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Abstract—This brief presents a tutorial on topologies of piezo-
electric energy harvesting circuits. The latest design technologies
are systematically summarized. The topologies are classified
according to the energy storage devices and the input excitation.
The working principles and design strategies of different topolo-
gies are compared and analyzed. Considerations such as topology
generation, loss analysis and optimization, system volume and
energy efficiency are also discussed.

Index Terms—Piezoelectric energy harvesters, rectifier, Cp
compensation, input excitation, parallel-synchronized switch har-
vesting on inductor, synchronous electric charge extraction,
flipping-capacitor rectifier.

I. INTRODUCTION

P IEZOELECTRIC energy harvesting (PEH) is a promis-
ing technology to power portable electronic equipment

and wireless sensor nodes. As shown in Fig. 1, when vibra-
tion occurs, the piezoelectric material strains and generates an
electromotive force on the surface, converting the mechanical
energy into electrical energy. Typically, PEH can be modeled
as a vibration-related current source Ip in parallel with a piezo-
electric capacitor and resistor Cp and Rp [1]–[3], where Vab

is denoted as the voltage across PEH. Dedicated piezoelectric
interface circuits are necessary for harvesting and processing
the raw electrical energy to power subsequent loads such as
RF, DSP, and ADC. In addition, when the vibration energy
is insufficient, the energy storage devices such as recharge-
able batteries are usually used as energy supplements to power
the loads. Generally, a complete piezoelectric interface circuit
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consists of four parts: an AC-DC rectifier, a maximum power
point tracking (MPPT) module, a DC-DC converter, and a Cp

compensation circuit.
Piezoelectric interface circuits face some major challenges.

As Cp consumes a large part of energy by Ip’s continu-
ous charging and discharging, a special circuit is required
to compensate the influence of Cp. These compensation cir-
cuits use different energy storage devices, such as capacitors
or inductors, which will affect the volume and efficiency of
the systems. Another challenge is that since the environmen-
tal vibration is unstable, it is necessary to consider how to
optimize the system under different input excitation, so as to
balance efficiency, design complexity, volume and cost.

To tackle the above challenges, many topologies and strate-
gies have been proposed so as to realize optimal design. In this
tutorial, we will introduce the evolution of piezoelectric energy
harvesting circuits, and systematically summarize the latest
design techniques. We will classify the topologies according
to the energy storage devices and the way of input excita-
tion, and review the advantages and disadvantages of these
design technologies in topology generation, loss analysis and
optimization, system volume and energy efficiency.

II. TOPOLOGIES USING DIFFERENT

ENERGY STORAGE DEVICES

One of the fundamental issues of piezoelectric interface
circuits is that the maximum output power can be obtained
when the output impedance and the input impedance of the
piezoelectric transducer satisfy the conjugate matching. For
example, if the vibration frequency is ωp, an inductor with a
value of 1

ω2
pCp

is required if conjugate matching is performed

directly. At this point, the theoretical maximum output power
can be given by

Pmax =
I2
pR

p

8
(1)

However, for the Cp of common piezoelectric harvesters, this
method requires the use of tens or hundreds of henry-sized
inductors, which is impractical [4]. To solve this problem,
many Cp compensation circuits are designed to perform AC-
DC rectification with matching impedance. As shown in Fig. 2,
based on the energy storage elements required, these cir-
cuits can be classified into four different types of topologies:
(1) energy storage device-free rectifiers; (2) inductor-based
rectifiers; (3) capacitor-based rectifiers; (4) hybrid rectifiers.
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Fig. 1. Block diagram of the piezoelectric energy harvesting system.

Fig. 2. Classification of Cp compensation circuits.

Fig. 3. Direct rectifying circuits without energy storage element [4]: (a) FBR;
(b) VD; (c) SOR.

A. Energy Storage Device-Free Rectifiers

Energy storage device-free rectifiers include full-bridge
rectifier (FBR), voltage doubler (VD), and switch-only rec-
tifier (SOR) [4]. As shown in Fig. 3(a), the simplest topology
to realize rectification is FBR consisting of four diodes. Due
to the inherent capacitor Cp, the phase of the voltage (Vab) and
the current (Ip) of PEH are not synchronized. Thus, a large
amount of extracted energy is wasted. Fig. 3(b) shows the cir-
cuit and the corresponding waveforms of VD rectifier. When
the diodes are ideal, the maximum output power of VD is the
same as that of FBR. However, VD can increase the maximum
output power of the system when the diodes are not ideal. To

Fig. 4. The circuits and related waveforms of common inductor-based
rectifiers: (a) P-SSHI [12], S-SSHI [13], SSHI-MR [14]; (b) SECE [4].

further reduce the waste of charge, SOR was proposed. As
shown in Fig. 3(c), SOR increases the conduction time by
closing S1 at each zero-crossing moment of Ip. This allows
the maximum output power of SOR approximately twice that
of FBR.

B. Inductor-Based Rectifiers

Although the energy storage device-free rectifiers are sim-
ple and robust, the extracted power is limited as a large
amount of charge is wasted. To further improve the effi-
ciencies of the interface circuits, inductor-based rectifiers
are proposed [4]–[20]. As shown in Fig. 4(a), parallel-
synchronized switch harvesting on inductor (P-SSHI) is a
popular solution [4]–[12]. It uses an external inductor, which
can form the LC oscillation loop with the internal capacitor
Cp. When Ip crosses zero, S1 is closed to transfer the energy
on Cp to the inductor L, effectively recycling the charge on Cp,
thus improving the output power of the circuit. In the LC oscil-
lation loop, the oscillation angular frequency and oscillation
period can be expressed as

ω = 1/
√

LC (2)

TRC = 2π/ω = 2π
√

LC (3)

The turn-on time of S1 is half of the oscillation period of
LC. In the ideal case of the LC loop, when S1 is turned
on, the voltage (Vab) of PEH can be flipped from ±VRECT

to ∓VRECT . Thus, P-SSHI is also commonly referred to as
bias-flip. Fig. 4 (a) also shows another two alternatives to
P-SSHI, series-synchronized switch harvesting on inductor (S-
SSHI) [13] and synchronized switch harvesting on inductor
using magnetic rectifier (SSHI-MR) [14]. These three meth-
ods share a similar waveform, as illustrated in the right bottom
of Fig. 4 (a). S-SSHI connects the inductor and the switch in
series with the rectifier. Comparing P-SSHI and S-SSHI, it
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Fig. 5. The waveforms of the piezo voltage and the inductor current of
multiple-step inductor-based rectifiers at each zero-crossing moment of IP:
(a) SECE and multi-step SECE [16]; (b) P-SSHI and multi-step P-SSHI [19].

can be seen that the LC oscillation circuit of P-SSHI has no
extra loss caused by diodes, allowing it to have a higher qual-
ity factor resonant loop than S-SSHI. Therefore, P-SSHI can
achieve higher output power than S-SSHI. However, the total
capacitance in the LC oscillation circuit of S-SSHI includes
CRECT and Cp, while the capacitance of P-SSHI’s LC oscil-
lation circuit only contains Cp. Thus, the matched impedance
in S-SSHI is lower than that in P-SSHI. SSHI-MR utilizes
a transformer to replace the conventional inductor, so it can
withstand a wider range of input voltage depending on the
transformer turns ratio N.

Fig. 4(b) shows the circuits and the corresponding
waveforms of another common type of inductor-based
rectifiers, which is denoted synchronous electric charge
extraction (SECE) [15]. When Ip crosses zero, the energy
accumulated by Cp is transferred to the load through an induc-
tor. The voltage (Vab) of PEH can be flipped from ±VRECT

to 0. The turn-on time of switch S2 is a quarter of the oscil-
lation period of LC, i.e., Ton,SECE = TRC

4 = π
√

LC
2 . Since

SECE is disconnected from the load most of the time, its max-
imum power output is independent of the load compared to
P-SSHI. The output power of the SECE circuit can be 400%
higher than the maximum output power of the FBR.

As the efficiency of the inductor-based rectifiers has a
great relationship with the quality factor of the RLC reso-
nant loop, multiple-step inductor-based rectifiers have been
proposed [16]–[20] in order to improve the efficiency and
reduce the inductor size. Fig. 5 shows the waveforms of piezo
voltage and inductance current of multiple-step inductor-based
rectifiers at each zero-crossing moment of Ip. The idea is to
reduce the RMS current of the inductor by transferring the
energy of Cp step by step. Fig. 5(a) compares the traditional
SECE and multi-shot synchronous electric charge extraction
(MS-SECE) [16]–[17]. By transferring the energy on the
inductor multiple times, MS-SECE improves the efficiency by
up to 25% compared to standard SECE while using a small
inductor. Similarly, multi-step P-SSHI rectifiers have also been
proposed [18]–[20], as shown in Fig. 5 (b). Reference [18]
analyzed the general synchronous multiple bias-flip models in
detail, and proposed the optimal bias-flip (OBF) strategy which
refers to finding a set of optimal bias-flip voltage to obtain the
maximum output power. In [19]–[20], by using the principle
of multiple bias-flip, the system proves that a high voltage flip

Fig. 6. (a) The circuit and related waveforms of the capacitor-based rectifier;
(b) The relationship between the theoretical voltage flipping efficiency ηF and
MOPIR versus the flipping phase number N and Ctotal/Cp [21].

efficiency (90%) can be achieved with a very small inductor
(47μH).

C. Capacitor-Based Rectifiers

Although the inductor-based rectifier can achieve high effi-
ciency, the requirement of a large off-chip high-Q inductor
makes it unattractive for full integration. Therefore, capacitor-
based rectifiers have been proposed, which provides a new
direction for fully integrated piezoelectric energy harvest-
ing [21]–[25]. Fig. 6 (a) shows the circuit and related wave-
forms of the capacitor-based rectifier. The idea is to flip the
voltage (Vab) of PEH at each zero-crossing moment of Ip

by using a capacitor array. Fig. 6 (b) shows the relation-
ship between the theoretical voltage flipping efficiency ηF and
MOPIR versus the flipping phase number N and the ratio of the
flipping capacitor over inherent capacitor Ctotal/Cp [21]. The
flipping efficiency of the rectifier using one capacitor is lim-
ited, but by increasing Ctotal/Cp and flipping phase number, the
capacitor-based rectifiers can achieve high energy extraction
efficiency.

Fig. 7 shows the existing capacitor-based topologies when
using three capacitors. As shown in Fig. 7(a), flipping-
capacitor rectifier (FCR) step-wise flips the voltage Vab at
each zero-crossing moment of Ip by converting series capac-
itors into parallel capacitors [21]. The active area of the
proposed chip is only 1.7 mm2 thanks to eliminating the
large-off inductor. The measurement results show that the out-
put power of FCR can be enhanced 4.83 times than that
of FBR under the excitation of 110 kHz. Fig. 7(b) presents
the topology of the parallel synchronized switch harvesting
on capacitors (P-SSHC). The idea is to connect capacitors
one after another in sequence to flip the charge on Cp. The
P-SSHC rectifier is attractive because of its simple struc-
ture and stable performance. It shows a 9.7× performance
improvement compared with FBR when eight capacitors are
used [22]. For capacitor-based rectifiers, there is a tradeoff
between the number of capacitors and the efficiency of energy
extraction. Reference [23] proposes a split-phase flipping-
capacitor rectifier (SPFCR) to solve this problem. As shown
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Fig. 7. Existing Capacitors-based topologies: (a)FCR [21]; (b)P-SSHC [22];
(c) SPFCR [23]; (d) SE-SSHC [24]; (e) ML-SSHC [25].

in Fig. 7(c), SPFCR adds additional augmented phases and
extended phases on the base phase. Therefore, the SPFCR
can achieve 21 phases with 4 capacitors, which maximizes
the number of phases with the least number of capacitors.
Fig. 7(d) shows the split-electrode synchronized switch har-
vesting on capacitors (SE- SSHC) rectifier [24]. It spilts the
electrode layer into four regions and re-connects the four
regions in series at each zero-crossing moment of Ip. Thus,
the effective capacitance of the PT can be decreased by
16 times. Since the ratio of the flipping capacitor over the
inherent capacitor Ctotal/Cp increases, the output power of SE-
SSHC can be greatly improved. To further reduce the capacitor
size, [25] proposes a multilevel SSHC (ML-SSHC) as shown
in Fig. 7(e). By utilizing the existing storage capacitor CRECT ,
ML-SSHC can avoid the use of additional flying capacitors. It
achieves full integration for the first time at a low frequency
of 22Hz.

D. Hybrid Rectifiers

In recent years, hybrid rectifiers with both inductors and
capacitors have been proposed [26]–[28]. Hybrid rectifiers
can be regarded as combinations of inductor-based rectifiers
and capacitor-based rectifiers, which allow them to reduce the
inductor size to tens of µHs while achieving high voltage
flipping efficiency as conventional SSHI circuits.

Fig. 8(a) shows the simplified circuit of synchronized switch
harvesting on capacitor-inductor (SSHCI) [26]. At the voltage
flipping moment, SSHCI utilizes a small size external induc-
tor LEXT and an external capacitor CEXT together to form LC
resonance with Cp, thus reducing the actual current flowing
through the inductor. Experimental results show that the circuit
can achieve 90.1% efficiency when using a 68µH inductor and
a 2nF external capacitor. Fig. 8(b) shows the conceptual cir-
cuit of the parallel synchronized triple bias flip (P-S3BF) [27].
As shown in Fig. 8(b), the voltage across Cp can be flipped N

Fig. 8. Hybrid-based rectifiers: (a) SSHCI [26]; (b) P-SMBF [27].

times with the help of the DC bias voltages from VB,1 to VB,N ,
which are realized with auxiliary capacitors. The experimental
results show that compared with the conventional single bias-
flip, the output power of P-S3BF can be increased by 24.5%.
Based on P-S3BF, [28] proposed a series synchronized triple
bias-flip (S-S3BF). Although its output power is lower than
that of P-S3BF, it eliminates the circuit components by remov-
ing the parallel bridge rectifier and sharing the energy storage
capacitor.

E. Loss Analysis and Comparison

The shaded portions of the current waveforms in the Fig. 3,
Fig. 4, and Fig. 6 represent the wasted charge Qloss. It can
be seen that half of the charge of FBR is wasted on Cp.
SOR can greatly reduce the Qloss by releasing the accumulated
charge of Cp when Ip crosses zero. The inductor-based recti-
fiers, the capacitor-based rectifiers, and the hybrid rectifiers all
use the energy-storage components to recycle the Qloss, so that
the efficiency can be greatly improved. Specifically, the loss
of the inductor-based rectifiers depends on the quality factor
of the RLC resonant loop, therefore large size high Q induc-
tor is required. The multiple-step inductor-based rectifiers can
reduce the power loss during energy transfer by reducing the
RMS current of the inductor, but complex detection circuit
and operation phase control make the designs difficult. For
the capacitor-based rectifiers, the power loss is mainly deter-
mined by the capacitor array configurations. By optimizing
the size of flying capacitors and flipping phase number, the
capacitor-based rectifiers can reduce the charge sharing loss
and achieve high energy extraction efficiency. The hybrid rec-
tifiers combines the advantages of inductor-based rectifiers and
capacitor-based rectifiers. The large inductor can be replaced
by a smaller one, while the soft charging of capacitors can
alleviate the issue of charge sharing loss.

Fig. 9 shows the comparison between the output power with
respect to the rectifier’s output voltage VRECT for different
rectifier topologies. In the case of non-ideal diodes, SOR and
VD have higher maximum output power than FBR while their
corresponding VRECT is about twice that of FBR. P-SSHI can
achieve higher output power than S-SSHI while the VRECT

corresponding to the maximum output power point of S-SSHI
is lower than that of P-SSHI. SECE is a load-independent
energy extraction technique, therefore the waveform of its out-
put power is almost a straight line with respect to the output
voltage. The hybrid rectifiers such as SSHIC can reduce the
size of inductor but have slightly lower MOPIR than that of the
inductor-based rectifiers due to the power loss of the control
circuits.
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Fig. 9. The output power of different rectifier topologies with respect to the
rectifier output voltage VRECT .

III. TOPOLOGIES TO COPE WITH DIFFERENT

INPUT EXCITATION

Another major challenge of piezoelectric interface is that
the vibration frequency and amplitude of environment varies
with time. It is necessary to optimize the system according to
the type of input excitation. In this section, we will introduce
dedicated topologies designed for different input excitation,
including sinusoidal input with frequency extension, shock
input, and multiple inputs.

A. Sinusoidal Input With Frequency Extension

Most researches on PEH interface circuits focus on sinu-
soidal input excitation. In this scenario, one limitation of the
conventional inductor-based circuits is their narrow bandwidth.
When the external input frequency deviates from the resonant
frequency, the efficiency of SECE interface circuit decreases
significantly. References [29]–[34] introduced time delays t1
and t2 into the traditional SECE rectifiers to broaden their
bandwidth. Fig. 10 (a) shows the circuit and related waveforms
of delayed-SECE. At each zero-crossing moment of Ip, the
proposed system would close S11 after a delay time t1 and then
open S11 after a short time t2. Reference [32] used two look-up
tables (LUT) to select the optimal delay times under different
excitation frequencies. Thus, the bandwidth of the proposed
system can be increased by 71%. Similarly, [33] proposed an
enhanced SECE interface to achieve fully autonomous conju-
gate impedance matching after a one-time configuration. The
measurement results show that the presented delayed-SECE
can extend the 3dB bandwidth by 110% over the SECE mode.
Reference [34] presented a self-adjusted phase-shifted SECE
interface to extends the 3dB bandwidth by 446% over the
natural PEH bandwidth. To maintain low power consumption,
this SECE interface circuit is required to choose a suitable
period to adjust the delay times and turn off specific mod-
ules in idle mode. Compared to [33], the circuit can realize
self-calibration of the delay times and is robust to genera-
tor variation. In addition, the circuit adopts capacitive voltage
divider and digitized P&O scheme to realize low-power MPPT.

B. Shock Input

In the case of shock input, it is difficult to predict the
input power and perform impedance matching before the
vibration occurs, so load-independent energy extraction tech-
niques such as SECE are recommended. In [35]–[36], the
efficiencies of FBR, P-SSHI, and SECE under shock excita-
tion have been discussed in detail, proving the great advantage
of SECE under shock excitation. The results show that SECE

Fig. 10. The circuits and related waveforms for different input: (a) Delayed-
SECE under sinusoidal excitation [33]; (b) EI under shock excitation [36];
(c) SaS circuit under shock excitation [38]; (d) Double pile-up resonance
energy harvesting circuit [44].

has longer harvesting periods than FBR and P-SSHI when
the shock energy is insignificant. In addition, considering the
contingency of mechanical shock, the system detects the input
excitation and shuts down most modules when shock input is
insufficient, reducing the static current to 30nA. The measure-
ment results show that the maximum efficiency of the system
can reach 91% under shock excitation.

In [37], energy injection (EI) technology under shock exci-
tation is introduced and measured. Fig. 10(b) shows the
circuit and related waveforms of the EI rectifier. This method
transfers the battery’s energy back into the piezoelectric to
pre-charge the internal capacitor Cp. As the output voltage
increases and the current generated by the piezoelectric ele-
ment remains unchanged, the increase of output energy may
exceed the input energy during the pre-charge. Therefore,
EI can improve the mechanical-electrical energy conversion
efficiency of the transducer. Reference [37] simulated shock
excitation through three knocks and analyzed the influence
of energy injection time on output power under different
excitations. Unfortunately, the system can’t adjust the energy
injection time according to the external excitation amplitude
in real-time. In particular, it is not worthwhile if the power
loss during the investment outpaces the gains from investment.
Therefore, it is necessary to choose appropriate investment
time and transistor sizes to optimize the conduction loss and
gate drive loss.

According to the principle of complex conjugate impedance
matching, the maximum output power of P-SSHI can be
achieved by using a power factor correction (PFC) circuit. The
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idea of the PFC circuit is to make the voltage (Vab) of PEH
in phase with the equivalent current source at every current
zero-crossing so that the system can significantly enhance the
energy harvesting capability under shock excitation [38]–[39].
Fig. 10(c) shows the interface circuit using the sense-and-
set (SaS) technique to realize PFC [39]. SaS can sense the
input open-circuit voltage in real-time and set the rectifier out-
put voltage accordingly to make the input voltage waveform
curve as close as possible to the current curve, thus improv-
ing the maximum output power of P-SSHI. Therefore, the
system can achieve optimal output power under any excita-
tion. Compared with ideal FBR, SaS can achieve 5.41 and
4.59 times of power extraction improvement (FOM) under
periodic excitation and shock excitation respectively. SaS cir-
cuit reduces the conduction losses by eliminating the rectifier
diodes, but the complex control circuit used to dynamically
track the voltage curve will lead to additional control losses.

C. Multiple Inputs

The interface circuits described above are designed for a
single piezoelectric input. In the practical applications, differ-
ent energy sources often exist at the same time. To better deal
with multiple inputs, several systems with PEH arrays have
been proposed [40]–[43]. In [40], a system which can simul-
taneously harvest energy from up to 6 piezoelectric beams by
using a single shared off-chip inductor has been presented.
The measurement results show that the output power har-
vested by the chip is 2.43 and 3.65 more than the maximum
energy harvested by the FBR under periodic vibration and
shock vibration, respectively.

Multiple input system with hybrid types of inputs have
also been proposed [44]–[46]. Fig. 10(d) shows the circuit
and related waveforms of the double pile-up resonance energy
harvesting circuit [45]. The proposed system can operate in
two modes to extract energy from both the piezoelectric trans-
ducer (PZT) and the thermoelectric generator (TEG). During
boost converter mode, the proposed system is mainly used
to extract energy from the TEG. During the double pile-up
mode, TEG can be utilized to boost the voltage (Vab) of
PEH so as to extract more energy. With the assistance of
TEG energy source during flipping, the PEH harvester of
this system can efficiently increase the “pile-up” voltage and
the output power while consuming sub-microampere quiescent
current. Reference [46] presented a fully autonomous multi-
input single-inductor multi-output energy harvesting system,
which can simultaneously extract energy from a thermoelec-
tric generator, a photovoltaic cell (PV), and a piezoelectric
energy harvester. The system achieves one stage power deliv-
ery for four inputs and five outputs with both DC and AC
energy harvesting capability. It is a fully autonomous and
deployable solution only consuming 32nA quiescent current
for TEG/PV/PEH with 1.2×105 output dynamic range.

IV. CONCLUSION

This brief discusses state-of-the-art design techniques in
addressing the design challenges of piezoelectric interface cir-
cuits, which are points of interest in recent system-on-chip

designs. In this brief, the topologies of the existing PEH
interface circuits are introduced and summarized based on
energy storage devices and the input excitations. The char-
acteristics and design strategies of each topology are analyzed
and compared.
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