
An Integrated Piezoelectric Energy Harvesting 

Interface Circuit With Adaptive S3BF Control  

Abstract—To increase the energy extraction capability and 

thus improve the power efficiency, it is critical to reduce the 

energy loss of interface circuit in the energy harvesting (EH) 

system. The synchronized multiple bias-flip (SMBF) control has 

been proposed and proved to be highly effective to increase the 

output power in piezoelectric EH systems. However, many 

existing designs based on bias-flip suffer from the limitations in 

real application as the external control or supply are required. 

Moreover, the control algorithm is often only suitable for a 

designated transducer and inductor. In this paper, an integrated 

piezoelectric EH interface circuit with synchronized triple bias-

flip (S3BF) has been proposed to flip the voltage across the 

parasitic capacitor of piezoelectric transducer during the zero-

crossing. Meanwhile, the adaptive control of the flipping signal 

has also been adopted to meet the requirement of different 

configurations of transducers and inductors. The proposed 

interface circuit has been designed in 0.18-μm CMOS 

technology. Without any external control circuit or power 

supply, it can achieve cold start-up when the external 

inductances vary from 33 μH to 500 μH. When the external 

inductance is 50 μH, the simulated flip efficiency is 87.2 %, and 

the maximum output power is 17.4 μW, which is 3.4 times of the 

full-bridge rectifier.  

Keywords—Piezoelectric energy harvesting, interface circuit, 

adaptive, cold-start, synchronized multiple bias-flip 

I. INTRODUCTION  

Energy harvesting (EH) technology, which utilizes 
ambient energy such as solar, thermal, vibration, or radio 
frequency, has already been implemented in many power 
electronic systems like the Internet of Things (IoT) [1]. 
Piezoelectric energy harvesting (PEH) has been widely used 
due to the universality of the vibration source and high output 
voltage [2]. Moreover, piezoelectric transducers with MEMS 
technology can achieve a high degree of integration, which 
makes them suitable for use in miniaturized wireless sensor 
nodes [1], [2]. Generally, the energy generated by a 
piezoelectric transducer cannot be directed employed since it  
usually alternates. Hence, an interface circuit is needed to 
convert the energy to DC power supply. The traditional 
solution is to use full-bridge rectifiers (FBR) to perform AC-
to-DC conversion, which has been proved to be stable and 
effective [3].  

Fig. 1 shows a circuit diagram of the typical PEH system 
and the relevant waveforms when using FBR to perform AC-
to-DC conversion, where the piezoelectric transducer is 
modeled as a sinusoidal current source IP, a resistor RP and 
the parasitic capacitor CP [4]. During the zero-crossing event, 
the transducer has to clear the remaining charge in the CP 
before it can be harvested by the interface circuit, which 
causes significant energy waste as shown in the gray part in 
Fig. 1(b). Hence, the FBR have limited efficiency since they 
cannot clear the residual charge quickly. Another problem in 

FBR based interface circuit is the voltage drop of the diodes. 
It would reduce the power efficiency, and is essential in some 
low-voltage applications. Fortunately, the IR drop of the 
diodes can be reduced by active rectifiers [5], [6], [7]. 

 Some optimized interface circuits have been proposed to 
reduce the energy-loss by charging or discharging CP more 
quickly. The synchronized switch harvesting on inductor 
(SSHI) circuit, which employed LC resonance to flip the 
voltage across CP momentarily during zero-crossing, was 
adopted to reduce charge loss thus improve power conversion 
efficiency [4], [5], [6], [8]. Unfortunately, the reported SSHI 
control circuit is sensitive to the process, voltage and 
temperature (PVT) variations, which causes the timing errors. 
As a result, the charge will flow back to the CP and the 
harvesting efficiency is degraded [6]. In that case, the off-chip 
trimming techniques, e.g., digital control [4] or variable 
resistors [8], are often adopted to compensate these timing 
errors. 

Besides, the SSHI circuits are also often sensitive to the 
parasitic resistance of the inductor and LC resonant loop, so 
that a large inductance is needed in many applications (e.g., 
0.82 mH in [4] and 3.3 mH in [8]). To avoid the use of large 
inductors so as to decrease the volume of the entire systems, 
multi-step bias-flip becomes much more attractive since it 
makes the circuit less sensitive to those parasites, mainly 
owing to the decrease of the transient current of the inductor 
[3], [6]. Hence, a small inductor e.g., 47 μH [6] or inductor-
less bias-flip schemes can also be implemented [9], [10]. 
However, too many steps not only greatly increase the design 
complexity, but also increase the risk of timing errors and  
overlong flipping time, which may also cause severe flipping 
loss as stated in [10].  

Based on the above discussions, this paper proposes an 
integrated piezoelectric EH interface circuit with highly 
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Fig. 1.  A typical PEH system, (a) circuit block diagram, and (b) conceptual 

working waveform. 
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integration, cold start-up, self-adaptive feature which make 
this circuit an attractive solution for the IoT-based 
applications. This circuit adopts an adaptive synchronized 
triple bias-flip (S3BF) circuit, where three-step bias-flip is 
achieved to quickly charge or discharge the internal capacitor. 
The control signal is generated automatically according to the 
external inductor and transducer so as to address the problem 
of the timing errors and adopt to different system 
configurations. The entire circuit module is also self-powered, 
i.e., the entire system is directly powered by harvested energy 
in the storage capacitor and no external power supply is 
needed. The low-power design strategies are also adopted to 
reduce energy loss and achieve high conversion efficiency. 

This paper is organized as follows. The basic principle of 

the proposed S3BF interface circuit is presented in Section II. 

The simulation results and relevant discussions are shown in 

Section III. Finally, Section IV concludes the paper.  

II. PROPOSED INTERFACE CIRCUIT 

The schematic of the proposed adaptive S3BF PEH 
interface circuit is shown in Fig. 2, The whole circuit mainly 
includes three parts: active rectifier module, S3BF module and 
adaptive switch control module. The active rectifier, with an 
unbalanced self-biased common-gate comparator, rectifies the 
sinusoidal input and transports the energy to the storage 
capacitor CS. The S3BF module transfers the charge 
remaining in the parasitic capacitor CP during zero-crossing of 
the current source IP. The adaptive switch control module 
includes an adaptive pulse generating circuit, a switch control 
circuit, and auxiliary circuits such as a current generating 
circuit and a low-power voltage reference. All those circuit 
modules are powered by the storage capacitor Cs, and this 
interface circuit has the cold start-up ability. Each module will 
be analyzed in detail in this section. 

A. Active Rectifier 

The active rectifier is proposed to address the problem of 
voltage drop of the commonly used diode-based rectifier [4], 
[5], [9]. Its working principle is as follows, taking the positive 
half cycle of current source IP as an example. When the 
voltage VPN across the parasitic capacitor CP is less than the 
voltage VS on the storage capacitor CS, IP charges the parasitic 
capacitor CP. When the voltage across CP, or VPN, is charged 
to a level higher than VS, the unbalanced active diode (MN1-2 
and MP1-2) is turned on and the active rectifier circuit starts to 
transfer the energy from IP to the storage capacitor CS. When 
IP crosses the zero point, the active rectifier stops working and 
provides the signals to start the bias-flip process.  

The proposed comparator with common-gate input to 
realize rail-to-rail comparison in active rectifier is shown in 
Fig. 3. Since the comparator Com1–2 in Fig. 2 shares the similar 
working principles, Fig. 3 only illustrates the Com1 for 
simplicity. Meanwhile, the circuit is self-biased, which 
indicates that it does not require a bias circuit that only 
provides stable bias voltage or current when the supply 
voltage is high enough. Hence, the self-biasing enables the 
comparator to work effectively when the supply voltage varies 
from a few hundreds of millivolts to 5 V, which helps to 
realize the cold start-up.   

What’s more, due to the LC bias-flip mechanism in PEH 
system, there will be glitches or fluctuations in the output of 
the proposed comparators during the bias-flip process. Once 
the switching threshold is exceeded, an erroneous comparison 
signal will be generated. Hence, as illustrated in Fig. 3, the 
output of the proposed comparator has been connected to a 
Schmitt inverter. And since those glitches mostly exist in the 
rising edge of the comparator [5], the gate of MN5 is grounded. 
So MN5 is always in the off-state, which can reduce the power 
consumption. 

B. S3BF  

As stated previously in this paper, the multi-step bias-flip 
can sufficiently reduce the energy loss due to the parasitic 
resistance compared to SSHI circuits. According to [3], more 
bias-flip steps will lead to higher harvesting efficiency. 
Unfortunately, too many flipping steps not only greatly 
increase the design complexity, but also enlarge the energy 
loss in flipping stages whose flipping time is around 10% of 
the vibration period [10]. As a result, the proposed circuit uses 
three flipping steps, balancing the harvesting efficiency, 
circuit complexity, flipping loss, etc. 

 Fig. 4(a) illustrates the conceptual flipping waveform of 
the proposed circuit. The bias voltage Vb1–3 is equal to +VB, 0, 
–VB, respectively, where VB is the voltage across the off-chip 
capacitor CB and it ideally equals to 2/3 of VPN at steady-state. 
In the start-up process, the CB will be gradually charged to this 
value by bias-flip scheme until the circuit enters steady-state. 

 Fig. 4(b) shows the switching sequence for the 
configuration in Fig. 2 to perform bias-flip. The diodes D1–4 
are used to prevent the reverse current of the inductor. And 
connecting the capacitor CB to the inductor in different 
directions by different switch configurations, both positive 
and negative bias voltage (i.e., ±VB) can be easily generated.  

C. Switch Signal Control for S3BF 

Fig.5 shows the adaptive pulse generation and switch 
driver circuits for S3BF module. As shown in Fig. 5(a), when 
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Fig. 2.  Schematic of the proposed self-powered S3BF interface circuit.  
 

 

Fig. 3.  Schematic of the proposed self-biased common-gate comparator 

with unbalanced Schmitt trigger.  
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there is the zero-crossing event of the current source IP, the 
adaptive signal generation circuit consists of six identical 
pulse cells to generate the pulse signal P1–3 and N1–3 for the 
falling and rising edges of VPN, respectively. Since the pulse 
generating processes of six cells are similar, the analysis will 
take one cell, which is highlighted by red circle in Fig. 5(a), as 
an example for simplicity.  

In Fig. 5(a), the pulse is generated by the delay of signal 
Clk1 and the output of comparator. The delay is directly 
determined by the charging current of the capacitor CT. The 
bias current consists of two parts, the Ibias is provided by the 
on-chip current reference reported in [11] so it is relatively 
stable. The Ibias1, however, is provided by the adaptive current 
generator shown in Fig. 5(a) [6]. When the inductor is 
relatively larger than the assumed value, the VN will go high, 
increasing the bias current of the adaptive current generator. 
As a result, Ibias1 will also increase, so that the current of 
charging CT will decrease. Therefore, the delay as well as the 
pulse width will increase. The wide pulse width is 
corresponding to the large inductance since the time constant 
determines the flipping time. Vice versa, when the inductor is 
smaller than the assumed value, the pulse width will decrease 
to satisfy shorter flipping time.  

Fig. 5(b) illustrates the schematic of the proposed switch 
driver. According to the sequence waveform in Fig. 4(b), the 
generated pulse cannot directly drive the switches S1–6. Hence, 
the combinational logic circuits are implemented to process 
the adaptive pulses. 

III. SIMULATION RESULTS AND DISCUSSION 

 The simulation parameters are set up as follows. The 
parasitic capacitance CP is 32 nF, the parasitic resistor RP is 1 
MΩ, the vibration frequency is 50 Hz, the intense of current 
source IP is 20 μA, the external bias-flip inductor L, whose 
parasitic resistance is 10 Ω, is 47 μH, the storage capacitor CS 
is 1 μF, and the loading resistance RL is 1 MΩ. The simulated 
start-up waveform is illustrated in Fig. 6(a) which indicates 
that the circuit can achieve cold start-up from zero-state. Fig. 
6(b) shows the zoom-in waveform during the steady-state. It 
can be clearly found that the proposed circuit achieves three-
step bias-flip both at the up and down processes of VPN, and 
the flipping efficiency, which is defined in [10], are 78.5% and 
77.9% in the up and down processes, respectively. If a high-Q 
500-μH inductor is utilized, the flipping performance can 
achieve the best value that is as high as 87.2%. 

 The output power simulation results of S3BF interface 
circuit are shown in the Fig. 7. The maximum output power of 
FBR circuit that uses Schottky diodes with total junction area 
of 14800 μm2 is only around 4.7 μW while the proposed 
interface circuit can achieve 3.7 times of maximum output 
power compared to the FBR. The reason is that the multi-step 
voltage flipping makes the circuit less sensitive to the parasitic 
resistance. And the adaptive pulse generation also helps the 
circuit work under a wide range of external inductors without 
significant timing errors. Meanwhile, when inductors become 
large enough (> 390 μH for the proposed circuit), the effect of 
parasitic resistance will become negligible. Hence, it is not 
needed to use large inductors (e.g., 3.3 mH in [8]) in the 
proposed design.  

 
(a)  

 

 

(b)  

Fig. 4. (a) Conceptual working waveform, and (b) the relevant switching 
sequence of S3BF control circuit. 
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Fig.5. Schematic of (a) the adaptive switch pulse generator, and (b) the 

switch driver. 
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Table 1 shows the performance comparison between the 
proposed PEH interface circuit and recently reported 
counterparts. Among these designs, Aktakka et al. [2] 
achieves adaptive control of the bias-flip signal but it requires 
a relatively large inductor that is up to 470 μH. Sanchez et al. 
[8] and Du et al. [13] both achieve great enhancement of 
energy harvesting efficiency compared to the FBR, but they 
both need the external control to deal with the timing errors. 
Wu et al. [12] achieves adaptive control, but its flipping 
efficiency and the improvement compared to FBR are not very 
attractive. Javvaji, et al. [6] achieves excellent performance 
and adaptive control with a 47 μH inductor but it adopts five- 
step bias-flip, which increases the design complexity and 
flipping time. When the external inductor is large, too many 
steps may cause energy loss, as stated previously in this paper. 
Moreover, our design works well under a wide range of 
inductances (33 μH –500 μH), while this adaptive 
characteristic has not been found in other designs. 

IV. CONCLUSION 

This paper proposes an adaptive PEH interface circuit 
based on S3BF strategy in 0.18-µm CMOS technology. 
Integrated adaptive time control is implemented so that the 
proposed design is suitable for different piezoelectric sensors 
and external flip inductances. As a result, without any external 
adjustment, adaptive control of the bias-flip switch sequence 
is achieved, and the efficiency of EH is improved to be 3.7 
times compared to classical interface circuit based on FBR. 
Moreover, all those circuit modules are only powered by the 
storage capacitor Cs and the proposed interface circuit 
features with the cold start-up capability. All of these figures 
of merits make the proposed design very suitable for 
distributed IoT solutions. 
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    Fig. 6. (a) Simulated start-up waveform and (b) the zoom-in waveform 
during steady-state and bias-flip both at the up and down process. 

 

 

Fig. 7. The simulated output power of FBR and proposed interface circuit 
under different inductances. 
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TABLE I.    PERFORMANCE COMPARISONS WITH RECENT PEH INTERFACE CIRCUITS 

 [2] JSSC’14 [8] ISSCC’16 [12] TCAS-I’17 [6] JSSC’19 [13] Sensor’20 This work 

Technology (μm) 0.18 CMOS 0.35 CMOS 0.25 BiCMOS 0.13 CMOS 0.35 CMOS 0.18 CMOS 

CP (nF) 8.5 26 19 14 2.8 32 

fP (Hz) 155 229 144 441 199 50 

Flipping efficiency 75 94 75 89.5 59 87.2 

L (μH) 470 3300 220 47 100 33-500 

Extraction Tech. Parallel-SSHI Parallel-SSHI SSHI Multi-step SSHI SSHI S3BF 

Flipping Control Adaptive External Adaptive Adaptive External Adaptive 

FOM: P/PFB 2.5x 4.4x 2.1x 4.8x 5.8x 3.7x 

 

 

Fig. 5.  Simulated (a) transient waveform and (b) the zoom-in waveform of (a). 
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