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Enhancing Efficiency in Piezoelectric Energy
Harvesting: Collaborative-Flip Synchronized
Switch Harvesting on Capacitors Rectifier

and Multioutput DC–DC Converters
Utilizing Shared Capacitors

Jing Wang, Yi Yang, Zhen Li , Sijun Du , Senior Member, IEEE,
Xinling Yue , Graduate Student Member, IEEE, Xun Liu , Member, IEEE,

Jun Han , Member, IEEE, Xiaoyang Zeng , Senior Member, IEEE,
and Zhiyuan Chen , Member, IEEE

Abstract— This article proposes a novel collaborative-flip syn-
chronized switch harvesting on capacitors (CF-SSHCs) rectifier
and multioutput synchronous dc–dc converters with shared
capacitors. Compared to the traditional SSHC, our CF-SSHC
rectifier can increase the number of flipping phases, potentially
enhancing the flipping efficiency and output power under specific
conditions where CFLY is close to CP . The synchronous dc–dc
converters reuse the flying capacitors to achieve a high maximum
output power improving rate (MOPIR) over a limited input
power range and provide multiple outputs. This work achieves an
advanced number of flipping phases in capacitor-based rectifier
interface technology and explores multiple-input multiple-output
configurations, evaluating the system’s performance under peri-
odic and shock conditions for the first time. The system’s
adaptability to various piezoelectric transducer (PT) array con-
figurations is validated, highlighting its potential for Internet
of Things (IoT) networks. The design is fabricated in standard
0.18-µm CMOS. Measurement results demonstrate that the volt-
age flipping efficiency of up to 83% is achieved. Compared with
full-bridge rectifier (FBR), the MOPIR can be increased to 5.06×

and 4.78× under off-resonance and on-resonance excitation,
respectively. It can also achieve a 2.14× power enhancement
under shock excitation. Additionally, when the input power
PIN_FBR is in the range of 1.42–28.4 µW, the MOPIR of the
proposed system is always greater than 4.

Index Terms— Maximum power point tracking (MPPT), multi-
input, multioutput, piezoelectric, piezoelectric energy harvesting
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(PEH), rectifiers, shared capacitors, shock excitation, synchro-
nized switch harvesting on capacitors (SSHCs).

I. INTRODUCTION

WITH the flourishing development of the Internet of
Things (IoT), supplying power to a large number of

miniature wireless sensor nodes has become an urgent chal-
lenge. Piezoelectric energy harvesting (PEH), which extracts
energy from ambient vibration sources, has gained wide atten-
tion [1], [2], [3], [4]. Fig. 1(a) illustrates a conventional PEH
system based on full bridge rectifier (FBR) [5]. The system
is designed for a single piezoelectric transducer (PT). A FBR
is used to convert the ac voltage Vab into the dc voltage Vrect.
Subsequently, a dc–dc converter regulates Vrect based on the
input excitation to achieve maximum power point tracking
(MPPT). It has advantages such as simplicity, stability, and
high integration. However, due to the inherent capacitance CP ,
the system can only harvest output power when |Vab| ≥ Vrect+

2VD . During the remaining time, the diodes are nonconductive.
The shaded region in Fig. 1(a) represents the charge wasted in
the periodic charging and discharging of CP . Consequently, the
energy conversion efficiency of the FBR-based PEH system
is relatively low. Additionally, single PT has limited energy
harvesting capacity, risks single-point failure, and lacks flexi-
bility. In contrast, using multiple PT units enhances energy
conversion efficiency and allows for customized layouts to
suit specific applications. When multiple elements operate in
parallel, the system can maintain energy harvesting through
the remaining elements even if some degrade or are damaged,
ensuring overall stability and reliability.

In recent years, various flipping techniques based on induc-
tor and switched capacitor have emerged [6], [7], [8], [9],
[10], [11], [12], [13], [14], [15], [16]. For the synchronous
switch harvesting on the inductor (SSHI), voltage flipping on
CP is achieved through an LC loop. To achieve higher flipping
efficiency, inductors with high Q values are necessary, which
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Fig. 1. (a) Conventional PEH system based on FBR. (b) Proposed PEH system based on CF-SSHC.

inevitably occupy large volumes. In contrast, the synchronized
switch harvesting on capacitors (SSHC) technique relies on
charge sharing to flip the charge on CP . Multiple-phase and
large flipping capacitors are utilized to enhance the output
power. Complete PEH systems based on these flipping tech-
niques have been widely implemented [17], [18], [19], [20],
[21], [22], [23], [24]. Chen et al. [23] implemented a complete
PEH system that includes a split-phase flipping-capacitor
rectifier (SPFCR), MPPT, and dc–dc converters. However, this
system is designed for a single PT, which not only reduces
system reliability but also limits the number of flipping phases.
Despite employing the split-phase method, the number of flip-
ping phases is still limited to 21. Du and Seshia [22] presents
a split-electrode synchronized switch harvesting on capacitors
(SE-SSHCs) rectifier. By splitting the PT electrodes into four
regions and temporarily connecting them in series during
voltage flipping, the effective intrinsic capacitance of the PT
is reduced, thereby significantly increasing the output power.
However, due to the series-connecting PT units, this method
not only requires high-voltage (HV) CMOS transistors but also
results in high switching losses and leakage current, thereby
reducing the energy harvesting efficiency. HV transistors also
reduce system integration density, increase circuit complexity,
and cause greater power consumption.

This article introduces a PEH system based on collaborative-
flip synchronized switch harvesting on capacitors (CF-SSHCs)
rectifier and multioutput dc–dc converters utilizing shared
capacitors, as depicted in Fig. 1(b). By connecting three PT
units in parallel, the proposed CF-SSHC rectifier can increase
the number of flipping phases, thereby significantly improving
the flipping efficiency and output power. For instance, in this
article, 37 flipping phases were achieved using three PT units
and six flying capacitors, tripling the number of flipping phases
compared to traditional SSHC. This represents the highest
number of flip phases currently achieved in capacitor-based
flipping technologies. Due to the excellent scalability of

CF-SSHC technology, this article also analyzes the perfor-
mance of CF-SSHC with different numbers of stages and
PT units. Furthermore, the proposed CF-SSHC utilizes flying
capacitors only during brief flipping periods, allocating the
remaining time for constructing the multioutput SC dc–dc con-
verters with the flying capacitors, enhancing overall capacitor
efficiency and system compactness.

II. PROPOSED SYSTEM

A. Traditional SSHC Interface Circuit

Fig. 2 depicts a traditional N -stage SSHC rectifier circuit
and the associated flipping phases [10]. The SSHC interface
circuit, consisting of N flying capacitors and 2N +1 switches,
has garnered widespread attention due to its simple structure
and scalability. The operational principles of the N -stage
SSHC are delineated as follows: At the zero-crossing of IP ,
the initial voltage across CP is Vrect. The flipping phases can
be classified into three periods: 1) charging period: flying
capacitors C1 −CN sequentially share with the charge on CP ;
2) clearing period: shorting CP to clear residual charge; and
3) recharging period: connecting the flying capacitors CN −C1
in reverse polarity to recharge CP , thereby establishing the
rebuild voltage −Vr . It effectively reduces the charge wastage
caused by the periodic charging and discharging of CP .
To quantify the enhancement in the performance of differ-
ent types of synchronous switch harvesting (SSH) interface
circuits, we typically employ the flipping efficiency η and
its maximum output power improving rate (MOPIR). The
expressions for flipping efficiency η and MOPIR are provided
by [11]

η =
Vrect + Vr

2Vrect
(1)

MOPIR =
Prect,SSH,MAX

Prect,FBR,MAX
. (2)
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Fig. 2. (a) Traditional N -stage SSHC circuit. (b) Associated flipping
phases [10].

For the traditional SSHC interface circuits, the MOPIR
is typically determined by the number of stages and the
ratio of flying capacitors to an inherent capacitor, denoted as
CFLY/CP [12]. For instance, in the case of the single-stage
SSHC, if the flipping capacitor CFLY equals CP , the MOPIR
is 3. However, if CFLY ≫ CP , its MOPIR can be elevated
to 4. Furthermore, increasing the number of SSHC stages can
also enhance the performance of the SSHC interface circuits.
If CFLY equals CP , the three-stage SSHC compared to the
single-stage SSHC can increase the MOPIR from 3 to 5.
If CFLY ≫ CP , it can increase the MOPIR from 4 to 8.
Therefore, for traditional SSHC interface circuits, to achieve
higher output power, one must either increase the number of
flipping stages or the capacitance value of the flying capacitors.
However, both remedies would increase the overall system
volume, deviating from the trend toward miniaturization and
integration of PEH. Therefore, we propose a novel CF-SSHC
technique to address this challenge.

B. Proposed CF-SSHC

As illustrated in Fig. 3(a), three units are clamped in
parallel, ensuring the vibration amplitude and phase between
them are consistent. The electrical model of three PT units in
parallel can be equivalently represented by a parallel combina-
tion of a sinusoidal current source IP , inherent capacitor CP ,
and resistance RP . For each PT unit, the equivalent current
source and capacitance become one-third of their original
values, while the open-circuit voltage remains unchanged.
It is worth mentioning that the area before and after the PTs
are paralleled does not change. Fig. 3(b) depicts the circuit
diagram of the proposed six-stage CF-SSHC rectifier. The
essential components of the circuit include three PT units
and six flying capacitors. We denote the three PT units as
PTa , PTb, and PTc. Each PT unit is equipped with individual
switches (Sab1, Sab2, Sab3), controlling its connection with the
subsequent six flipping capacitors.

Fig. 4 depicts the operating phase of the proposed 37-phase
six-stage CF-SSHC rectifier. Here, we denote the periods
where IP transitions from positive to negative and from

negative to positive as PTC and NTC, respectively. For clarity,
we divide the operating states of the CF-SSHC into (a)–(g).

1) Forward Harvesting State: As shown in Fig. 4(a), during
the nonflipping moment, the three PT units are con-
nected in parallel and collectively harvest energy from
external excitation sources.

2) Charging State (18 Phases): As shown in Fig. 4(b)
and (c), at the zero crossing of IP , the flying capacitor
C1 sequentially flips CPa , CPb, and CPc of the PT
units, gradually increasing the voltage on C1. Then,
C2–C6 are used sequentially to flip CPa , CPb, and
CPc. After 18 flipping phases, the remaining charge on
the inherent capacitors of the three PT units gradually
decreases.

3) Clearing State: As shown in Fig. 4(d), the three PT units
are directly shorted to clear residual charges.

4) Recharging State (18 Phases): Fig. 4(e) and (f) demon-
strates the recharging states, which are opposite to
the charging state. The flying capacitors C6 to C1 are
sequentially used in reverse polarity to recharge CPc,
CPb, and CPa , establishing the rebuild voltage.

5) Backward Harvesting State: After 37 flipping phases, the
voltage across the three PT units changes from positive
to negative, and then the three PT units are reconnected
in parallel to harvest energy, as illustrated in Fig. 4(g).

Symmetrically, the operation phases for NTC and PTC are
completely reversed, i.e., from Fig. 4(a)–(g).

Fig. 5 illustrates the corresponding waveforms of the pro-
posed CF-SSHC. When the circuit is stable, the voltages
across the six flying capacitors are 0.62Vrect, 0.5Vrect, 0.37Vrect,
0.25Vrect, 0.13Vrect, and 0.05Vrect, respectively. It is worth
noting that for a specific rectification topology, the ratio
between the voltage across the flying capacitor (VC1 − VC6)
and the rectified voltage (Vrect) remains constant, regardless of
variations in the input excitation [25]. Due to the very brief
duration for which the flying capacitors are used for flipping,
we will reuse them to construct the reconfigurable dc–dc
converters. Considering the accumulated charge on the flying
capacitors at the flipping moments, special attention must be
paid when constructing the dc–dc converters to prevent mutual
interference between the flipping operation and the dc–dc
operation. The detailed structure of dc–dc converters will be
presented in Section III.

C. Performance Analysis of the Proposed CF-SSHC

The proposed CF-SSHC has the advantage of scalability,
allowing it to be extended to any number of PT units and flying
capacitors. We refer to the CF-SSHC with N flying capacitors
and M PT units as N -stage CF-SSHCM . In particular, when
M = 1, the proposed CF-SSHC is the traditional SSHC.
Fig. 6(a) illustrates the relationship between the MOPIR
of the proposed CF-SSHC and traditional SSHC with the
number of stages and CFLY/CP . Under the same number
of stages and CFLY/CP , the proposed CF-SSHC significantly
enhances the MOPIR compared to SSHC. For instance, when
CFLY/CP = 1/3, the proposed six-stage CF-SSHC increases
the MOPIR from 5 to 7.3 compared to the traditional six-
stage SSHC. Similarly, when CFLY/CP = 1, the six-stage

Authorized licensed use limited to: TU Delft Library. Downloaded on April 09,2025 at 08:39:11 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 3. (a) Schematic of three PT units in parallel. (b) Proposed six-stage CF-SSHC interface circuit.

Fig. 4. Operating phase of the proposed 37-phase six-stage CF-SSHC. (a) Forward Harvesting State. (b) Charging current flows from C pa , C pb and C pc to
C1. (c) Charging current flows from C pa , C pb and C pc to C6. (d) Clearing State. (e) Recharging current flows from C6 to C pa , C pb and C pc . (f) Recharging
current flows from C1 to C pa , C pb and C pc . (g) Backward Harvesting State.

CF-SSHC boosts the MOPIR from 8 to 10.7. Additionally,
we simultaneously compare the three-stage CF-SSHC rectifier
with the three-stage SSHC rectifier, further demonstrating the
superiority of the proposed CF-SSHC. Only when CFLY ≫

CP , CF-SSHC and SSHC reach the same maximum MOPIR
limit. However, typical PTs have CP in the nF range, and
achieving this limit requires very large flying capacitors, which
does not align with the current trend of miniaturizing PEH
systems. Compared to the traditional SSHC interface, the

proposed CF-SSHC interface offers the following advantages:
First, the proposed CF-SSHC reduces the inherent capacitance
during flipping moments. At flipping moments, as each PT unit
sequentially flips the flying capacitors, the inherent capacitance
CP of each PT unit is only one-third of its original value. This
effectively increases the output power and MOPIR. Addition-
ally, while the traditional six-stage SSHC provides 13 flipping
phases, the proposed CF-SSHC rectifier can extend the flipping
phases to 37, thus improving the flipping efficiency. Compared

Authorized licensed use limited to: TU Delft Library. Downloaded on April 09,2025 at 08:39:11 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 5. Waveforms of the proposed CF-SSHC.

Fig. 6. (a) Relationship between the MOPIR of the proposed CF-SSHC and traditional SSHC with the number of stages and CFLY/CP . (b) Simulation
results of Prect versus Vrect for FBR and the proposed six-stage CF-SSHC with different numbers of PT units. (c) Relationship between the MOPIR with the
number of PT units.

to the SE-SSHC proposed in [22], the proposed CF-SSHC
connects each PT unit and flipping capacitor in parallel,
thereby avoiding high voltage stress and leakage current on
the switches.

Fig. 6(b) shows the simulation results of Prect versus Vrect
for the FBR, SSHC, and six-stage CF-SSHC under different
numbers of PT units. For a fair comparison, although the
number of PT units varies, their total capacitance CP and
open-circuit voltage VOC remain constant. Simulation results
show that as the number of PT units increases, the maximum
output power of CF-SSHC also increases. Under the same
flying capacitance, the proposed CF-SSHC3 increases the
maximum output power by nearly 50% compared to SSHC.
To better illustrate the relationship between the number of PT
units and MOPIR in CF-SSHC, we plotted Fig. 6(c) based on
Fig. 6(b). It can be seen that although the maximum output
power of CF-SSHC increases with the number of PT units,
the marginal returns of this increase diminish. Considering
the tradeoff between performance and power consumption, the
six-stage CF-SSHC with three PT units prototype circuit is
implemented in this article.

III. IMPLEMENTATION

Fig. 7 illustrates the block diagram of the proposed system,
which comprises two stages: the first stage is the proposed
37-phase CF-SSHC rectifier, and the second stage consists
of reconfigurable multiout SC dc–dc converters. To minimize
power consumption, the control circuit operates across both
high- and low-voltage domains. Specifically, the pulse gener-
ation, pulse sequence, pulse combine modules, and flipping
time module are powered by the low-voltage domain VDDL,
while the CF-SSHC power switch, dc–dc switch, lever shifters,
MPPT, and active rectifier are powered by the HV domain
VDDH. Next, we will provide a detailed description of the key
modules.

A. Active Rectifier

Fig. 8 shows the circuit diagram of the active rectifier. Dur-
ing MPPT, the four multiplexers temporarily disconnect the PT
from the active rectifier to perform open-circuit voltage sam-
pling. The active rectifier is composed of two cross-coupled
PMOS transistors and two amplifier-based active diodes. The

Authorized licensed use limited to: TU Delft Library. Downloaded on April 09,2025 at 08:39:11 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 7. Diagram of system block.

Fig. 8. Active rectifier.

falling edges of the amplifier outputs, VG1 and VG2, indicate
the positive and negative zero-crossing of IP , respectively. In
the ground-input-compatible amplifier, the transistors operate
in the subthreshold region. The 30 nA bias current ensures
reliable operation under various input conditions [26], [27].
Additionally, we introduce an artificial mismatch by setting
the sizes of the input transistors of the operational amplifier
to different values, thereby introducing a consistent and pre-
dictable positive offset voltage. This improves the accuracy
and reliability of the rectifier. Furthermore, this method avoids
the complexity associated with implementing a closed-loop
control system, thereby simplifying the overall design.

B. Pulse Generation and Flipping Time Module

To ensure design margins and prevent phase overlap, the
output signals VG1 and VG2 from the active rectifier undergo
delay operations in the flipping timing module, resulting in
the delayed signals VP1 and VP2, respectively. Subsequently,
VP1 and VP2 are fed into the pulse generation module to
produce continuous pulses that drive the power switch array
of the proposed CF-SSHC rectifier. Fig. 9 illustrates the pulse
generation and flipping time module. The pulse generator
cell consists of a chain of inverters, where the delay of this
inverter chain determines the pulsewidth. To ensure complete
charge sharing and prevent overlap between adjacent pulses,
the width-to-length ratio of the transistors in this inverter
chain should be set very small, i.e., W ≪ L . VP1 and VP2

Fig. 9. Pulse generation and flipping time module.

pass through 37 pulse generation cells, generating two sets
of continuous pulse signals 81[37:1] and 82[37:1]. Additionally,
pulse signals VP38 and VN38 represent the timing of the last
pulse generation. Together with VG1 and VG2, they are fed into
the flipping time module, where simple combinatorial logic
generates the signal VFLIP representing the flipping time and
the signal VNO_FLIP representing the nonflipping time.

C. Pulse Sequence and Combine

Fig. 10 shows the diagram of the pulse sequence and pulse
combine. Due to the pulse sequence being completely opposite
during PTC and NTC, the pulse sequence module needs to
merge the head and tail of 81[37:1] and 82[37:1] to obtain the
signal 8[37:1]. Additionally, considering the reuse of switches
in different phases, the pulse combination module will further
combine the generated pulse signals. There are mainly two
methods for pulse combination. The first method is to directly
use three-input OR gates to generate the control signals Sab1,
Sab2, and Sab3 for the three PT units. The second method
involves combining adjacent groups of three pulse signals
(e.g.,81a , 82a , 83a) to generate the switch control signals
for the six flying capacitors, from 81 to 86 and 8−1 to
8−6. Specifically, we use JK flip-flops to prevent glitches that
may arise from directly combining three signals. After passing
through the pulse sequence and combine modules, the power
switch signals are reduced from 37 bits to 16 bits. To minimize
overall power consumption, the pulse generation, sequencing,
and combination modules operate in the low-voltage domain.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 09,2025 at 08:39:11 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 10. Pulse sequence and pulse combine.

However, the power switch arrays must operate in the HV
domain, requiring low-power level shifters to convert the pulse
signals. Due to the floating voltages at both ends of the power
switches, this article employs switches composed of transfer
gates with dynamic body bias [11].

D. Reconfigurable Multioutput DC–DC Converters

Traditional dc–dc converters typically use a two-phase
clock, with the number of flying capacitors limiting the num-
ber of conversion ratios. To minimize external capacitance,
we will adopt the three-phase clock, effectively utilizing flying
capacitors to enhance the compactness of the system [28],
[29]. Fig. 11 illustrates the proposed multioutput SC dc–dc
converters using the flipping capacitors. Based on the input
power, the proposed SC dc–dc converter selects the appropriate
structure according to the preset conversion ratios. On one
hand, it ensures that the conversion ratios among the three
output terminals remain constant, i.e., VDDH = 3VDDL and
VDDM = 2VDDL. On the other hand, it directly connects Vrect
to one of the three output terminals to achieve MPPT. Based
on the residual voltage levels of the flying capacitors after
flipping, we connect C1 and C3 in series, as well as C5 and
C6 to construct the SC dc–dc converters. This configuration
minimizes the charge redistribution losses in the SC dc–dc
converter while not affecting the flipping of the CF-SSHC
stage. At low input power, the rectifier voltage Vrect will be
directly connected to the low output voltage VDDL. In the
81 period, C1 and C3 are connected in series and charged
to Vrect. In the 82 period, C1 and C3 are stacked on the top
of Vrect, pumping VDDM to twice VDDL. In the 83 period,
C1 and C3 are stacked on the top of VDDM, pumping VDDH
voltage to three times that of VDDL. It is worth noting that the
voltage across the series connection of C1 and C3 is approxi-
mately Vrect, resulting in near-zero charge redistribution losses.
At medium and high input power, the operations are similar
to the process described above, and detailed elaborations are
omitted here.

E. MPPT and DC–DC Switch Drivers

Fig. 12(a) and (b) illustrates the MPPT module and the
dc–dc switch drivers, respectively. The MPPT is based on
the fractional open-circuit voltage (FOCV) method [23]. Dur-
ing MPPT, VMPPT is high and the PT will disconnect from
the CF-SSHC rectifier. The MPPT circuit will sample the
peak–peak voltage of the PT, denoted as Vpeak. Subsequently,
two identical capacitors divide Vpeak. When Vpeak and 1/2Vpeak
are compared with Vref, there are three possible scenarios.
When the input power is low, i.e., Vpeak < Vref, both compara-
tors output 0, causing the signal VPIN<3:1>, which indicates
the input power level, to output 001. The operating principle is
similar for medium and high input power levels. The reference
voltage Vref affects the system’s assessment of input power lev-
els, thereby influencing the switching points of the subsequent
SC dc–dc converters. VPIN<3:1>, along with VNO_FLIP and the
three-phase clock signal, are fed into the combinational logic
circuit and control the reconfigurable dc–dc switch through
the level shifters.

IV. MEASUREMENT RESULTS

The chip prototype was designed and fabricated using
0.18 µm CMOS technology. The microscopic view of the
chip is depicted in Fig. 13(a), with an active area of 0.42 mm2.
By clamping three independent PPA-1021 units together using
thick insulating plates, they effectively function as three
parallel PT units. When subjected to the same input exci-
tation, their phase and amplitude are identical. Fig. 13(b)
illustrates the measurement setup. The functional generator
outputs sine wave and pulse wave, which are amplified by
the power amplifier and drive the shaker for the periodic sine
and shock vibration. Additionally, the oscilloscope monitors
the output waveform, and the power supply provides the
external reference voltage and the power supply. The intrinsic
capacitance CP of a single PT is 22 nF, resulting in a total
intrinsic capacitance CP,total of 66 nF. Each flying capacitor
has a capacitance of 22 nF, giving a total of 132 nF for
six flying capacitors. The rectifier capacitor Crect and the
output capacitors CDDL, CDDM, CDDH are all 100 nF. Fig. 14
illustrates the start-up of the proposed system. Initially, the
system operates in the FBR state. When Vrect reaches 0.8 V,
the CF-SSHC rectifier begins operating, gradually increas-
ing the voltage across the PT to 6 V. This indicates that
the proposed CF-SSHC significantly enhances the voltage
across the PT, thereby efficiently improving the output power.
When the circuit stabilizes, the system provides three output
levels, namely VDDL(1.5 V), VDDM(3 V), and VDDH(4.5 V).
Additionally, when the input power changes, each output
voltage is set to 1.5, 3, and 4.5 V, respectively, by manually
tuning the load current.

Fig. 15 depicts the measured waveform of the voltage at
both ends of the three PT units under the sinusoidal excitation.
At the nonflipping moment, the three PTs harvest energy
in parallel, so the voltages at both ends of the three PTs
are the same. When IP crosses zero, the flying capacitors
C1–C6 successively flip the voltages across the three PTs, for
a total of 37 flip phases. The pulsewidth for each phase is
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Fig. 11. Proposed multioutput SC dc–dc converters using the flipping capacitors. (a) Low PIN. (b) Medium PIN. (c) High PIN.

Fig. 12. (a) MPPT and (b) dc–dc switch drivers.

approximately 2.7 µs, resulting in a total flip time of about
100 µs, representing a mere 0.6% of the vibration cycle.
According to the flipping sequence, the rebuilt voltages across
the three PTs are approximately Vab3 > Vab2 > Vab1. The
flipping efficiency is about 0.83. Fig. 16 shows the waveforms
of PT under the shock excitation. In the case of shock
vibration, our excitation source is a square wave with a period
of 1 s, and its falling edge is only 10 ns, to simulate the
case of gradual disappearance of excitation. Under the shock
excitation, it first operated in the CF-SSHC mode, and its
conduction time gradually decreased until the minimum open
circuit voltage could not maintain the flipping operation.

Fig. 17 illustrates the MPPT process. Initially, due to low
external vibration, the reconfigurable dc–dc converter operates
in the low PIN mode, where Vrect is 1.5 V. Then, we increase
the input excitation and the system enters the MPPT state.
Temporarily disconnecting the PT array from the CF-SSHC
rectifier, the peak-to-peak voltage of the PT is sampled, which
is approximately 2.5 V, indicating that the open-circuit voltage
of the PT is around 1.25 V. The corresponding optimal
Vrect is approximately 3 V. Consequently, the dc–dc converter
enters the medium PIN mode, and Vrect is connected to VDDM,
achieving MPPT.

Fig. 18 shows the measured output power of the CF-SSHC
rectifier under various excitations. To visually demonstrate the
improvements of the proposed CF-SSHC compared to FBR,
the corresponding output power of the FBR under the same
excitation conditions is also plotted in the figure. Fig. 18(a)
presents the output power under the off-resonance frequency
of 60 Hz, with VOC = 1 V. When Vrect is below 0.8 V, the
system operates in the FBR state, resulting in lower output
power. The FBR provides 3.4 µW at an optimal Vrect of
0.6 V, which closely matches the theoretical calculation. The
proposed CF-SSHC provides 17.2 µW at an optimal Vrect
of 2.2 V, representing an improvement of about 5.06 times
compared with the FBR. Fig. 18(b) illustrates the output power
of the proposed CF-SSHC rectifier as Vrect varies under shock
excitation. The shaker was driven with a shock impulse every
1 s. The PT generated a VOC of 1.3 V. The on-chip FBR
standalone was able to harvest 3.2 µW at an optimal Vrect of
0.6 V. The proposed CF-SSHC interface harvested 6.85 µW
at an optimal Vrect of 1.3 V, representing an improvement of
about 2.14 times compared with the FBR. Fig. 18(c) shows the
harvested power under the mechanical resonance frequency of
87 Hz, with VOC = 1.3 V. The FBR provides 9.4 µW at an
optimal Vrect of 0.6 V, which closely matches the theoretical
calculation. The proposed CF-SSHC provides 45 µW at an
optimal Vrect of 2.8 V, representing an improvement of about
4.78 times compared with the FBR. Fig. 18(d) shows the
extracted power for different open-circuit voltages together
with MOPIR. It can be seen that as the excitation level
increases, the harvested output power also increases. The
MOPIR reaches its peak of 5.06 at VOC = 1 V. The MOPIR
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Fig. 13. (a) Chip micrograph. (b) Picture of measurement setup.

Fig. 14. Start-up of the proposed CF-SSHC.

Fig. 15. Measured waveforms under the sine excitation.

remains above 4 between an open-circuit voltage range of
0.8–2.8 V, demonstrating the effectiveness of the proposed
CF-SSHC. Under higher vibration excitation, the MOPIR of
the system slightly decreases due to a significant increase in
the power extraction from the FBR and limitations imposed
by the process voltage.

Subsequently, the relationship between Prect and Vrect was
measured at various open-circuit voltage (VOC) levels. The
results demonstrate that the ratio of the maximum power point
voltage (VMPP,CF-SSHC) to VOC approximates a constant value,
which fluctuates between 2.2 and 2.3. The measured POUT
versus VOC under different outputs is depicted in Fig. 19.

Fig. 16. Measured waveforms under the shock excitation.

Fig. 17. Measured waveforms during the MPPT operation.

As illustrated in Fig. 19(a), the VDDL terminal outputs the
highest power when VOC is below 0.9 V. For VOC values
ranging from 0.9 to 1.8 V, the highest output power shifts
to the VDDM terminal. Above l.8 V, the VDDH terminal delivers
the maximum output power. Therefore, the crossover points
of these three output terminals are the points at which the
system switches the dc–dc structure. Based on the above test
results, we set the reference voltage Vref to 1.8 V during
our tests. Additionally, the minimum start-up voltage of the
proposed system is 0.4 V. The maximum output power of the
system reaches 160 µW at VOC = 3.5 V. Fig. 19(b) shows
the measured relationship between MOPIR versus PIN_FBR at
different output voltages. When the input power PIN_FBR is
in the range of 1.42–28.4 µW, the MOPIR of the proposed
system is always greater than 4. Fig. 20 provides the measured
power breakdown of the proposed system.

Table I shows the comparison of the proposed work with the
state of the art. This work demonstrates power enhancement
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TABLE I
PERFORMANCE COMPARISON WITH PREVIOUS WORKS

Fig. 18. Measured output power of the CF-SSHC rectifier under various
excitations. (a) Prect versus Vrect under off-resonance conditions. (b) Prect
versus Vrect under shock excitation. (c) Prect versus Vrect under on-resonance
conditions. (d) Prect and MOPIR versus VOC.

without increasing the number or size of flipping capacitors
compared to [10] and [14]. The proposed CF-SSHC uses
only standard transistors, thereby avoiding the high switching
losses and leakage current associated with series-connected
PT units, as demonstrated in [22] and [15] employed the

Fig. 19. Measured output power under different outputs. (a) POUT versus
VOC. (b) MOPIR versus PIN_FBR.

Fig. 20. Power breakdown of the proposed system.

multistage soft-charging (MSC) technique to reduce the
normalized capacitance (Cfly/C p), achieving a higher FoM.
However, our work offers multioutput capability and system
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adaptability, validated through comprehensive testing under
both periodic and shock conditions.

V. CONCLUSION

This article introduces a novel CF-SSHC rectifier and the
SC dc–dc converters employing the shared flipping capacitor.
The proposed CF-SSHC technology can effectively increase
the flipping phase and output power without increasing the
flipping capacitance. Its scalability and adaptability to various
PT unit configurations make it a promising solution for the
evolving needs of IoT networks. By efficiently allocating
flying capacitors, it optimizes resource usage and offers a
compact design suitable for the multiinput multioutput PEH
system.
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