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Abstract—A fundamental problem that miniaturized systems,
such as biomedical implants, face is limited space for storing en-
ergy, which translates to short operational life. Harvesting energy
from the surrounding environment, which is virtually a bound-
less source at these scales, can overcome this restriction, if losses
in the system are sufficiently low. To that end, the 2-,zm bi-com-
plementary metal-oxide semiconductor switched-inductor piezo-
electric harvester prototype evaluated and presented in this paper
eliminates the restrictions associated with a rectifier to produce
and channel 30 W from a periodic 72-uW piezoelectric source
into a battery directly. In doing so, the circuit also increases the
system’s electrical damping forceto draw more power and energy
from thetransducer, effectively increasingitsmechanical-electrical
efficiency by up to 78%. The system also harnesses up to 659 nJ
from nonperiodic mechanical vibrations, which are more preva-
lent in theenvironment, with 6.14+1.5% t08.84-6.9% of end-to-end
mechanical-electrical efficiency.

I ndex Terms—Battery charger, biomedical implant, body-sensor
network, energy harvesting, harvester, piezoelectric, rectifier free,
switched-inductor converter, vibration, wireless microsensor.

|. PIEZOELECTRIC ENERGY HARVESTERS

INATURIZED mobile-electronic systems, such as

biomedical drug-delivery implants [1], acceleration-
and pressure-monitoring sensors [2], [3], and microsensor
nodes in body-sensor networks [4], [5], have so little space for
energy storage that they suffer from short operational lives.
Unfortunately, replacing easily exhaustible onboard batteriesis
prohibitive because the systems often conduct in situ measure-
ments in unreachable places, such as in the human body, and
operate in concert with numerous other devices [5], where the
personnel, risks, and logistical costs of maintaining all batteries
charged are unacceptably high. Harvesting energy, however,
from light [6]; heat [7], [8]; radiation [9]; and motion [10]{12]
is an attractive, though not easy alternative for replenishing
small batteries and capacitors.

Although the application ultimately determines what energy
source suitsbest, harvesting kinetic energy ispromising because
motion and vibrations are abundant (in the ankle, for example)
and produce moderate power levels. For context, solar light gen-
erates more power, but only when exposed directly to the sun,
and power densities derived from indoor lighting, thermal gra-
dients, and radio-frequency (RF) waves fall well below their
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Fig. 1. Harvesting mechanica energy from piezoelectric transducers.

kinetic counterparts [11], [12], although not al motion-based
transducers perform equally well. Piezoelectric devices, in fact,
when constrained to small platforms, generate more power than
variable (el ectrostatic) capacitors and moving (electromagnetic)
coils [11]13].

When considering a piezoel ectric source, as shown in Fig. 1,
the internal charge configuration of the material changes (very
similar to an ac current source) to generate an alternating
voltage across the equivalent capacitance that its opposing
surfaces present [13]. The harvester circuit must therefore
extract energy from the changing voltages of the piezoelectric
capacitor and deposit charge into an energy-storage device.
Since harvested power is low and uncorrelated to the load, a
small battery or capacitor serves as the reservoir from which
electrical functionsin the system draw power on demand.

Conventional approachesfirst rectify theincoming ac voltage
with adiode bridge. References[14] and [15] reducethe voltage
(and, therefore, power 10sses) across the pn-junction diodes by
using metal—oxide semiconductor (MOS) switches and drive
them with a comparator that senses and ensures only small
positive terminal voltages, allowing the switches to close.
Unfortunately, input voltages must nonetheless exceed their
rectified outputsfor the MOS switchesto conduct, which means
rectifiers inevitably place a threshold limit on the mechanical
input. In other words, rectified harvesters only harvest energy
above a minimum input level, so they cannot extract all of the
energy the piezoelectric materia offers. Although [16]-{20]
extract more energy from the environment by boosting the
transducer’ s electrical damping force with higher (L C-induced)
piezoel ectric voltages, the subsequent rectifier still suffersfrom
athreshold minimum below which the harvester cannot harness
energy. Furthermore, drawing maximum power requires an
optimal rectified output voltage, so [21], [22], at the cost of
power, employs a correcting feedback loop that senses the
harvester’s output current to set the optimal rectified level.

A minimum threshold imposed by rectifiers is ultimately
a significant fundamental limit under microscale dimensions
because: 1) miniaturized piezoelectric transducers, by default,
generate low voltages [23]-{26] and 2) weak vibrations, which
also produce low power, are prevalent in the environment.
The underlying aim of the proposed harvester is to eliminate
the rectifier and its resulting low-voltage limitation. Another
important advantage of the circuit is that it augments, similar
to [16]-{20] but without a rectifier, the electrical damping
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Fig. 3. Simplified schematic of the switched-inductor power stage.

force that it presents to the transducer to induce the system to
draw more energy from the environment, effectively increasing
the mechanical-electrical (and end-to-end) efficiency of the
transducer (and system). To that end, while [27] presented
the simulation results of the proposed power stage and [28]
briefly reported partial experimental performance from the
prototyped power stage and its control circuit, Section Il of
this paper details how the prototype system operates across a
cycle and how it induces the transducer to harness more energy
from the environment. Section |11 then describes in depth the
integrated-circuit (IC) implementation and Sections IV and
V illugtrate the charging and efficiency performance of the
prototype with periodic and nonperiodic mechanical inputs
(i.e., vibrations), drawing relevant conclusionsin Section V1.

Il. PROPOSED HARVESTER-CHARGER SYSTEM

A. Energy Flow

Fig. 2 graphically illustrates how the proposed harvester op-
erates and transfers energy across a vibration cycle. When vi-
brations move the piezoelectric cantilever in the positive cycle,
for example, the system waits until the voltage across piezo-
electric capacitance Cpyr peaks, which occurs when the trans-
ducer’s cantilever reaches its maximum displacement. At this
point, the system energizes the harvesting inductor Ly from
CpzT In energizing time TfE and then de-energizes Ly into
the battery in de-energizing time TLJFDE. Transferring energy this
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Fig. 4. Experimental time-domain waveforms of the piezoelectric voltage
vpzT, inductor current iy, and the de-energizing (battery) currentsif; .. and
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way only requires afew microseconds, which represents a neg-
ligible fraction of the millisecond vibration period, so the posi-
tion of the transducer is, for all practical purposes, static during
the transfer. Similarly, after depositing positive-cycle charge
into the battery, the system waits until the piezoelectric device
charges Cpy 1 in the negative direction to its negative peak. The
switched-inductor circuit then quickly energizes and de-ener-
gizesLy in 7, and 7 . from Cpz7 to the battery. This nega-
tive-cycletransfer concludesthe cycle, and the sequence repeats
as long as vibrations persist.

Cpyzr stores the energy that the piezoelectric materia
produces each half cycle (Efg\]) and the switched-inductor con-
verter extracts Efg\I from Cpyzr to reset Cpy1's voltage vpzr
to 0 V. Assuming piezoelectric current ipzr is sinusoidal at
Ipz sin(wyt), vezr during the positive-cycle time, TgR is

1 ‘.
VPZT(t) = E /0 lpzT (T) dr

Ipzr )
= | ——— ] [1 — cos{wvint)]. 1
(oot Y 1= ol @)
Therefore, after 7., Cpzr accumulates

2
QIPZT
o A -
Wy CPZT

TapRT/2
Ent =~ /0 ipzr(t) vpzr(t)dt = )
Since the negative cycle generates an equivalent amount (i.e.,
Efy &~ E), the system harnesses 413, /w¥pCpzr from
each vibration period, which is four times (4 x) more energy
than the ideal diode-rectified case can possibly induce [21].

B. Time-Domain Operation

In the positive cycle, with switch S; open, the switched-in-
ductor power stage in Fig. 3 waits for ipz to charge Cpyz 1 to
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Fig. 5. Prototyped piezoelectric energy harvester IC (in gray) and system (transistor dimensions are in micrometers).

peak positivevoltage Vi, (pr)» theexperimental waveforms

of Fig. 4illustrate. VIJ;ZT(PK isnot the actual peak because the
implemented circuit includes delay and offset, the causes and
implications of which subsequent subsectionswill address. The
controller then closes Sy and Sy to energize Ly from Cpzr for
energizing time 717, allowing Ly’s current iy, to reach posi-
tive peak current IL(PK) . Since a capacitor fully dischargesinto
an inductor in a quarter of its LC resonance period, the system
sets 711 to one-fourth of 27+/(Ly Cpzr). After 715, Sx opens
and i1, charges the parasitic capacitance at v, until the nonin-
verting diode Dy forward biases and steers iy,’s de-energizing
(battery) current i, into the battery. Once Dy completely
drains Ly, after de-energizing time 717, ., Dy opens automati-
caly (i.e., asynchronousdly).

The negative cycle operates similarly, except the power stage
invertsits functionality to realize an inverting buck-boost trans-
lation. As such, the system waits for ipzT to charge Cpzr in
the negative direction until vpz reaches negative peak voltage
V;ZT(PK). (Similar to before, Vi, PK) is not accurate be-
cause of nonidealities in the circuit.) Sy and Sy then discharge
Cpyz into Ly for one-fourth of Ly-Cpyzr’S resonance period,
after which point S; opens and iy, charges vg,,'s parasitic ca-
pacitance until inverting diode D forward biases and conducts
ir,’s de-energizing (battery) current i . into the battery.

Unlike rectifier-based harvesters, the proposed switched-in-
ductor circuit can de-energize (and, therefore, harness) al piezo-
electric energy in Cpzr, which is to say the circuit does not
suffer from a minimum input threshold. What is more, Ly au-
tomatically raises vy, and vsy, to whatever voltage the bat-
tery demands, which means the circuit does not require the ad-
ditional dc-dc converter stagethat [20]{22] usesto drive charge
into the battery. Unlikethe convertersin[21] and [22], whichin-
clude alossy feedback |oop to adjust the rectifier output voltage
to draw the maximum power from Cpy 1, the proposed harvester
can derivefour times (4 x) moreenergy than rectified harvesters
without a correcting loop.

I1l. 1C DESIGN

The prototyped harvester shown in Fig. 5 integrates the
switches, controller, and bias generator into a single 2-um

BiCMOS IC. Bias resistor Rprat and delay filter elements
Rp and Cp are off-chip for testing flexibility. For the same
reasons, external voltages vi,; and vip; adjust energizing
times 71, and 7, . externally. The piezoelectric cantilever, the
battery, and 1.y are aso off-chip.

A. Switches and Gate Drivers

A series combination of two NMOS transistorsin an isolated
p-well implements S; and Sy in Fig. 5. The purpose of the
back-to-back body diodes is to block the undesired diode
current that would otherwise result through the body diode of
a single transistor when vpzr swings below ground (in the
negative cycle) or above battery voltage Vg ar (in the positive
cycle). Note that the series combination of two switches in-
creases channel resistance and gate capacitance, which raise
conduction and switching losses, respectively, but not to the
extent body-diode conduction would dissipate power.

Allowing vpzT to swing below ground demands that Sx's
gate driver GDgy output a negative voltage. The reason for
this is that while Sy is open during the negative cycle, when
vpyzT fals below ground, S; remains closed and, as a result,
switch-node voltages vy, and vy, follow vpzr below ground.
During this time, driving Sx’s gate to zero would not disen-
gage Sy. To avoid thisproblem, GDgx’ slast inverter stage con-
nects to vpyT instead of ground, as Fig. 6(a) shows. Accord-
ingly, as the simulation results of Fig. 6(b) illustrate, GDgn'S
output vapsn_ouT follows vpzr during the negative cycle and
nears Vg a1 otherwise. Since Sy’ s gate capacitanceis orders of
magnitude below Cpy1's, GDgy hardly drains Cpyr, that is, it
has a negligible impact on vpzt. However, when the system
raises vapsn_out t0 Vear (to close Sy and energize Ly),
inverter Mpaps-Mygps conducts considerable shoot-through
current (for about 50 ns) because My ps’ Ssourcevoltage vpyr
rises more slowly (in 7{ ) than Mygns’s gate voltage drop to
zero (in a few nanoseconds). To minimize this loss, Mygps'S
width-length aspect ratio W/T. is relatively low to increase re-
sistance, yet high enough to open Sy in time to drain Ly into
the battery (with i, 1)
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Fig. 7. (a) Schematic (transistor dimensions are in micrometers) and (b) exper-
imental waveforms of the self-synchronizing switches.

B. Sdf-Synchronizing Switches

To reduce the diode-voltage conduction loss across battery-
charging diodes Dy and Dy in the power stage of Fig. 3, the
prototyped harvester in Fig. 5 replaces them with low-drop syn-
chronous MOS switches Mppy and Mppr. Here, comparators
CPpn and CPpy sense when Dy and Dp’s anode (switching)
voltages vdy, and vy, just surpass their cathode counterpart
Vpar to engage Mppy and Mppy, and switch them off other-
wise. CPpy and CPpp must therefore: 1) respond quickly (to
reduce thetimethelossy body-diodes conduct charging currents
and keep Mpnpn and Mpnpy from draining the battery with neg-
ative current) and 2) dissipate little energy [29]{31].

A fast response implies considerable quiescent current and
low energy means the comparators must operate only when
needed (asynchronously): when Ly drains iy, into the battery
(during 7' and 7 ). Fortunately, 71y and 77, are a
small fraction of the vibration period so energy remains|ow (at
0.5 nJ per cycle in the prototyped case). Considering that the
comparator in Fig. 7(a) powers only when iy, is nonzero and
the corresponding switching (anode) voltage vsvw iswell above
zero (above Mpy and Myg’s combined gate-source voltages),
which only occurs when Ly is ready to charge the battery.
During that time, some iy, (as limited by Rpias) flows into
bias mirror Myg-Myo to establish a threshold current where
Mpo determines the state of the comparator. That way, since
Mpr and Mpo match, Mpg conducts less current and engages
Mppn (or Mpp1) when Viar is below veyw, and vice versa
otherwise.
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Since the comparator does not draw current until veyw rises
well above ground, i;, charges vgw's parasitic capacitance
Csw_par Quickly, as Fig. 7(b)'s experimental waveform
shows, and Myo Sinks sufficient current to ensure that
vop_ouT transitions low quickly (to engage Mppy Of Mppy).
Note Mppn's (or Mppr's) body diode conducts current while
the comparator reacts to close Mppn (0r Mppr). Once en-
gaged, vsw remains above Vit with the ohmic voltage iy,
producing across MppN's (or Mpp1'S) series resistance. As a
result, vsw decreases with Ly’ sfaling ir,, as Ly deenergizes.
When i1, reaches zero, which occurs when the system exhausts
Ly'senergy, vsw falsto Vg ar and the comparator transitions
to disengage Mppn (OF Mppr). Since iy, no longer carries
sufficient current to power the comparator, the circuit shuts
down automatically.

During the turn-off transition, the comparator receivesasmall
overdrivevoltage so that its shut-off timeislonger than its coun-
terpart is. As aresult, while till closed, MppN’S (or Mppr'S)
reverse current cannot only discharge the battery but also dis-
sipate power. To prevent this reverse current, the comparator
shifts the shutoff trip-point up to transition earlier (when vy
is dightly above Vgar) by leaking current away from Myg
through Myg1. The positive feedback that Myyy creates en-
gages only after vep_our rises above ground by more than
Mnu1's Vo, Which occurs after the comparator decides to
raise vep_out. In other words, Myg1 accelerates the circuit
only after it beginsto trip. Mg aso imbalances gate-coupled
pair Mpg-Mpo with M.’ scurrent to offset vgw ' srising trip
point (and create a hysteresis) that helps in preventing transient
and ringing eventsin vgw from asserting inadvertent transitions
in the comparator. (In the prototype system of Fig. 7(a), Vavst
sets Mypo'S current.)

C. Control Circuit

The purpose of the control block isto determine when to start
and stop energizing Ly . First, Sy and Sy should start discharging
Cpyz into Ly whenvpzr peaks. Tothisend, comparator CPpk
in Fig. 5 compares vpzT with a delayed version of itself (vp)
to capture the moments when vz stops leading vi,. That is
to say, vpzr drops below v when vpzr just begins falling
from its positive peak, and vpy T risesabove vp when vpyzr just
beginsincreasing from its negative peak.

CPpk in Fig. 8 incorporates about £10 mV of hysteresis
to deglitch noise in vpzT and vp. The cross-coupled, positive-
feedback p-type mirror load unbalances the n-type differential
pair in both directions for that purpose. The circuit operatesin
subthreshold to minimize power (with nanoamps) so its delay
isin the microsecond range. This slow response istolerable be-
cause microseconds constitute a negligible fraction of the mil-
lisecond vibration period, meaning vpzr does not change ap-
preciably in microseconds. To mitigate risk in evaluating the
power stage and its basic control scheme, the external nega
tive source Vgs extends CPpk’'s input common-mode range
(ICMR) below ground so it can accommodate negative vpyr
voltages.

Ideally, the harvester should stop energizing Ly after one-
fourth of the I.y-Cpz1’ s resonance period, after energizing pe-
riods 7, and 7, 3,. For that, v{,;-RE,; and vip;-Raps in
Fig. 9(a) set the source and sink currents that charge and dis-
charge Capj so that Capj’s voltage reaches the threshold of



404 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 4, NO. 6, DECEMBER 2010

9/4

MPO
VeZT | My 40/4 4014 Mo L VD Ver_pK
A °
My Mm-u—T

4/4 It ) 604 L5 Y
| L o

MN_II - {I_MNA —1|:1MN0

20/4 620/4 4fa

- VSS

Fig. 8. Peak-detecting comparator CPpy (dimensionsarein micrometers and
body terminals connect to their respective supplies, unless otherwise specified).

Vv _ \'?Il[) T

(\\'IJthl'

200 KQ
R A
:

D—[m bl

9/10 ) Mepz = Mps
_ 2 Mpso 4 lT_!""" s I 3

"“’E—"“ LN E| VpLY y
PDL
4/13
- 2 Muso Mz M\,'\ P2
VaD) 4.5/10 10/8 108 FiE

y I'{I’I.-\[
6.3 MQ

R.-\IJJ
200 K

(a) (b)

Fig. 9. (a) Adjustabledelay mpry and (b) PTAT current-generator circuits (di-
mensions are in micrometers) and body terminals connect to their respective
supplies, unless otherwise specified).

the ensuing inverter in 1/27/(LuCpzr). Since tolerance in
Rapjy and C4py offset thistime, and other parasitic effectssim-
ilarly shift how long Cp1 should discharge into Ly, vj,[D ;and
vaipy are adjustable (and off-chip for testing flexibility). No-
tice that Mysq and Mpgq dissipate shoot-through power be-
cause Capy's voltage rises and falls at relatively low rates, so
to reducethisloss, their channel lengthsarerelatively long at 10
#M. In case tuning the effective R-C time constants externally
is prohibitive, monitoring 1.’ s voltage vy, with a comparator
so that it trips when vy, (which is equal to Lydir,/dt) crosses
zero (when iy, peaks) can alternately set Ly’ s energizing times
7t and 7 .. Note, however, Ly's equivalent-series resistance
(ESR) is parasitic and must therefore remain negligibly low to
minimizethetiming error and harvesting-performance degrada-
tion it produces.

The nanoamp generator shownin Fig. 9(b) biases CPpk . Op-
erationally, one-to-one mirror Mps-Mp, and gate-coupled pair
Mn1-Mn2 ensurethe My -My»' SSourcevoltagesareequal. As
aresult, the arearatio between Qp» and Qp; establishes propor-
tional -to-absol ute-temperature (PTAT) diode-voltage difference
AV across Rprat to set Igrag to

Tpg A
L _AVp _ Viln (IiiAi) _Vilnz o
BIAS T Rprar Rprar "~ Rprar

Piezoelectric
Cantilever

Jielelgialel

Fig. 10. (&) Dieand PCB (inset). (b) Test setup of the prototyped harvester.

which is supply independent. Here, V; is the thermal voltage
and Ipi-Ips and A{-A, are Qp-Qp>’S currents and areas,
respectively. Rprat’slarge off-chip resistance (at 6.3 M(2) en-
sures Igras isin the nanoamp range. Note Ig1as is only PTAT
if RpraT has alow-temperature coefficient, which is not are-
quirement for this circuit. Without startup transistor Myss, the
circuit is stable at either the previously defined Izras or zero,
when Mpy-Mpo isoff and Qp-Qp2’SVvoltages are zero. Myg:
forces the circuit into its on state because Mys{'S gate-source
voltage would otherwise be high enough (as defined by Mpsg,
Mpst, Mpga, Mns2, and Qpg1) to steer current from Mp¢ into
Mpyy. Incidentally, diode-connected PMOS transistors Mpp1
and Mpp2 leve-shift CPpgk’s current-bias terminal voltage
(across Myg in Fig. 8) to decrease channel-length modulation
errorsin Mps.

IV. CHARGING AND EFFICIENCY PERFORMANCE

Fig. 10(a) illustrates the fabricated 940 x 960-m> 2-pm
BIiCMOS integrated circuit (IC) and its corresponding
printed-circuit-board (PCB) prototype. The measured in-
ductance and ESR of the 4.4x 4.4x 1.4-mm® Coilcraft
LPS4414 inductor were 160 i.H and 3.4 2. The Briel & Kjaa’s
Mini-Shaker 4810 shown in Fig. 10(b) generated the 100-Hz
periodic vibrations used to stimulate the 44 x 13 x 0.4-mm?
piezoelectric cantilever at its resonant frequency. A laser-dis-
placement sensor measured the vertical position of the can-
tilever to study the relationship between mechanica and
electrical parameters. The amplitude of the transducer’s
open-circuit voltage AvpzrunLoapep) and the cantilever's
acceleration rate rises almost linearly with shaker-vibration
Sirength For example, AVPZT(UNLOADED) is 0.35, 0.5, 0.7,
and 0.9 V when the acceleration at the base of the cantilever
is 0.048, 0.069, 0.094, and 0.120 m/s* and at the tip of the
cantilever, it is 3.05, 4.49, 6.44, and 8.34 m/s”, respectively.

A. Charging Performance

The prototype successfully charged 160-nF SMD ce-
ramic and 23-uF electrolytic capacitors from inputs with
AVPZ’T‘(UNLOAT)F}D),S of 035, 05, 07, and 0.9 V at succes
sively increasing rates, as Fig. 11 shows. The capacitor voltages
rise in staircase fashion because the circuit deposits a small,
but fixed amount of energy (from Cpyr) every haf cycle,
much like a (trickle) pulse charger [32]{34]. As expected, the
resulting step sizeissmaller for 23 ..F and increases with larger
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Fig. 12. Experimental time-domain charging profiles for Li-lon batteries
ML414 and VL621.

Avpzrunr.oanen) S because stronger mechanical vibrations
deposit more energy into Cpyzr.

Energy per cycle (i.e, step size) is low (and charge time
relatively long) because miniaturized harvesters produce little
power. As aresult, the 1.2- and 1.5-mAh lithium-ion (Li-lon)
batteriesinFig. 12 (i.e., ML414 and VL 621) charged from 0.65-
and 0.9-V Avpzrwnroapep) Sraisetheir corresponding volt-
ages by 24 and 39 mV in 300 min. For these capacitor and
battery-charging experiments, an externa low-leakage opera
tional amplifier inthe unity-gain configuration monitored Vg at
and a low-leakage off-chip diode connected to an external 4-V
supply clamped Vi ar within the targeted range.

B. Conversion Efficiency

After discounting losses, the system harnesses up to 30 W
(Pyg in Fig. 13) from 72 ;W of transducer-generated power
(PIN(LOADED))- Without the harvester (i.e., Unloadaj) and
under equal mechanical stimulation, the energy per cycle in
Cpzr (-8, Crzr AV, unroapep)fvia) Can generate less
power (PIN(UNLOADED)) than when loaded (e.g., 40 versus
72 4sW). This is the result, as expected, because extracting
al Cpzr's positive- and negative-cycle energy resets (i.e.,
conditions) vpyzT to zero, further increasing the transducer’s
electrical damping force and thereby inducing it to derive
more energy from the environment. Note that Py unr.oapen)
also represents the maximum input power a rectifier-based
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100 Hz.

circuit can produce because a rectifier draws charge from
Cpyz1 Without conditioning its voltage. In other words, the best
possible (and ideal) rectifier-based system would draw roughly
56% of what the proposed harvester can (e.g., 40 of 72 uW).

Although increasing the transducer’s output power by up
to 78% or 1.78 x (When AVPZT(UNLOADED) is 1.2 V) by
loading it with the prototyped harvester corroborates theory, (2)
predicts a 4 x (i.e., 400%) improvement. One reason for this
discrepancy is CPpgk’s 36-mV input-referred offset causes the
system to discharge Cpzr past vpzr's peak, as aready men-
tioned and shown in Fig. 4, after Cpyr l0ses some energy to
vibrations. What is more, since the offset voltage does not scale
with the input, the fraction of energy lost to vibrationsis larger
for smaller inputs, so loaded-to-unloaded input-power ratio
Pin(Loapep)/PixunLoapepy decreases from 1.78 rapidly
(i.e., nonlinearly) with respect to Avpyrunr.oanrn)- Parasitic
resistancesin switches Sy and Sy and across Ly (in Figs. 3and
5) also reduce the transducer’s output power because, instead
of fully draining Cpzt into Ly by lowering vezr to zero,
the converter pulls vzt to the voltage drop across Sy, Ly,
and S;’s combined series resistance Rgy + Resr + Rgr. This
nonzero voltage not only represents remnant energy that the
system does not harvest but also lowers the peak amplitude
(i.e., electrical damping force) of the ensuing half cycle.

Ultimately, the harvesting conversion efficiency of the system
with respect to Piyr.oapep) (e in Fig. 13) across vibration
strength falls between 40% and 50%. The system loses con-
duction energy E¢ to the switches' finite resistances and Ly’s
ESR when iy, flows through Ly during Ly’ s positive- and neg-
ative-cycle energizing and de-energizing times 7,7, 7y 1y 71
and 7 ;y.. However, as Fig. 4 shows, Ly de-energizes in con-
siderably less time than it energizes (i.e., 7/, and 7, are con-
siderably longer than 7,77, . and 77 1;) S0 Ec mostly consists of
energizing losses

) 2

2
Iy ™ Inepry~
Ec ~E ~ +
¢ CLE) < \/§ \/g

-(Rst + Ren + Resr) e (4)

where energizing times 7, and 7 equa (to 7pg) and
If(PK) /3 and I e /+/3 are the rms currents flowing
through the resistors across 7;7. and 7; 3., respectively. Ec fals
with increasing Ly values because, even though T i increases
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with L%a (from 1/27T\/(LHCPZT)1 (IE_(PK))Q’ and (If(PK))Z
decreases with I.;. Wider MOS transistors (i.e., lower Rg;
and Rgn) also decrease Ec;, but at the expense of silicon real
estate and higher switching gate-drive losses Esw (ap), as the
following discussion will elucidate.

The system loses Esyw p) in inverter drivers when they
charge and discharge parasitic gate capacitancesin Sy, Sy, and
Dy, and Dy’s Mppy and Mppy (from Fig. 5). Since al of the
switches in the proposed harvester engage and disengage once
per cycle, gate-drive losses amount to

Eswan) ~ (Cst + Cpr + Cpy) Vop”

+Csn(Vpp + |VPZT(PK)_|)2 ©)
where Cgr1, Cpr, Cpy, and Cgy refer to the parasitic capaci-
tances that St, D1's Mpp1, Dn'S Mppn, and Sy introduce, re-
spectively, which scale with transistor channel widths. Note Sy
causes more energy lossthan the other switches becauseits gate
swings between Vpp and VI;ZT(PK)'

The system also loses overlap losses Egyy(1vy when MOS
drain currents and drain-source voltages shortly overlap every
time they transition. In the prototyped system, this overlap oc-
curswhen Sy and Sy open because v, and v, transitionwith
anonzero ir,

Eswv) ~ (0.5 k) 7sn_orF + 0.5T1(pK) ~ TSI_OFF)

-(Vgar + Vp) (6)
where V refers to Mppn and Mppr's body-diode voltage.
Here, because ij, is triangular and 7gnop, aNd Tsiop, &€
Sy and St's corresponding off times, O.5IE(PK)TSN_OFF and
O.5IE(PK)TSIOFF represent Sy and Sy’ s total conducted charge
during transitions.

The peak-detector comparator CP p , the nanoamp-bias gen-
erator, adjustable delay block 74 by, thelogic gates, and Ty and
Dy’'s comparators CPyny and CPpy in Fig. 5 also dissipate qui-
escent energy (Eq). The losses in CPpk and the bias circuit,
however, dominate E¢, because they operate through the en-
tire vibration cycle, whereas the other circuits only engage for
a substantially smaller fraction. Overall, although higher input
power increases [V, 1 pio | [fpiy, @d I py, and their as-
sociated switching losses Egw(an) and Egw vy, conduction
losses E scale more rapidly with power (i.e., proportional to
(IEF(PK))2 and (TE(PK))Z) s0 F¢ ultimately dominatesand limits
7y when mechanical vibrations are strong. Conversely, when
vibrations are weak, Eq can dominate because Fc, Eswan),
and Egw (rvy scalewith power. Similarly, Eq can also dominate
when the frequency of the input vibration islow because, since
the harvester synchronizesitself to alower vibration period, Ec,
Esw(ap), ad Egw vy decrease accordingly. A fundamental
challenge hereisthat Eq remains constant so 7y degrades with
decreasing strength and vibrations.

The increase in ny with decreasing vibration strength (i.e.,
AvpzrnLoapeD) ) acrossthe upper half of the tested range
(in Fig. 13) indicates conduction losses E dominate because
E¢ scales more rapidly with strength than output power Py
does. Through the lower range, 7y is for the most part even,
which implies that switching losses Egwap)y and Eswv)
overwhelm other losses in that region because linear reductions
in Eswan) and Egw (v offset (and balance) linear drops in
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Fig. 14. (a) Second and (b) millisecond (magnified) responses to the impact of
a baseball bouncing off atable.

Py. Since g does not fall noticeably with decreasing mechan-
ical strength, quiescent losses Fq do not appear to dominate.
Given all of this, increasing 5y in the upper range is possible
by increasing Sy and Sy’ s channel widths (i.e., decreasing their
corresponding resistances) because E~ would decline more
than Egw(ap) would increase.

V. PERFORMANCE UNDER PRACTICAL OPERATING CONDITIONS

Vibrations in practical operating environments occur, for the
most part, at relatively low frequencies, between maybe 1 Hz for
aperson walking to 167 Hz for an engine cycling at 10 000 rev-
olutions per minute. What is more, the rate is often inconsistent
and maybe even nonrecurring, asin the case of human motion,
wind-propelled movements, and vibrations generated from im-
pact [35]. What al of this meansis matching the narrowband of
atransducer to vibrations, which is the recipe for high conver-
sion efficiency, is often impractical and unrealistic.

Since the prototyped harvester automatically detects when
to draw energy from Cpgzr, the proposed system is capable of
harnessing energy from nonperiodic stimuli. When dropping a
145-g official major-league baseball from 40 cm above the ex-
perimental setup table in Fig. 10(b), for example, the impact
of the ball bouncing once off the table induces the piezoelec-
tric cantilever to vibrate and produce the pulse train in Fig.
14(a)—(b). In this case, the prototyped system charged 500 nF
(from 3.04 V) from a single bounce for three separate trials by
roughly 200 mV.

Each drop produces the decaying vibrations. Fig. 14(b) il-
lustrates where the system harvests energy by quickly draining
Cpyr into Ly and then Ly into the 500-nF capacitor each time
vpzr peaks. As vpzr's peaks (and mechanical strength) de-
crease, however, the peak-detector comparator CPpk’s offset
has alarger impact on how much input power Pixr.oapen) the
system harnesses so output power Py decreases more than basic
theory predicts. Under these weak vibrations, in fact, Rp-Cp
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and CPpk'sdelaysincrease CPpi’s offset to degrade perfor-
mance. In contrast, just as CPpk’s offset adds to the effects of
CPpk’sdelay inthe positive half-cycle, the offset cancelsdelay
in the negative half-cycle, as Figs. 4 and 14(b) indicate, which
means alternating the polarity of the offset can improve overall
performance.

Although the immediate aim of this research is to raise Py
by increasing 7w and Piy(roapep), the ultimate metric is
end-to-end harvesting conversion efficiency nrorar, which
refers to how much mechanical energy En e reaches the output
as harvested energy Ex. The means of applying a known value
for Epqe (and approximating nrorat,) 1S to tie an object of
known mass myy to thetip of the piezoelectric cantilever with a
light string and subsequently cut the link. Since the cantilever’s
elastic force F balances the object’s gravitationa pull Fg,
Enme relates to Fg and the cantilever’s tip displacement dis-
tance d¢

Kcdt  (Kede)de _Fede _Fade _ (mwg)dce
2 2 2 2 5
)

where K¢ and g refer to the spring constant and gravity’ s accel-
eration, respectively.

This way, neglecting parasitic weights and assuming the
string severs instantaneously, the prototyped harvester charged
(experimentally) 500 nF by roughly 400 mV, as Fig. 15 shows,
from a3-g weight. Asaresult, subtracting the external supply’s
quiescent energy Eq (to the chip for CPpx, bias generator,
adjustable delay, and logic gates) and gate-driving losses
Esw(an) from the energy deposited in the 500-nF capacitor
reduces Ey to

Evr=

En = 0.5Cat (Vear@)” — Vearm®) — Eq — ESV\/(GD()8)
which ranged between 100 and 660 nJ when stimulated with
1.2 to 10.8 J of Eype from 1-, 2-, and 3-g weights to yield
6.1 £ 1.5% to 8.8 &+ 6.9% of nTtoTal OF EH/EME- Table |
summarizesthe statistical results (mean and standard deviation)
for each weight across 20 trials. To minimize the mechanical
disturbance that cutting the link creates, Table | considers only
datawhoseinitial peak voltage (vpzr) wassmall (e.g., lessthan
100 mV), such as Fig. 15's vpzr.

nroTar, incorporates the collective performance of the
transducer (npzr(roanrn)) and the harvester (), which
MeaNs pzT(LOADED) IS 7roraL/nm Of roughly 14%-20%
when assuming (from Fig. 13) 7y is 45% on average. Since
NpzT(LoaDED) INCludes a factor improvement that the har-
vester induces, the unloaded counterpart (npzrunr.oADED))
is less than 14%—-20% by up to 1.78 x. Although this simple
analysis is by no means accurate or complete, it shows that
mechanical losses are significant at around 80%, and condi-
tioning the transducer to increase Piy(r.0anrn) ISasimportant
as reducing the losses across the switched-inductor converter
(i.e., increasing 7).

V1. CONCLUSION

The prototyped 2-;m BiCMOS switched-inductor piezo-
electric harvester developed, experimentally evaluated, and
presented in this paper generates and steers up to 30 uW
from a periodic 72-uW piezoelectric source into a capacitor
or battery directly. In doing so, it increases the piezoelectric
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Fig. 15. End-to-end harvesting waveforms for a 3-g weight.

TABLE |
MEASURED MECHANICAL AND NET HARVESTED ENERGY,
AND END-TO-END EFFICIENCIES

Weight [g] Ewme [nJ] En [nJ] nroraL [%]
1 1198.0£17.6 104.8+82.3 8.76+6.89
2 4797.0+123.1 402.8+173.3 8.39+3.60
3 10792.8 +190.3 659.1+171.2 6.10+1.54

cantilever’s electrical damping force to raise the transducer’s
(and, therefore, system’'s end-to-end) mechanical electrical
efficiency by up to 78%. The system also harnesses up to 659
nJ from nonperiodic vibrations with 6.1+1.5% to 8.8+6.9%
end-to-end mechanical-electrical efficiencies. One key feature
of the presented harvester is that it eliminates the need for a
rectifier. Asaresult, the system no longer: 1) places athreshold
limit imposed by diodes and/or the output voltage on mechan-
ical vibrations, 2) loses power across an otherwise additional
stage (i.e., across arectifier), and 3) limits how much the circuit
dampens the transducer (to produce more power). Conditioning
the piezoel ectric device to generate more power is an important
attribute since it is the relatively smple and low-loss control
strategy that the system adopts to energize and de-energize
the inductor directly into the energy-storage device. From a
practical standpoint, the harvester is also able to harness energy
from short, nonperiodic mechanical vibrations, which are more
prevalent in real-life applications, such aswhen someone jumps
or suddenly stops, wind gushes, objects crash, and so on.
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