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Abstract—Wireless microsystems that sense information
about their surrounding environment can save money, energy,
and lives. Piezoelectric transducers can harvest ambient
vibration energy to reduce the cost and prolong lifetime of the
microsystems. Outputting high power and maintaining
maximum power-point is important for the charger to support
functionality for the microsystems. The proposed recycling
switched-inductor charger induces current at the highest
voltage by keeping the piezoelectric voltage near the breakdown
voltage of the CMOS charger to draw the highest power from
the transducer. The charger senses when the piezoelectric
voltage reaches breakdown voltage, and draws a portion of the
energy to charge the battery. The direct inductor transfers allow
the inductor to transfer more energy than it carries, saving
ohmic loss. With a single inductor and a single stage to charge
the battery across its voltage range, the proposed recycling
switched-inductor charger can deliver 0.1 — 91 pW from
vibrating a 15 nF piezoelectric transducer at 120 Hz with 0.1 to
10.5 V open circuit voltage gain. The prototype can output net
power at 80% smaller voltage than the state of the art, can
output up to 12x higher power than the lossless bridge can draw
from the same transducer, and can output 76% of the
theoretical maximum power a transducer can produce.

Keywords—Piezoelectric charger, energy harvesting, recycling,
CMOS, switched-inductor, maximum power-point, optimization.

I. PIEZOELECTRIC CHARGERS

Wireless microsystems embedded in buildings, vehicles, and
even human beings can collect information about their
surrounding environment to save money, energy, and lives
[1]-4]. To reduce the size of the on-board batteries and the
frequency of replacing them, researchers have looked to
constantly replenishing the tiny batteries with ambient energy
from light, motion, and heat. Recent advances in micro-
electro-mechanical systems (MEMS) technology have
allowed energy harvesting transducers to shine [5]-[11].

Among the energy harvesting transducers, photovoltaic
cells under direct sunlight can output the highest power [6].
However, sunlight is not always available, and when moved
under artificial lights, the power level drops significantly, and
even that may not be always available [6]. Piezoelectric [7],
[9]-{11] transducers can harvest moderate power from
vibrating motion and can be integrated into MEMS. As a
result, piezoelectric harvesters can constantly charge the on-
board battery to power microsystems.

The piezoelectric-powered wireless microsystem, as
shown in Fig. 1, consists of the transducer, the charger that
draws power from the transducer and charge the battery, and
a voltage regulator to provide power to the electronic blocks
of the microsystem. Because the drawn power is usually
moderate to low, the charger needs to output the maximum
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power it can. That is why the charger needs to incorporate a
maximum power point (MPP) function.

Piezoelectric transducers generate alternating current ipz
under vibration that charges the intrinsic capacitor Cpz [9], as
shown in Fig. 2. Among the existing piezoelectric chargers,
basic diode bridge [12]-[14] and half bridge [15] can collect
some, but not all, charge created by the transducer. A portion
of the charge is lost to discharging and charging piezoelectric
voltage between positive and negative rectified voltages. As
a result, the drawn power is low. Synchronous discharge
chargers [16]-[19], on the other hand, let the piezoelectric
transducer charge the capacitor open-circuit across a half
cycle. At the end of the half cycle, the switched-inductor (SL)
collects all the charge, which raises drawn power. However,
the voltage, and as a result the drawn power, is limited by the
breakdown voltage [17]. The charger also needs to sense
when piezoelectric current changes direction to initiate the
transfers. Although the inductor is bulky for wireless micro-
sensors, it is a necessary sacrifice to significantly increase
output power. Nevertheless, the system should only
incorporate a single inductor to limit the overall volume.

Without a harvester, the sinusoidal piezoelectric current
charges the capacitor by the open circuit voltage Avpzoc)
every half cycle
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where Cpz is the intrinsic capacitance of the transducer, tyis
is the vibration period, and ipzpk) is the peak current
generated by the vibration. Because piezoelectric transducers
have low mechanical to electrical coupling [13]-[28], the
power that is converted into electrical domain is just a tiny
portion of the overall power of the vibration. This means
electrical damping is much smaller than mechanical
damping, and that the power we draw from the vibration does
not affect the displacement of the vibration. As a result, the
higher the piezoelectric voltage, the more power the vibration
generates.
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Fig. 1. Piezoelectric-powered wireless microsystem.
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Fig. 2. Schematic of the Recycling Bridge.
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Fig. 3. Schematic of the Recycling Switched-Inductor.
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Fig. 4. Simulated piezoelectric voltage vrz.

The recycling bridge [20]-[28], shown in Fig. 2, also
known as synchronous switch harvesting on inductor (SSHI),
can draw the highest power possible by putting the
breakdown voltage across the transducer across half cycles.
The inductor Lx collects and flips the charge on Cpz between
half cycles. However, the recycling bridge/SSHI has to
maintain the rectified voltage vrec near the breakdown
voltage Vgp of the CMOS charger to keep the drawn power
high, and as a result, a second switched-inductor (SL) stage
is required to maintain MPP, which is bulky and lossy.

This paper introduces a new power stage that can draw
almost the same power as the recycling bridge but maintains
MPP with only one inductor and one power stage. Section II
discusses the operation of the recycling SL power stage.
Section III details the drawn power, losses, and output power
of the proposed charger. Section IV describes the

implementation, and Section V assesses the power stage
against the state of the art. Section VI concludes the paper.

II. OPERATION

A. Circuit Operation

The proposed charger, shown in Fig. 3, consists of the
piezoelectric transducer, which is modeled as the current
source ipz in parallel with its inherent capacitance Cpz, the
switch network, inductor Lx, and the battery vg. The
proposed charger differs from the recycling bridge in the state
of the art in that it charges the battery at maximum power
point using a single stage, instead of needing another
dedicated SL stage to maintain MPP. Across vibration half
cycles, ipz chargers Cpz, as shown in Fig. 4. As the controller
senses that [vpz| reaches the maximum power point vpzpk), the
charger initiates a battery-charging transfer, to collect a
portion of the charger to energize the inductor, and then
charge the battery. Each battery-charging transfer draws AEpz
from Cpz, and the capacitor’s voltage drops by Avpz. Because
the time constant of the LC is within 10 ps, while the half
cycle is across milliseconds, the transfer is nearly
instantaneous. After the battery-charging transfer, the
switches open, and ipz charges Cpz again.

Since the charger initiates a battery-charging transfer
whenever |vpz| reaches vezpk), [Vpz| can never go above the
vezeek). The charger connects the capacitor plate with the
lower potential to ground, and the maximum power point
vpzek) to the breakdown voltage Vpp. This way, the system
does not see a negative voltage, negating the need for a
negative supply, and the system does not see a voltage higher
than Vpp to maintain safe operation. Even if the open-circuit
voltage Avpzpk) goes above Vpp as the vibration strength
increases, the voltage gain on the capacitor is broken into
smaller intervals by the battery-charging transfers. Therefore,
the charger can safely operate with a wider vibration range.

The sequence repeats itself, as shown in Fig. 4, until ipz
reverses polarity and a half cycle ends. The charger then
initiates a recycling transfer, where Lx collects charge from
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Fig. 5. Switching sequence across positive half cycle. (a) irz charges Crz, (b) Crz energizes Lx, (c) Lx charges vs, (d) direct transfer where Crz energizes
Lx and charges v, and (e) Lx recycles to charge Cpz to negative voltage.
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Fig. 6. Simulated vpz and Measured i. for battery-charging transfers when
Avpz is 500 mV.
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Fig. 9. Measured power across Avpz.
Cpz and puts it back to Cpyz in the opposite direction. This way,
the charge is recycled quickly, and vpz can be near vpzpk) at
the start of the next half cycle. Without losses, [vpz| is always
between VpzPK) — AVpz and VPZ(PK). If the controller sets VPZ(PK)
to breakdown voltage Vgp, and Avpz << Vpp, the charger can
draw the maximum power possible from the transducer.

B. Swiching Sequences

Figure 5 shows the switching sequence for the charger across
the positive half cycle, and the gray trace highlights the
current flow for each switching configuration. Since the
operation and the charger is completely symmetrical, the
negative half cycle is the same, but flipped vertically for the
charger. When ipz charges Cpz open-circuit, only Sgr- closes
to connect vpz- to ground, as shown in Fig. 5(a). As a result,
only positive voltages appear in the charger.

When a battery-charging transfer is initiated, Si+ and Si
close for Cpz to partially energize Lx, shown in Fig. 5(b).
When the voltage drop on Cpz reaches the targeted Avpz, Si+
and Si_ open while Sg+ and So- close, as shown in Fig. 5(c)
so that the inductor current on Lx can charge the battery. The
controller adjusts the target Avpz by varying the energizing
time. As inductor current i drops to 0, both switches open,
and the charger goes back to the configuration in Fig. 5(a).
The inductor current and capacitor voltage waveforms for a
battery-charging transfer are shown with the gray traces in
Figs. 6 and 7. Cpz energizes Lx using Fig. 5(b) from 0.5 ps to
1.1 ps in Fig. 6, and from 0.7 ps to 1.5 ps in Fig. 7. Lx then
charges the battery with Fig. 5(c) from 1.1 ps to 2.3 ps in Fig.
6, and from 1.5 ps to 1.8 ps in Fig. 7. They are labeled
“indirect” transfers, because the Cpz never connects directly
to both the inductor and the battery.

As has been detailed in [29],[32], direct inductor transfers
reduce ohmic loss. The first type of the direct transfers is the
direct—indirect transfer, which starts out with connecting Cpyz,
Lx, and vg with Sgi+, Si+ and So-, as shown in Fig. 5(d), to
energize the inductor and charging the battery directly. It’s
only possible when vpzek) is higher than vg so that ip flows
from the capacitor to the battery. This is usually the case
because vpzpk) should be close to Vap to increase drawn power.
When the voltage drop on Cpz reaches the targeted Avpz, Si+
opens and Sg- closes ir. charges the battery with Fig. 5(c). The
controller adjusts the target Avpz by varying the energizing
time. The inductor current and capacitor voltage waveforms
are captured with the black traces in Fig. 6.

However, when the vibration is low, the maximum
power-point can be when the vpzpk) is lower than vg, in which
case, the indirect—direct scheme can work. The inductor first
energizes with switches Si and Siwith Fig. 5(b), as vpz falls,
which is depicted by the black traces from 0.5 ps to 1.2 ps in
Fig. 7. The energizing stops before vpz drops by the targeted
Avpz. Then, both vpz and i drains to charge the battery with
switches Sgr, Si+, and So-, using the switching configuration
in Fig. 5(d). This way, Cpz transfers a portion of the energy
directly into the battery, allowing the inductor to transfer
more energy than it carries, reducing ohmic loss.

Between half cycles, the charger senses when the ipz
reaches 0 and initiate a recycling transfer to recycle the
charge from Cpz back to Cpz in the opposite direction. Cpz
first drains into Lx, and when vpz is discharged to 0, ipz, still
flowing in the same direction, drains into the opposite size of
Cpz. To do that, Sr and Sp are closed for the half LC
oscillation to first drain the capacitor into Lx, then charge Cpz
in the negative direction, as the inductor current i in Fig. 8
shows. At the end of the positive half cycle, the switch
configuration in Fig. 5(b) is used to drain Cpz to energize Lx.
As vpz reaches 0, ground switch Sgi- opens, and Sgi+ closes
to connect the top plate vpz+ to ground, and Lx can charge into
vpz- with the switch configuration in Fig. 5(e). As a result,
during the entire operation, there is no negative voltage.

III. OuTPUT POWER

A. Drawn Power
The drawn power is the integral of the instantaneous power
over a vibration cycle divided by the period
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Because the operation is completely symmetrical, it is
equivalent to the integral over a half cycle divided by half of
a vibration period
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where fyis is the frequency of the vibration. From (3), the
drawn power is 2CpzVepAvezoo)fvis, which is the highest
possible drawn power, when the Avpz for each battery
charging transfer is negligibly small. The drawn power drops
with higher Avpz, as shown by the gray trace in Fig. 9. Even
though keeping Avpz as small as increases drawn power, it
also increases the number of battery-charging transfers Np in
each cycle, which can increase power losses.
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B. Power Losses

Unfortunately drawing more power from the piezoelectric
source also leads to more losses. The main source of the
power loss is the equivalent series resistance (ESR) through
the inductor current path, and the charge loss to switch the
power switches on and off. Other losses include overlap loss,
shoot-through loss, leakage, and quiescent power.

For each energy transfer, the inductor current that goes
through the inductor, transducer, and the switches burns
ohmic loss along its path. The ohmic loss is the root-mean-
square current squared iprums)’, times the ESR, times the
duration of the transfer tx. Therefore, the total ohmic loss is

_ NBER(B) + ER(R)
0.5t )
~ (NBiL(RMS.B)ZtBRB +iL(RMS.R)ZtRRR)(2fVlB)

where N is the number of battery-charging transfers in a half
cycle, irrms,p) and irms,r) are the RMS current, R and Rg
are the ESR, and tg and tr are the transfer time for the battery
transfer and recycling transfer, respectively.

From (4), ohmic loss rises with the number of transfers in
a vibration cycle. On the other hand, for the same vibration
input, the more often the battery-charging transfers, the
smaller energy packet each transfer, and the lower the
inductor current and transfer time. This is why the black trace
Pr first stays flat, and then rises with Avpz in Fig. 10. The
ohmic loss also rises with transfer time and RMS current of
each transfer. This is why using direct transfers can reduce
ohmic loss significantly, having both lower transfer current
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Fig. 11. Maximum output power with different vibration strength.

and transfer time than indirect transfers [29]. Lastly, the
ohmic loss is proportional to the ESR. The resistance of the
switches is inversely proportional to the width.

On the other hand, the MOSFET switches require charge
to switch on and off, and in the process consumes charge loss,
or switching loss. Each switch with gate capacitance Cg
requires vppCg amount of charge for each switching cycle,
and since it’s supplied from vpp, each switch consumes

2
Ec=Coviy (5)
Therefore, the total charge power loss Pc is
P — NBEC(B) +EC(R)
¢ 0.5ty , (6)

~ (NBCG,BVDDZ + CG,RVDD2 )(2fy)

where Cgp and Cgr are the gate capacitance of the battery-
charging transfer switches and recycling transfer switches.
The charge power loss from (6) increases with the number
of battery transfers in a cycle. Therefore, Pc drops with higher
Avpyz, as shown in Fig. 10 with the gray trace. The charge loss
is proportional to the total gate capacitance of the switches,
which rises with width. However, wider switches also result
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Fig. 12. Power stage implemented in 180-nm CMOS technology with 3.3-V devices.
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Fig. 14. Schematic of the PMOS gate drivers.
in lower resistance and lower ohmic loss. Therefore, each
switch is optimally designed so that the ohmic loss balance
the gate-charge loss, and the total loss is the lowest [32].

600 nm
350 nm

C. Output Power

The charger charges the battery Np times every vibration
cycle. For each battery-charging transfer, the energy drawn
from the transducer is the energy difference on Cpz

AE,, = O'SCPZVPZ(PK)Z —0.5C,, (VPZ(PK) —Av,, )2 -

Because of the losses, the battery does not receive all the
power drawn from the transducer. The output power is
therefore the difference between drawn power and loss

by = AEPZNBfVIB -P —F.. (®)

Figure 9 shows the output power Po across Avpz, and the
MPP when Avpzoc) is 5.0 V. As vibration rises, the number of
battery-charging transfers also increases. Figure 11 depicts the
maximum output power with indirect transfers (solid gray
trace) and direct transfers (solid black trace). The direct
scheme outputs more power because of its lower ohmic loss.

Since drawn power and losses both increase with higher
Vpzpk), the maximum power point is when the additional Ppz
starts to become lower than additional loss. When Avpzoc) is
higher than 1.2 V, vpzek) is the highest at Vpp to maintain
maximum power-point. Because Vgp limits how high vpz can
reach, this region is breakdown limited. However, when the
vibration is low, the MPP is at a smaller peak voltage vpzpk).
Since additional losses overwhelms additional drawn power if
Vpzpk) increases, this region is loss limited, in which the
charger can start outputting power with a vibration of only 0.1
V Avpzoc) on the transducer.

Figure 11 also shows the maximum power a piezoelectric
charger can draw with the dotted black trace label “lossless”.
The proposed recycling switched-inductor charger can output
about 50% of the maximum power when loss limited, and can
reach 76% at the maximum vibration strength.

From Fig. 11, the charger operates at or slightly lower, but
never higher than the breakdown voltage Vgp when vibrations
generate over 5 pA of peak-to-peak current on the transducer.
This makes the CMOS system reliable for over 10 years of
operation [30], which is longer than the expected lifespan of
lithium-ion batteries. Plus, ambient vibration strength is

usually so low that the charger is largely in the loss-limited
MPP region. So most of the time, the highest voltage in the
system is much lower than the breakdown voltage [31], further
increasing its reliability.

IV. IMPLEMENTATION

The proposed recycling switched-inductor charger has been
implemented in 0.18-pm CMOS technology with on chip
power switches, max block, and gate drivers. The system is
complete with Mide V22b piezoelectric transducer, a 100 uH,
0.6 Q transfer inductor, field-programmable gate array
(FPGA) that senses the piezoelectric voltage to initiate
battery-charging transfers and recycling transfers and
generates the control signals for the switches, and a shaker
from Briiel & Kjer that can generate 0—110 pA on the
transducer which translates to 0—12 V open-circuit voltage.

A. Power Stage
The power stage consists of 8 switches. Switches Sgi+, Sci-
S+, and Sg- are ground switches, implemented with N-type
MOSFETs. Switches Sg+ and Sg_ are connected to v, and are
implemented with P-type devices. This way, 0 V at the gate
turns them on, and vg or any voltage above vg can turn them
off. Switches Si+ and Si, on the other hand, connect two
switching nodes that can both swing from 0 to the breakdown
voltage. Therefore a transmission gate, with an NMOS and a
PMOS in parallel, is implemented. All the switches are
shown in Fig. 12. Note that some of the MOSFETSs have two
arrows on its symbol. This is because the current can flow in
either direction in different transfers, and the source, which
the arrow denotes, can be at either side of the NMOS.
Otherwise they are the standard 3.3-V devices.
Bulk Connection: When an NMOS (PMOS) is turned off and
its bulk voltage is a diode voltage below (above) its source
voltage, the body diode turns on and conducts unwanted
current. For NMOS switches, since there is no negative
voltage in the system, all the NMOS can have their bulk
connected to ground, and the body diodes will not turn on.
The PMOS switches, however, are different because the
piezoelectric voltage and the battery voltage can vary
between 0 and Vpp. Therefore, vpz can be higher or lower
than vg. To avoid leakage, the bulk of the PMOS switches
have to connect to the highest voltage. Therefore, a max block
is needed to select the highest of the three voltages among
Vpz+, Vpz-, and vg to feed the bulk and the gate drivers.
Design: The MOSFET switches should have minimum
channel length to reduce on resistance and gate capacitance.
Even though the chip is fabricated in 0.18-um CMOS
technology, the 3.3 V devices have 350 nm and 300 nm
minimum channel length for NMOS and PMOS respectively.
The channel widths of the switches are carefully designed
to reduce losses. Since the on resistance is inversely
proportional to the channel width yet the gate capacitance is
proportional to it, there is an optimum width for each switch
such that the sum of the ohmic loss and gate charge power
loss is the lowest [32]. Specifically, the total loss on a switch
is the lowest when the ohmic loss is the same as the gate
charge power loss, which has been proven in [32]. The
switches are optimized so that each switch is the least lossy.

B. Max Block
As discussed in the previous sub-section, the max block
outputs the highest voltage among its three inputs. Two cross-



coupled PMOS pairs can accomplish this function, similar to
[18]. Each cross-coupled PMOS pair connects the middle
node to the higher input if it’s at least a threshold higher than
the other input. As Fig. 13 shows, vo; is connected to the
higher of vpz:+ and vpz_, and vmax is connected to the higher
voltage of vo; and vg. Since vmax is the highest voltage of all,
the bulks of the PMOS are connected to it.

C. Drivers

The switches require gate drivers to turn them on and off
quickly. An inverter chain with each stage 2.72x larger than
the previous stage can produce the shortest delay. However,
increasing the number of the stages results in larger switching
and shoot-through losses. An inverter chain in which each
stage is 5x to 10x larger than the previous stage is used.

The NMOS switches can be turned on with vg and turned
off with ground. The PMOS switches, on the other hand, must
be turned on with ground and turned off with wvwmax.
Therefore, a level shifter is needed between the signals from
the controller and the gate. As Fig. 14 shows, the level shifter
with cross-coupled PMOS is used as the last stage of the
inverter chain, to minimize the loss on the gate driver.

D. Prototype

The prototype was fabricated in 0.18-pm CMOS technology
with an active area of 500 x 550 um?, as shown in Fig. 15. It
has a 16-pin small-outline integrated circuit (SOIC) package,
and, along with the 10 x 50 x 1 mm?® piezoelectric transducer
and 5 x 5 x 3 mm?, 100 uH, 0.6 Q inductor, has been soldered
onto a printed circuit board (PCB) in Fig. 16 to test its
functionality. Figure 17 shows the measured piezoelectric
voltage waveform. It differs from Fig. 4 in that the losses
occurred in the recycling transfers resulted in the voltage at
the start of the half cycle being lower than that at the end. As
a result, the drawn power is slightly reduced, and the number
of battery-charging transfers in a cycle Ng also drops.

The FPGA controller, the DE1-SoC Development Kit,
which is absent in Fig. 3, senses when vpz reaches the desired
Vpz(pk) o initiate a battery-charging transfer. The FPGA is set
to indirect mode, direct-indirect mode, or indirect-direct
mode. The FPGA then adjusts the energizing time to control
the voltage drop Avpz for each battery-charging transfer in
each mode described in Section IL.B. The drain time is set
when inductor current reaches 0. The FPGA also senses when
half cycles end to initiate recycling transfers by comparing
vpz against its previous value, and senses when |vpz| starts to
drop. Even though the FPGA consumes more power than the
controllers in the state of the arts” 0.5-1.5 uW [15], [20]-[21],
they perform similar tasks. Therefore, 1.5 pW is subtracted
from the measured output power for comparisons.

The measured battery charging capability is shown in Fig.
18. A 270-nF capacitor is used to highlight the charging
profile, while normally the battery has much larger
capacitance to maintain functionality for the wireless
microsystem. The battery charging is intermittent because the
after each recycling transfer, it takes some time for the
piezoelectric voltage to reach the breakdown voltage again,
as shown in Fig. 17. A recycling transfer occurs at 3 ms in
Fig. 18, and the transducer charges Cpz to Vgp at 5.5 ms to
start battery transfers. It shows that with each battery transfer,
the battery receives energy throughout the range of 0.5 V to
2.5 V. As a result, the need for an extra maximum power-
point charging stage is eliminated.
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V. ASSESSMENT

A. Metric
The focus of this research is on the MPP charger, not the
transducer. Therefore, comparing performance without
normalizing the transducer or vibration is unfair. The
parameters that the transducer and vibration contribute to the
maximum output power are intrinsic capacitance Cpz, series
resistance Rpz, peak piezoelectric current ipzpk), and
vibration frequency fyis. Since from (1), Cpz, ipzrk), and fvis
determine the open-circuit voltage gain Avpzoc), Avezoc) is
used to obtain a metric to compare chargers.

The ideal bridge [12]-[14], at maximum power-point, can
collect half of the charge generated by the vibration
0.5CpzAvpz0c), at a quarter of the open-circuit voltage
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0.25Avpz(0c), twice per vibration period Tvis. As a result, the
maximum power they can draw is

PBRG(IDEAL) = O'ZSCPZAVPZ(OC)ZfVIB . ©

This expression contains all the independent components that
are related to the transducer and vibration and excludes all the
variables that a circuit designer control. Therefore, it is a good
parameter to normalize the effect of the transducer. The ideal
power is shown with the gray dotted trace in Fig. 11.

In this light, maximum output power index nonpp) is how
much more power a certain charger can output to the battery
compared to what the ideal bridge can draw

P

O(MPP)

P

BRG(IDEAL)

Nomrery = (10)
This metric normalizes the transducer and vibration and can
be used to compare chargers.

Another ideal power stage, the ideal recycling charger, can
produce another normalized power index, especially if
breakdown voltage limits the output power of a charger. The
maximum power of a lossless recycling charger is
2CpzVepAvrzo0)fvis. The percentage of that ideal power that
the charger can output to the battery is

P O(MPP)

2’C PZ VBD AVPZ(OC ) fVIB

Nosp) = (11)
This normalizes the transducer, vibration, and the breakdown
voltage, can be used to compare recycling chargers.

B. Comparison
The state of the art has been categorized and summarized in
Table I. Non-ideal diode bridges and half bridges can draw
less than Pipgar. As a result, the power index for the basic
bridge is well under 1. The switched-inductor power stage
improves upon the basic bridges by collecting all the charge.
It can draw as much as four times higher power than the ideal
bridge can draw. Pre-charging further increases the voltage
the charge is generated at. Even though the power stage
consumes more ohmic and charge loss, the output power
index can be as high as 6.8x [17].

The recycling bridges can draw the highest power,
because the piezoelectric voltage can always be the highest at

near Vgp. However, it requires a MPP charger to regulate the
rectified voltage at the breakdown voltage, and the most
efficient way to accomplish that is to use another switched-
inductor power stage. A two-inductor solution is not ideal for
the microsystem application, and because of the added losses,
the output power index is still only about 6.8x.

C. This Technology
The proposed recycling switched-inductor charger also draws
high power because vpz is near the breakdown voltage across
the half cycle. Moreover, it does not require a second stage or
a second inductor to achieve maximum power-point, since it
can charge the battery directly across its range. By dividing
the open circuit voltage gain vpzoc) into smaller pieces, the
proposed charger can withstand wider input vibration
strength range. Therefore, it can output up to 85 pW from
10.5 V open circuit voltage gain from a 120 Hz vibration on
a 15-nF piezoelectric capacitance. Using direct transfers
further reduces the ohmic losses. The output power can be up
to 91 uW with an output power index of 12x, outperforming
the state of the arts despite the lowest breakdown limit.
Another significant advantage of the proposed power
stage is that it can output net power when the vibration is very
low. The charger starts outputting power when the vibration
only generates 0.1 V peak to peak open-circuit voltage on the
capacitance, which is five times lower that the state of the art.
This is because all the losses can scale with input power. The
12x power index is achieved when the vibration is low: it
outputs 100 nW net power with 0.1 V Avpzoc), which
corresponds with 8 nW of Pipear. Even though the proposed
power stage has the greatest number of switches, because of
the low breakdown voltage and the low ohmic loss thanks to
direct transfers, the active area is still among the lowest of the
state of the art. With a wider input range, the charger can
charge the battery more frequently. The drawbacks of this
technology are the lack of integrated MPP controller, and the
inability of startup without an existing battery voltage.

VI. CONCLUSITONS
The proposed recycling switched-inductor charger can deliver
0.1 — 91 uW from vibrating a 15 nF piezoelectric transducer
at 120 Hz with 0.1 to 10.5 V open circuit voltage Avezoc). The
prototype can output net power at 80% smaller vibration
strength than the state of the art, and up to 12x higher power

TABLE I. Relative Performance

JSSC [19] JSSC [15] TPE [17] JSSC [21] | TCAS-I [20] | JSSC [23] | JSSC [28] This Work
Power Stage | Diode Bridge | SL Half Bridge SL Bridge Recycling SL Diode Bridge Recycling SL
Lvin 1 pm 0.18 um 0.82-1.2 pm 350 nm 250 nm 350 nm 130 nm 0.3-0.35 um
Vb 15V 55V 5V 33V
Si. Area 4.25 mm? 2.3 mm? 0.25 mm? 9.0 mm? 0.75 mm? 0.54 mm? 0.53 mm? 0.26 mm?
Lx 330 pH 330 uH 1000 uH 220 uH 3400 uH 47 uH 100 pH
Crz 12 nF 15 nF 17 nF 52 pF 19 nF 9.6 nF 14 nF 15 nF
fvig 225Hz 143 Hz 120 Hz 82 Hz 144 Hz 230 Hz 441 Hz 120 Hz
Avez00) 48V 1.22-524V 0.50-5.5V 1.0-12V 98V >134V 3-4V 0.15-105V
PipeaL 15.6 pW 0.80-15.1 pW | 0.13-15pW | 0.11-15.3 mW 65.7 pW >0.99 uW 0.008 — 41 pW
Pez 8.2 uW 7-78 pW 1.2-55 yW 0.2—120 uW
Pogirr) 7.5 uW 2.1-52.5 uyW 0.70-49 pW 1.7 mW 136 pyW 5-410 pW 40.6 pW 0.1 -91 uW
Pq 0.5 pW Off Chip 777 nW 1.5 uW Off Chip
Toep) 48 % 2.6x-3.5% 3.2x-6.8% 2.1x 3.1%-6.8% 4.48% 2.5-12x%
No@b) Up to 14%* 39%* Up to 63%* Up to 76%
Components 4 FETs Lx, 2 FETs Lx, 4 FETs Lx, 6 FETs Lx, 4 FETs Lx, 6 FETs | Lx,10 FETs Lx,10 FETs
MPP Buffer MPP Buffer MPP Buffer MPP Buffer | MPP Buffer

* Calculated from data points.




than the lossless bridge can draw from the same transducer.
The charger can output up to 76% of the theoretical maximum
power a piezoelectric transducer can draw with 3.3 V
breakdown voltage. It is possible because the single-stage
charger can charge the battery at its maximum power-point
without another MPP charger stage which is lossy. The
charger draws the maximum power possible by keeping the
piezoelectric voltage near the Vp, maximizing the voltage at
which the transducer induces the current. The charger is
further optimized with direct transfers, allowing the inductor
to transfer more power than it carries, further reducing ohmic
loss. With optimized power switches, the charger outputs the
most power from the piezoelectric transducers to replenish the
on-board battery across its voltage range. This way, the battery
can power the wireless microsystems with a longer lifetime
and wider functionality to save money, energy, and lives.
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