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	 Low-loss rectification is essential for vibration energy harvesters. However, an extremely low 
loss is difficult to achieve in rectification using diodes due to the voltage drop caused by the 
threshold voltage of the diodes. Although synchronous rectification using transistors can avoid 
the voltage drop, it requires active control of the transistor gates. In this study, we achieved self-
synchronized rectification using only passive elements by switching the transistors by separately 
extracting the phase information from a vibration energy harvester. The operation of the self-
synchronized rectifier was demonstrated through simulations and experiments and was 
compared with that of a diode bridge. In addition, it was clarified that the self-synchronized 
rectifier is limited by the through current generated between the output terminals during 
switching and that the through current determines the lower limit of the power that can be 
rectified by this circuit. These results demonstrate a typical example where the performance 
trade-off of a power circuit can be addressed by co-designing the harvester device and the power 
circuit.

1.	 Introduction

	 Energy harvesting is expected to be a semi-permanent power source for next-generation edge 
devices used in anomaly detection, monitoring, telemetry, and other applications.(1) Among the 
various energy-harvesting technologies, vibration energy harvesters have been attracting 
attention because they can generate power without light or heat flow.(2) Because vibration energy 
harvesters generate AC power, rectification is required. In particular, since the power obtained 
from environmental vibration is small, low-loss rectification is indispensable.
	 The most common method of rectification is to use diodes such as a diode bridge circuit.(3–5) 
Since diodes are passive elements and do not require any control, a diode bridge circuit is an 
essential circuit for cold-start circuits before the power supply is turned on. However, it has the 
disadvantage of nontrivial power loss because a voltage drop due to the threshold voltage of the 
diode always occurs. On the other hand, synchronous rectification, in which the transistors are 
switched in synchronization with the mechanical vibration, avoids the voltage drop and thus 
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enables rectification with low power loss.(6–12) However, it usually requires active control to 
switch the transistors. To accurately switch the transistors on and off, it is necessary to detect the 
timing when the sign of the generated current reverses, and a zero-current detection circuit is 
often utilized.(6) In the zero-current detection circuit, a resistive element is inserted in the current 
path, and the voltages at both ends are compared to evaluate the current. However, both the 
resistive element and the comparator circuit consume extra power. In particular, if we try to 
generate a high voltage near the zero current to improve sensitivity, a large voltage loss occurs 
near the current peak. Furthermore, since the current amplitude obtained from the environment 
varies by orders of magnitude with time, high sensitivity in small-power generation will 
inevitably result in large Joule losses when the amount of power generation is large. This trade-
off can be partially eliminated by using a high-speed, high-accuracy comparator. In that case, 
however, the power consumption of the comparator will increase and cancel the small power 
obtained from the environmental vibration. Therefore, for low-loss synchronous rectification, 
the essential issue is how to detect the exact timing of current sign reversal with low power 
consumption.
	 Several solutions for synchronous rectification have been proposed in fields different from 
energy harvesting. For example, in DC–DC converters, the phase information can be extracted 
directly from the magnetic flux by adding an extra winding to the inductor and used for 
synchronous rectification.(7,8) In wireless power transfer, a synchronous rectifier circuit has been 
constructed by detecting the peak of the capacitive voltage or by using the voltage in a resonant 
filter.(9,10) Adaptive control was also proposed to be suitable for wireless power transfer because 
it can avoid the difficulties inherent to high frequencies.(11,12) However, these methods cannot 
simply be applied to vibration energy harvesters because of the significant limitations in terms 
of power consumption, size, and power fluctuation. Although the cross-coupling topology of 
metal-oxide-semiconductor field-effect transistor (MOSFET) bridges can partially mitigate this 
problem,(13,14) it suffers from severe backward current when the input voltage becomes low.
	 In this study, we solved this problem by directly extracting the phase of the vibration from a 
vibration energy harvester as shown in Fig. 1. A mechanically integrated but electrically isolated 

Fig. 1.	 (Color online) Schematic illustration of a self-synchronized rectifier that performs rectification by 
extracting the phase information from the vibration energy harvester. In this way, low-loss rectification is possible 
using only passive elements. 
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phase signal extraction part is provided in the harvester device, and the generated power can be 
rectified on the basis of the extracted phase signal. The self-synchronized rectifier was 
demonstrated by simulation as well as by experiments using a prototype chip. It was also shown 
that a through-current path is generated in the self-synchronized rectifier during switching, 
which determines the lower limit of the power that can be rectified. The low-loss rectification 
using only passive elements by co-designing the harvester device and the power circuit is 
expected to be a useful technology for next-generation edge devices.

2.	 Model

	 In this study, we focused on electrets or piezoelectric vibration energy harvesters. Both of 
them have higher impedance than other types of energy harvesters and can be approximated by 
a parallel circuit of the current source and the capacitor in a practical voltage range. As 
mentioned earlier, the self-synchronized rectifier is realized by adding a phase extraction part to 
the vibration energy harvester. This can be easily achieved by electrically separating the phase 
extraction part and the harvester device while keeping them mechanically in one piece. Let r be 
the area ratio of the phase extraction part to the power extraction part. As shown in Fig. 1, the 
current and capacitance of the phase extractor are both r times those in the power extraction 
part. The current from the phase extraction part is converted by the diode into a voltage signal 
that reverses in synchronization with the mechanical vibration. Therefore, if this voltage is used 
to drive the gate of the transistor in the rectifier circuit, the current output from the power 
extraction part can be rectified. If we define the efficiency as the ratio of the output power to the 
input power, the efficiency of the self-synchronized rectifier is ideally unity. As a comparison, 
the efficiency of a diode bridge circuit is VOUT / (VOUT + 2VD), where the voltage drop per diode 
is VD and the output voltage is VOUT. 

3.	 Materials and Methods

	 In this study, a self-synchronized rectifier circuit using the phase information from the 
harvester device was demonstrated by simulation and experiments. We also performed the 
simulation on a diode bridge for comparison to clarify the features of the self-synchronized 
rectifier. In a harvester device using an electret, the capacitance is relatively small (on the order 
of 100 pF) because the distance between the electrodes is large. On the other hand, in a 
piezoelectric vibration energy harvester, the capacitance is larger because of the small inter-
electrode distance and the large permittivity of the piezoelectric material. In this study, the 
capacitance of the generating element was set to 200 pF unless specified, and the operation of 
the circuit was verified by varying the current amplitude (I0) from 1 µA to 1 mA.
	 The self-synchronized rectifier has two sets of input terminals: one for power extraction and 
the other for phase extraction, as shown in Fig. 2(a). These terminals are connected to the power 
extraction and phase extraction parts of the harvester device, respectively. In the experiments, 
the harvester device was reproduced by two synchronized AC current sources (Keithley 6221) 
with appropriate parallel capacitances. Unless otherwise stated, the current ratio of the power 
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extraction part to the phase extraction part was set to r = 0.1. Since the total parasitic capacitance 
of the Keithley 6221 current sources and wiring was approximately 20 pF, a 180 pF ceramic 
capacitor was added to achieve a total capacitance of 200 pF for the power extraction part. For 
the phase extraction part, only a parasitic capacitance of 20 pF was used. As a result, the 
capacitance ratio was also set to r = 0.1. 
	  Figure 2 shows the circuit diagrams of the self-synchronized rectifier circuit and the diode 
bridge circuit used in this study. In the self-synchronized rectifier circuit, the current input from 
the phase extractor is converted into voltage signals (VG and GV ) by diodes made of high-
threshold p-MOSFETs. These diodes have two roles: one is to convert a small amount of current 
into a large voltage signal, and the other is to clamp the voltage against the phase extraction 
current. Here, voltage clamping is necessary because the phase extraction part typically 
generates a current amplitude larger than sub-µA, and then, its 20 pF capacitance leads to an 
excessive open-circuit voltage larger than 50 V. The positive and negative switching of the 
voltages generated in these diodes roughly corresponds to the timing when the charging current 
becomes zero, and these voltages can be directly used to drive the gate of the rectifier circuit.
	 A p-MOSFET and n-MOSFET pair in parallel was used as the rectifier transistor so that no 
voltage drop occurs irrespective of the output voltage (VOUT). Simulations and experiments were 
performed using the Taiwan Semiconductor Manufacturing Company (TSMC) 180 nm process. 
The diodes in the diode bridge circuit were low-threshold Schottky barrier diodes (SBDs) 
provided by TSMC to minimize the voltage drop. The voltage drop per diode (VD) is about 0.2 V 
at 10 µA current and about 0.4 V at 1 mA. The efficiency of the rectifier circuit was calculated 
from the ratio of output power (POUT) to input power (PIN), averaged for one oscillation period 
when the capacitor on the output side was charged to 1 V.

Fig. 2.	 (Color online) (a) Circuit diagram of the self-synchronized rectifier. The harvester device (orange shadow) 
is approximated by an AC current source and a capacitor, and the area ratio of the phase extraction part to the power 
extraction section is denoted as r. The phase signals VG and GV  generated by the phase extraction part are used to 
rectify the generated AC power. (b) Circuit diagram of the diode bridge circuit for comparison
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4.	 Results

	 Figure 3(a) shows the VOUT waveform obtained from the simulation of the self-synchronized 
rectifier. It can be seen that the input current is rectified and the output capacitor is charged. The 
magnified waveforms of the input voltage (VIN), VOUT, and VG are shown in Fig. 3(b). The voltage 
drop between VIN and VOUT is small enough to suppress the power loss. This is in contrast to the 
case of the diode bridge circuit in Fig. 3(c), for which VOUT drops by 2VD with respect to VIN, 
indicating a large power loss in rectification. 
	 Figure 4(a) shows an optical micrograph of the prototype chip of the self-synchronized 
rectifier, and Figs. 4(b) and 4(c) show the measured waveforms of VIN and VOUT. It can be seen 
that the voltage drop in the self-synchronized rectifier is also small in the measured data. Thus, 
the self-synchronized rectifier circuit enables low-loss rectification with a small voltage drop. 

Fig. 3. (Color online) (a) Simulation of VOUT for I0 = 100 μA and COUT = 100 μF in the self-synchronized rectifier. (b) 
Magnified view of simulated VIN, VOUT, and VG, showing that the voltage drop is small. (c) Simulated VIN and VOUT 
of the diode bridge circuit, where the voltage drop is larger than that of the self-synchronized rectifier circuit in (b).

Fig. 4. (Color online) (a) Optical micrograph of the prototype chip of the self-synchronized rectifier circuit. The 
circuit itself is as small as 950 μm2, and most of the other area is occupied by the buffer circuit and the electrode 
pads. (b) Measured VOUT of the self-synchronized rectifier circuit. (c) Magnified view of measured VIN and VOUT, 
both observed through buffer circuits using amplifiers so that the measurement does not affect the circuit operation.
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	 Figure 5(a) summarizes the efficiency of the self-synchronized rectifier circuit and the diode 
bridge circuit obtained from the simulation and experiments plotted against the output power. It 
can be seen that the overall efficiency of the self-synchronized rectifier is higher than that of the 
diode bridge. The higher efficiency can be attributed to the reduced voltage drop in the self-
synchronized rectifier. On the other hand, the efficiency of the self-synchronized rectifier 
gradually decreases for larger POUT because VIN is large enough to incur a voltage drop at the 
switch transistor. This problem can be solved by increasing the width of the switch transistor to 
achieve a higher ON current. 
	 The efficiency of the self-synchronized rectifier circuit drops for smaller POUT, especially in 
the experiment, because of the through-current flow between the output terminals during 
switching as shown in Fig. 5(b) (orange and green lines). The through-current paths are shown in 
Fig. 5(c), and it can be seen that the complementary metal-oxide-semiconductor (CMOS) 
structure inherently exists inside the switching circuit, and through current flows every time VG 
and GV  take an intermediate value. The effect of this through current can be clearly confirmed by 
experiments. Figure 5(d) shows the waveform of VOUT at I0 = 5 µA when the output capacitor 
(COUT) was intentionally made as small as 89 nF. It can be seen that a through current flows at 
each switching and prevents VOUT from increasing. This through current is the main factor 
reducing the efficiency of the self-synchronized rectifier circuit for small POUT. Indeed, when 
the generated current in the harvester is below this value on average, VOUT becomes saturated 
and the rectification stops. One of the characteristics of this through current is that its magnitude 
is extremely sensitive to the steepness and timing difference of VG and GV . In fact, the 

Fig. 5.	 (Color online) (a) Efficiency of the self-synchronized rectifier circuit and the diode bridge circuit with 
respect to POUT. Marks represent measured values (“exp”) and curves represent the simulation results (“sim”). It can 
be seen that the self-synchronized rectifier is generally more efficient than the diode bridge circuit. (b) Two through-
current paths (orange and green) generated in the self-synchronized rectifier during switching. (c) CMOS structures 
of the two through-current paths. (d) Experimental VOUT waveform showing the effect of through current. VG-BUFF 
denotes the voltage converted from VG through the inverting buffer circuit, where VG-BUFF = 2.5 V corresponds to VG 
= 0 V.
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experimental data in Fig. 5(d) shows that the magnitude of the through current is markedly 
different between the rise and fall of VG-BUFF, whereas ideally it should be symmetrical. 
Furthermore, the effect of the through current was also different between the experiments and 
the simulation. The experiments showed a larger effect of the through current, and hence, a 
narrower operation window of POUT. From these analyses, the reduced efficiency at POUT is 
because the steepness of VG and GV  is lost for smaller current amplitudes and the through current 
increased. This is a limitation of self-synchronized rectification using only passive elements, and 
if we want to rectify the power to low POUT with high efficiency, we need to shift the switching 
timing by active control to prevent the through current.
	 Figure 6(a) shows the frequency dependence of the efficiency of the self-synchronized 
rectifier and the diode bridge circuit. The measured values are in good agreement with the 
simulations, and it can be seen that the efficiency hardly decreases in the range of several Hz to 
several kHz, which is generally used in vibration energy harvesters.
	 Figure 6(b) shows the characteristics of the self-synchronized rectifier when the area ratio r is 
changed from 0.1 to 0.5. It can be seen that the efficiency is not largely affected by r as long as 
the same r value is used between the current and the capacitance. From the mechanical 
viewpoint, if r is increased, the volume of the harvester device will be increased by an extra 
volume of the phase extraction part. Therefore, it is preferable to make r smaller. On the other 
hand, if r is made too small, the parasitic capacitance in the wiring becomes non-negligible and 
the capacitance ratio deviates from the designed value of r.
	 Note that if the capacitance ratio between the power extractor and the phase extractor 
deviates from the designed value r, the accuracy of the extracted phase deteriorates and the 
efficiency decreases. Figure 6(c) shows the simulation results when the current ratio is set to r = 
0.1 and the capacitance of the phase extraction part (CG) is varied with a fixed capacitance of the 
power extraction part (CIN = 200 pF). The efficiency is maximum when CG = 20 pF, where the 
capacitance ratio matches the current ratio r = 0.1. As shown in Fig. 6(c), this effect is critical 
when the generation current is small (1 µA) because charging the capacitance takes time and the 
resultant large phase shift lowers the efficiency. 

Fig. 6.	 (Color online) (a) Effect of vibration frequency f on the efficiency of the self-synchronized rectifier. (b) 
Comparison of the efficiency of the self-synchronized rectifier at r = 0.1 and 0.5. (c) Simulation results of the 
efficiency of the self-synchronized rectifier circuit. r and CIN are fixed to 0.1 and 200 pF, respectively, and CG is 
varied. When r = CG / CIN, the phase shift is eliminated and the efficiency is maximized.
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	 Finally, we discuss the effect of waveform distortion from an ideal sinusoidal curve. In 
electret vibration energy harvesters, the current waveform from the harvester device is often 
distorted.(15,16) To evaluate the effect of this distortion on the efficiency of the self-synchronized 
rectifier, a simulation was performed by assuming the generated current is I0[cos(2πft) − 
Adistcos(4πft)] instead of I0cos(2πft) in Fig. 2(a). Here, Adist is a parameter that represents the 
magnitude of distortion as shown in Fig. 7(a). We input one-tenth of this current to the phase 
extractor (r = 0.1) and obtained the efficiency of the self-synchronized rectifier circuit as shown 
in Fig. 7(b). It can be seen that the distortion parameter Adist has no significant effect on the 
efficiency.

5.	 Conclusion

	 In this study, we have achieved low-loss self-synchronized rectification using only passive 
elements by separately extracting the phase information of the vibration energy harvester. This 
self-synchronized rectifier can achieve highly efficient rectification and can also be used in a 
cold start without a power supply. On the other hand, as a trade-off of the passive operation, 
there is a problem of through current during switching, which has a significant impact, especially 
at low generated power. Thus, the co-design of the harvester device and the power circuit makes 
it possible to simplify the design of the entire system and increase efficiency, but at the same 
time, it causes different trade-offs that should be taken into account. This study provides an 
essential example for the co-design of the device and the circuit as an important guideline for 
constructing energy-harvesting systems.
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