabatic sense and set rectifier for improved
maximum-power-point tracking in piezoelectric harvesting with 541%
energy extraction gain,” in IEEE Int. Solid-State Circuits Conf. (ISSCC)
Dig. Tech. Papers, Feb. 2019, pp. 422–424.

[25] 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 × 105 dynamic range, integrated MPPT, and multi-
modal cold start-up,” in IEEE Int. Solid-State Circuits Conf. (ISSCC)
Dig. Tech. Papers, vol. 65, Feb. 2022, pp. 1–3.

[26] B. Çiftci, S. Chamanian, A. Koyuncuoglu, A. Muhtaroglu, and H. Külah,
“A low-profile autonomous interface circuit for piezoelectric micro-
power generators,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 68,
no. 4, pp. 1458–1471, Apr. 2021.

[27] T. Maleki, N. Cao, S. H. Song, C. Kao, S.-C. Ko, and B. Ziaie, “An ultra-
sonically powered implantable micro-oxygen generator (IMOG),” IEEE
Trans. Biomed. Eng., vol. 58, no. 11, pp. 3104–3111, Nov. 2011.

[28] M. Meng, P. Graybill, R. L. Ramos, A. Javan-Khoshkholgh,
A. Farajidavar, and M. Kiani, “An ultrasonically powered wireless
system for in vivo gastric slow-wave recording,” in Proc. 41st Annu. Int.
Conf. IEEE Eng. Med. Biol. Soc. (EMBC), Jul. 2019, pp. 7064–7067.

Zhen Li (Member, IEEE) received the B.S. degree
from Anhui University, Hefei, China, in 2016, and
the M.E. degree from Ningbo University, Ningbo,
China, in 2019. He is currently pursuing the Ph.D.
degree with the State Key Laboratory of Integrated
Chips and Systems and School of Microelectronics,
Fudan University, Shanghai, China.

His research interests include piezoelectric energy
harvesting systems and power management IC.

Jing Wang received the B.S. degree in micro-
electronics from Xidian University, Xi’an, China,
in 2020. She is currently pursuing the Ph.D. degree
with Fudan University, Shanghai, China.

Her research interests include ultralow power man-
agement systems and piezoelectric energy harvesting
systems.

Authorized licensed use limited to: TU Delft Library. Downloaded on July 22,2024 at 14:07:26 UTC from IEEE Xplore.  Restrictions apply. 



LI et al.: PIEZOELECTRIC ENERGY HARVESTING INTERFACE USING SELF-BIAS-FLIP RECTIFIER 2259

Man-Kay Law (Senior Member, IEEE) received
the B.Sc. degree in computer engineering and the
Ph.D. degree in electronic and computer engineering
from the Hong Kong University of Science and
Technology (HKUST), Hong Kong, in 2006 and
2011, respectively.

In 2011, he joined HKUST as a Visiting Assistant
Professor. He is currently a Full Professor with the
State Key Laboratory of Analog and Mixed-Signal
VLSI, Institute of Microelectronics, University of
Macau, Macau, China. He has authored or coau-

thored more than 150 technical publications and holds eight U.S./Chinese
patents. His research interests are in the development of ultralow-power
CMOS sensing/readout circuits and energy harvesting techniques for wireless
and biomedical applications.

Dr. Law was a co-recipient of the ASQED Best Paper Award in 2013, the
A-SSCC Distinguished Design Award in 2015, and the ASPDAC Best Design
Award in 2016. He also received the Macao Science and Technology Invention
Award from the Macau Government-FDCT in 2022 (Third Class), 2020
(First Class), and 2014 and 2018 (Second Class). He serves as a Technical
Committee Member of the IEEE CAS Committee on Sensory Systems as well
as Biomedical and Life Science Circuits and Systems. He was a Distinguished
Lecturer for both the IEEE CASS and the IEEE SSCS. He is a TPC Member
of the IEEE ISSCC and also serves as the ISSCC Far-East Chair in 2024.

Sijun Du (Senior Member, IEEE) received the
B.Eng. degree in electrical engineering from Sor-
bonne University, Paris, France, in 2011, the M.Sc.
degree in electrical and electronics engineering from
Imperial College, London, U.K., in 2012, and the
Ph.D. degree in engineering from the University of
Cambridge, Cambridge, U.K., in 2018.

He worked at the Laboratory LIP6, Sorbonne
University, and then worked as a Digital IC Engi-
neer in Shanghai, China, from 2012 to 2014.
He was a Post-Doctoral Researcher at the Berkeley

Wireless Research Center (BWRC), Department of Electrical Engineering
and Computer Sciences (EECS), University of California, Berkeley, CA,
USA, from 2018 to 2020. Since 2020, he has been with the Department
of Microelectronics, Delft University of Technology (TU Delft), Delft,
The Netherlands, where he is currently an Assistant Professor. His research
is focused on power management integrated circuit designs.

Junrui Liang (Senior Member, IEEE) received the
Ph.D. degree in mechanical and automation engi-
neering from The Chinese University Hong Kong,
Hong Kong, China, in 2010.

He is an Associate Professor at the School of
Information Science and Technology, ShanghaiTech
University, Shanghai, China. His research interests
include kinetic energy harvesting, power and energy
circuits and systems, Internet-of-Things devices, and
mechatronics.

Dr. Liang is the Co-Chair of the Energy Harvesting
Technical Committee (EHTC) of the ASME Smart Materials, Adaptive
Structures and Intelligent Systems (SMASIS) Division and the Secretary of
Power and Energy Circuits and Systems (PECAS) Technical Committee in
IEEE Circuits and Systems Society (CASS). He was a recipient of five Best
Paper Awards in international conferences. He is an Associate Editor of IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS and
IET Circuits, Devices and Systems.

Xu Cheng received the B.S. and M.S. degrees
in electronics engineering from Fudan University,
Shanghai, China, in 1999 and 2002, respectively, and
the Ph.D. degree from the University College Cork,
Cork, Ireland, in 2007.

From 2007 to 2009, he was with Cypress Semi-
conductor Ireland, Cork. In 2009, he joined Fudan
University, where he is currently an Associate Pro-
fessor. His research interests include energy-efficient
analog mixed-signal design and analog CAD.

Jun Han (Member, IEEE) received the B.S. degree
from Xidian University, Shanxi, China, in 2000, and
the Ph.D. degree in microelectronics from Fudan
University, Shanghai, China, in 2006.

He joined Fudan University, as an Assistant Pro-
fessor, in July 2006, where he is currently a Full
Professor with the State Key Laboratory of Inte-
grated Chips and Systems. His research interests
include domain-specific processors and systems for
digital signal processing, machine learning, and
human–computer interaction.

Xiaoyang Zeng (Senior Member, IEEE) received
the B.S. degree from Xiangtan University, Xiangtan,
China, in 1992, and the Ph.D. degree from the
Changchun Institute of Optics, Fine Mechanics, and
Physics, Chinese Academy of Sciences, Changchun,
China, in 2001.

From 2001 to 2003, he was a Post-Doctoral
Researcher with Fudan University, Shanghai, China.
Then, he joined the State Key Laboratory of Inte-
grated Chips and Systems, Fudan University, as an
Associate Professor, where he is currently a Full Pro-

fessor and Director. His research interests include high-performance-energy
efficient SoC for information security and artificial intelligence applications
and VLSI implementation of digital signal processing and communication
systems.

Zhiyuan Chen (Member, IEEE) received the B.Sc.,
M.Sc., and Ph.D. degrees from the University of
Macau (UM), Macao, China, in 2011, 2013 and
2018, respectively.

Since 2018, he has been with the School of Micro-
electronics, Fudan University, Shanghai, China, as a
Post-Doctoral Researcher, where he is currently an
Associate Professor. His research interests include
ac–dc rectifiers, dc–dc converters, and energy har-
vesting systems.

Authorized licensed use limited to: TU Delft Library. Downloaded on July 22,2024 at 14:07:26 UTC from IEEE Xplore.  Restrictions apply. 


