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Abstract

Wearable energy harvesters have potential application in the conversion of human-motion energy into electrical energy
to power smart health-monitoring devices, the textile industry, smartwatches, and glasses. These energy harvesters
require optimal rectifier circuits that maximize their charging efficiencies. In this study, we present the design of a
novel complementary metal-oxide semiconductor (CMQOS) reconfigurable rectifier for wearable piezoelectric energy
harvesters that can increase their charging efficiencies. The designed rectifier is based on standard 0.18 pum CMOS
process technology considering a geometrical pattern with a total silicon area of 54.765 um x 86.355 um. The proposed
rectifier circuit has two transmission gates (TG) that are composed of four rectifier transistors with a charge of 45 kQ,
a minimum input voltage of 500 mV and a maximum voltage of 3.3 V. Results of numerical simulations of the rectifier
performance indicate a voltage conversion efficiency of 99.4% and a power conversion efficiency up to 63.3%. The
proposed rectifier can be used to increase the charging efficiency of wearable piezoelectric energy harvesters.

Keywords: Complementary Metal Oxide Semiconductor (CMOS) technology; energy conversion; energy harvesters;
health monitoring devices; piezoelectric transducer; portable devices; power conversion efficiency; reconfigurable
rectifier; transmission gate (TG); voltage conversion efficiency.

Resumen

Los recolectores de energia para dispositivos portables tienen una aplicacion potencial en la conversion de la energia
del movimiento humano en energia eléctrica para alimentar dispositivos inteligentes de monitoreo de la salud, de la
industria textil, asi como de relojes y lentes inteligentes. Estos recolectores de energia requieren circuitos rectificadores
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optimos que maximicen sus eficiencias de carga. En este estudio se presenta el disefio de un novedoso rectificador
reconfigurable metal dxido semiconductor complementario (CMOS) para recolectores de energia piezoeléctrica
portables que puede aumentar sus eficiencias de carga. El rectificador disefiado se basa en la tecnologia de proceso
CMOS estandar de 0,18 pm considerando un patrdn geométrico con un area total de silicio de
54.765 pm x 86.355 um. El circuito rectificador propuesto tiene dos puertas de transmision (TG) que estan
compuestas por cuatro transistores rectificadores con una carga de 45 kQ, un voltaje minimo de entrada de 500 mV'y
un voltaje maximo de 3,3 V. Los resultados de las simulaciones numéricas del funcionamiento del rectificador indican
una eficiencia de conversion de voltaje del 99,4 % y una eficiencia de conversion de potencia de hasta el 63,3 %. El
rectificador propuesto puede utilizarse para aumentar la eficiencia de carga de los recolectores de energia piezoeléctrica
portables.

Palabras clave: conversion de energia; compuerta de transmision (TG); dispositivos de vigilancia de la salud;
dispositivos portables; eficiencia de conversion de voltaje; eficiencia de conversion de potencia; recolectores de
energia; rectificador reconfigurable; tecnologia metal dxido semiconductor complementario (CMOS); transductor

piezoeléctrico.
1. Introduction

Recently, the health care industry has increased the use
of wearable devices for monitoring different parameters
of patient health such as heart rate, blood oxygen level,
sleep quality, or blood sugar level [1], [2], [3]. The
wearable devices can employ internet of things (IoT) to
transfer physiological data of risk patients to hospitals
and take immediate appropriate actions [2], [5]. These
wearable devices integrated with 10T can improve the
quality of medical services to patients. In addition, many
wearable devices may require power between 1 and 100
uW in the function of their size and electronic
components [6]. Thus, these devices require continuous
operations without power interruptions and a large
lifetime. For this, conventional chemical batteries have
disadvantages due to limited lifetime, toxic materials,
and huge volume [7]. One alternative solution to this
problem is the development of wearable piezoelectric
energy harvesters with optimal rectifier circuits that
increase the charging efficiency of the harvested energy
[8]. These piezoelectric energy harvesters can transform
biomechanical energy into electrical energy during
human motion. Figure 1 depicts the main components of
a conventional piezoelectric energy harvester [9].

Due to human motion, the electrical energy obtained
using a wearable piezoelectric energy harvester has an
alternating current (AC) voltage signal, which requires a
rectifier circuit to convert it to a direct current (DC)
voltage. This DC voltage is required to power the
wearable devices [10]. Commonly, a diode bridge is used
as a full-wave rectifier; however, this type of circuit has
low-voltage conversion efficiency (VCE) due to its
limitation to rectify signals of amplitudes less than a
threshold voltage (0.3 V or 0.7 V) of diodes [11]. In
addition, these voltage drops in the diodes decrease the
output voltage of the rectifier, which affects the power
conversion efficiency (PCE) [12]. An option to improve

the VCE and PCE of a rectifier are obtained substituting
the diode bridge by a complementary metal-oxide-
semiconductor (CMOS) circuit [13]. For this, we propose
the design of a novel reconfigurable rectifier circuit based
on a 0.18 pm CMOS process. This rectifier circuit has a
geometrical pattern (54.765 x 86.355 um?) with two
transmission gates (TG) that include four rectifier
transistors with a charge of 45 kQ, a minimum input
voltage of 500 mV, and a maximum voltage of 3.3 V. The
performance of this rectifier circuit is investigated using
numerical simulations through Spice software. The
proposed rectifier circuit has a voltage conversion
efficiency of 99.4% and a power conversion efficiency of
63.3%. Thus, this rectifier circuit is suitable to be used in
wearable piezoelectric energy harvesters.

In this paper, section 2 presents the layout and simulation
process of the proposed rectifier circuit with transmission
gates. Section 3 reports the simulation results of the
performance of the rectifier circuit, which are compared
with other rectifier circuits reported in the technical
literature. Finally, the conclusions and future research
work are indicated in section 4.

2. Materials and methods
2.1. Full-wave rectifiers

Full-wave rectifiers are the circuits commonly used for
piezoelectric energy harvesters. There are various
topologies proposed in the technical literature from the
diode bridge circuit to the CMOS rectifier. In this sub-
section, we include some rectifier architectures.

Figure 2(a) depicts a standard rectification circuit formed
by a diode bridge [12]. This circuit consists of four
diodes and has a considerable voltage drop (VD) that
decreases the output voltage and power conversion
efficiency of the rectifier. This topology can be slightly
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improved using metal oxide semiconductor (MOS)
transistors instead of diodes, which increase the power
conversion efficiency of the rectifier; although, it has still
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a significant voltage drop [13]. Figure 2 (b) shows the
topology of a CMOS cross-coupled rectifier that reduces
the voltage drop [13].

Piezoelectric
Transducer

AC/DC

Voltage

Converter

Regulator

Energy Storage
Element

=

Load

Figure 1. Schematical view of the main components of a typical piezoelectric energy harvester with AC/DC
converter and storage system [9].
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Figure 2. Full wave rectifiers: (a) rectifier with a diode bridge, (b) CMOS cross-coupled rectifier, and (c) rectifier
with comparator circuits [12], [13], [14], [15].
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This configuration has completely crossed gates with a
low input resistance compared to the structure of the
diode bridge, achieving moderate efficiency in low input
signals. However, it has low power conversion efficiency
[13]. Figure 2 (c) shows a topology of the rectifier circuit
that improves the PCE and VCE [14].

This circuit includes comparators (CMP1 and CMP2)
that control the operation of the gates of the M3 and M4
transistors. This decreases the drop voltage and reverses
the leakage current of the rectifier, which increases its
output power [14], [15]. Active rectifiers can achieve
power efficiencies close to 80 % or 85% but with input
voltage signals higher to 2 Vpk. However, passive
rectifiers can offer better performance at low power
levels [16]. For the case of wearable piezoelectric energy
harvesters, we proposed a CMOS reconfigurable rectifier
for low and high input voltages (from 0.2 to 1.5 V) with
voltage and power efficiencies of 90% and 60%,
respectively.

2.2. Rectifier with transmission gates

In this sub-section, we propose the integration of a novel

cross-coupled  topology (Figure 3) using two
transmission gates (TG1-TG2).
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Figure 3. Architecture of the proposed rectifier with
transmission gates.

Figure 4 shows a CMOS transmission gate that operates
as an electronic switch controlled by a logic level,
allowing to pass signals in both directions [17]. In the
proposed topology, both transmission gates TG1 and
TG2 can forward the current signal from the input to the
output, i.e., there is a switching control from a closed to
an open condition of the analog signal [18]. In the
proposed rectifier circuit, TG1 and TG2 operate as short
circuits when they have zero gate voltage, resulting in a
negative voltage converter. Thus, the difference in the
voltage of the piezoelectric transducer (connected to In+
and In-) allows conduction at M1 and M4 or M2 and M3,
for variations of positive and negative voltage in the input
signal, respectively [19]. This minimizes the voltage drop
and leakage current of the CMOS cross-coupled rectifier.

2.3. Layout of the CMOS rectifier

Figure 5 depicts the layout of the geometric pattern of the
proposed rectifier based on 0.18um CMOS technology,
considering a total silicon area of 54.765 um x 86.355
um.

Table 1 indicates the aspect ratio of the transistors in our

CMOS rectifier, which are determined using numerical
simulations through T-Spice software.

A
J_ NMOS

i PMOS

A
Figure 4. Transmission gate (TG) [17].

}.—. 0.054765mm —.|

TG1-TG2

Figure 5. Layout of the proposed CMOS rectifier with
transmission gates.

2.4. Layout of the CMOS rectifier

To predict the VCE and PCE of the proposed CMOS
rectifier, we used numerical simulations with T-Spice
software. For this, a model of the piezoelectric transducer
circuit of the energy harvester is required. This circuit
supplies the electrical signal that is rectified [20], [21].
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Table 1. Dimensions of the transistors of the CMOS

rectifier
Transistor | W/L Factor | Type
(Hm)
M1 36/0.4 25 PMOS
M2 36/0.4 25 NMOS
M3 36/0.4 25 PMOS
M4 36/0.4 25 NMOS
M5 0.5/0.18 4 PMOS
M6 0.5/0.18 4 PMOS
M7 0.5/2 4 NMOS
M8 0.5/2 4 NMOS

Figure 6 shows the equivalent electric circuit to a
piezoelectric transductor, which consists of a capacitance
(Cp) and parasitic resistance (Rp) in parallel with a source
of sinusoidal current (i,,(t) = Ip sin(2nfpt)). Forthis, I
varies with the mechanical excitation level of the
piezoelectric transductor and f, represents its frequency
[21].

The human body can produce energy, which is generated
by motion and body heat. Thus, possible to convert 1%
of power from the human body can be enough to energy
a wearable device [22]. Table 2 shows the sources of the
human body.

Table 2. Available power from human bodily activities

Activity Power
Arm motion 60W
Blood pressure 0.93W
Body heat 2.4- 4.8W
Breathing band 0.83W
Exhalation 1w
Finger motion 6.9 mW-19mw
Footfalls 67W

For the simulation of the proposed rectifier with
transmission gates, the following piezoelectric
transductor parameters are used: Ip= 125 pA, f, = 200
Hz, Cp=25nF, Rp = 1 MQ. In addition, a TSMC 0.18um
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CMOS technology model, obtained from MOSIS (Run:
T18H), and a load resistance of 45 kQ are used. This
resistance represents the load of a wearable sensor [9].

Figure 7 depicts the waveforms (CLK y CLK) of the
control signals of the transmission gates. Also, it shows
the waveforms of the input voltage given by the
piezoelectric transductor (500 mV), along with the
rectified voltage signal (Vout) and the output current
signal of the rectifier (Iout). To study the performance of
the CMOS rectifier with the transmission gates, we used
different input signals with a voltage range from 0.5 V to
3.3V (maximum voltage supported by the CMOS
technology). The rectified voltage (Vou) approaches the
input voltage of the piezoelectric transductor (Vin),
achieving an increase in the VCE and the PCE of the
proposed rectifier.

3. Results

The input and output signals, voltage and current, are
used to determine the values of VCE and PCE of the
CMOS rectifier, respectively. The VCE and PCE
parameters are obtained with the following equations
[13]:

VCE = 2% % 100% (1)

[Vinl

PCE =% X 100% )
Thus, input power is calculated with the RMS values of
the input current and voltage during several period
cycles. Output power is calculated by measuring the
average output voltage of the rectified signal and dividing
the square of this value by the charge resistance (RLoap)
[13].

Figure 8 shows a comparison of the relation between the
input and output voltages of the proposed rectifier and a
standard rectification circuit (D1N4148 diodes bridge).
Both rectifiers are simulated using the same initial
conditions of the piezoelectric transductor.
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Ip ‘ \\ 7 l
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i sl
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Figure 6. Electric circuit equivalent to a piezoelectric transductor [21].
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Figure 7. Simulation of the circuit of the proposed CMOS rectifier with transmission gate.
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Figure 8. Results of the ratio of the input (VIN) and output (VOUT) voltages of the proposed CMOS rectifier and
a D1N4148 diode bridge circuit.

We observed that a circuit with a diode bridge begins its
rectification at 0.7 V. In our rectifier circuit, the
rectification signal begins at 0.2 V. A significant
response of VCE and PCE of the rectifier is obtained
beginning at 0.5 V. However, the results indicate that at
0.3 V there is already an acceptable rectification. In
addition, we compared the results of the VCE of our
CMOS rectifier and the D1N4148 diodes bridge circuit,
as shown in Figure 9. For this, we considered a Vy of
500mV and obtained a VCE of 99.4% for our rectifier.
Thus, the VCE of the proposed rectifier is higher than that
of the commercial diodes bridge circuit.

Figure 10 depicts the results of the PCE of both the
proposed CMOS rectifier and standard rectification
circuit. The CMOS rectifier achieves a PCE up to 63.3%
for an input signal of 500mV, resulting in a slight drop in
power when a voltage higher than Vi is applied and
maintaining an efficiency close to 58%. The PCE of the
commercial diodes bridge circuit achieved a maximum
value of about 25%, which is smaller than the values of
the proposed CMOS rectifier.
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Table 3 indicates the values for VCE and PCE of the  In addition, our rectifier achieves a PCE range from 58%
proposed CMOS rectifier in comparison with other  to 63% for input voltage signals less than 1 V, which
rectifiers reported in the technical literature [9], [21],  provides superior performance to commercial diode
[23]. These systems use active rectifiers. Based on the  bridge rectifiers. Our CMOS rectifier has an acceptable
simulation results, the proposed rectifier has a higher  performance to use in wearable piezoelectric energy

VCE (99.4%) and lower size than those reported by [9],  harvesters.
[23], [24].

100 T o
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Figure 9. Results of the VCE of proposed CMOS rectifier and a D1N4148 diode bridge circuit. For both rectifier
circuits, a frequency of 200Hz and a load resistance of 45 KQ were considered.
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Figure 10. Results of the PCE of proposed CMOS rectifier and a D1N4148 diode bridge circuit. For both rectifier
circuits, a frequency of 200Hz and a load resistance of 45 kQ were considered.

Table 3. Main parameters of the CMOS rectifier proposed in this work compared with other reported in the

technical literature

Do et al.,
Parameters Ohetal., 2017[9] | Wang et al., 2016 [23] 2015 [24] Our work
Technology. (um) 0.13 0.18 0.18 0.18
Vin (Volts) 0.694 0.2 3 0.5-1.3
Vour (Volts) 0.703 0.181 2.9 0.497-1.29
Frequency (Hz) 200 100 200 200
VCE (%) 98.7%@45 kQ 90.5%@50 kQ -* 99.4%@45 kQ
PCE (%) 52.2% 85.5% 91.2%@100 kQ | 63.3%-58.5%
Size (mm?) 0.2916 -* 0.016 0.0047
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Figure 11. Schematic view of a simple wearable piezoelectric energy harvester with the proposed CMOS rectifier.

Figure 11 shows a schematic view of a simple wearable
piezoelectric energy harvester with the proposed CMOS
rectifier. The cantilever beam may be a surface area of
1mm? and is placed at the center of p-type substrate
silicon. The beam will be including substrate silicon
(50 x 14 x 12 um), a zinc oxide (ZnO) layer
(40 x 14 x 1 um), an aluminum electrode (4 x 4 x 1 um),
and a seismic mass (5 x 14 x 20 um).

4, Conclusions

The design of a rectifier circuit based on 0.18um CMOS
TSMC technology with transmission gates is presented.
This CMOS rectifier can be used for signal conditioning
of piezoelectric energy harvesters of wearable devices.
This rectifier was designed with a geometrical pattern of
54.765 pum x 86.355 um, which included two
transmission gates with four rectifiers transistors. The
proposed signal conditioning circuit can rectifier input
voltages up to 3.3 V. The VCE and PCE of the CMOS
rectifier were increased to 99.4% and 63%, which
represented better results than those of commercial
diodes bridge circuit. The two transmission gates of the
rectifier decrease its voltage drop using crossed coupling
gates, registering an output power of 4.97uW with a load
resistance of 45 kQ. This rectifier can help to increase the
charging efficiency of the harvested energy, decreasing
the electrical energy losses. This could allow the increase
in the energy supplied to wearable devices.
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