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This paper presents a methodology to extend the working bandwidth of vibration energy
harvesters (VEHs) by using a voltage-boost rectifier (VBR) circuit. The VBR circuit rectifies
small ac voltages of MEMS VEHs and boosts them to a dc voltage sufficient for the operation of
the subsequent circuitry. The proposed system using the VBR circuit can work regardless of the
VEH type. Also, the VBR circuit can be monolithically integrated with CMOS LSI without
using other external components. The developed VBR circuit is experimentally evaluated using
a MEMS VEH and successfully delivers boosted dc voltages even when the input ac amplitude
is below 0.4 V in the frequency range (<1 kHz) of environmental vibrations. We confirm that the
working bandwidth can be increased by employing the VBR circuit compared with the use of
conventional diode rectification.

1. Introduction

In IoT systems, miniaturized massive wireless sensor nodes are key interface elements of the
physical and cyber worlds. Energy harvesters can be an energy source for these sensor nodes,
where battery replacement is difficult. Among several energy harvesting methods, utilizing
vibration energy is promising because environmental vibrations ubiquitously exist even at night
or indoors.()

MEMS technology has enabled us to downscale vibration energy harvesters (VEHs), and the
output power of VEHSs has increased in recent years.>~%) Most VEHs generate the maximum
output power under their resonance conditions, where the working frequencies are bound to their
resonance frequencies. The amplitude of the output signal suddenly decreases when the working
frequencies, in other words, the frequencies of the input vibration, deviate from the resonance
frequency. Thus, to overcome this issue, many works have been reported on the bandwidth
enhancement of VEHs.

The broadband techniques are categorized into mechanical and electrical approaches. The
mechanical approaches include linear and nonlinear mechanisms that require additional
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mechanical elements, which would increase the total device size or constrain device design
flexibility, as seen in arrayed devices, combined eigenmodes, multistable configurations,
amplitude-limiting systems,®19 and so forth. The conventional electrical approaches that
utilize nonlinear electrical interface circuits!!-14 require the use of off-chip discrete components
and complicated circuit architectures.(>)

In this paper, we present a broadband technique for VEHs realized by adopting a voltage-
boost rectifier (VBR) as an electrical interface circuit. Unlike conventional electrical interface
circuits for increasing the bandwidth, the VBR can be monolithically integrated with CMOS LSI
without using other external components, such as off-chip inductors. Moreover, the system can
be used regardless of the VEH type. In Sect. 2, the methodology is briefly described, and in
Sect. 3, the experimental results are presented.

The concept of the proposed technique has already been presented in our previous work.(10)
In this paper, we newly evaluate the frequency and voltage ranges of the VBR. The efficiency of
the VBR is also discussed.

2. System Overview

The concept of the proposed system is shown in Fig. 1. The output port of a VEH is
connected to the input of a VBR circuit, and the output dc voltage of the VBR is delivered to the
subsequent load circuits or storage components. We aim to design the VBR threshold voltage to
be lower than those of diode rectifiers and the VBR output voltage to be higher than those of
diode rectifiers. As shown in the voltage—frequency characteristic curves of the VEH output and
input ports in Fig. 1, the available bandwidth around the resonance frequency of the VEH
becomes wider when the threshold voltage becomes lower. The V) level in Fig. 1 shows the dc
voltage required for the subsequent circuits. In the case of conventional diode rectification, the
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Fig. 1. (Color online) Concept of bandwidth extension system using VBR.
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output voltage of VEHs should be higher than the sum of Vpp and the voltage drop across the
diodes. Thus, the practical threshold voltage for the VEH diode rectification can be higher than
the threshold voltage of diodes. The use of dc—dc boost converters after the diode rectification
increases the overall system size because off-chip inductors are needed. The VBR presented in
this work can be developed by the standard CMOS processes and thus be monolithically
integrated with other peripheral circuits, which is useful for miniaturization and packaging.
Figure 2 shows a schematic image of the proposed energy harvesting system using a VBR
circuit and a MEMS VEH. We designed a single-ended VBR based on a Dickson-type charge
pump topology.!” The ac input (V;,) and the ground node are alternately connected to the
pumping nodes through coupling capacitors (C). The dc output voltage (V,,,) with N + 1

N-channel metal-oxide-semiconductor field-effect transistors (NMOS-FETs) can be expressed
(18)
as

C I
Vi =N| — Voo Ve |~V 1
out £C+CP AC 7(C+Cm) TH] TH Q)]

where Cjp is the parasitic capacitance at each pumping node, V- the peak-to-peak voltage of the
ac input signal, / the average current at the output load, f'the ac signal frequency, and V' the
threshold voltage of the NMOS-FETs. Thus, when 7

out

becomes positive, then the following
condition is required:

+—. @)

This provides a minimum ac input voltage level. What is different from conventional diode
rectifiers is that as long as the ac input voltage becomes higher than the threshold voltage defined
by Eq. (2), we can design the boosted dc output voltage by tuning the circuit parameters such as
C and N. Such VBRs have been employed for RF energy harvesters with antennae that receive
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Fig. 2. (Color online) Schematic of VBR circuit and MEMS VEH.

a




4 Sensors and Material, Vol. 34, No. # (2022)

unused radio waves propagating in the surrounding environment and convert them to electrical
current as alternative power sources for batteries.(!”) In RF energy harvesters, the input signal
levels are relatively lower than those of VEHs,?? and the RF signal frequency (MHz-GHz)(1?) is
considerably higher than the frequencies of the environmental vibrations (<1 kHz)1-?1-22) ysed
for energy harvesting. Recent works indicate that VBRs have potential as a broadband technique
for VEHs.(16:23)

In this work, we designed a VBR for an electrostatic VEH reported elsewhere®* and
evaluated the performance using both simulation and experimental results to confirm the effect
of bandwidth expansion. As shown in Fig. 2, a pair of electrodes is used. One of the electrodes is
fixed and moves along the harvester’s package frame. The other electrode is suspended by
springs and moves relative to the fixed electrode according to the inertial forces of input
vibrations. The change in the electrical potential of the electrostatic VEH drives the VBR as one
of the VEH electrodes is connected to the input of the VBR. The minimum operating frequency
was previously designed to be below 100 Hz to meet the requirement of environmental vibration
harvesting.(121-22) As a proof-of-concept system, we designed a VBR circuit within a footprint of
1.2 x 0.9 mm? and developed it using a 0.7 pm Si CMOS technology. The coupling capacitor was
designed to be 1 pF, and 10 pumping stages were integrated by using 20 sets of NMOS-FETs.
The output dc voltage was designed to be higher than 1 V even when the frequency of the input
vibration becomes the minimum operation frequency, as VEHs are assumed to be power sources
for low-power electronics.(?3) The typical V', of the NMOS-FET used was around 0.6 V, and we
optimized the circuit parameters to make the minimum input ac level as close to V7 as possible.
Accordingly, the minimum input ac amplitude was designed to be lower than 1 V while
maintaining the output dc level higher than 1 V, which cannot be realized by conventional
rectifiers with non-negligible voltage drops.

Figure 3 shows the power conversion efficiency of the VBR calculated by LTspice (Analog
Devices Inc.). The VBR was excited by the sinusoidal input voltage at 100 Hz whose amplitude
was changed from 0.8 to 1.6 V,. A 100 pF capacitance is connected to the output port of the
VEH. The instantaneous value of the ratio between the output power and input power is
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Fig. 3. (Color online) Simulation results of the instantaneous value of power conversion efficiency as a function of
output voltage normalized by saturation value. The amplitude of the input voltage is changed as a parameter.
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calculated as a function of V,,,, from 0 V to the saturation voltage. Input and output power are
derived as the products of voltages and currents measured at the input and output terminals of
the VBR. Each curve has a peak at half the saturation voltage, and the efficiency increases with
increasing input voltage. A previously reported efficiency(!”) was 15% (after correction for the
identical topology for the charge pump circuit), which is in the same order as our results. The
efficiency of VBRs is mainly dependent on the number of stages N and the transistor size,
namely, the gate width ¥ and the gate length L.?9 The main factor limiting the efficiency is W
because the proposed VBR adopted 0.7 um CMOS technology while the previous circuit adopted
90 nm CMOS technology.

3. Evaluation Results
Figure 4(a) shows the experimental setup for the evaluation of the VBR chip alone. The VBR

circuit was developed on a die of 1.5 x 1.5 mm? area, and wire bonded and sealed on a printed
circuit board for evaluation [Fig. 4(b)]. As illustrated in Fig. 4(a), a function generator (Agilent
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Fig. 4. (Color online) Evaluation of single characteristics of VBR chip. (a) Experimental setup, (b) image of VBR
chip, (c) output voltage as a function of input voltage amplitude and (d) as a function of input voltage frequency.
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Technologies, 33220A) was used to apply sinusoidal voltage to the input port of the VBR circuit.
We measured the VBR output signal by an oscilloscope (Agilent Technologies, DSO1014A) with
a buffer circuit.

Figure 4(c) shows the measurement results of the boosted dc voltage of the VBR as a function
of the input ac level where peak-to-peak input ac voltages at frequencies of 100, 200, and 500 Hz
were used. The frequency range below 500 Hz was designed according to the characteristics of
various environmental vibration sources.(!) As shown in Fig. 4(c), we confirmed that the output
dc voltage was higher than 1 V even when the input ac amplitude from the ground level, which
was half the peak-to-peak input ac voltage, was below 0.4 V.

Figure 4(d) shows the measured output dc voltage as a function of the input signal frequency
where the peak-to-peak input ac voltages are 0.8, 1.0, and 1.2 V. The output dc voltage
increased with the peak-to-peak input ac voltage. Each output dc voltage saturated below around
100 Hz. This frequency dependence follows Eq. (1), which indicates that discharge by leakage
current is compensated at 100 Hz.

Figure 5 illustrates the experimental setup used to evaluate the bandwidth extension
characteristics of the VBR circuit. As shown in Fig. 5(a), a shaker (Emic, 9514-AN/SD 373-A,
DCS-98S Smart) was used to apply vibrations to a MEMS VEH as reported elsewhere.?*) The
output voltage from the MEMS VEH was rectified and boosted to a DC voltage by the VBR
circuit. The output voltage of the VBR circuit was measured by an oscilloscope (Agilent
Technologies, DSO1014A) through a buffer circuit. Figure 5(b) shows photographs of the MEMS
VEH set on the shaker to apply single-axis vibrations and the VBR circuit chip implemented on
a printed circuit board.

Figure 6 shows the transient characteristics of the measured voltage over time at 1 mG (G =
9.8 m/s?) input sinusoidal acceleration. In this experiment, the frequency of acceleration was set
to be around the resonant frequency of the MEMS VEH.(®) Figure 6(a) presents the
measurement results obtained using a single diode rectifier instead of the VBR circuit. The
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Fig. 5. (Color online) Experimental setup for evaluation of VBR characteristic with MEMS VEH.
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diode was developed in the same Si CMOS manufacturing process and the threshold voltage was
around 0.6 V.

The measurement results obtained using the VBR circuit are shown in Fig. 6(b). Comparing
Figs. 6(a) and 6(b), it can be seen that the VBR circuit successfully boosted the output voltage,
although it required additional charging time to obtain the saturation voltage. This charging time
is permissible for intermittent operation. Step-like responses are observed on the voltage curves
around 10 s in Fig. 6(b). A possible cause of these responses is the frequency shift of the VEH.
The quality factor of the VEH is 250 under the open circuit condition;(!¢) therefore, the instability
in the resonant frequency of the VEH has caused a change in the output voltage.

Figure 7 shows the saturation voltage spectra with different input sinusoidal accelerations.
Figures 7(a)—7(c) represent the measurement results with the input acceleration amplitudes of 1,
5, and 10 mG, respectively. The peak voltage of each spectrum was found to be around the
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Fig. 6. (Color online) Transient results of the measured output voltage of (a) diode rectifier and (b) VBR with 1 mG
input sinusoidal acceleration.
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resonant frequency of the MEMS VEH. In addition to the experiments using the VBR circuit,
we also measured the saturation voltage spectra with the use of a single diode rectifier in place
of the VBR circuit as shown in Figs. 7(a)—7(c). The saturation characteristics of the measured
spectra around the charged voltage of 6 V were associated with the maximum output voltage of
the buffer circuit used. It was confirmed that the working bandwidth can be increased by
employing the VBR circuit compared with the use of conventional diode rectification. The
enlargement ratio of the bandwidth depends on the original bandwidth of VEHs used, because
the output voltage of the VBR is dependent on the frequency and the amplitude of the input
voltage.

4. Conclusions

We proposed a methodology for the bandwidth extension of MEMS VEHs using a VBR
circuit. Unlike conventional electrical interface circuitry for bandwidth enhancement, the VBR
circuit can be monolithically integrated with CMOS LSI without using other external
components. Also, the system can work regardless of the VEH type, and thus it can be combined
with other mechanical bandwidth-broadening methods. The experimental results showed that
the developed VBR circuit successfully boosted the dc voltage, even when the input ac amplitude
was below 0.4 V, around the frequency level of environmental vibrations. The working
bandwidth of the MEMS VEH was increased by using the VBR circuit compared with that using
the conventional method with the diode rectifier. These results confirmed that the proposed
methodology will be useful for extending the bandwidth of MEMS VEHs.
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