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ABSTRACT A quartz oscillator has a stable frequency that can be tuned by applying a voltage across
the quartz crystal. This study applied a triboelectric generator (TEG) as mechanical stimuli on the input
voltage of a remote transmitter in a transmitter-to-receiver system. The intermodulation (IM) frequencies
were chosen instead of the transmitter frequencies because the IM signals are generally significant. This study
first examined the rectified electric voltage from contact-separation and single-electrode mode TEGs. The
series connection TEG, stored capacitor, and passive voltage regulator (zener diode) determine the quality
of the direct current voltage. The increase in the input voltage via mechanical stimuli on the transmitter was
proved to deliver a signal where the IM frequencies increase with the stimuli in the system.

INDEX TERMS Triboelectric energy generation, energy harvesting, intermodulation, quartz oscillator.

I. INTRODUCTION

Wearable devices generally require wireless communication
to monitor mechanical stimuli. Health and activity moni-
toring devices demonstrate the superiority of self-powered
mechanisms [1]-[4]. The need for energy harvesting may
come from different sources in an ambient environment.
Photovoltaic, thermoelectric, electromagnetic, piezoelectric,
and triboelectric approaches are the most common technolo-
gies for ambient energy harvesting [3]-[21]. Some of the
technologies may exhibit complex structures, high-frequency
operation, low conversion efficiency, or low output voltage,
which could limit their application in smart power supply.
A triboelectric generator (TEG) may be a suitable technology
that has been reported to have a relatively simple structure,
high energy density, and low cost [18]-[21]. In addition, the
flexibility of the structure indicates that TEG has potential
application in the biomedical field [22].

The piezoelectric generator presents a self-powered
approach to transmitting signals through mechanical stimuli
on a remote sensing system [23]. TEGs also demonstrate a
similar remote energy harvesting ability. Induction copper
coils and commercial antennas powered by TEG provide
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wireless power and/or signal sources in a transmitter-to-
receiver system [24], [25]. Light-emitting diodes powered by
TEG can be used for signal transmission [26], [27]. Although
many works applied self-powered approaches for signals
to a transmitter-to-receiver system, few studies considered
a quartz crystal (QC)-based oscillator as a transmitter-to-
receiver system. A QC oscillator has high-quality and high-
temperature stability, that is, it is highly accurate and has
low energy dissipation. The frequency of a quartz oscillator
is tunable by applying a voltage across the QC because QC
is a piezoelectric material, thus making quartz oscillators an
ideal media for wireless transmission [28], [29]. In addition,
quartz oscillators for transmitters and receivers can be highly
discernible distinguishable because their frequencies are
dependent on QC and the frequencies are subject to the
orientation of the QC cut. This research intended to apply
different TEG modes through mechanical stimuli on the input
voltage of the transmitter and also aims to examine the factors
of the TEG circuit for the transmitter-to-receiver system.

Il. TRANSMITTER-TO-RECEIVER SYSTEM AND
TRIBOELECTRIC ENERGY GENERATOR

The transmitter-to-receiver system uses the same quartz
oscillators as the transmitter and receiver. The difference
between the transmitter and receiver is that the receiver is
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connected to a spectrum analyzer, whereas the transmitter is
powered by mechanical stimuli through TEG. The number
of transmitter and receiver can be expanded by adding the
same quartz oscillators with different oscillation frequencies.
Power mechanisms include contact-separation and single-
electrode mode TEGs. Contact-separation (CS) mode TEGs
generally generate a high-voltage pulse output with simple
geometries [30]. In contrast, the single-electrode (SE) mode
TEGs are constructed with only one triboelectric surface so
that a human hand serves the other electrode, thus ensuring
that the setup can integrate easily with other electronics [31].

A. SCHEMATIC OF SIGNAL TRANSMISSION AND ENERGY

GENERATOR

The transmitter-to-receiver system uses the near-field region
because the frequencies of the commercial QC are operated
in a low-frequency region in tens of MHz. In this region, the
radiation distance (r) is relatively shorter than wavelength (4).
The reactive near-field has strong capacitive or inductive
effects, thus being suitable for wireless powering [32], [33].
Then, the transmission causes a signal interference that
shares the same space. The interference generates harmonic
frequencies because of nonlinear features. However, if the
operating and interference frequencies are well known,
then this intermodulation (IM) can be reconstructed, thus
converting the IM distortion for sensing purposes.

A quartz oscillator provides a stable oscillation frequency
that depends mainly on the natural frequency of the QC. The
IM signal (S;) is composed of a transmitter signal (Sy) and a
received signal (S,). The nonlinear output spectrum (S,) at
the spectrum analyzer is expressed as follows:

o0 o0
So=Y_anS} =) an(S; cos2mfit + Sy cos2xft)" (1)

n=1 n=1

where a, is an independent coefficient related to S;. f;
and f, are the fundamental frequencies of the receiver
and transmitter, respectively. The natural frequency of the
QC determines the fundamental frequencies of the quartz
oscillator. The collapsing series in Eq. (1) results in the
spectrum of frequencies m Xxf,£ n Xf;, where m and n
are integers. Although the infinite order of signal tones can
be found on the spectrum, the power (amplitude) generally
decreases with increasing order. In addition, the IM products
are usually higher than pure transmission signals because
the S; is significantly higher than S; when the spectrum is
connected to the receiver side.

Fig. 1 shows the schematic of the interference of the
transmitters and receiver and the necessary power in the
transmitter-to-receiver system. The receiver can discriminate
different sources of the frequencies from the transmitters
because of their different frequencies. This work limited the
self-powered unit for input voltage (V;) supply (dashed box)
to the transmitter side. The QC is a piezoelectric material
that is used to tune the oscillation frequency (f+Af) of the
voltage-controlled oscillator (VCO) with V;. The identities
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FIGURE 1. Schematic of multiple transmitters and a receiver made of
VCOs. The input voltage (V;) is powered by a self-powered unit, whereas
the circuits (Vs) are supplied by a 9 V battery. The IM product of the
frequencies of the receiver and transmitter (m x fr+ n x f;) is applied,
and the oscillation frequencies of the transmitters are tunable (Af)
through V;. Notably, this work applied one transmitter.

of the transmitter and receiver are exchangeable because
the oscillator circuits are the same. Although the circuits
used external power (Vy), the circuits are likely powered
by TEG [34]. In addition, the integrated circuit can save
more power than the discrete circuits. The IM product of the
frequencies of the receiver and transmitter (m x fy4n x f;)
are preferable (m and n are integers) because IM signals are
generally significant.

B. TEG FOR VOLTAGE INPUT ON VCO

The working mechanism of TEG comes from the coupling
of triboelectricity and electrostatic induction effects. When
two different triboelectric materials contact each other
and separate, electrons will flow back and forth through
the external circuit to maintain balance because of the
instantaneous voltage difference [1], [35]. Generally, the
working mechanism of TEG has four modes: CS, in-plane
sliding, SE, and free-standing mode [24], [35]. The energy
density is related to the coupling of the dielectric polarization.
Hence, the generation of electric current is related to the
change of the capacitance (dC/dt) and voltage (dV/dt), which
is as follows:

dc dv

i=V o +C o 2)
In addition to using the micro/nanosurface structure to
improve the energy harvesting ability [1], the use of external

charge pumping can achieve a high and stable output [36].
The mechanical energy to electrical energy in this work
applies two different operating mechanisms. The first is CS
mode TEG; a schematic of a pair of CS modes TEGs is
shown in Fig. 2(a). A leaf-like TEG consists of a thin PET,
aluminum foil electrode, polytetrafluoroethylene (PTFE)
film, and a copper electrode. The electrode contacts stick to
the PTFE films, and contact and separation cause the charge
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FIGURE 2. (a) Schematic of a pair of CS mode TEGs. A leaf-like TEG
consists of a thin PET, aluminum foil electrode, PTFE film, and copper
electrode. The contact and separation cause the charge to accumulate on
two electrodes. The bridge rectifier converts the voltage signals into
positive waveforms and is stored in the capacitor (Cs). The DC voltage
connected to a VCO is regulated by a zener diode (voltage regulator).

(b) Pairs of CS leaves. Each leaf is approximately 1.5 cm x 7.5 cm (1 cm
bonding) in size.
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FIGURE 3. (a) Schematic of an SE mode TEG, which consists of conductive
paint sandwiched by two pieces of silicone rubber. The push-and-release
cycles applied by bare hands cause the charge accumulation. (b) SE mode
TEG; the conductive paint is approximately 15 cm x 2 cm.

to accumulate on two electrodes. The bridge rectifier converts
the voltage signals into positive waveforms. The potential
difference decreases for the next contact. The capacitors (Cs)
store the charges and feed them to the input of the oscillator.
The frequency of the VCO transmitter changes with the
input voltages, so the DC input voltages were regulated by
replacing the zener diodes. Fig. 2(b) shows the photo of
the pairs of leafs. Each leaf is approximately 1.5 cm X
7.5 cm (1 cm bonding) in size. The electric properties were
recorded using a Tektronix DMM 6500 digital multimeter
when tapping the leaf-like TEGs.

The other is the SE mode TEG, which was constructed with
conductive paint with a thickness less than 1 mm, sandwiched
by two pieces of silicone rubber with a thickness of 0.5 mm
(Fig. 3(a)). The push-and-release cycles applied by bare
hands cause the charge separation. Fig. 3(b) presents an image
of the SE mode TEG. The conductive paint is approximately
15 cm x 2 cm.

C. VCO FOR THE TRANSMITTER AND RECEIVER

The transmitter and receiver used the same oscillator
circuit mounted on printed circuit boards powered by an
independent 9 V battery to avoid IMs from the household
power. The oscillator circuit consists of inverters (741S04),
5 V voltage regulator (7805), and AT-cut QC (Fig. 4[a]). The
natural frequencies of QCs on the receiver and the transmitter
are 5.12 and 3.54 MHz, respectively. The receiver’s output
was connected to a spectrum analyzer (RIGOL DSAS815), and
the control terminal (V;) of the transmitter was connected to
the TEG. The transmitter’s frequency is not only determined
by the natural frequency of the QC but also tuned by V;.

1716

(@ (b)
oy spectrum
I] ‘A [I analyzer S
C QC QC
digtance ()
741S04
R . " V,.C O
-~z e <g
I<— Vi (5V) ->I
transmitter receiver transmitter / receiver

FIGURE 4. (a) Schematic of the oscillator used on the transmitter and
receiver. The oscillator circuit consists of inverters, voltage regulators, and
AT-cut QC. The receiver’s output is connected to the spectrum analyzer,
whereas the control terminal of the transmitter is connected to the TEG.
(b) Transmitter and the receiver whose distance is d.
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FIGURE 5. Open voltage generated by the CS mode TEG with 1 leaf-like
TEG without a rectifier (square), 1 leaf-like TEG with a rectifier (circle),
and 6 leaf-like TEGs with a rectifier (triangles).

A long antenna assists in receiving signals (Fig. 4[b]). The
two oscillators are separate with a distance (d).

Ill. RESULTS AND DISCUSSION

The mechanical stimuli via TEG intended to extract a
constant DC voltage used on quartz-based VCO. Thus,
this study focused on the DC voltage generated from the
different modes of TEG and their rectifier circuits. Both
the abovementioned CS and SE mode TEGs were applied
to generate electrons that were then stored on a capacitor.
The open voltage of the CS mode TEG was less sensitive
to driving force, whereas the SE mode was sensitive to the
driving force. As the capacitance of the capacitor is the ratio
of the amount of maximum charge to the applied voltage, the
ratio is related to the speed of the ascended voltage. The DC
voltages were varied by replacing different passive voltage
regulators (zener diodes) to observe the IM frequencies.

A. RECTIFIER AND STORING CHARGE OF THE TEG POWER
GENERATION

A rectifier is essential to obtain a stable voltage. With a
tapping cycle of 2 s on a single leaf-like CS mode TEG,
the output voltage appears positive and negative (Fig. 5).
However, a full-wave rectifier and a capacitor (3.3 ©F) kept
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FIGURE 6. Open voltage generated by the SE mode TEG with a parallel
capacitor (Cs) of 0.1 uF (square), 1 uF (circle), and 10 uF (triangle). The
inset indicates that the ripple voltage changes with the tapping frequency
(Cs = 0.1uF).
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FIGURE 7. Logarithm scale of the spectrum on the receiver side that
exhibits the harmonic frequencies of the receiver (n x fr), transmitter
(n x f;), and the IMs, for example, f;—f; and 2f;—f;. The fundamental
frequencies of the transmitter and receiver are 3.54 and 5.12 MHz,
respectively. The distance between the receiver and transmitter here is
20 mm.

the voltage positive and stable. The series connection of the
TEG enhances the output voltage up to 10 V.

A capacitor in the TEG circuit is used to store accumulated
electrical charge. With about 0.5 N of finger tapping force, the
SE mode TEG circuit with a smaller capacitor (Cs) exhibits
a faster charging voltage (Fig. 6). However, the connection
with a small Cg (0.1 uF) presents more ripples than those
with a large Cg(1 and 10 wuF). The rising voltage and
accumulated charge also depend on the pressing frequency
(inset, Fig. 6). Each press increases the charging voltage,
whereas the voltage drops when tapping stops.

B. CHARACTERIZATION OF IM OF REMOTE VCO

Fig. 7 shows the nonlinear features of the oscillator circuit
with the interference of the receiver and transmitter. The
figure includes their harmonics and IMs. The harmonic
frequencies on the receiver side (integer multiples (n) of the
fundamental frequency; n x f;) exhibit the maximum ampli-
tude because the spectrum analyzer is directly connected

VOLUME 10, 2022

£=5.12 MHz; f=3.54 M]H/;z ~ baseline
304 IM1=f-f . h d (mm)
o 1 d h 20
rV\' Hi ——40
; -
A 204 ; i
S P
(0]
(o)}
8
S 101
0 .
1.5714 1.5716 15718

Frequency (MHz)

FIGURE 8. First-order IM (f;-f;) for the transmitter-to-receiver distances
of 20 mm, 40 mm, and the baseline. The QC frequencies on the
transmitter (f;) and the receiver (fr) are 3.54 and 5.12 MHz, respectively.

to the receiver. Unlike the amplitude (power) of the receiver,
that of the transmitter at the harmonic frequencies (n x f;)
depends on the distance. The product of two signals to
generate IM signals at the frequencies of m x f,#=n x f; could
be preferable to the harmonic signals of the transmitter.

To study the power transfer from the transmitter to the
receiver, Fig. 8 depicts the first-order IM (IM1 = f; — f;)
with the distance (d) of 20 mm, 40 mm, and the baseline
(without IM). The transfer voltage is roughly proportional
to the reciprocal of the d. The power (radiant flux) is
proportional to the square of the voltage. The energy flux of
the electromagnetic field is proportional to the inverse square
of the distance (d) on the basis of the Poynting vector [37].
This result is similar to a previous report [28].

C. TRIBOELECTRIC GENERATOR (TEG) FOR VOLTAGE
INPUT ON VCO

One of the significant benefits of using TEG for energy
harvesting is its simple and accessible structure for construct-
ing a flexible and wearable self-powered system. This study
presented the feasibility of using SE and CS mode TEGs,
which are applicable for voltage input on a remote signal
transmitter. The modulated frequency of a VCO is dependent
on the voltage input, which is why passive voltage regulators
(zener diodes) that take no power were used for different
DC voltages.

Fig. 9 shows the third-order IM (IM3) frequency with no
voltage input and with voltage inputs of 2, 2.5, and 5 V by
replacing different zener diodes. Notably, the actual voltages
input (Vi) are smaller than zener voltages. The frequency
of a quartz oscillator can be modulated by the input DC
voltage. Thus, the IM3 frequency increases with the increase
in the input voltages by replacing different types of the zener
voltage regulator on the transmitter. Fig. 10 shows the IM3
frequency with no voltage input and the voltage input of
2.5 V by the SE mode TEG. The experiment is similar to
that conducted for the CS mode TEG except the current
experiment used a small capacitor (0.1 uF). The frequency
shift is 350 Hz, which is more significant than that in the
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FIGURE 9. Third-order IM frequency (IM3 = 2f;— f;) without controlled
voltage (empty square) and with controlled voltage. The frequencies of
IM3 increase with the increasing controlled voltages of 2, 2.5, and 5 V.
The controlled voltages were supplied by the CS mode TEG and regulated
by different zener diodes on the transmitter side.
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FIGURE 10. Frequencies of the third-order IM (IM3 = 2f;—f;) without a
controlled voltage (empty square) and with a controlled voltage input of
2.5 V. The controlled voltage of the transmitter was supplied by the SE
mode TEG and regulated by a zener diode. A small capacitor of 0.1 uF is
parallel connected.

situation where a capacitor of 3.3 uF was used under a 2.5 V
voltage input.

IV. CONCLUSION

This study presents the results of using a self-powered circuit
for remote signal transmission. The TEG can independently
serve as an energy source for voltage input for the VCO.
The transmitter-to-receiver system can detect the remote
mechanical stimuli through IM. Although the circuit’s power
supply still relied on an external source, a proper TEG
design and an integrated circuit instead of a discrete circuit
may satisfy the power consumption in a transmitter. For
example, a low-power triple inverter (SN 74AUP3G04)
requires 3.3 V and 20 mA operation, which is substantially
smaller than what a typical triboelectric nanogenerator can
provide [17]. This feature could enable the quartz oscillator-
based transmitter-to-receiver system to serve a wireless
self-powered machine, such as that for health monitoring.
However, the oscillation frequency of the quartz oscillator
is susceptible to a variety of factors, such as voltage supply,
antenna configuration, near-field inductive coupling, and the
orientation of quartz [28], [29]. The difference of the IM
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frequency without controlled voltage in Figures 9 and 10 may
likely be attributed to the voltage supply [38]. A proper
design to eliminate the deviation is required for further
application. However, the current design exhibits a potential
application where the roles of transmitters and receivers are
interchangeable, and the transmitter’s identity is recognizable
when the frequencies of the QC are discernible.
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