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Abstract

Context: Energy harvesting has positioned itself an emerging area of research due to
recent developments in low-power electronics, the Internet of Things, and artificial
intelligence. Various diode-based circuits and alternatives have been proposed in
the literature, but the application of CMOS cross-coupled circuits, specifically in
piezoelectric energy-harvesting systems, has not been properly explored.

Method: An experimental study was conducted in order to assess the performance
of a two-stage cross-couple MOS-based voltage multiplier in piezoelectric and
solar energy harvesting. A piezoelectric disc was used to evaluate the output. The
piezoelectric output was obtained by applying a small pressure to the input, and a 6
V panel was employed in the solar energy setup.

Results: The proposed circuit provides a 1.91-fold voltage gain in the piezoelectric
energy harvester.

Conclusions: The two-stage MOS-based cross-coupled voltage multiplier circuit
performs better than the diode-based alternative in the piezoelectric energy
harvester. These experimental results show encouraging prospects for green energy,
low-power electronics, and Internet of Things applications, among others.
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Resumen

Contexto: La recoleccién de energia se ha posicionado como un &rea de investigacion emergente debido a los
desarrollos recientes en electrénica de baja potencia, el Internet de las Cosas y la inteligencia artificial. La literatura
ha propuesto diversos circuitos basados en diodos y otras alternativas, pero la aplicaciéon de circuitos CMOS de
tipo cross-coupled, especificamente en sistemas piezoeléctricos de recoleccién de energia, no ha sido explorada
adecuadamente.

Meétodo: Se llevé a cabo un estudio experimental para evaluar el desempefio de un multiplicador de voltaje de dos
etapas basado en transistores MOS tipo cross-coupled en la recoleccién de energia piezoeléctrica y solar. Se utilizé
un disco piezoeléctrico para evaluar la salida. La sefal piezoeléctrica se obtuvo aplicando una pequefia presiéon en
la entrada, y en la configuracién solar se emple6 un panel de 6 V.

Resultados: El circuito propuesto proporciona una ganancia de voltaje de 1.91 veces en el recolector de energia
piezoeléctrica.

Conclusiones: El circuito multiplicador de voltaje de dos etapas, basado en transistores MOS tipo cross-coupled,
presenta un mejor desempefio que la alternativa basada en diodos en el recolector de energia piezoeléctrica. Estos
resultados experimentales brindan perspectivas alentadoras para aplicaciones de energfa verde, electrénica de baja

potencia y el Internet de las Cosas, entre otras.

Palabras clave: energia piezoeléctrica, MOS cross-coupled, multiplicador de voltaje, convertidor elevador solar,

recoleccién de energfa solar
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1. Introduction

Energy harvesting has positioned itself an emerging area of research due to recent developments in
low-power electronics, the Internet of Things (IoT), and artificial intelligence (Al). Various diode-based
circuits and alternatives have been proposed in the literature, aiming for the development of different

technologies (1-3).

For instance, (4) presented a review on powering different wireless sensors from ambient energy
sources. Multiband RF energy-harvesting circuits (5) have also been proposed. (6) discussed the
recent advancements in different energy-harvesting technologies, and (7) proposed the use of CMOS

circuits for efficient RF-to-DC energy conversion. (8) used an NMOS RF-to-DC rectifier, achieving a
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57.6 % power efficiency. However, it is difficult to implement diode-based circuits in typical CMOS
processes (9,10). MOS-based energy harvesting circuits are rather scarce in the specialized literature, and
they yield lower output voltage and power compared to conventional diode-based energy-harvesting

circuits (11,12). This is due to the large drain-to-source voltage drop (13).

MOS-based circuits (Dickson, Villard, etc.) offer better a performance. Among them, the Dickson
charge pump is very popular in energy harvesting. For example, (9) proposed a high-gain
MOS-based traditional Dickson charge pump circuit, and (10) introduced a step-up converter
using a MOSFET-based Dickson charge pump. The latest development is a cross-couple MOS-based
circuit (14, 15), which significantly improves AC-to-DC conversion efficiency while exhibiting a low
ripple at the output when compared to MOS-based Dickson charge pumps. Furthermore, (16) proposed
a modified cross-coupled energy-harvesting circuit that provided 46 % efficiency using 180 nm CMOS
technology. On the other hand, (17) proposed a cross-coupled active rectifier-booster for broadband
wireless energy harvesting, and (18) proposed a self-bias cross-coupled MOS rectifier for RF energy
harvesting. (19) compared the performance of diode-based and cross-coupled MOS-based circuits.
However, to the best of the author’s knowledge, the application of CMOS cross-coupled circuits,
specifically in piezoelectric energy-harvesting circuits, has not been properly explored in the literature.
This work proposes a cross-coupled voltage multiplier circuit for solar (20-23) and piezoelectric
energy (24-26) harvesting applications.

This study evaluated the experimental performance of a two-stage MOS-based cross-coupled
voltage multiplier circuit for piezoelectric and solar energy-harvesting systems. 3205 n-channel and
9250 p-channel MOSFETs, as well as 100 nF capacitors, were used for designing the aforementioned
circuit. The basic block diagram of this proposal is shown in Fig. 1. In addition, it should be noted that

a self-driven solar-powered boost converter (27,28) was considered.

Figure 1. Block diagram of the cross-coupled MOS-based piezoelectric energy-harvesting circuit

2. Cross-coupled MOS-based voltage multipliers and their advanta-
ges

The two-stage cross-coupled MOS-based voltage multiplier circuit (29) is shown in Fig. 2. The circuit
consists of two n-channel MOS and two p-channel MOS at every stage. It has a low threshold voltage
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drop and is suitable for energy-harvesting applications. The output voltage for the n-stage using Eq. (1).

Dpc=N-V, 1)

Figure 2. Two-stage cross-coupled MOS-based energy-harvesting circuit

3. Experimental setup and performance analysis

A simple experimental setup was designed to analyze the performance of the proposed circuit. A
1 MHz function generator was used for applying the input voltage, as well as a dual trace CRO for

observing the input and output waveform. The output voltage was measured by means of a voltmeter.

For the experimental study, a 1 V peak AC signal was applied at the input of the two-stage
cross-coupled voltage multiplier circuit, which provided a 747 mV DC voltage at the output (Fig. 3).

Next, the performance of the multiplier circuit was studied in the context of a piezoelectric
energy harvester, as shown in Fig. 4. Using one finger, a small pressure was applied on the disc-type
piezoelectric materials. This yielded a 6.88 V rectified DC output voltage for a 3.6 V AC input.

The output current of the Piezo-electric harvester was also measured. The maximum DC output

current of the proposed multiplier circuit was 8 uA for a 1 KOhm load at the output (Fig. 5).

Then, we assessed the output performance of a three-stage Schottky diode-based voltage multiplier
circuit in the piezoelectric energy harvester. This circuit is a combination of the Greinacher and Villard
voltage multiplier circuits. At the input, a 2.5 V AC input signal was applied via piezoelectric pressure,
as shown in Fig. 6. The analyzed circuit provided a 3.62 V rectified DC output voltage. This experimental
study revealed that cross-coupled voltage multiplier circuits yield a comparatively higher output

voltage than their diode-based counterparts in piezoelectric energy-harvesting circuits.
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Figure 3. Rectified DC output voltage of the proposed circuit

Figure 4. AC input and rectified DC output of the two-stage cross-coupled piezoelectric harvester

Figure 5. Output current of the proposed piezoelectric energy harvester

The different experimental output parameters of the piezoelectric energy harvester were determined

for varying load resistance values. This is summarized in Table I.
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Figure 6. Input voltage from of the piezoelectric energy harvester with the diode-based circuit

Table I. Output parameters of the piezoelectric energy harvester for different load resistances

Maximum Load Output Output Output
input voltage resistance voltage current power
V) (KQ) (mV) (nA) (W)
0.220 2.27 25 0.056
1 8 20 0.16
10 127 17 2.15
5.86
100 1130 13 14.69
1000 7380 10 73.8
Open 8620 - -

Afterwards, the performance of the cross-coupled voltage multiplier circuit was analyzed on a solar
energy source. To this effect, a 6 V solar panel was used, with the aim of enhancing its output voltage.
The DC output of the solar panel was converted into a pulse signal by means of a pulse generator, using
a simple 7414 IC. The output voltage was 1.40, as well as 1.35 V for the open circuit, for a 1 M2 resistance
(Fig. 7).

Figure 7. Voltages obtained for a 1 M2 load resistance

The experimental results show that the cross-coupled voltage multiplier circuit provides a better

output for the piezoelectric energy harvester when compared to the solar panel.
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4. Comparison

Using ORCAD 10.5, the simulated performance of the proposed cross-coupled voltage multiplier
circuit was determined, as shown in Fig. 8. The results were compared against the findings from our
experiments. The simulated vs. experimental output performance of the circuit in the piezoelectric
energy harvester is shown in Fig. 9. Note that the experimental values almost follow the simulated
ones. The same AC input voltage of 3.6 V was applied in both studies. As previously mentioned, 3205
n-channel and 9250 p-channel MOSFETs, as well as 100 nF capacitors, were used for designing the
proposed circuit. Both MOS have a low resistance, and the 9250 p-channel exhibits a fast switching
speed. On the other hand, the simulation employed a 3205 N MOSFET and 100 nF capacitors. The 3205
N MOSFET had a resistance of 8 m(2. These MOSFETs can be operated ata 100 V drain-to-source voltage.

By means of simulation, a transient analysis of the proposed circuit was carried out.

Figure 8. Two-stage cross-coupled MOS-based voltage multiplier circuit

Figure 9. Comparison between experimental and simulated results

| Ingenieria | Vol. 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | €23272 | 7 of 13



Experimental Performance of a Two-Stage Cross-Coupled MOS-Based. . . Joydeep Banerjee

The output power and the efficiency of the proposed circuit were also determined: it provides 2.2

mW of rectified output power for a 100 €2 load under a 1 V AC input (Fig. 10). The input power was
calculated using Eq. (2).

Vpeak-peak
p. _ _ peakpea 2
n 2~\/§-EL ()

3.53 mW were obtained for a 1 V AC input and a 100 2 load resistance.

Figure 10. Simulated power for a 100 2 load resistance
The proposed circuit exhibited a 62.32 % efficiency, as calculated using Eq. (3).
. . _ P, out
YEfficiency = x 100 %

N ®)

This experimental study revealed that our cross-coupled voltage multiplier is suitable for enhancing

the output level of the analyzed piezoelectric energy harvester and solar-powered boost converter (Fig.
11). Table II compares the output performance of different energy-harvesting sources.

Figure 11. Solar-powered energy harvester
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Table II. Comparison of experimental and simulated results for the proposed energy harvester

Energy harvesting circuit Method Vi, (V) V. (V)
Cross-coupled MOS-based  Experimental values 3.6 6.86
voltage multiplier circuit Simulated values 3.6 7.2

The design parameters of the proposed circuits are summarized in Table III.

Table III. Design parameters of the MOS-based cross-coupled circuit

Load resistance

Circuit Components
values
Two-stage cross-  IRF 3205, 9540N
220 02, 1KQ,
coupled voltage ~MOSFET, 100 nF
10 KQ, 1 MQ

multiplier capacitors,

A comparison of the author’s proposed circuit against other energy-harvesting systems in the

published literature is given in Table IV. This proposal shows significant improvements.

Table IV. Performance comparison vs. previously published energy-harvesting circuits

Energy Maximum Design Approach,
harvesting output complexity, Applications
circuit voltage (V) size, cost
Proposed MOS-based Simple circuit, .
. . IoT devices, low-
piezoelectric energy 6.88 easy to manufacture, lectroni
ower electronics
harvesting circuit small size, low cost P

Prototype of a piezo Easy to manufacture,

1.8 i Power conditioning
energy harvester (30) small size
. . Simple circuit, easy to  Mobiles with keypad
Piezoelectric voltage ) )
o 43V design, small size, and sound
multiplier circuit (31) . .
low cost vibrations
Piezoelectric
t d Analysis f
nfanogenera ors an 15 Complex design na ys1.s or en-ergy
vibrational energy harvesting devices

harvesters (32)

5. Conclusions

This work evaluated the experimental performance of a two-stage cross-coupled MOS-based
voltage for piezoelectric and solar energy harvesting. The results show that the designed circuit

performs better in piezoelectric energy harvesting, as it enhances the input voltage by 1.91 times.
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A diode-based circuit was also evaluated in the piezoelectric energy harvester, providing a 1.44-fold
increase in the output voltage compared to the input. The experimental study showed that the two-stage
MOS-based cross-coupled voltage multiplier circuit performs better than the diode-based alternative,

with encouraging prospects for green energy, low-power electronics, and IoT, among others.
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