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Abstract— This paper presents a self-powered rectifier for
piezoelectric energy harvesting applications, and the key idea
of the proposed system is to reset the transducer capacitor at
optimal instants to maximize the extracted power. The proposed
rectifier consists of two switches and two active diodes. The
switches discharge the transducer capacitor at optimal instants
two times for every cycle. The active diodes are based on
op-amps with a preset dc offset, which reduces the voltage drop
and the leakage current and avoids instability. In addition, the
controller for the proposed rectifier is simple to reduce the circuit
complexity and the power dissipation. The proposed rectifier was
designed and fabricated in 0.18-µm CMOS technology. Measured
results indicate that it achieves power efficiency of 91.2%, and
the amount of power extracted by the proposed rectifier is
3.5 times larger when compared with the conventional rectifiers.
The proposed rectifier does not require any off chip components
to enable a full chip integration, and the die area of the proposed
circuit is 0.08 × 0.20 mm2 .
Index Terms— Active rectifier, high efficiency rectifier,
op-amp-based active-diodes, piezoelectric cantilever, piezoelectric
energy harvesting, synchronized switch harvesting on inductor
(SSHI).

I. I NTRODUCTION

I

N RECENT years, intensive research has been conducted
on energy harvesting from ambient sources. Elimination
of batteries is highly useful for some applications such as
wireless sensor networks, implantable medical devices, and
tire-pressure sensor systems, where replacement of a battery
is costly or impractical. Energy harvesting offers a viable
solution for those applications. Piezoelectric (PE) energy harvesting systems offer a relatively high energy density ranging
from 10 to several hundreds μW/cm3 [1]–[3].
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Fig. 1.

PE energy harvesting circuit with a conventional FB rectifier.

Fig. 1 shows a conventional PE energy harvesting circuit
with a full-bridge (FB) rectifier. The PE transducer is modeled as a sinusoidal current source, i P (t) = I P sin(2π f P t),
in parallel with internal capacitor C P and resistor R P [1]–[3].
Frequency f P is the excitation frequency. Capacitor C L and
resistor R L model a storage element such as a supercapacitor
or rechargeable battery and the load, respectively. A PE energy
harvesting system often adopts a conventional FB rectifier, but
it incurs low efficiency due to the voltage drop of the diodes
and the load mismatch seen at the output of the transducer [2].
Fig. 2 shows various rectifier schemes to transfer maximum
power to the load, where VC p denotes the voltage across the
internal capacitor C P . The capacitor is charged negatively
during the negative half cycle of the transducer current in
Fig. 2(a). When the current becomes positive, the negative
charge of C P is discharged first before it is charged to positive.
The power from the transducer is delivered to the load, when
VC p reaches Vrect + Vdrop , where Vrect is the load voltage
as shown in Fig. 1, and Vdrop the total diode voltage drop.
Note that, Vdrop is twice the single diode voltage drop for a
FB rectifier. It is important to note that the transducer current
to discharge the negative charge in Fig. 2(a) is wasted, thus
leading to reduction of the extracted power.
Several rectifier circuits for PE energy harvesting were
proposed [1]–[16] to increase the power transfer, and they
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Fig. 2.
Power conversion process of three different rectifying schemes.
(a) Conventional. (b) Synchronized-switch. (c) SSHI [17].

can be divided into two approaches. The first approach
aims to reduce the voltage drop across rectifier diodes
[4]–[9], and the second approach relies on switching to discharge the internal capacitor [2], [3], [10], [11]. The most
common scheme for the first approach adopts active-diodes
[1], [4]–[7]. For example, cross-coupled pMOSFETs with
comparator-based active-diodes are employed in [4] and [5].
One technical problem for comparator-based active-diodes is
the offset of comparators due to process variations, which
causes leakage and oscillation to result in increased power
loss. Op-amp-based active-diodes can alleviate the problem,
as proposed in [6].
The second approach is to use a synchronized switch to
discharge the capacitor or flip the capacitor voltage. Fig. 2(b)
shows a switch at the terminal of the PE transducer, which
is in parallel with the internal capacitor [2], [3], [9]. The
synchronized switch is ON (or closed) for a short period at the
zero crossing point, thereby discharging the negative voltage
across C P to zero instantaneously. Therefore, the positive
transducer current starts to charge completely discharged C P
rather than negatively charged, which shortens the time to
reach Vrect + Vdrop, where Vdrop is the diode voltage drop
across the diodes of a FB rectifier. The synchronized switch
harvesting on inductor (SSHI) scheme is proposed in [17], and
further investigated in [2], [3], and [10]. The SSHI scheme
recycles the energy stored at C P by reversing its polarity at
the zero crossing point with the aid of an inductor in series
with a synchronized switch, as shown in Fig. 2(c). When the
synchronized switch closes, the voltage across C P changes the
polarity due to the resonance of the LC network formed by
C P and L. Thus, the extracted power is further increased, as
shown in Fig. 2(c). One practical problem for the approach is
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Circuit diagram of the proposed rectifier.

the need for a large inductor size (typically >20 μH), which
increases the size and cost of the circuit.
Both the synchronized-switch and the SSHI scheme require
detection of the zero crossing point of the transducer current.
The zero crossing point is sensitive to the efficiency of the
rectifier. The method presented in [2], [3], and [9] requires a
complex circuit with dual external supply voltages (one large
than Vrect and one smaller than zero) for the purpose. Another
method to detect the zero crossing point employs a derivative
circuit [10], which requires two external supply voltages. The
need for external supply voltages is undesirable, as it prohibits
a self-powered system. Furthermore, the duration of the switch
ON time to discharge or flip the capacitor voltage effects the
power extracted. If the period is too short for the synchronous
switches scheme, the internal capacitor fails to reset fully.
If the period is too long, the PE transducer power is dissipated
through the switch. The turn ON period of the switch is fixed
in [2] and [9], therefore, the rectifier cannot adjust the period
dynamically according to the operating condition (such as
the excitation frequency and amplitude). The turn ON time
requires external tuning in [2] and [3] and is in capable of an
dynamic adjustment.
In this paper, a self-powered rectifier with automatic resetting of the transducer capacitor is presented. The proposed
design adopts a simple control circuit, which does not require
an external supply voltage nor external tuning. The rest of
this paper is organized as follows. Section II describes the
proposed rectifier. It discusses the basic operation of the
proposed rectifier and analyzes the power extracted. Section III
presents the simulation and measurement results and compares
the performance of the proposed design with existing designs.
Section IV concludes this paper.
II. P ROPOSED R ECTIFIER W ITH
AUTOMATIC C APACITOR R ESET
Fig. 3 shows the circuit diagram of the proposed rectifier,
which consists of two active diodes, D1 and D2 , and two
switches, SW1 and SW2 . The topology of the proposed
rectifier is identical to the conventional FB rectifier shown in
Fig. 1 except replacement of two diodes on the left branch by
two switches. The two switches reset (discharge) transducer
capacitor C P at the zero crossing point of the transducer
current. Detailed operation and implementation of the
proposed rectifier circuit are described in the following.
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Fig. 4. Operation of the proposed rectifier circuit. (a) Rectifier voltage waveforms. (b) Operation for t1 < t < t2 . (c) Operation for t2 < t < t3 . (d) Slightly
after t3 + t (transient state). (e) Slightly after t3 + 2t (transient state). (f) Operation for t3 < t < t4 . (g) Operation for t4 < t < t5 .

A. Operation of the Proposed Rectifier
Fig. 4 shows the basic operation of the proposed rectifier.
For simplicity of the illustration and the analysis, the diodes
and switches are considered ideal, unless otherwise stated.

Fig. 4(a) shows waveforms of the transducer current, voltage
across C P denoted as VBA , and the clock signal. Fig. 4(b)–(g)
shows the status of the switches and diodes of the rectifier
for corresponding time interval specified in the captions.
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During the time interval t1 < t < t2 of Fig. 4(b), the source
current is positive, and VBA starts to increase from zero with
SW1 open and SW2 close. The two diodes are turned off, as
shown in Fig. 4(b). The capacitor voltage VBA reaches Vrect
at t2 , causing D1 to conduct, and the source current starts to
flow to the load, as shown in Fig. 4(c). During the time period,
diode D2 remains turned off, and Vrect practically remains
constant due to a large C L . Thus, the transducer delivers power
to the load. As the current crosses the zero point and becomes
negative at t = t3 + t, the capacitor starts to discharge,
and VBA decreases to turn D1 off. Once D1 stops conducting
current, SW1 closes and SW2 opens, as shown in Fig. 4(d).
Node A voltage V A , instantaneously becomes Vrect (due to
the activation of SW1 ) and node B voltage 2Vrect , thereby
activating diode D1 . The status is shown in Fig. 4(e). Since
both SW1 and D1 are activated, the capacitor is instantly
discharged, i.e., automatically resets. After the capacitor is
fully discharged, node voltage V B becomes lower than V A (due
to the negative transducer current) to turn D1 off. The negative
transducer current charges the capacitor during t3 < t < t4 ,
as shown in Fig. 4(f). When VBA becomes slightly less than
−Vrect at t = t4 , diode D2 conducts, and the transducer current
flows into the load. As shown in Fig. 4(g), this status is
maintained for t4 < t < t5 and terminates when the transducer
current reaches a slightly positive value at t5 . The operation
of the proposed circuit is similar to the conventional voltage
doubler during the positive (negative) cycle of the current.
However, the reset of the internal capacitor at beginning
of the negative (positive) half cycle enables the proposed
circuit to extract more power than the conventional voltage
doubler.
For the proposed rectifier, as can be seen from the waveform VBA shown in Fig. 4(a), the transducer current charges
(discharges) C P from 0 to +Vrect (0 to −Vrect ) every cycle.
Therefore, the amount of charge lost per cycle for the proposed
rectifier is given as
Q loss = 2C P Vrect .

(1)

The total amount of charge available from the transducer
for one cycle is obtained as [2]
 1/ f P
2I P
|i P |dt =
Q avail =
= 4C P VOC
(2)
π
fP
0
where f P is the exciting frequency, and VOC is the peak of
open circuit voltage of the transducer. Therefore, the amount
of charge that flows into the output capacitor C L in each
cycle is
Q rect = 2C P (2VOC − Vrect ).

(3)

Then, the output power is given by
P = 2C P f P (2VOC − Vrect )Vrect .

(4)

Assuming a resistive load R L at the output and a rectifier
efficiency of 100%, the extracted power from the cantilever is
given as
P=

2
Vrect
.
RL

(5)

Fig. 5.
Implementation of the proposed rectifier with comparator-based
active-diodes. (a) Proposed rectifier circuit. (b) Current and voltage waveforms
of the proposed rectifier.

Solving for Vrect in (5) and substituting the result into (4),
the output power is obtained as

P=

√ 2
4C P f P VOC R L
.
1 + 2C P f P R L

(6)

From (4) and (6), the output power depends on the voltage
at the output of the rectifier (Vrect ) or the load resistor (R L ).
When Vrect = VOC or R L = 1/2C P f P , the proposed rectifier
extracts the maximum power
2
=
Pmax = 2C p f p VOC

I P2
.
2π 2 C p f p

(7)

The maximum power from a conventional FB rectifier is
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Fig. 6. DC-offset issues in comparator-based diodes. (a) Leakage current under VOS = −2 mV. (b) Premature reset of VBA before I P becomes negative.
(c) Output voltage (Vrect ) under VOS = 0 V, −2 mV, and +2 mV.

given as
Pmax,conventional = C p f p (VOC − 2V D )2

(8)

under Vrect = VOC /2 − V D [2], [3]. For illustration, consider
a PE transducer operating under VOC = 3 V, f P = 200 Hz,
C P = 25 nF, and a diode with the voltage drop V D = 0.4 V.
The maximum power extracted by the proposed rectifier is
3.5 times greater than that of the conventional FB rectifier
from (7) and (8). Since the operation of the proposed rectifier
is essentially the same as the synchronized-switch rectifier in
Fig. 2(b), the proposed rectifier and a synchronized-switch rectifier extract the same power. However, unlike synchronizedswitch rectifiers that reported in [2] and [9], the internal
capacitor is reset at the right instant for the optimal period
for the proposed rectifier without any extra switch.
B. Implementation of the Proposed Rectifier
An implementation of the proposed rectifier and the
corresponding timing diagram are shown in Fig. 5. Diode
D1 is realized with a comparator-based active-diode, COM1
and M1 , and Diode D2 with COM2 + M2 [1], [4], [5],
[12]–[14]. Diode D1 should be turned on: 1) when the transducer current flows into the load, as shown in Fig. 4(c) or
2) when the reset loop is created, as shown in Fig. 4(e). For
both cases, the negative input of the COM1 is higher than the
positive input. Then, output G1 of the comparator becomes
low to conduct D1 . Similarly, diode D2 conducts twice per
cycle under the comparator output G2 at high. The digital
control block uses the two signals G1 and G2 to detect the
zero crossing point of the transducer current and generates
the CLK.
A dc-offset of a comparator-based active-diode degrades
the performance. Consider the rectifier is in the state shown
in Fig. 4(c), in which the transducer delivers power to the
load. As the transducer current crosses over zero and becomes
negative, transducer capacitor C P starts to discharge and VBA
becomes smaller than Vrect . Suppose there is a negative offset
voltage at the positive input of comparator COM1 . Diode D1
is turned off without the offset, and the rectifier transits to the
next state shown in Fig. 4(d). However, the offset prevents
the diode from being turned off, and the rectifier remains in

Fig. 7.

Proposed rectifier with op-amp-based active-diodes.

the same state shown in Fig. 4(c). As VBA is smaller than
Vrect , while D1 and SW2 being turned on, the current flows in
the reverse direction, i.e., from the load to the transducer, to
cause a leakage of the charge stored at capacitor C L . Fig. 6(a)
shows a simulation result for the offset voltage of −2 mV.
If the offset voltage is positive at the positive terminal of
COM1 , it effectively increases the diode drop voltage of D1 .
The rectifier leaves the power delivery state of Fig. 4(c) earlier,
even before the current crosses the zero point to be negative,
as shown in Fig. 6(b). Therefore, it decreases the amount of
power delivered to the load. Simulation results show that the
extracted power reduces by 6.3% and 6.4% for the offset of
+2 and −2 mV, respectively.
To overcome the mismatch problem of comparators,
op-amp-based active-diodes may use a preset offset
voltage [6]. Fig. 7 shows the proposed rectifier with a
preset offset voltage for the op-amps. The op-amps functions
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Fig. 8.

Op-amp compatible with (a) VDD and (b) ground.

Fig. 10.

Fig. 9.
block.
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Digital control circuit. (a) Clock generator. (b) Dead time control

as a comparator, but in contrast to comparator-based diodes,
there is no leakage current or oscillation for the op-amp-based
one. Refer to [6] for details.
C. Active Diodes
The two inputs of a comparator or op-amp are usually
connected to the gates of the input transistors [1]–[7]. Resultantly, an external supply voltage is required for an input signal
whose voltage swing is limited between ground to VthN or
VDD − |VthP | to VDD. To address the problem, input signals
are connected to the source of the input transistors for the
proposed op-amp shown in Fig. 8. Fig. 8(a) and (b) are
proposed op-amps, compatible with VDD and ground, respectively. VIN and VIP for the circuits represent the negative and
positive input of the op-amp, respectively, and the output signals G1 and G2 are generated by a common-source amplifier

Waveforms of the digital control block.

followed by an inverter. The offset voltage VOS shown in
Fig. 7 can be implemented by a mismatch in the size of the
two input transistors, M1 and M2 . Low power consumption
is a key design requirement, and hence the transistors of the
op-amps are biased to operate in the subthreshold region. The
target current consumption of each op-amp is 90 nA, while
achieving the dc gain of more than 60 and 3-dB bandwidth
of more ϕ S than 500 Hz. A start-up circuit is included for the
proposed rectifier to facilitate self-powered operation, thereby
obviating the need for a backup battery. The proposed system
can start-up under the input power as low as 20 μW.
D. Implementation of the Digital Control Block
The clock signal generator is the most critical part of
the circuit, because it directly affects the operation of the
rectifier. Several techniques were investigated for clock signal
generation, but they are often complicate [2], [3], [9], [10].
References [2] and [3] adopt several capacitors and require
external tuning, while [10] uses four passive diodes, three
capacitors, and one comparator. Fig. 9 shows a circuit diagram
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(a) Theoretical, simulated, and measured output power of the proposed rectifier. (b) Theoretical and measured power efficiency.

Fig. 12. Output voltage VC p waveforms for the conventional (top) and the
proposed (bottom) rectifiers.

Fig. 13. Waveforms of the transducer capacitor voltage VC p and the output
voltage Vrect for the proposed rectifier with comparator-based active-diodes.

of the proposed digital control block. The circuit consists of
two subblocks, a clock generator and a dead time control
block. The CLK signal is generated using two D flip-flops
from signals G1 and G2 , as shown in Fig. 9(a). To prevent
from simultaneous turning on of the two switches, M3 and
M4 in Fig. 7, during transition, a dead time control block
in Fig. 9(b) generates two separate clocks, PCLK for M4
and NCLK for M3 . The dead time control block ensures
that M3 , and M4 are never turned on at the same time. The
waveforms of G1 , G2 , CLK, PCLK, and NCLK are shown in
Fig. 10.
III. M EASUREMENT R ESULTS
The proposed rectifier with op-amp-based active-diodes in
Fig. 7 was designed and fabricated in 0.18-μm CMOS processing technology. The performance of the rectifier was measured
under the following condition: current source I P = 94 μA
in parallel with internal capacitor C P = 25 nF and internal
resistor R P = 1 M, excitation frequency f P = 200 Hz,
and the load resistor variation from 15 to 200 k with
a 5-k step. The equivalent circuit of the modeled PE
transducer generates the open circuit voltage VOC = 3 V,

Fig. 14.

Die photos of the three rectifiers.

which was also considered in [1]–[3]. The efficiency of
the rectifier is obtained as the ratio of the output power
of the rectifier to the maximum extracted power expressed
in (7). The theoretical value of the output power is given
in (6), and the measured output power is obtained as
2 /R .
Pout = Vrect
L
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TABLE I
P ERFORMANCE C OMPARISON W ITH E XISTING FB R ECTIFIERS FOR PE E NERGY H ARVESTERS

Fig. 11(a) shows the three different output power for the
output resistance varying from 15 to 400 k, one obtained
from (6), the other one through simulation, and the last one
through measurement. As can be observed in Fig. 11(a), the
measured results are consistent with the theoretical values
and simulation results. The maximum power of the proposed
2 = 90 μW from (7)
rectifier is obtained as Pmax = 2C p f p VOC
for R L = 100 k under Vrect = VOC = 3 V. The measured
maximum power of 82.1 μW is obtained from Fig. 11(a) for
the same load resistor value of R L = 100 k. It was observed
that measured Vrect voltage is 2.9 V at the maximum power
point. It is interesting to note that the theoretical maximum
power of the conventional FB rectifier shown in Fig. 1 is
obtained as only 24 μW. Fig. 11(b) shows the theoretical and
measured power efficiency for varying load resistance. The
efficiency increases rapidly as the resistance increases from
15 k for both theoretical and measured cases, and achieves
the maximum measured efficiency of 91.2% at the load resistance of 100 k. As expected, the measured power efficiency
is lower than the theoretical one, as the power dissipation of
the rectifier circuit is ignored in derivation of Pmax .
For comparison, the conventional rectifier with crosscoupled op-amp-based active-diodes shown in Fig. 1 and
the proposed rectifier with comparator-based active-diodes in
Fig. 5 were also designed and fabricated on the same chip.
Fig. 12 shows the measured transducer capacitor voltage VC p
(denoted as VBA in previous sections) waveforms of the
conventional rectifier with cross-coupled op-amp-based activediodes (top graph) and the proposed rectifier with op-ampbased active-diodes (bottom graph) under same load resistor
(R L = 155 k). Fig. 12 shows that the proposed rectifier
increases the peak voltage of VC p by 1.63 times when compared with the conventional rectifier.
Fig. 13 shows the measured waveforms for the transducer
capacitor voltage VC p and the output voltage Vrect of the
proposed rectifier with comparator-based active-diodes.
A careful examination reveals that the capacitor resets even

before the current becomes negative. It is due to a positive
offset on the active diode, as explained in Section II-A. The
positive offset reduces the maximum power to 74 μW to
result in conversion efficiency of 82%, while the efficiency
of the proposed rectifier with op-amp-based active-diodes
is 91.2%. As noted in the earlier section, a positive offset
voltage effectively increases the diode voltage drop of the
corresponding active diode. The voltage drop across the two
active diodes or |Vdsp| + Vdsn is about 10 mV, but it is still
smaller than that of two typical passive diodes in series (2V D ).
The die photos of the three implementations of the
rectifiers (conventional rectifier with cross-coupled op-ampbased active-diodes and the proposed ones with op-amp and
comparator-based active-diodes) are in Fig. 14. The area of
the proposed rectifier based on op-amp occupies an active
area of 0.08 mm × 0.20 mm(= 0.016 mm2 ). The rectifier
consumes 240 μA, and each op-amp consumes 90 nA, and
the bias circuit consume 60 nA.
Table I compares the performance of the proposed rectifier
with recent, state-of-the-art rectifiers for PE energy harvesting
applications. As a figure of metric, we compared the extracted
power of each design with a FB rectifier. The comparison is
provided in the last row. It is difficult to make a fair comparison due to differences in PE transducer, operation, and design
environments such as the type and the model of PE transducers, processing technology, the input and output voltages, and
the switching frequency. The proposed rectifier offers a few
advantages over other designs. It does not require an inductor
(external or internal) nor an external supply voltage, which
enables a full chip integration. The overall performance of the
proposed rectifier performs better existing ones.
IV. C ONCLUSION
A rectifier for PE energy harvesting was presented in this
paper. Rectifiers play a critical role for PE energy harvesting
to maximize the power transfer from the transducer to the
load. Two major sources of loss for rectifiers for PE energy
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harvesting are the energy waste during the transducer capacitor
charging/discharging and the diode voltage drop. A synchronized switch is an effective scheme to reduce the waste
associated with the capacitor charging/discharging process.
Existing methods for synchronized switches have several
drawbacks such as complex control circuitry, external supply
voltages, and large size inductors. The proposed method for
automatic resetting of the capacitor intends to address the
drawbacks. The control circuitry for the proposed method is
simple, and it does not require an external supply voltage
nor an inductor. Active diodes were intensively investigated to
reduce the diode voltage drop. Active diodes are often based
on comparators, but they face offset and oscillation problems
to cause lower efficiency. The proposed rectifier adopts active
diodes based on op-amps with a built-in offset cancellation,
which address the shortcomings of comparator-based activediodes.
The proposed rectifier was designed and fabricated in
0.18-μm CMOS processing technology. Simulation and measurement results are consistent with analytical results. The
Measurement results indicate that the proposed rectifier can
increase the extracted power by up to 350% when compared
with a conventional FB rectifier, and achieves the maximum
efficiency of 91.2%. Although it is difficult to make a fair
comparison, the proposed rectifier performs better than
competing rectifiers in many aspects.
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