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Abstract

This paper presents a compact and efficient integrated interface circuit
for piezoelectric energy harvesting. While the state-of-the-art interface
circuits require the use of either an external inductor or a signifi-
cant number of additional capacitors to achieve high voltage flip and
improve power efficiency, the proposed Full Active Rectifier on Flipping
Capacitor (FAR-FC) is based on a reduced set of flipping capacitors
and an active rectifier to efficiently flip the voltage across the piezo-
electric transducer. In addition, this optimized SSHC circuit reaches
better power efficiency when the piezoelectric transducer is operating
under low mechanical excitation, i.e. when the open-circuit voltage of
the piezoelectric transducer is Voc = 1V, while this value is usu-
ally Voec > 2V in literature. Furthermore, the FAR-FC supports
piezoelectric transducers with higher inherent capacitance values com-
pared to those usually reported in literature, which makes the circuit
potentially suitable for a larger variety of MEMS applications. The inter-
face circuit was designed and fabricated in a 0.35-pm CMOS process.
Measurement results show that the voltage flip efficiency goes up to
90%. It also reveals that the proposed FAR-FC circuit achieves power
performance up to 5.64 X higher than a conventional full-bridge rectifier.

Keywords: Index Terms— piezoelectric transducer, integrated active rectifier,
energy harvesting, synchronized switch harvesting on capacitors (SSHC).
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1 Introduction

In the recent decade, ultra-low power wireless sensors have become of increase
interest in a variety of applications [1-8]. For such sensors, batteries are the
main energy sources despite of its finite lifetime. However, for certain appli-
cations such as aeronautics and rail transport, significant operation time of
sensors is required. This makes the battery usage impractical and adds mainte-
nance cost due to the periodic re-charging or replacement. In order to address
this challenge and extend the operational lifetime of wireless sensors, there
has been an emerging research interest in harvesting ambient energy. Many
different kinds of energy harvesters have been proposed over the past decade
such as solar, kinetic, thermal, wind. . .[9-16]. In the case of kinetic energy, the
most popular type is the vibration-based energy harvesters. These are often
used where mechanical vibration permanently or frequently occurs, such as
the passing of vehicles, engines, or human movements [11, 17-19]. Among all
vibration-based energy harvesting implementations, piezoelectric energy har-
vesting (PEH) is widely employed due to its high power density, scalability
and compatibility with conventional integrated circuit technologies compared
to other implementations, such as electromagnetic and electrostatic harvesters
[20, 21]. The direct effect of the piezoelectric material causes the generating
of an electrical charge when a mechanical strain is applied to it. Owing to its
vibrational nature, the raw energy of this kind of harvester is unsuitable to
directly power an electronic device. Therefore, an interface circuit is necessary
to rectify the voltage across the piezoelectric transducer and provide stable
power supply. Figure 1 shows a piezoelectric energy harvesting system. It con-
sists of a piezoelectric transducer (PT), an interface circuit, storage and load
elements. When the piezoelectric harvester vibrates at or near resonance, it
can be modeled as an equivalent sinusoidal current source I, in parallel with
the inherent piezoelectric capacitor Cpep. The need to discharge and recharge
Cpen every cycle of I, significantly reduces the output voltage amplitude and
thus the output power. This makes the use of the conventional diode-based full
bridge rectifier FBR unsuitable for low PT voltage (i.e. around 1V or below)
because of the threshold voltage of the rectifying diodes.

Piezo transducer Storage & load
— N

Interface

i
I
|
»EIpeh(> - pehi Vpeh circuit
I
i

®
2
c
£
G
[
=

vibrations

D
[
i

=

| S |
=

8

Fig. 1 Piezoelectric harvesting system.

To address this problem and improve the extracted power, many
approaches have been proposed in literature. In the switch-only [22] approach,
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a single switch is connected in parallel with the PT to instantly discharge Cpepn
every time the PT output voltage reaches its maximum. This eliminates the
time required to discharge Cl.p and leads to double the PT output voltage
and thus the extracted power. However, there is still a charge loss due to the
need to recharge Cpep every time I, changes direction.

To reduce this charge loss, different typologies have been implemented
such as Synchronized Switch Harvesting on Inductor (SSHI) [22-25] and Syn-
chronous Electric Charge Extraction (SECE) [26-31]. In theses typologies, an
inductor is employed to flip the voltage across the PT at each zero crossing
of Ipen. Although SSHI and SECE can extract most of energy generated by
the PT, they require a large inductor in range of (mH) with a high qual-
ity factor to reach satisfactory extracted power. This significantly increases
the overall volume of the harvesting system and makes them not suitable for
ultra-compact applications. Moreover, accurate RC'L tuning is also needed to
achieve acceptable power efficiency in SSHI [22], while in SECE, the PT should
be weakly coupled to extract more power than that extracted by the FBR, [30].
These limitations are overcome by replacing the inductor with one or more
capacitors in Synchronized Switch Harvesting on Capacitor (SSHC) interface
circuits [19, 32-35]. In SSHC, switched capacitors are used to flip the voltage
across the PT. However, to reach high power efficiency, a significant number
of flipping capacitors or flipping phases is needed [32-34]. This increases the
system’s volume and its control complexity. Furthermore, the large number
of flipping capacitor/phases leads to increase the PT voltage flipping time i.e.
decrease the power conduction time and thus the harvested power. This sets
a significant constraint on the Cpep, capacitance value, which should be in this
case as low as possible to reduce the RC' constant time required to discharging
and recharging it i.e. the PT voltage flipping time [19, 32-34].

In addition, in the majority of research works proposed in the literature, in
order to extract an acceptable power from the PT, the latter should operate
under relatively high mechanical excitation level with an open circuit voltage
greater than 1V [19, 22, 25, 26, 31, 32, 36]. However, in the real operation
conditions of the PT, the mechanical excitation can be decreased leading to
reduce both the PT open circuit voltage and generated power, and hence the
extracted power by the interface circuit [37].

This paper presents an optimized version of the SSHC topology, named
Full Active Rectifier on Flipping Capacitor (FAR-FC) [32, 34]. The proposed
compact and efficient interface SSHC circuit uses a reduced set of capacitors to
efficiently flip the voltage across the PT in only nine phases. This enables the
use of PTs with higher Cp, capacitance value than the ones used in literature
[32, 34]. The paper is organized as follows: section 2 recalls the principles of a
the conventional capacitor-based interface SSHC [32]. The design of the FAR-
FC with the detailed analysis of each building block is presented in section 3.
Section 4 provides and discusses the measurement results. Finally, section 5
summarizes and concludes this paper.
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2 Conventional Capacitor-Based SSH Interface

Figure 2 shows a one-capacitor SSHC interface circuit and the the associated
current, voltage and control signals waveforms [32]. This circuit consists of a
diode-based full bridge rectifier (FBR) with only one switched flipping capac-
itor Cy used to flip the voltage V., across the PT. The V., inversion is
achieved using five analog switches. The V. inversion operation takes three
phases: 1) the sharing phase (®,) when the charge in Cj.j, is shared with Cp,
2) the shorting phase (®g) when Cpej, is completely discharged and finally 3)
the building phase when Cp.p, is recharged from Cj in the reverse direction.

Vp Vrsct
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Len(D) == Coen |Voer Co | FBR | G—=
cD,,\ @)

Vn o

. Q/OSS H

Qoss; i Qross1<Qloss
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Fig. 2 One-capacitor SSHC interface circuit and associated waveforms.

As shown in Figure 2 (bottom), the voltage across PT before the flipping
moment is Vper, = Viect + 2Vin. Where V.o is the voltage across the storage
capacitor and Vjy, is the threshold voltage across the FBR diode. Assuming that
the voltages across PT at the end of the sharing and the building phases are
Vsn and V, respectively. In steady state V3, becomes constant and Cpep needs
to further charge from V; to Vieer +2V;p. In order to evaluate the performance
of this interface, the charge conservation equations are applied during both
sharing and building phases, respectively:

‘/sh(cpeh + CO) = Cpeh(vrect + 2‘/th) + CO% (1)
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Vo (Cpen + Co) = VanCo (2)

Assuming the voltage drop across the rectifying diodes of the FBR in addi-
tion to the parasitic loss related to all switches and capacitors are negligible,
the ratio between the voltage across the PT after the building phases and the
rectified voltage as expressed in [19] is:

Vi 1
Krcr = = 3
Vrect 2 + % ( )
0
This ratio is highly related to the voltage flip efficiency np = %ﬁv”

defined in [23] when the voltage drop across the FBR rectifying diodes is
neglected. This relation can be given as:

. Kror+1

nr 5

(4)

Hence, increasing Kpcopg leads to increase the voltage flip efficiency. Also,
n [19], Chen et. al. demonstrated that the maximum output power of this
interface depends on Kpcg, expressed as:

2Cpehvo2cfem (5)
1 - Krcr
Therefore, the maximum output power improvement ratio of the one-
capacitor SSHC interface as expressed in [19] is:

PSSHCmaac =

PSSHCmax 2
MOPIR = = 6
SSHe PrpRidealymaz 1 — Krcr (©)

where PrpR(ideal)ymar 18 the maximum output power extracted by an ideal
FBR [22] with zero voltage drop across its diodes expressed as:

PFBR(ideal)maz = pthOQCfea: (7)

From (3), one can notice that Kpcpr is related to both Cpep, and Cj.
When Cy > Cpen, Krpcr converges to %, which yields MOPIR = 4. In
order to improve the Krpcpr of the one-capacitor SSHC interface circuit, sev-
eral implementations have been proposed in the state of the art. In [32],
using eight parallel flipping capacitors, improves the Kpcog to 4/5 leading to
MOPIR = 9.7. Recently, it was proved in [35], that using Cy = 100Cpep
increases the output power by 35.7%. In another implementation, proposed
in [19], the use of four re-configurable capacitors led to 0.85 voltage flip effi-
ciency and MOPIR = 4.83. This topology requires a seven-phases voltage flip
scheme. Increasing the number of switching phases to 21 phases [34] improves
the MOPIR to 9.3. However, the use of a large number of parallel flipping
capacitors [32] increases the number of switching phases and hence the flipping
time. This in turn reduces the conduction time and thus the extracted power.
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Also, using the re-configurable flipping capacitors [19, 34] increases the num-
ber of required switches, which increases the ON resistance during one flipping
phase and thus the flipping time. As a result, increasing the number of flipping
capacitors or phases to improve the flipping efficiency implies fast voltage flip
operation. This can be achieved only when Ci.p, is low. Otherwise, the use of
large Cpen in such implementations significantly increases the charge loss and
hampers the voltage flip and power efficiencies.

From (5), we can notice that the maximum output power is also related to
the PT properties and more pointedly to the V., the open circuit voltage of the
PT. This voltage is induced by the mechanical excitation applied to the PT.
The high mechanical excitation applied to the PT, the high V,,. value across the
PT. We can also point out, from (5), that a small increase in V. significantly
boosts the output power. Thus a low excitation level, i.e. V,. < 1V, extremely
limits the SSHC extracted power.

To overcome the limitations mentioned above, the following sections pro-
pose an optimized SSHC interface circuit. While the employed PT with a high
parasitic capacitor Cpep, is operating under low excitation conditions, the pro-
posed circuit achieves high voltage flip efficiency using a reduced set of flipping
capacitors.

3 FAR-FC interface circuit topology and
design analysis

As we can see in Figure 2 (bottom), increasing the building voltage from
Vp (red curve) to V31 (blue curve) contributes to minimize the charge loss
Q10ss- This increases the conduction time and thus the extracted power. Based
on this observation, our proposed interface performs an efficient voltage flip
thanks to an optimized implementation of SSHC circuit. Figure 3 shows the
architecture of the proposed FAR-FC interface circuit. It mainly consists of:
a Damping/Building capacitors array (D/B), an active AC/DC rectifier, a
voltage regulator (VR) and a control block (CTRL). These blocks and their
corresponding signals are detailed in the subsections below. Note that the cir-
cuit also features additional blocks, namely a ring oscillator (RO) [38], another
voltage regulator (VR12) [32], a charge pump (CP) [39] and level shifters (LS)
[32]. The VRI12 is needed to provide the low power supply (Vppr = 1.2V)
mainly to the digital parts of the circuit (CTRL, RO), while the high power
supply (Vppr = 3V) is provided by the CP block to the rectifier and the
LS. These latter are employed to ensure proper control and operation of the
switches.

3.1 Damping/Building Capacitors Array (D/B)

This block is used to efliciently flip Vpen at each zero crossing moment of
Ipen. The voltage flip operation is performed in nine phases using three re-
configurable capacitors and eleven switches (Figure 3). As in the one-capacitor
SSHC interface, Vpen inversion operation can be subdivided into: 1) damping
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Fig. 3 FAR-FC interface circuit architecture.

phases (P_1, ®_o, P_3, ®_4) where Cpep, is discharged through the flipping
capacitors, 2) a shorting phase (®¢) to get rid of the remaining charge in
Cpen, 3) building phases (®4, ®3, P2, ®1) where Cpep, is recharged from the
flipping capacitors. Figure 4 shows the optimized 9-phase reconfiguration cycle
at each V),.p, inversion operation. In this configuration, a trade-off between the
capacitors/phases numbers, power extraction efficiency and control complexity
is made. This trade-off limits the maximum number of the switches connected
in series to three during the D/B phases, which enables the use of PTs with
large Cpen as explained further in this section.

Let’s define n as the phase number and m as the voltage flip cycle number.
After m voltage flip cycles, Vjep can be definedcas Vi, ) and Vi, m) at the
end of the damping ®_,, and building ®,, phases, respectively. Applying the
conservative equations, these voltages can be expressed as follows:

Van—1,m)Cpeh + Vo(n,m—1)Cn

V. = 8

d(n,m) Cpeh + Cn ( )
CperVo(nt1,m) + Van,m)Cn

V — p 9 ) 9

b(n,m) Cpeh + Cn ( )

In steady state, Vi(1,m) = Vi(1,m—1)- As a consequence, the voltage flip
efficiency can be expressed by:

Vrect + ‘/E)(l,m)
2Vrect

From (10), it is clear that increasing Vj(q ) leads to increase np. For such

a configuration, fulfilling the condition C), > Cj.p, is not sufficient to reach

nF = (10)
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Damping phases:®-1~®-4
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Fig. 4 Optimized 9-phase flipping capacitors configuration for PC and NC cycles.

the maximum Vj(; ,,) as in the one-capacitor SSHC interface. The choice of
the capacitance values for this configuration is the key to optimize the voltage
flip operation. The simplified calculation of Vg, ) and Vi, 1) when m = 1
using (8) and (9) allows to find the condition to have Vj(; ;) maximal. As a
result Vj(1,1) can be expressed as:

i _ Cpehcl (Cpeh + CQ)Q(Cpeh + CS)Q(Cpeh + 04)2
b(1,1) — K

CpehC2(Opeh + 03)*(Cpen + Ca)? + CP oy (Cpen + Ca)? 4 CJ 1, Cy (1)
K

where K = (Cpen + C1)*(Cpen + C2)*(Cpen + C3)*(Cpen + C4)?. The previous
equation (11) shows that maximum Vj; 1y is achieved when C; < Cy 3 < Cj.

This also applies to maximum Vjq ,,). To fulfill this condition, we set Cy =
Cs = % and thus C; = 00203 = ng Based on the characteristics of the
PT device (S118-J12S- 1808YB) employed in our experiments, the parasitic

capacitor Cpep, is estimated to be 100nF'. To choose the capacitance values,

theoretical simulation of the voltage flip efficiency ng versus different CC1
pe

_Cy
Chpeh

ratios was performed (Figure 5). Slmulatlon results show that increasing

leads to increase ng. However, for C
negligible. Therefore, the value of C’l is set to 5 X Cpep, i.e. C1 = 500nF,
Cs3 = 1puF and C4 = 2p.F in our case.

As mentioned above, this configuration requires eleven transmission gate
switches (TG), represented in the D/B inset of Figure 3. Note that there
are at most three TGs in series during the damping/building operation, i.e.
when the D/B array is configured as C;. This helps containing the total series
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Fig. 5 Voltage flip efficiency nr as a function of Cfih .

resistance at a low value during the charge transfer between Cpen and the
flipping capacitors, and thus limits the total time (RC) required to accomplish
the voltage flip operation. This is an important point because it allows to
efficiently apply the SSHC voltage-flip technique even on PTs with Cpep as
high as 100nF' or above, and represents an improvement compared to the
state-of-the-art works that report PTs with Cpep, = 45nF [32] or much less
[37, 40].

Table 1 Summary of Control Signal Combination.

[ SWetrl { Control phase

D 4 D _o d_3 D4 (o3 [on (O (o3} (o3}
SWp On/Off | On/Off | On/Off Off On Off Off/On | Off/On | Off/On
swn Off/On | Off/On | Off/On Off On Off On/Off | On/Off | On/Off
serl On Off Off Off Off Off Off Off On
par2 Off On Off Off Off Off Off On Off
par3 Off Off On Off Off Off On Off Off
swpd Off Off Off On/Off | Off | Off/On Off Off Off
swnd Off Off Off Off/On | Off | On/Off Off Off Off

Table 1 shows the control sequence of each switch when Ve is inverted
from positive to negative (V, — V,,). The whole set of control signals is named
SWetrl in Figure 3. Indicidually, the switches are named after their control
signals. That explains why some switches bare the same name in Figure 3.
Note that when V., is inverted from negative to positive (V,, — V},), the
control sequence for swp, swn, swpd and swnd switches is changed during
certain phases as mentioned in red in Table 1.

3.2 Active AC/DC Rectifier

Figure 6 (left) shows the circuit diagram of this block. It consists of five
switches named after their control signals and an active diode (AD) controlled
by the CTRL block as shown in the following sub-sections. The rectification
switches (SW1, SWy) are used to rectify the voltage across the PT. During
the positive phase of V., the switches controlled by SW; and SW» signals
are ON and OFF, respectively and vice versa during the negative phase. As a
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result, the node V,, is permanently connected to the positive terminal of the
PT, i.e. Viep is rectified.

Rectification switches &
1 SW '1 : S Vsp Vrec(
| VJ-‘ 1 Vb‘.ﬂ — r—
Ty : AD ] L
o oswe l/gl| 3 S
| i Mo | |8 g
i | Vspctri 2 -] <
~ < )
o Vﬂeh : sSwy i e Vieet g.
i [ & Voou
1 : Q
! SW2 ar (]
1 : _ E
HYy P LJ
W _______ i N

Fig. 6 Circuit diagram of active AC/DC rectifier (left), and the active diode (AD) (right).

The AD, shown in Figure 6 (right), is used to both prevent the current
backflow from Cp to PT and detect the zero crossing moment of the PT
current. It consists of an ultra-low power comparator [32] and a PMOS switch.
When V..., the voltage across Cr,, becomes larger than the voltage at node
Vip, i.e. the current changes its direction, the comparator output Veop, goes
high. This signal is used by the CTRL block to both turn off the PMOS switch,
thus preventing the discharging of Cr,, and trigger the inversion of V.. Note
that, during the damping phase, the AD is disconnected from the PT in order
to ensure proper charge transfer from Cj., to the flipping capacitors. This
disconnection sets the node V, in high impedance state, which leads to the
false I,en, = 0 detection. To prevent this phenomenon, a switch controlled by
signal V spctrl is added to connect V;, node to the ground during the damping
phases.

3.3 Voltage Regulator (VR)

Figure 7 presents the circuit diagram of the on-chip voltage regulator VR. This
block is used for both the overload protection and maximum power extraction
requirements. In this voltage regulator, a common gate comparator presented
in [23] is used to limit V..., to a constant voltage V.. which allows maximum
output power extraction.

To evaluate the maximum output power extracted by FAR-FC circuit, the
total charge that actually flows into C every cycle Q.. is calculated. This
amount of charge can be defined as the difference between the available charge
from PT and the amount of charge lost every cycle to charge Cp.p, from V} to
Vieet:

Qrect = Qpeh - Qloss (12)
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Fig. 7 Circuit diagram of the voltage regulator (VR).

The available charge from PT every cycle can be given by:

1/fex
Qpeh = 4Cpthoc = / Ipeh(t)dt (13)

where Voc is the amplitude of V., and f., is the PT’s excitation frequency.
As the charge lost every cycle Q55 can be calculated by:

Qloss = 2C(peh(vvrect - ‘/b) (14)
Therefore, Q et can be expressed as:

Q'r‘ect = QCpeh [2‘700 - (Vrect - %):| (15)
The extracted output power is given as:

Prect = Qrectvrect.few (16)
From (16) and (15), Prect can be expressed as:

Prect = 2Opthrectfez 2V'oc - (V;"ect - Vb)i| (17)

The derivative of (17) shows that maximum output power is achieved when:

V;"ect = Voc + % (18)

This value is used as a voltage reference of the voltage regulator VR in order
to extract the maximum of power. From (17) and (18), the maximum power
extracted by the FAR-FC circuit can be expressed as:

~ W

P’rectmax = 2Cpehfez(voc + ?)2 (19)
Therefore, the maximum output power improvement ratio of the FAR-FC

circuit can be expressed as:

PTEC max — i V
MOPIRpap-pc = —5 AL — o(V, 4 22)

PFBR(ideul)maa:

(20)
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3.4 Control Block (CTRL)

The control block CTRL shown in Figure 8 generates the voltage flip control
signals mentioned in Table 1, and the control signals of the rectifier block
(Figure 6, left).

The AD’s comparator output signal Vcomp is used to trigger CTRL. Upon
rising edge of Vcomp, a lock signal (Lock) is generated to trigger the 9-phase
sequence and lock the PMOS switch of AD in open state for the whole duration
of the flipping process.

A counter 4bit, a decoder and a sequence generator are employed to gener-
ate the nine voltage flip phases. The counter is clocked by signal Clk generated
by the a ring oscillator RO, previously mentioned. At the end of the voltage
flip operation, an internal reset signal RST-int prepares CTRL for the next
voltage flip operation.

CNT |Co.3| Decoder |5110| Sequence [SWctr!

Clk—p capit) (4 to 16) > generator [T
EN
iy Vspctrl
1y olLock 1—p o
Rectification |SW,,>
Veomp_| glLockb control 7 Sl RN
f o © = X
< ml gg[ 2
= »L
2 &

RST. Vcomp chmpb ADCtTI RST.
S10: ockb S5

Fig. 8 Control block circuit (CTRL).

Figure 9 (top) details the structure of the sequence generator block. It
generates the vector of non-overlapping signals SWctrl presented in Table 1,
that control de D/B array (see 3.1). Figure 10 shows the timing diagram of the
signals generated by both the sequence generator and the rectification control
circuits.

In normal operation mode and during the first and the last phases ®_1,
®q, signal serl is set high to connect Cy and C3 in series, thus forming the
equivalent capacitance C7. When the D flip flop is enabled by S1, signal serl
goes low at the end of @1, and returns again to high when the D flip flop is
reset by an internal signal when the last phase ®; starts (So - Sg). Signal par2
is generated when S2 or S8 is high, i.e during ®_5 and ®5. Signal par3 is
generated when S3 or S7 is high i.e during ®_3 and ®3. To control the polarity
of C1, Cy and C3 while connecting with Cpep, either swp or swn is set high
depending on whether Vj, is positive or negative, respectively. Furthermore,
both swp and swn are set high during ®,, which corresponds to the shorting
of Cpep. Signals swp and swn are generated by three internal signal swpb0,
swnb0 and sw0b determined by the phase combinations (®_1, ®_o, ®_3), (Pq,
®y, ®3) and Dy, respectively. Since Cy is independent from C;, Co and Cj
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it only requires signals swp4 or swn4, which are set high during ®_4 or ®4
depending on whether V), is positive or negative.
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A SI E
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___________________________________________

Fig. 9 Sequence generator circuit (top), Rectification control circuit (bottom).

Finally, a toggle is triggered at the end of each 9-phase generation process
to swap states between swp and swn so the polarities of C;, Cy and C3 match
the polarity of Cpe, on the next voltage flip. Also, in order to match the
polarities of Cy and Cp.p, the same toggle used in this block is employed to
swap states between swp4 and swn4.

The duration PW (Figure 10) of each phase depends on the time required
to ensures proper charge transfer between Cp.;, and the flipping capacitors.
PW is set using a clock divider of the clock generator RO and can be tuned
externally. It should be noted here that to avoid overlap between two successive
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Fig. 10 Timing diagram of the control signals sequence at zero-crossing moments of Iy, .

signals, additional NOR and DELAY logic gates are employed (see shaded
zone of the sequence generator part in Figure 9). This is important to avoid
false connection between flipping capacitors nodes during the charge transfer
operation, which would significantly impact the system’s efficiency.

The circuit of the rectifier’s control block is shown in Figure 9 (bottom).
During each positive and negative alternation of Vjep, SWi and SW5 signals
are set high, respectively to connect the positive terminal of PT to node Vi,
and the negative terminal to ground. Furthermore both signals are set low
during the damping and shorting phases to disconnect Cpep from Cp. This
ensures proper charge transfer from Cpep to the flipping capacitors during the
damping phases by isolating PT and D/B from the rest of the circuit.

The rectification process is realized as follows: when the damping phases
start, the rising edge of Veomp sets the T'rig signal high. As a result, both SW;
and SWj signals are set low, which disconnects Cp, from the PT. At the end
of the damping phases, signal Trig goes low, and then both SW; and SW,
are set to SWi_in and SWs_in, respectively. The latter are the outputs of a
toggle clocked by the delayed Trig signal, Trig_D. The rectification process
is also reset by the signal RST _int, which sets low signal Lock until the next
voltage flip operation.

The need for disconnecting PT from C} during the whole voltage flip
sequence imposes high impedance state at node V,,, which causes its volt-
age to rise because of the charge injection effect in the parasitic capacitances
of switches SW7 and SW,. This in turn could lead Viomp to go low (i.e. if
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Vsp > Viee), which would turn on the PMOS switch of the AD while it should
stay off until the voltage flip terminates. To prevent this phenomenon, this
switch is controlled by signal ADctrl (Figure 8). Furthermore, the control
block generates signal V'spctrl that ties node V, to ground during the damp-
ing period (Figure 8). This prevents spurious behaviour of the AD comparator
that would increase the power consumption of the circuit.

3.5 Transistor-level simulations

The FAR-FC interface circuit has been simulated with Cadence® at transistor-
level simulation, using the AMS-0.35um CMOS technology parameters. The
model of the PT used in FAR-FC simulations is based on the off-the-shelf
device S118-J12S-1808YB by Piezo.com with Cpe, = 100nF, which we also
used in our experiments. fpeh and fe, were set to 62.8uA and 100H z in order
to have an open circuit voltage amplitude Voo = 1V, which corresponds to
a low mechanical excitation level. For these simulations, we set V. = 1.2V
as an initial condition of the storage capacitor C, = 100uF. For FAR-FC
performance comparison, the SSHC circuit presented in [32] with three par-
allel capacitors (3cap-SSHC), i.e. with the same number of FAR-FC flipping
capacitors, is also simulated. Figure 11 shows the simulated Ve, and Viee
without regulation for the two circuits. Even though the output voltage Ve
of both architectures rises close to 2V,, = 2V, the zoom view shows yet that,
in steady state, i.e. when (', is completely charged, the maximum V}, achieved
by the 3cap-SSHC is 1V while V} reaches 1.5V in the FAR-FC. According
to (18), in order to extract the maximum power generated by the PT, the
output voltage of FAR-FC and 3cap-SSHC should be regulated to 1.75V and
1.5V, respectively. Taking into account the parasitic charge losses, V¢t was
regulated to 1.6V and 1.35V in the FAR-FC and the 3cap-SSHC circuits,
respectively, which are more realistic (Figure 12). The zoom view shows, that
in steady state, the maximum V} is only 810mV in3cap-SSHC, which yields a
maximum output power of 39.48uW according to (19). In contrast, the max-
imum V; is 1.3V in FARC-FC, which corresponds to a maximum extracted
power of 54.45uW . In addition, the simulations also confirm that the voltage
flip efficiency of FAR-FC is higher than in 3cap-SSHC, with 90.6% and 80%,
respectively, according to (10).

The maximum output of a non-ideal FBR can be expressed as Prgrmaz =
Chpen fem(ffoC — 2Vi1)? [22]. Therefore, the maximum output power extracted
by a CMOS-diode-based FBR (V4, = 0.3V) is 1.6uWW. Hence, the theoretical
maximum output power (MOPIR) of the FAR-FC architecture yields 28x
improvement compared to an FBR.

Figure 13 details the simulated behaviour of Ve, and the AD’s comparator
output Viomp, which is the key signal in the zero-crossing detection process of
Ipen. The zoomed-in view shows that the comparator trips 30us ahead of the
actual zero crossing moment of I,.;. This is due to the negative offset of the
AD comparator. However, as the delta = 30us represents only 0.6% of half
the period of Ipep, it has negligible impact on the system’s efficiency. Figure
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Fig. 11 Simulated Vjej, and Viect of the 3cap-SSHC [32] and the proposed FAR-FC archi-
tectures, with no regulation.
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Fig. 12 Simulated Vjej, and Viect of the 3cap-SSHC [32] and the proposed FAR-FC archi-
tectures, with regulation.

13 also shows that Veomp returns to zero after the comparator has tripped. As
mentioned in 3.4, this is due to the charge injection on Vj, after disconnecting
this node from both C'y, and Cpep. For this reason, connecting the node Vj, to
ground and blocking the AD during the voltage flip operation is mandatory to
avoid the instability of the AD comparator, which would lead to a significant
increase in its consumption and affect the system’s efficiency.

4 Experimental results and discussion

The FAR-FC prototype was designed and fabricated in AMS-0.35pm CMOS
technology. Figure 14 shows the micrograph of the ASIC (left) with all the fea-
tured blocks outlined, and the measurement setup (right). All blocks are fully
integrated except the D/B block where the 3 flipping capacitors mentioned in
section 3 are implemented off-chip. The active area of the ASIC is 7.29mm?
and the estimated total volume occupied by the off-chip flipping capacitors
is about 5.4mm?. The PT is excited by an LDS® V400 series shaker, driven
by an AC power source 6813B by Agilent®. The excitation signal is a 100H z
sine waveform. The mechnical acceleration of the shaker was set so as to get
Ve = 1V. A LabVIEW® plateform performs both the control of the shaker
and the signal acquisition via an oscilloscope. The extracted energy is stored
on a conventional capacitor Cr, = 100uF.
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Fig. 13 Waveforms of Vpep, Veomp and Ipep. The zoomed-in view (right) shows the offset
of the AD comparator and the glitchy behaviour of Veomp due to the charge injection in
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Fig. 14 FAR-FC ASIC micrograph (left), and Measurement setup (right).

Figure 15 (left) shows the measured waveform of Ve, and Vieer. As Viea
is regulated to 1.6V, the voltage across Cpep, is about V, = 1.24V after the
voltage inversion operation. This corresponds to 88.75% voltage flip efficiency.
This value is slightly lower but yet very close to the simulated one (90.6%).
The reason is the series resistance of the T-gate switches combined to total
parasitic capacitance of the interconnections between the test board and the
PT which increase the time constant. Figure 15 (right) shows the detailed
evolution of V¢, during the 9-phase voltage flip operation. A phase duration
PW = 32us was empirically determined to reach the optimal voltage efficiency
mentioned above.

To evaluate the performance of the FAR-FC, we measured the output
power. For this experiment, we connected a variable resistor to the FAR-FC
output and disabled the voltage regulator. Figure 16 shows the output power
of FAR-FC for different V... compared to the output power of an off-chip
Schottky-diode based FBR. The measured threshold voltage of the Schot-
tky diodes is around (Vi = 0.05V). This yields a maximum output power
of 7.98uW when V... = 0.4V. With FAR-FC, the maximum output power
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Fig. 15 Measured waveform of Vjep, and Viect (left), Zoom of view of V¢, inversion phases
(right).

increases to 45uW at Ve = 1.6V leading to a MOPIR of 5.64. This result is
consistent with the theoretical MOPIR estimated in 3.5 because the thresh-
old voltage at low current of the Schottky diodes is much lower than that of
integrated silicon diodes. Figure 16 (left) also shows that for V,...; lower than
0.9V, the FAR-FC turns off. In fact, for V,..; = 0.9V, the output voltage of
the integrated charge pump CP, normally dedicated to supply the circuit with
3V, decreases to 1.8V, which is not sufficient to fully turn ON/OFF the TG
switches in this technology.

1%

o
v
o
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Fig. 16 Output power of both FBR and FAR-FC (left), FAR-FC output power for different
PW duration (right).

We also measured the FAR-FC performance for different pulse widths PW
as shown in Figure 16 (right). It is clear that best power performance is
achieved when PW is set to 32us. Furthermore, increasing the pulse width to
more than 32us leads to decrease the conduction time and thus to decrease
the output power.

Table 2 lists the measured power consumption of the different blocks of
FAR-FC circuit. The total consumption is 4.24uW representing 9.42% of the
total extracted power and 90.58% system efficiency.
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Table 2 Measured Power Breakdown of FAR-FC.

Block Power loss  percentage
Active rectifier+VR 2.01uW 47.45%
CP 4nW 0.094%
VRI12 485nW 11.44%
CTRL+LS 1.6puW 37.74%
RO 140nW 3.3%

Table. 3 summarizes the key characteristics and performance of the pro-
posed FAR-FC chip compared with the reported state-of-the-art architectures.
As can be noticed, most interface circuits presented in the literature report
Ve higher than 1V. It is thus difficult to make a fair comparison with our
work. However, [37] report about the output power when V,. ~ 1V. As can
be noticed, the maximum extracted power in [37] significantly decreases from
24.2uW to 4.7uW when the V,e decreases from 2.75V to 1.02V. In contrast,
the FAR-FC circuit can extract 45uW, which is 9.5x higher than the maxi-
mum power extracted by [37]. This table also shows that the proposed FAR-FC
can work with a high PT inherent capacitance value, i.e. 100nF’, while the
value reported in the state of the art circuits is lower than 50nF. In partic-
ular, SSHC architectures that require a large number of phase [32], [34], [40]
need to keep Cpen as low as possible to limit the RC constant that hampers
the voltage flipping speed. The optimized architecture of FAR-FC, combining
the reduced nine-phases flipping process and the reduced maximum number of
series switches (i.e. 3) in the D/B array, alleviates the constraint on the Cpep,
compared to other works, extending the variety of the PTs compatible with
the proposed energy harvesting interface.

5 Conclusion

This paper presented an optimized SSHC interface circuit (FAR-FC) for piezo-
electric energy harvesting. While the reported state-of-the-art architectures use
either a large inductor (SSHI) or a large number of flipping capacitors/phases
(SSHC), the FAR-FC employs only three flipping capacitors to achieve high
power efficiency. Simulation results shows that the FAR-FC improves the volt-
age flip efficiency by 10.6% compared to the state-of-the-art three-capacitor
SSHC circuit. This yields 37.91% maximum output power improvement. More-
over, measurement results show that the FAR-FC circuit can deliver up to
45, W with 88.75% voltage flip efficiency when V. is only 1V, while most state-
of-the-art works report Voo > 2V. This ensures sufficient energy harvesting
even under tight operation conditions, i.e. the PT is weakly excited. Measure-
ment results also reveals that the FAR-FC achieves 5.64x power performance
improvement compared to a conventional diode-based FBR. Furthermore, its
optimized architecture allows the proposed FAR-FC circuit to be used with
a wide range of PT capacitance (Cpep) values, ie. up to 100nF or more.



Table 83 FAR-FC Performance Compared to the State of the Art.

Publication Wu et al.[41] Du et al.[32] Du et al.[40] Chen et al.[34] Ciftci et al.[37] This work
Year 2017 2017 2019 2019 2021 2022
CMOS technology 0.25um 0.35um 0.18um 0.18um 0.18um 0.35um
Harvesting technique SSHI SSHC SSHC SPFCR SSHCI SSHC
few (Hz) 144 92 219 200 415 100
Chen (nF) 19 45 1.94 22 2 100
Key components Inductor 8 capacitors 8 capacitors 4 capacitors Inductor+capacitor 3 capacitors
Number of phases - 17 17 21 - 9

Voc (V) 4.9 2.5 2.5 1.6 2.75-1.02 1
Output power (uW) 136 161.8 16.1 64 24.2-4.7 45
MOPIR 2.1 9.7 8.2 9.3 4.03-5.44 5.64
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The future work is currently addressing a dynamic FAB—FC able to deal with
varying mechanical excitation (i.e. different values of V).

6 Declarations

This work was carried out within the frame of the international research
project Harvestore (ANR PRCI 18-CE09-0033), funded by the French Agence
Nationale de la Recherche.

The authors declare that they have no competing interests as defined by
Springer, or other interests that might be perceived to influence the results
and/or discussion reported in this paper.

Liana Wassouf and Vincent Frick wrote the main manuscript text. Liana
Wassouf prepared figures 1-13 and 15-16, tables 1-3. Ehsan Jamshidpour con-
tributed in the elaboration of figure 3.Vincent Frick prepared figure 14. All
authors reviewed the manuscript.

References

[1] Hamasaki, T.: Power management of autonomous wireless sensor
node for structure health monitoring. Analog Integrated Circuits
and Signal Processing 75(2), 217-224 (2013). https://doi.org/10.1007/
s10470-012-9932-6

[2] Randall, T.C., Mahbub, I., Islam, A.B., Haider, M.R., Islam, S.K.:
Low-power sensor signal monitoring and impulse radio architecture for
biomedical applications. Analog Integrated Circuits and Signal Processing
78(1), 209-216 (2014). https://doi.org/10.1007/s10470-013-0152-5

[3] Lee, J., Oh, J., Kim, H., Choi, B.: Strain-based piezoelectric energy har-
vesting for wireless sensor systems in a tire 26(11), 1404-1416 (2015).
https://dot.org/10.1177/1045389X 14544138

[4] Kim, D.H., Shin, H.J., Lee, H., Jeong, C.K., Park, H., Hwang, G.-T.,
Lee, H.-Y., Joe, D.J., Han, J.H., Lee, S.H., Kim, J., Joung, B., Lee, K.J.:
In vivo self-powered wireless transmission using biocompatible flexible
energy harvesters 27(25), 1700341 (2017). https://doi.org/10.1002/adfm.
201700341

[5] Kim, K.-B., Cho, J.Y., Jabbar, H., Ahn, J.H., Hong, S.D., Woo, S.B.,
Sung, T.H.: Optimized composite piezoelectric energy harvesting floor tile
for smart home energy management 171, 31-37 (2018). https://doi.org/
10.1016/j.enconman.2018.05.031

[6] Petrini, F., Gkoumas, K.: Piezoelectric energy harvesting from vortex
shedding and galloping induced vibrations inside HVAC ducts 158 (2018).
https://doi.org/10.1016/j.enbuild.2017.09.099


https://doi.org/10.1007/s10470-012-9932-6
https://doi.org/10.1007/s10470-012-9932-6
https://doi.org/10.1007/s10470-013-0152-5
https://doi.org/10.1177/1045389X14544138
https://doi.org/10.1002/adfm.201700341
https://doi.org/10.1002/adfm.201700341
https://doi.org/10.1016/j.enconman.2018.05.031
https://doi.org/10.1016/j.enconman.2018.05.031
https://doi.org/10.1016/j.enbuild.2017.09.099

22

7]

[10]

[17]

Springer Nature 2021 B TEX template

Optimization of an SSHC-Based Full Active Rectifier for PEH

Zhao, L., Li, H., Meng, J., Li, Z.: The recent advances in self powered med-
ical information sensors 2(1), 212-234 (2020). https://doi.org/10.1002/
inf2.12064

Deng, W., Yang, T., Jin, L., Yan, C., Huang, H., Chu, X., Wang, Z.,
Xiong, D., Tian, G., Gao, Y., Zhang, H., Yang, W.: Cowpea-structured
PVDF/ZnO nanofibers based flexible self-powered piezoelectric bending
motion sensor towards remote control of gestures 55 (2019). https://doi.
org/10.1016/j.nanoen.2018.10.049

Cabello, D., Ferro, E., Pereira-Rial, O., Martinez-Vazquez, B., Brea, V.M.,
Carrillo, J.M., Lopez, P.: On-chip solar energy harvester and PMU with
cold start-up and regulated output voltage for biomedical applications
67(4), 1103-1114 (2020). https://doi.org/10.1109/TCSI1.2019.2944252

Chen, H., Jia, C., Hao, W., Zhang, C., Wang, Z., Liu, C.: Power harvest-
ing with PZT ceramics and circuits design. Analog Integrated Circuits
and Signal Processing 62(2), 263-268 (2010). https://doi.org/10.1007/
$10470-009-9362-2

Han, F., Bandarkar, A.W., Sozer, Y.: Energy harvesting from moving
vehicles on highways, pp. 974-978 (2019). https://doi.org/10.1109/ECCE.
2019.8912688

Covaci, C., Gontean, A.: Piezoelectric energy harvesting solutions: A
review 20(12), 3512. https://doi.org/10.3390/s20123512

Ramadass, Y.K., Chandrakasan, A.P.: A battery-less thermoelectric
energy harvesting interface circuit with 35 mV startup voltage 46(1),
333-341 (2011). https://doi.org/10.1109/JSSC.2010.2074090

Jushi, A., Pegatoquet, A., Le, T.N.: Wind energy harvesting for
autonomous wireless sensor networks, pp. 301-308 (2016). https://doi.
org/10.1109/DSD.2016.43

L, V., KK, G., NS, M.: Architecture for ASIC based batteryless multi-
source energy harvesting system, pp. 1-6 (2015). https://doi.org/10.1109/
VLSI-SATA.2015.7050457

Flores Quintero, R.R., Flores-Verdad, G.E.: A fully integrated parallel
stages converter for thermal energy harvesting. Analog Integrated Circuits
and Signal Processing 103(1), 95-101 (2020). https://doi.org/10.1007/
$10470-020-01610-3

Trigona, C., Ando, B., Baglio, S.: Measurements and investigations of
helicopter-induced vibrations for kinetic energy harvesters, pp. 1-5 (2019).
https://doi.org/10.1109/SAS.2019.8706082


https://doi.org/10.1002/inf2.12064
https://doi.org/10.1002/inf2.12064
https://doi.org/10.1016/j.nanoen.2018.10.049
https://doi.org/10.1016/j.nanoen.2018.10.049
https://doi.org/10.1109/TCSI.2019.2944252
https://doi.org/10.1007/s10470-009-9362-2
https://doi.org/10.1007/s10470-009-9362-2
https://doi.org/10.1109/ECCE.2019.8912688
https://doi.org/10.1109/ECCE.2019.8912688
https://doi.org/10.3390/s20123512
https://doi.org/10.1109/JSSC.2010.2074090
https://doi.org/10.1109/DSD.2016.43
https://doi.org/10.1109/DSD.2016.43
https://doi.org/10.1109/VLSI-SATA.2015.7050457
https://doi.org/10.1109/VLSI-SATA.2015.7050457
https://doi.org/10.1007/s10470-020-01610-3
https://doi.org/10.1007/s10470-020-01610-3
https://doi.org/10.1109/SAS.2019.8706082

(18]

[19]

[20]

[21]

22]

(23]

24]

[25]

[29]

Springer Nature 2021 B TEX template

Optimization of an SSHC-Based Full Active Rectifier for PEH 23

Stephen, N.G.: On energy harvesting from ambient vibration 293(1), 409
425 (2006). https://doi.org/10.1016/j.jsv.2005.10.003

Chen, Z., Law, M., Mak, P., Ki, W., Martins, R.P.: Fully integrated
inductor-less flipping-capacitor rectifier for piezoelectric energy harvesting
52(12) (2017). https://doi.org/10.1109/JSSC.2017.2750329

de Queiroz, A.C.M.: FElectrostatic energy harvesting using capaci-
tive generators without control circuits. Analog Integrated Circuits
and Signal Processing 85(1), 57-64 (2015). https://doi.org/10.1007/
s10470-015-0577-0

Li, Y., Tao, K., George, B., Tan, Z.: Harvesting vibration energy: Tech-
nologies and challenges 15(1), 30-39 (2021). https://doi.org/10.1109/
MIE.2020.2978219

Ramadass, Y.K., Chandrakasan, A.P.: An efficient piezoelectric energy
harvesting interface circuit using a bias-flip rectifier and shared inductor
45(1), 189-204 (2010). https://doi.org/10.1109/JSSC.2009.2034442

Sanchez, D.A., Leicht, J., Hagedorn, F., Jodka, E., Fazel, E., Manoli, Y.:
A parallel-SSHI rectifier for piezoelectric energy harvesting of periodic
and shock excitations 51(12), 2867-2879 (2016). https://doi.org/10.1109/
JSSC.2016.2615008

Zhao, K., Liang, J., Wang, H.: Series synchronized triple bias-flip (s-s3bf)
interface circuit for piezoelectric energy harvesting, pp. 1-5 (2019). https:
//doi.org/10.1109/ISCAS.2019.8702617

Du, S., Amaratunga, G.A.J., Seshia, A.A.: A cold-startup SSHI recti-
fier for piezoelectric energy harvesters with increased open-circuit voltage
34(1), 263-274 (2019). https://doi.org/10.1109/TPEL.2018.2815536

Hehn, T., Hagedorn, F., Maurath, D., Marinkovic, D., Kuehne, 1., Frey,
A., Manoli, Y.: A fully autonomous integrated interface circuit for piezo-
electric harvesters 47(9), 2185-2198 (2012). https://doi.org/10.1109/
JSSC.2012.2200530

Hehn, T., Manoli, Y.: CMOS Circuits for Piezoelectric Energy Harvesters.
Springer, Dordrecht (2015). https://doi.org/10.1007/978-94-017-9288-2

Hehn, T., Hagedorn, F., Manoli, Y.: Highly efficient energy extraction
from piezoelectric generators 1(1), 1451-1454 (2009). https://doi.org/10.
1016/j.proche.2009.07.362

Morel, A., Quelen, A., Gasnier, P., Grezaud, R., Monfray, S., Badel, A.,


https://doi.org/10.1016/j.jsv.2005.10.003
https://doi.org/10.1109/JSSC.2017.2750329
https://doi.org/10.1007/s10470-015-0577-0
https://doi.org/10.1007/s10470-015-0577-0
https://doi.org/10.1109/MIE.2020.2978219
https://doi.org/10.1109/MIE.2020.2978219
https://doi.org/10.1109/JSSC.2009.2034442
https://doi.org/10.1109/JSSC.2016.2615008
https://doi.org/10.1109/JSSC.2016.2615008
https://doi.org/10.1109/ISCAS.2019.8702617
https://doi.org/10.1109/ISCAS.2019.8702617
https://doi.org/10.1109/TPEL.2018.2815536
https://doi.org/10.1109/JSSC.2012.2200530
https://doi.org/10.1109/JSSC.2012.2200530
https://doi.org/10.1007/978-94-017-9288-2
https://doi.org/10.1016/j.proche.2009.07.362
https://doi.org/10.1016/j.proche.2009.07.362

24

[35]

[36]

[38]

39]

Springer Nature 2021 B TEX template

Optimization of an SSHC-Based Full Active Rectifier for PEH

Pillonnet, G.: A shock-optimized SECE integrated circuit 53(12), 3420—
3433 (2018). https://doi.org/10.1109/JSSC.2018.2868299

Tunable interface for piezoelectric energy harvesting, pp. 1-5 (2014).
https://doi.org,/10.1109/SSD.2014.6808750

Shi, G., Xia, Y., Wang, X., Qian, L., Ye, Y., Li, Q.: An efficient self-
powered piezoelectric energy harvesting CMOS interface circuit based on
synchronous charge extraction technique 65(2), 804-817 (2018). https:
//doi.org/10.1109/TCSI1.2017.2731795

Du, S., Seshia, A.A.: An inductorless bias-flip rectifier for piezoelectric
energy harvesting 52(10), 2746-2757 (2017). https://doi.org/10.1109/
JSSC.2017.2725959

Du, S., Seshia, A.A.: A fully integrated split-electrode synchronized-
switch-harvesting-on-capacitors (SE-SSHC) rectifier for piezoelectric
energy harvesting with between 358% and 821% power-extraction
enhancement, pp. 152-154 (2018). https://doi.org/10.1109/ISSCC.2018.
8310229

Chen, Z., Jiang, Y., Law, M., Mak, P., Zeng, X., Martins, R.P.: 27.3
a piezoelectric energy-harvesting interface using split-phase flipping-
capacitor rectifier and capacitor reuse multiple-VCR SC DC-DC achieving
9.3x energy-extraction improvement, pp. 424-426 (2019). https://doi.org/
10.1109/ISSCC.2019.8662323

Yue, X., Du, S.: Voltage flip efficiency optimization of SSHC rectifiers for
piezoelectric energy harvesting, pp. 1-5 (2021). https://doi.org/10.1109/
ISCAS51556.2021.9401330

Shang, Y., Cheng, J., Liu, L.: A miniature and high-efficiency interface
circuit based on SSHC for piezoelectric energy harvesting, pp. 1-3. IEEE,
777 (2019). https://doi.org/10.1109/EDSSC.2019.8754463

Ciftci, B., Chamanian, S., Koyuncuoglu, A., Muhtaroglu, A., Kulah, H.:
A low-profile autonomous interface circuit for piezoelectric micro-power
generators 68(4), 1458-1471 (2021). https://doi.org/10.1109/TCSI.2021.
3053503

Ferreira, J.V.T., Galup-Montoro, C.: Ultra-low-voltage CMOS ring oscil-
lators 55(9), 523-525 (2019). https://doi.org/10.1049/€l.2019.0281

Tsuji, Y., Hirose, T., Ozaki, T., Asano, H., Kuroki, N., Numa, M.: A
0.1 to 0.6 v input range voltage boost converter with low-leakage driver
for low-voltage energy harvesting, pp. 502-505 (2017). https://doi.org/
10.1109/ICECS.2017.8292004


https://doi.org/10.1109/JSSC.2018.2868299
https://doi.org/10.1109/SSD.2014.6808750
https://doi.org/10.1109/TCSI.2017.2731795
https://doi.org/10.1109/TCSI.2017.2731795
https://doi.org/10.1109/JSSC.2017.2725959
https://doi.org/10.1109/JSSC.2017.2725959
https://doi.org/10.1109/ISSCC.2018.8310229
https://doi.org/10.1109/ISSCC.2018.8310229
https://doi.org/10.1109/ISSCC.2019.8662323
https://doi.org/10.1109/ISSCC.2019.8662323
https://doi.org/10.1109/ISCAS51556.2021.9401330
https://doi.org/10.1109/ISCAS51556.2021.9401330
https://doi.org/10.1109/EDSSC.2019.8754463
https://doi.org/10.1109/TCSI.2021.3053503
https://doi.org/10.1109/TCSI.2021.3053503
https://doi.org/10.1049/el.2019.0281
https://doi.org/10.1109/ICECS.2017.8292004
https://doi.org/10.1109/ICECS.2017.8292004

Springer Nature 2021 B TEX template

Optimization of an SSHC-Based Full Active Rectifier for PEH 25

[40] Du, S., Jia, Y., Zhao, C., Amaratunga, G.A.J., Seshia, A.A.: A fully inte-
grated split-electrode SSHC rectifier for piezoelectric energy harvesting
54(6), 17331743 (2019). https://doi.org/10.1109/JSSC.2019.2893525

[41] Wu, L., Do, X.-D., Lee, S.-G., Ha, D.S.: A self-powered and optimal
SSHI circuit integrated with an active rectifier for piezoelectric energy
harvesting 64(3), 537-549 (2017). https://doi.org/10.1109/TCSI.2016.
2608999


https://doi.org/10.1109/JSSC.2019.2893525
https://doi.org/10.1109/TCSI.2016.2608999
https://doi.org/10.1109/TCSI.2016.2608999

