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A fiber-based resonant beam system is proposed for a simultaneous optical wireless information and power
transfer (OWIPT) system. A fiber Bragg grating and an optical circulator are used to achieve simultaneous
wireless optical communication and power transmission. In the receiver subsystem, a communication and
energy harvesting circuit is employed to separate alternating current (AC) and direct current (DC) outputs. The
AC output is used for information transmission, and the DC output is used for power transfer. We conducted

experiments to test the built-in safety mechanism to verify whether the resonant beam stops immediately if
any obstacle obstructs the line of sight of the system. The proposed architecture can be constructed for indoor
and outdoor multiuser applications. The results demonstrated that the proposed fiber-based resonant beam
system can be implemented successfully for simultaneous OWIPT.

1. Introduction

Smartphones and other mobile devices have become an insepara-
ble part of today’s daily lives. Throughout the day, most people are
sending messages and emails, making voice or video calls, posting on
social networks, and playing online games. The increasing usage of
mobile devices also increases the average daily power consumption
from a typical device battery. In addition, fifth-generation (5G) mobile
technologies are projected to support massive amounts of data at high
bit rates with minimal delay [1]. This feature of 5G technologies will
stimulate many new applications with sophisticated multimedia signal
processing, which will increase battery usage.

Furthermore, rapid development of the Internet of things (IoT) is
driving the demand for high-bit-rate and low-latency wireless informa-
tion transfer. One challenge of the IoT is that typical IoT devices are
designed to operate from battery power and have limited energy. Some
IoT devices cannot have their batteries replaced. In addition, frequent
battery charging for mobile devices by using conventional wired mech-
anisms tends to obstruct user mobility. In such cases, wireless power
transmission (WPT) can be a solution. Free-space optics (FSO) is a
promising WPT method [2] that provides high data rates, is immune to
radio frequency (RF) interference, does not require licensing, provides
a highly secure communication link, is relatively fast, and can be
deployed easily. The only substantial consideration for FSO is line of
sight (LOS) between the transmitter and receiver.
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Simultaneous wireless information and power transfer (SWIPT)
technology simultaneously transmits information signals and energy
through air [3,4]. SWIPT can strike a balance between message trans-
mission rate and energy harvesting [5]. Because of the superiority of
optical systems, optical wireless power transfer (OWPT) has been in-
vestigated [6-11]. With traditional OWPT technology, it is challenging
to provide watt-level power transmission across meter-level distances
for IoT and mobile applications [12,13]. Distributed laser charging
(DLC) may offer a wireless power solution for these problems. In DLC
systems, photons are amplified regardless of their angle of incidence as
long as they travel along the LOS between two retroreflectors. Hence,
the intracavity laser generated by a DLC resonator can be self-aligned
without the need for specific positioning or tracking. The maximum
power transfer efficiency depends on the transmitter input power, laser
wavelength, transmission distance, and photovoltaic (PV) cell temper-
ature. SWIPT is possible as long as the communication and network
modules are integrated into the DLC transmitter and receiver [14].
A DLC system is safe because its laser can be stopped immediately
when any obstacle stands athwart the LOS. When designing any DLC
system for maximal power transmission efficiency, the effects of laser
wavelength, transmission attenuation, and PV cell temperature should
be evaluated [15].

Light-wave power transfer can be combined with RF power transfer
to utilize the bands of both transmission resources in their entirety [16].
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Fig. 1. Features of OWIPT.

A hybrid system can be implemented to solve the LOS consideration in
light-wave power transfer and to solve the safety aspect of RF power
transfer. With suitable combination protocols, a hybrid system of this
type can be used to overcome the challenges of each technology and
elevate the overall performance gain.

In simultaneous light-wave information and power transfer for vis-
ible light or infrared communication systems with a simple solar panel
at the receiver, adjustment strategies can be deployed to balance the
trade-off between the harvested energy and quality of service [17].
Such strategies include making separate adjustments to transmission
and reception and coordinated adjustments to transmission and re-
ception. With careful adjustments, the maximum harvested energy,
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information rate, and signal-to-noise plus interference ratio can be
optimized.

Various optical wireless information and power transmission
(OWIPT) systems based on resonant light have been demonstrated in
several experiments [5,18,19]. In this type of system, a gain medium
is placed between the transmitting and receiving ends of the module.
Light bounces off the mirror; as the light oscillates back and forth, the
system develops resonant light. A resonant beam charging (RBC) system
can transmit wireless power from a transmitter to a receiver through
a resonant beam. A typical RBC system includes a current regulator,
diode pump, gain medium, two retroreflectors—R; and R,, and a PV
panel [5]. Fig. 1 illustrates the features of an OWIPT system based on a
resonant beam. In a typical WPT or wireless information transmission
(WIT) system that utilizes a laser as a source, a high-intensity laser
beam must be emitted from a specific distance to the receiver end.
A laser-based WPT or WIT usually faces the challenges of mobility
and safety; therefore, they typically are used only for low-power and
short-distance applications [5]. To overcome the limitations of typical
laser-based WPT or WIT systems, the OWIPT system in this study
enabled high-power beam transmission through a laser resonant cavity.
This RBC-based OWIPT system utilized a resonant beam to transmit
watt-level power over meter-level ranges and to multiple mobile de-
vices concurrently. In the case that any obstacle blocks the beam, the
resonant beam path stops the resonance mechanism immediately. When
any obstacle is in the transmission path, diffraction loss in the cavity
increases. Then, if the diffraction loss becomes larger than the system
gain produced by the gain medium, the resonance terminates instantly.
Conversely, when the obstacle moves out of the transmission path, the
loss becomes smaller than the gain factor; therefore, the resonance is
immediately reconstituted.

Another method to realize a resonant beam mechanism was de-
veloped using diverging angular dispersion and spatially distributed
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Fig. 2. Fiber-based OWIPT architecture.
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Fig. 5. Spectrum of A, at the first detection point in the (a) uninterrupted scenario and (b) interrupted scenario.

laser cavity resonance [18]. A diffraction grating was used to disperse
broadband light, and the field of view was expanded using a telescope.
To realize the self-alignment feature, retroreflectors reflected the in-
cident beam to complete the resonant beam mechanism. As a built-in
safety mechanism, when any vulnerable organ obstructs the LOS of this
OWIPT system, the resonance beam is stopped.

The design of the OWIPT receiver plays a crucial role in increasing
the efficiency of the system in terms of receiving power. An optical
wireless communication receiver that uses a solar panel as a photode-
tector was proposed in [19]. This system supported simultaneous data
transmission and power transfer. Solar panels were used to convert
modulated optical signals into electrical signals without the use of
any external power. Energy was harvested from the direct current
(DC) output of the modulated light; the information signal was ob-
tained from the alternating current (AC) output by using orthogonal
frequency-division multiplexing as the signature code.

In the present study, we developed a fiber-based resonant beam
system for OWIPT. The resonant beam effect was produced by using
all-fiber components. We conducted experiments in both uninterrupted
and interrupted scenarios. The interrupted scenario demonstrated the
safety mechanism of the proposed system. The all-fiber system is bene-
ficial for far-field OWIPT applications because it is free of electromag-
netic interference and does not affect existing radio communications.
The system architecture and implementation of the proposed fiber-
based resonant beam system for single and multiple users are explained
in this paper.

The remainder of this paper is organized as follows. Section 2
introduces the proposed fiber-based OWIPT system, including the sys-
tem architecture, the derivation of optical power transmission, and
the multiuser scheme. Section 3 presents the experimental results for
single-user and multiuser fiber-based OWIPT systems in both uninter-
rupted and interrupted scenarios. Finally, our conclusions are presented
in Section 4.

2. Proposed fiber-based OWIPT system

The working principle of the proposed fiber-based OWIPT system
is based on the RBC system. Two fiber Bragg gratings (FBGs) of the
same central wavelength (4,) are used to generate resonant light for
the RBC. In the transmitter subsystem, an erbium-doped fiber amplifier
(EDFA) that provides a stable 980-nm laser is used as the pumped
source for wavelength division multiplexing (WDM). After the optical
signals from the EDFA-pumped laser source pass through the WDM
and isolator, they are received by an erbium-doped fiber (EDF) that
amplifies and converts the signals into the 1550-nm band. The isolator
is used to prevent the incidence of unwanted feedback light. From
the EDF, the optical signals then pass through the optical circulator,
which separates the optical signals traveling in opposite directions. An
optical coupler is used to split these optical signals into two output
sources, 1% for optical power monitoring and 99% for transmission
into free space. The specified wavelength from FBG is then reflected
back to the circulator to complete the resonance effect. For information
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Fig. 6. Spectrum of A, at the second detection point in the (a) uninterrupted scenario and (b) interrupted scenario.
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Fig. 7. Waveform of 4, at the first detection point for the signal frequencies of (a) 100 kHz, (b) 10 MHz, and (c) 15 MHz.

transmission, an electro-optical modulator (EOM) is used to modulate
the optical signals. The construction of the proposed fiber-based OWIPT
is detailed in Fig. 2.

In the receiver subsystem, the photodetector (PD) receives light
and converts it into electrical signals. The AC and DC elements of
the received signal are separated using a communication and energy
harvesting (CEH) circuit to complete the process of DC power storage
and AC signal transmission. Power storage is expressed in terms of DC
current (Ipc) and DC voltage (V) measured at the DC part. The CEH
equivalent circuit is illustrated in Fig. 3. In the experiment, L, = 50
mH, Cy =330 pF, R = 0.6 Q, and R =470 Q were used.

Optical power transmission based on fiber-optic resonant beam
transmission technology can be divided into three stages, namely
pumping laser power (P,,,,) formed by input current, receiving laser
output power (P,,,,), and PD output power after photoelectric conver-

sion (P, ,). The function of P,,,, as input current /;, can be expressed
as follows [5]:

hC
Ppump(lin) = —M [lin_lth] (@9)]

qi

where h is Planck’s constant, C is the speed of light in vacuum, q is
the electron charge, 4 is the operating wavelength, 5, is the external
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quantum efficiency, and I, is the critical current. The laser output
power Py, at the receiving end can be computed as follows [5]:

P/aser = nsmrePpumpf (d) + C (2)

where 7, is the conversion efficiency of population reversal, f (d) is
a function of the internal parameters, where d is the distance between
two terminals, and C is a constant value depending on the internal
parameters.

The current-voltage (I-V) characteristics of the PD can be computed
as follows [5]:

v,
Lo =Ty — Iy — -2 3
Rsh
Va
=i (1) @
Vd = Vpu,o + Ipv,o Rs (5)

where I, is the reverse saturation current, n, is the number of PDs in
series, n is the diode ideal factor, V; = L is the junction thermal volt-
age of the diode, k is the Boltzmann constant, and T is the temperature
(K). Given the input optical power P,,; of the PD, the photogenerated
current [, can be written as follows [5]:

Ton = 0Py, (6)

where p is the responsivity (A/W) of the photoelectric conversion.
Eq. (6) can be used to prove the linear relationship between the
photogenerated current (1 ph) and the input optical power (Pyy)-

If the temperature changes slowly, 5, can be assumed to be constant,
and the distance d in f (d) can be assumed to be constant attenuation,
14, at a certain distance. The output current of the PD can be operated

Optics Communications 486 (2021) 126778
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Fig. 8. Waveform of 4, at the first detection point under the bit rates of (a) 10 Mbps, (b) 50 Mbps, and (c) 100 Mbps.

in a linear range according to the following formula [5]:

hC
Ipu,o ~ ph = 14 {nsmrend {Hrle [Iin - Ith] } + C}

=7 L= 1In) + 5 ™

hC
Y= pnxt()rend"eﬁ (8)
ﬁ = pC )

where both y and g are constants. This demonstrates the linear modula-
tion of wireless optical information systems based on resonant beams.

Expanded experiments can involve multiuser OWIPT schemes,
which can allow users in different bands to use fiber-based RBC
architectures. Fig. 4 illustrates an architecture for two users. For more
than two users, this architecture can be expanded by following the same
principle.

In the transmitter, two FBGs (4; and 4,) reflect different users’
optical signals. Because the transmitter is paired with one or more
receivers, each user utilizes one pair of FBGs with the same wavelength
for resonating. In the experiment, two pairs of FBGs with different
wavelengths (4, and A,) were used for user #1 and user #2, respec-
tively. In the receiver, an FBG of the corresponding wavelength is used
to split the signals across users. The optical signals are divided into
two branches. The first branch is used to reflect the signals back into
the circulator, thus completing the resonant beam scheme. The second
branch is used for information and power harvesting. The reflected
optical signal enters the EOM and is modulated using a signal generator
for information transmission. In this experiment, the information sent
from the message part to the EOM is a broadcast message from one
transmitter to two receivers.
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Fig. 9. Waveform of A, originating from Rc in the CEH circuit under the signal frequencies of (a) 100 kHz, (b) 10 MHz, and (c) 15 MHz.

3. Experimental results

The purpose of the first experiment was to verify the feasibility
of the proposed fiber-based resonant beam OWIPT. To this end, we
first conducted an experiment to determine whether the OWIPT system
signal had the desired resonance effect. In this experiment, EDFA was
used to provide a stable 980-nm pumped laser source. The EDF received
the EDFA-pumped laser source signal and converted it into a 1550-nm
band source signal. Uniform FBGs (Reflectivity 99%, 3L Technologies
Inc., Taiwan) with central wavelengths of 1546 nm (41) and 1549 nm
(4,) were used to realize the resonance effect. A collimator was used
to align the light such that it was transmitted as a parallel light output.
Optical couplers (Fiber Optic Communications, Inc., Taiwan) were used
as 1 x 2 splitters, and a 10-Gb/s integrated optic intensity modulator
(Pirelli, Italy) was used to modulate the signal of the pattern output. A
33120A pulse pattern generator (Hewlett Packard, United States) was
used to generate the desired patterns for information transmission. A
single-mode circulator (1550 nm and 500 mW; FCIR-1550-3-3-A-0-1-2-
1-2) was used as the optical circulator, and a PD with +15 V constant
voltage—current limiting power supply (model-1601, New Focus, Cali-
fornia) was used to convert the optical signals into electrical signals.
A 2-mm InGaAs PIN photodetector (PIN PD) was used to receive and
forward the electrical signal into the CEH circuit. An oscilloscope (OSC,
TDS2102B, Tektronix, Oregon, United States) was used to monitor
the PD outputs, and an optical spectrum analyzer (MS9710C, Anritsu,
Japan) was employed to assess the accuracy of the spectral output.
The range of free space in this experiment was 10 cm. The component
specifications of the CEH circuit are summarized in Table 1.

The output of the optical coupler was the first detection point at
the transmission end, and it was used for optical power monitoring.

Table 1

Component specifications of the CEH circuit.
Component L, C, R Rc
Specification 50 mH 330 pF 0.6 Q 470 Q

The second detection point was the transmission end of the FBG, and
it was used to detect whether a resonant beam had been produced.

First, we conducted experiments for the single-user scheme. Fig. 5
depicts the spectrum of 4, recorded at the first detection point. Fig. 5(a)
illustrates the spectrum of 4, without interruption, where the light in-
tensity is approximately —4.72 dBm while Fig. 5(b) shows the spectrum
after interruption. This figure indicates no resonance effect at this time.
No significant spectrum was detected; only a noise-level spectrum was
produced from the reflection wavelength of the FBG at the transmission
end.

Fig. 6 shows the spectrum of A, recorded at the second detection
point. Fig. 6(a) depicts the spectrum without interruption, where the
light intensity is —0.32 dBm. After the light passes through free space,
the light’s power is attenuated. Furthermore, Fig. 6(b) depicts the
spectrum after interruption when only a noise-level signal was left,
indicating that the signal and the resonant light had not been received.
These results prove that the system is safe for users because in the
presence of an obstacle, no power is received.

To verify the resonance effect in the fiber loop, the signals from
the detection point were observed at several EOM frequencies. Fig. 7
presents the waveform of 4, at the first detection point for various
frequencies. First of all, Fig. 7(a) illustrates the waveform for the
EOM frequency of 100 kHz. The resonant waveform (CH#1) and the
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Fig. 10. Waveform of A, originating from Rc in the CEH circuit under the bit rates of (a) 10 Mbps, (b) 50 Mbps, and (c) 100 Mbps.
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Fig. 11. Spectrum of 4, at the first detection point for (a) uninterrupted scenario and (b) interrupted scenario.

reference waveform (CH#2) have the same frequencies, indicating that
the EOM successfully modulated the optical signals in the fiber loop.
The peak-to-peak voltages of the resonant waveform and reference
waveform are 83.8 and 75.2 mV, respectively. Subsequently, Fig. 7(b)
shows the waveform for the EOM frequency of 10 MHz. The same
frequency is produced by CH#1 and CH#2, thus proving that the
optical signals are successfully modulated by EOM in the fiber loop. The
peak-to-peak voltage of the resonant waveform and reference waveform
are 73.3 and 55.3 mV, respectively. Afterwards, Fig. 7(c) demonstrates
the waveform corresponding to the EOM frequency of 15 MHz. The
frequencies measured at CH#1 and CH#2 are identical, indicating that
the EOM completely modulated the optical signals in the fiber loop.

The peak-to-peak voltages of the resonant waveform and reference
waveform are 71.7 and 33.3 mV, respectively.

Because bit rate affects system performance, we observed the wave-
forms at the detection points under different bit rates. Fig. 8 illustrates
the waveform of A, at the first detection point under different bit rates.

Firstly, Fig. 8(a) displays the waveform under the bit rate of 10
Mbps. CH#1 and CH#2 have the same frequency, indicating successful
modulation of the optical signals by the EOM in the fiber loop. The
voltage difference is —18 mV. Next, Fig. 8(b) graphs the waveform
corresponding to the bit rate of 50 Mbps. CH#1 and CH#2 have the
same frequency, which indicates that the EOM successfully modulated
the optical signals in the fiber loop. The voltage difference is 35 mV.
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Fig. 13. Waveform of 4, at the first detection point under the signal frequencies of (a) 100 kHz, (b) 10 MHz, and (c) 15 MHz.

After that, Fig. 8(c) illustrates the waveform under the bit rate of 100
Mbps. CH#1 and CH#2 have the same frequency, thus indicating that
the EOM successfully modulated the optical signals in the fiber loop.
The voltage difference is 21 mV.

Next, the waveforms of the CEH subsystem were observed to moni-
tor the performance of the proposed system. Fig. 9 shows the waveform
of A, originating from the Rc in the CEH circuit.

Initially, Fig. 9(a) shows the waveform obtained with the EOM
frequency of 100 kHz. CH#1 and CH#2 have the same frequency, thus
indicating complete modulation of the optical signals by the EOM in

the fiber loop. The peak-to-peak voltages of the resonant waveform
and reference waveform are 82 and 19.08 mV, respectively. Further,
Fig. 9(b) plots the waveform obtained with the EOM frequency of 10
MHz. CH#1 and CH#2 have the same frequency, thus indicating suc-
cessful modulation of the optical signals in the fiber loop by the EOM.
The peak-to-peak voltages of the resonant waveform and reference
waveform are 72.5 and 13.71 mV, respectively. Lattermost, Fig. 9(c)
displays the waveform obtained with the EOM frequency of 15 MHz.
CH#1 and CH#2 have the same frequency, thus verifying successful
modulation of the optical signals. The peak-to-peak voltages of the
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Fig. 14. Waveform of 1, at the first detection point under the bit rates of (a) 10 Mbps, (b) 50 Mbps, and (c) 100 Mbps.

Table 2 Table 3
CEH parameters under different signal frequencies for 4,. CEH parameters under different bit rates for 4,.
CEH parameters Frequency CEH parameters Bit rate
100 kHz 10 MHz 15 MHz 10 Mbps 50 Mbps 100 Mbps
DC current 0.99 mA 0.98 mA 0.98 mA DC current 1.05 mA 1.03 mA 1.03 mA
DC voltage 0.60 mV 0.59 mV 0.59 mV DC voltage 0.63 mV 0.62 mV 0.62 mV
AC voltage 82.00 mV,, 72.50 mV,, 70.60 mV,,

resonant waveform and reference waveform are 70.6 and 8.78 mV,
respectively.

The waveforms originating from the CEH subsystem under different
bit rates were measured for the single-user scheme. Fig. 10 presents the
waveform of A, originating from Rc in the CEH circuit under different
bit rates. Fig. 10(a) presents the waveform under the bit rate of 10
Mbps. CH#1 and CH#2 have the same frequency, indicating complete
modulation of optical signals in the fiber loop. The voltage difference
is —200 pV. Then, Fig. 10(b) demonstrates the waveform under bit rate
of 50 Mbps. CH#1 and CH#2 have the same frequency, thus proving
modulation of optical signals in the fiber loop. The voltage difference is
—100 pV. Afterwards, Fig. 10(c) depicts the waveform under the bit rate
of 100 Mbps. CH#1 and CH#2 have the same frequency, verifying full
modulation of optical signals in the fiber loop. The voltage difference
is —20 pVv.

Tables 2 and 3 summarize the resulting CEH parameters for various
frequencies and bit rates, respectively. The DC current and voltage were
relatively stable across all frequencies and bit rates.

We conducted a second experiment for the multiuser scheme. When
the collimator at the transmitter and the collimator at receiver #2
were aligned, the wavelength of the resonant beam changed from

1546.83 nm (4,) to 1549.7 nm (4,). Furthermore, the message mod-
ulated at the central wavelength of 1, from the transmitter could be
reconstructed by the FBG of receiver #2 operating at the corresponding
wavelength of 4,.

Fig. 11 shows the spectrum of 1, recorded at the first detection
point. First, Fig. 11(a) illustrates the spectrum recorded in the scenario
without any interruption. The light intensity is approximately —5.11
dBm. In the other hand, Fig. 11(b) shows the spectrum recorded after
an interruption. No resonance effect exists at this time, and only a small
spectrum is produced owing to the reflection wavelength of the FBG at
the transmitting end.

Fig. 12 demonstrates the spectrum of 1, at the second detection
point. Initially, Fig. 12(a) depicts the spectrum without interruption.
The light intensity is —0.87 dBm. The light power is attenuated after
passage through free space. Conversely, Fig. 12(b) shows the spec-
trum after interruption, in which only noise remains. These results
demonstrate the effectiveness of the safety mechanism for users in the
presence of obstacles along the LOS.

Fig. 13 presents the waveforms recorded at the first detection
point under different frequencies. First of all, Fig. 13(a) illustrates the
waveform corresponding to the EOM frequency of 100 kHz. CH#1 and
CH#2 have the same frequency, thus verifying complete modulation
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Fig. 15. Waveform of 1, originating from the Rc in the CEH circuit under the signal frequencies of (a) 100 kHz, (b) 10 MHz, and (c) 15 MHz.

of the optical signals in the fiber loop. The peak-to-peak voltages of
the resonant waveform and reference waveform are 83.9 and 67.7 mV,
respectively. Further, Fig. 13(b) shows the waveform corresponding
to the EOM frequency of 10 MHz. CH#1 and CH#2 have the same
frequency, thus indicating full modulation by the EOM in the fiber loop.
The peak-to-peak voltages of the resonant waveform and reference
waveform are 71.9 and 35.2 mV, respectively. Subsequently, Fig. 13(c)
demonstrates the waveform corresponding to the EOM frequency of
15 MHz. CH#1 and CH#2 have the same frequency, thus indicating
successful modulation of the optical signals in the fiber loop. The peak-
to-peak voltages of the resonant waveform and reference waveform are
73.9 and 18.36 mV, respectively.

In a manner similar to that used for the single-user scheme, we
tested system performance under different bit rates. Fig. 14 shows
the waveform of 1, at the first detection point under different bit
rates. Initially, Fig. 14(a) shows the waveform under the bit rate of
10 Mbps. CH#1 and CH#2 have the same frequency, thus verifying
complete modulation of the optical signals in the fiber loop. The voltage
difference is —3.3 mV. Later, Fig. 14(b) shows the waveform under
the bit rate of 50 Mbps. CH#1 and CH#2 have the same frequency,
thus proving modulation by the EOM in the fiber loop. The voltage
difference is 200 pV. At last, Fig. 14(c) illustrates the waveform under
the bit rate of 100 Mbps. CH#1 and CH#2 have the same frequency,
thus verifying successful modulation of the optical signals in the fiber
loop. The voltage difference is —8 mV.

The next experiment involved measurement of the CEH circuit.
Fig. 15 reveals the waveform of A, originating from the Rc in the
CEH circuit. First, Fig. 15(a) shows the waveform corresponding to
the EOM frequency of 100 kHz. CH#1 and CH#2 have the same

10

frequency, thus indicating full modulation in the fiber loop. The peak-
to-peak voltages of the resonant waveform and reference waveform are
83.3 and 21.9 mV, respectively. Subsequently, Fig. 15(b) exhibits the
waveform corresponding to the EOM frequency of 10 MHz. CH#1 and
CH#2 have the same frequency, thus verifying complete modulation
of the optical signals in the fiber loop. The peak-to-peak voltages of
the resonant waveform and reference waveform are 72.9 and 30.1 mV,
respectively. Finally, Fig. 15(c) displays the waveform corresponding
to the EOM frequency of 15 MHz. CH#1 and CH#2 have the same
frequency, thus verifying modulation by the EOM in the fiber loop.
The peak-to-peak voltages of the resonant waveform and reference
waveform are 72.4 and 6.64 mV, respectively.

Fig. 16 presents the waveform of A, originating from the Rc in
the CEH circuit under different bit rates. First of all, Fig. 16(a) illus-
trates the waveform corresponding to the bit rate of 10 Mbps. CH#1
and CH#2 have the same frequency, thus verifying successful EOM
modulation of the optical signals in the fiber loop. The voltage dif-
ference is 690 pV. Afterwards, Fig. 16(b) demonstrates the waveforms
corresponding to the bit rate of 50 Mbps. CH#1 and CH#2 have the
same frequency, thus indicating complete modulation of the optical
signals by the EOM in the fiber loop. The voltage difference is 350
pV. Lattermost, Fig. 16(c) shows the waveform corresponding to the
bit rate of 100 Mbps. CH#1 and CH#2 have the same frequency, thus
indicating full modulation of the optical signals in the fiber loop. The
voltage difference is —200 pV.

Tables 4 and 5 summarize the CEH parameters for various frequen-
cies and bit rates, respectively. The DC currents and voltage generated
by the proposed system were relatively stable across all frequencies and
bit rates.



C.-M. Huang, E. Wijanto, S.-P. Tseng et al.

File Contnl Setp Measre Analze Uliites Hep

20 hor 2020 324 M

Table 4
CEH parameters under different signal frequencies for 4,.
CEH parameters Frequency
100 kHz 10 MHz 15 MHz
DC current 0.97 mA 0.98 mA 0.99 mA
DC voltage 0.58 mV 0.59 mV 0.60 mV
AC voltage 83.30 mV,, 72.90 mV,, 72.40 mV,,
Table 5
CEH parameters under different bit rates for 4,.
CEH parameters Bit rate
10 Mbps 50 Mbps 100 Mbps
DC current 0.98 mA 0.97 mA 0.97 mA
DC voltage 0.59 mV 0.58 mV 0.58 mV

4. Conclusions

A fiber-based resonant beam system was applied to enable simul-
taneous information and power transmission through free space. Two
pairs of FBGs with different wavelengths (4, and 1,) were used to
realize optical resonance and data transmission for multiuser applica-
tions. An EOM was used to modulate the optical signals for broadcast
information transmission and simultaneously present them in the fiber
loop. After the resonance effect had been achieved, some of the optical
signals were transmitted to the PIN PD for AC-DC signal separation for
power and information harvesting; the other optical signals were fed
back to the fiber loop to complete the resonance effect.
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Fig. 16. Waveform of 1, originating from the Rc in the CEH circuit under the bit rates of (a) 10 Mbps, (b) 50 Mbps, and (c) 100 Mbps.
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The experiments proved that the power attenuation in the fiber loop
was relatively small. More significant power attenuation occurred after
the signals passed through free space, where the power dropped by
approximately 5 dBm. The power attenuation in free space influenced
the photocurrent generated by the PIN PD, resulting in the generation
of small DC and AC voltages in the harvesting subsystem. Under the
multiuser scheme, the result was approximately 0.55 dBm lower than
that under the single-user scheme.

Although power attenuation in free space is a vital consideration
that warrants optimization in future research, the experimental results
obtained in this study proved that it is possible to use an all-fiber
resonant beam system for simultaneous OWIPT.
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