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Abstract: Our goal is to develop an energy-autonomous solar cell receiver that can be inte-
grated with a variety of smart devices to implement the Internet of Things in next-generation
applications. This paper details efforts to develop such a prototype, called AquaE-lite. Owing
to the capability of detecting low-intensity optical signals, 20-m and 30-m long-distance
lighting and optical wireless communication with data rates of 1.6 Mbit/s and 1.2 Mbit/s have
been achieved on a laboratory testbed, respectively. Moreover, field trials on an outdoor
solar cell testbed and in the turbid water of a harbor by the Red Sea have been conducted.
Under bright sunlight, energy autonomy and 1.2-Mbit/s optical wireless communication over
a transmission distance of 15 m have been implemented, which demonstrated that AquaE-
lite with an elaborate receiver circuit has excellent performance in energy harvesting and
resistance to background noise. In a more challenging underwater environment, 1.2-Mbit/s
signals were successfully received over a transmission distance of 2 m. It indicates that
energy-autonomous AquakE-lite with large detection area has promising prospects in future
underwater mobile sensor networks to significantly relieve the requirement of pointing,
acquisition and tracking while resolving the energy issues.

Index Terms: Internet of Things, energy autonomous, solar cell, optical wireless
communication.

1. Introduction

The efficient transmission and sharing of power featuring millions of distributed new-energy devices
was realized by the Energy Internet in Industry 3.0, owing to developments in information, power
electronics, and intelligent management [1]. The remarkable progress of the Energy Internet has
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laid a solid foundation for the Energy Internet of Things in Industry 4.0, and will undoubtedly
benefit innovations in the upcoming Industry 5.0 standard. With advancements in the industrial
revolution, renewable solar energy has been developed to address the global energy crisis and
environmental degradation while satisfying people’s energy-related demands in daily life. It is well
known that photovoltaic (PV) solar cells are the core components for converting solar energy into
electricity by using the PV effect. Over the past few years, the development of PV solar cells has
rapidly evolved from first-generation silicon (Si) wafer-based solar cells and second-generation
thin film-based solar cells to third-generation solar cells based on newly developed light-absorbing
materials [2]. The first-generation Si wafer-based solar cells, which feature high stability, high
efficiency, and low cost, have been widely deployed in the global solar energy infrastructure
[2]. The market penetration of the second-generation thin film-based solar cells has also grown
significantly owing to their unique advantages, such as high transparency, flexibility, and light
absorption coefficient [3]. With advancements in materials, third-generation solar cells based on
new materials (e.g., dye-sensitized, organic, and perovskite-based solar cells) have emerged, and
have led to breakthroughs in terms of the photoelectric conversion efficiency (PCE) [4]. However,
substantial work is still needed to overcome impediments to the implementation of third-generation
solar cells in terms of stability, material growth, and cost of fabrication while accelerating their
commercialization in the market.

In recent years, solar cells have shown significant potential for use in optical wireless com-
munication (OWC) [5]-[14]. By converting optical signals into electrical signals by relying on
the photoconductive effect without any external power, solar cells are energy-saving and more
environmentally friendly than conventional PIN diodes, avalanche photodiodes, and photomultiplier
tubes. Moreover, with the addition of external communication circuits, solar cells that are widely
used in the solar energy infrastructure and various emerging solar-powered devices (e.g., wearable
devices, autonomous vehicles, and unmanned aerial vehicles) can perform the dual functions of
energy harvesting and signal detection in OWC. This will facilitate the rapid construction of Internet
of Things (IoT) in the future, where data rate of ~ kbit/s or ~ Mbit/s, low power, low cost, high
reliability, and large connective density will be in demand [15], [16]. In particular, solar cells that can
serve as detectors for simultaneous signal detection and efficient energy harvesting have important
application prospects in marine equipment owing to the power shortage in marine environments.

In this paper, a fully energy-autonomous hybrid-solar-cell receiver called AquaE-lite is developed
and tested in various application scenarios, where this is the first step toward developing self-
powered loT devices. In this work, we propose and demonstrate the use of a monocrystalline Si so-
lar panel with high PCE for efficient energy harvesting, and a thin-film amorphous Si (a-Si) solar cell
with a high light absorption coefficient for low-intensity optical signal detection [5], simultaneously.
Compared with the use of only one kind of solar cell for simultaneous energy harvesting and signal
detection [5]-[11], the proposed scheme can take full advantage of different types of solar cells
to improve the energy harvesting as well as the communication performance of the system. For
energy-autonomous loT devices, we first propose and demonstrate an automatic control scheme
that uses a programmable-gain amplifier (PGA). Compared with using an amplifier with a fixed gain,
the proposed scheme can automatically adjust gain according to the residual electricity to optimize
communication performance. To test communication performance, we conducted an experiment
on a laboratory testbed. Using AquaE-lite and a white-light laser, we achieved transmission at
distances 20 m and 30 m for illumination and visible light communication (VLC) at data rates
of 1.6 Mbit/s and 1.2 Mbit/s, respectively. To study the performance of AquaE-lite in terms of
simultaneous energy harvesting and VLC, a field trial was conducted on a PV solar cell testbed
located at the King Abdullah University of Science and Technology (KAUST). Energy autonomy
was implemented using AquaE-lite under direct sunlight. Moreover, orthogonal frequency-division
multiplexing (OFDM) signals at a data rate of 1.2-Mbit/s were obtained over a 15-m air channel. This
indicates that AquaE-lite delivers good performance in terms of energy harvesting, low-intensity
optical signal detection, and resistance to background noise. We also investigated the communica-
tion performance of AquakE-lite in a more challenging underwater environment: namely, in the turbid
water of the KAUST harbor by the Red Sea, where a 2-m transmission distance was successfully
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Fig. 1. (a) Experimental scene and (b) schematic diagram of AquaE-lite and white-light laser-based
VLC on the laboratory testbed.
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Fig. 2. (a) Schematic diagram of AquaE-lite and (b) photo of the receiver circuit.

implemented without accurate link alignment at a data rate of 1.2 Mbit/s. This indicates that the
robust AquaE-lite-based VLC system has significant potential for use in underwater mobile sensor
networks to resolve link alignment- and energy-related issues.

2. Experiment on the Laboratory Testbed
2.1 Experimental Setup

Fig. 1(a) shows the experimental scene of AquaE-lite and the white-light laser-based VLC link
on the laboratory testbed. Light emitted by indoor fluorescent lights and sunlight entering through
windows was the main background noise. A schematic diagram of the VLC system is provided
in Fig. 1(b). On the transmitter (Tx) side, four-quadrature amplitude modulation (4-QAM) OFDM
signals were first sent by an arbitrary waveform generator (AWG) and then superposed onto the
white-light laser by a bias-tee (Bias-T) after being transmitted through an amplifier (AMP) and an
attenuator (ATT). The parameters of the devices and OFDM signals have been provided in [5].
White-light laser with a bias current of 670 mA was used for simultaneous illumination and commu-
nication. On the receiver (Rx) side, 4-QAM OFDM signals were detected by AquaE-lite. Finally, the
output signals were captured by a mixed signal oscilloscope (MSO) and demodulated offline [5].
AquakE-lite consists of an off-the-shelf thin-film a-Si solar cell, a monocrystalline Si solar panel,
and a custom-designed receiver circuit. Fig. 2(a) is a schematic diagram of AquaE-lite. A thin-film
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Fig. 3. Frequency response of the AquaE-lite and the white-light laser-based VLC system measured
over a 20-m air channel before and after using the hardware equalization.

a-Si solar cell with a length of 6 cm and a width of 6 cm was used for the VLC. It could detect
light as weak as 1 uW/cm?, which is favorable for the implementation of long-distance VLC [5]. To
achieve energy balance, the monocrystalline Si solar panel was used for energy harvesting, where
two off-the-shelf monocrystalline Si solar cells were connected in series to provide a total active
area of 156 cm? (length: 13 cm and width: 12 cm). The energy harvested by the monocrystalline
Si solar panel was stored in two batteries and used for signal demodulation. When the thin-film
a-Si solar cell was used for communication, the generated photocurrent was first converted into
voltage by using a trans-impedance amplifier (TIA) and then sent to a low-pass filter (LPF) to
remove noise, which improved the signal-to-noise ratio (SNR) of the received signals. Note that
a microcontroller unit (MCU) was used to monitor the power of the batteries in real time. The
voltage gain of a PGA automatically changes according to the battery power, which can save
energy and help enhance communication performance by increasing the amplitudes of the signals.
Finally, the output signals were captured by an MSO and demodulated offline. A display screen
was used to show the important parameters of AquaE-lite in real time, as shown in Fig. 6. As all
the components had consumed a small amount of power, the total consumed electrical power of
AquaE-lite was only around 500 mW. Fig. 2(b) presents a photo of the receiver circuit (length:
9 cm, width: 9 cm, and height: 2 cm), which was composed of a display screen, two rechargeable
batteries, and a signal-processing circuit. It was packaged ina 17 cm x 12 cm x 9 cm white box.
The considerations in developing AquaE-lite are summarized below. They can provide a valuable
reference model for the future development of self-powered loT devices.
e To reduce energy consumption, all components (e.g., TIA, PGA, MCU, and display screen)
should be carefully selected, which should have low power consumption.
e Reducing noise to improve communication performance is important. In this work, we used
a combination of hardware and software techniques to reduce the noise flexibly. To reduce
electrical noise, components with low noise should be selected, which is favorable for the
processing of low-intensity signals. Moreover, an LPF can be used to filter out-of-band noise.
According to the empirical situation, low-frequency noise can be flexibly removed by using
a modulation scheme with appropriate parameters. For example, we employed OFDM and
designed empty subcarriers (10 subcarriers) near the DC as a frequency gap to remove low-
frequency noise.
e An intelligent power management module is necessary in an energy-autonomous device.
When the voltage of the batteries is higher than that of the component to be supplied,
a buck converter circuit is required. With the consumption of electricity, a boost converter
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Fig. 4. BER versus data rate over a 20-m air channel while the PGA is at the maximum gain (74 dB).
Insets: constellation maps of the 4-QAM OFDM signals at data rates of 1 Mbit/s and 1.6 Mbit/s,
respectively.

circuit is required when the voltage of the batteries is lower than that of the component to be
supplied. Furthermore, the boost or buck circuit should be designed according to the demands
of different components. For example, when supplying power to the display screen, a buck
converter circuit is used because it has high power conversion efficiency, despite its high
output ripple and switching noise. However, when supplying power to the TIA, a low dropout
regulator should be used because it has a low output ripple and switching noise, which enables
it to amplify low-intensity signals even though its efficiency of power conversion is lower than
that of the buck converter circuit.

¢ Instead of using an amplifier with a fixed gain, we first demonstrate an automatic control
scheme that uses a PGA to optimize the relationship between communication performance
and energy use. When the residual power of the batteries is high, the PGA automatically
increases the gain, which is favorable for achieving a longer communication distance or a
higher data rate. When the residual power of the batteries is low, the PGA automatically
reduces the gain to prolong the use time of Aquak-lite.

e Owing to the limited bandwidth of the solar cell, employing a modulation method with high
spectral efficiency can improve the data rate, in such terms as pulse amplitude modulation,
OFDM, and multiple-input multiple-output schemes.

2.2 Experimental Results

As the experiment on the laboratory testbed was mainly designed to test communication perfor-
mance rather than charging performance, the thin-film a-Si solar cell was connected to AquaE-lite
whereas the monocrystalline Si solar panel was not. The frequency response of the system was
first measured over a 20-m air channel. The —3-dB bandwidth of the AquaE-lite and the white-light
laser-based VLC system was increased from 290 kHz [5] to 348 kHz by means of hardware
pre-equalization, as shown in Fig. 3.

We then studied the maximum data rate that could be achieved over a 20-m air channel while
the PGA had its maximum gain (74 dB). The bit error ratio (BER) versus the data rate is illustrated
in Fig. 4, where the insets are the constellation maps of the 4-QAM OFDM signals at data rates of
1 Mbit/s and 1.6 Mbit/s, respectively. Note that we recorded symbols sent over different periods and
calculated the average BER to improve reliability in the experiment. Therefore, different colors in
the constellation maps represent symbols sent over different periods. It shows that the achievable
maximum data rate was 1.6 Mbit/s with a BER of 1.814 x 10—, below the forward error correction
(FEC) limit of 3.8 x 1072.
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Fig. 5. (a) Waveform, (b) spectrum, and (c) constellation map of the 1.2-Mbit/s OFDM signals at 30 m
while the PGA is at the maximum gain (74 dB).

We further investigated the maximum data rate that could be supported by the maximum gain
of the PGA (74 dB) at a longer distance of 30 m. The BERs of the 1-Mbit/s, 1.2-Mbit/s, and
1.4-Mbit/'s OFDM signals were 2.257 x 1072, 2.131 x 1073, and 6.450 x 1072, respectively.
Thus, the maximum data rate at 30 m was 1.2 Mbit/s. The corresponding waveform, spectrum,
and constellation map are presented in Figs. 5(a), 5(b), and 5(c), respectively. From the waveform,
we see that the mean peak-to-peak amplitude of the 1.2-Mbit/'s OFDM signals amplified by the
PGA at the receiver side was up to 160.9 mV over the 30-m air channel, which provided a relatively
high SNR. The spectrum also demonstrated that the SNR was high enough to support 600-kHz
(i.e., 1.2 Mbit/s) signal transmission.

Considering that the gain in the PGA decreased with the consumption of battery energy in the
receiving circuit, we studied the effect of PGA gain on communication performance. The gain in
the PGA at different battery levels was shown on the display screen (see Fig. 6), where V., and
lsun represent the output voltage and the current of the monocrystalline Si solar panel, respectively.
Thus, the product of Vg, and ls., is the power harvested from sunlight. As the monocrystalline Si
solar panel was not connected to AquakE-lite, V., and ls,, were 0 V and 0 mA, respectively. V,,
and Iy, represent the total consumed voltage and current of the two batteries, respectively. Power
represents the power consumed by AquaE-lite, the product of V,, and I,,. Gain refers to the gain
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Fig. 6. Photos of the display screen on the receiver circuit of AquaE-lite at the PGA gain of (a) 73 dB,
(b) 72 dB, (c) 70 dB, and (d) 69 dB, which show the output voltage (Vsun) and the current (lsyy,) of the
monocrystalline Si solar panel for energy harvesting, the total consumed voltage (Vi) and current (1)
of the two batteries on the receiver circuit of AquaE-lite, the power consumed by the receiver circuit of
Aquak-lite (Power), and the PGA gain values (Gain).
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Fig. 7. BERs of the 1.2-Mbit/s 4-QAM OFDM signal as the gain of the PGA decreased from 73 dB to
69 dB. Inset: constellation map of the 1.2-Mbit/s 4-QAM OFDM signal, when the gain of the PGA was
69 dB and the transmission distance was 20 m.

made by the PGA. The remaining capacity of the two batteries is shown in the upper-right corner of
the display screen. It is clear that the gain of the PGA gradually decreased from 73 dB to 69 dB with
the consumption of electricity. As illustrated in Fig. 7, when the gain of the PGA decreased from
73 dB to 69 dB, the BERs of the 1.2-Mbit/s 4-QAM OFDM signal fluctuated within a small range
(on the order of 10~%), but were all below the FEC limit. The inset is a constellation map of the
1.2-Mbit/s 4-QAM OFDM signal when the gain of the PGA was 69 dB, which converged well. This
means that even though the gain of the PGA decreased to 69 dB as the battery level dropped, it was
still high enough to provide a high SNR and, thus, support 1.2-Mbit/s data transmission over 20 m.

3. Field Trial on a Solar Cell Testbed

3.1 Experimental Setup

Fig. 8(a) shows the experimental scene of the AquaE-lite and white-light laser-based VLC in an
outdoor PV solar cell testbed located at KAUST (39°06’ E, 22°17’ N). The white-light laser and
AquaE-lite are shown in Figs. 8(b) and 8(c), respectively.
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Fig. 8. (a) Experimental scene of the AquaE-lite and white-light laser-based VLC system on a PV solar
cell testbed, the New Energy Oasis site, at KAUST (39°06’ E, 22°17’ N), (b) white-light laser, and
(c) AquakE-lite.
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Fig. 9. Measured solar illuminance, power harvested by the monocrystalline Si solar panel, and power
consumed by the receiver circuit of AquaE-lite at different time on the PV solar cell testbed located at

KAUST (39°06' E, 22°17’ N).

3.2 Experimental Results

In the field trial, we first measured the solar illuminance, the power harvested by the monocrystalline
Si solar panel, and the power consumed by the receiver circuit of AquaE-lite at different times
as shown in Fig. 9. The solar illuminance increased from 9:00 to 12:00 and decreased from
12:00 to 17:00. Both the harvested and the consumed power fluctuated in a narrow range at
different times, but the overall power harvested was always greater than the power consumed.
This indicates that AquaE-lite was energy autonomous. The extra harvested energy was stored
in the battery for backup. In future applications, the harvested power can be further increased by
using an autonomous Sun-tracking system, and the consumed power can be further decreased
by using wake-up strategies, where this is beneficial for shortening the charging time of the
battery.
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Fig. 10. (a) Solar spectrum measured during the field trial on the solar cell testbed located at KAUST
(39°06’ E, 22°17’ N), and (b) photo of the display screen on the receiver circuit of AquaE-lite, where the
output voltage (Vsun) and the current (lsur) of the monocrystalline Si solar panel for energy harvesting
were 10.31 V and 150.0 mA, respectively; the total consumed voltage (V},) and current (Ip) of the
two batteries on the receiver circuit of AquaE-lite were 7.85 V and 64.6 mA, respectively; the power
consumed by the receiver circuit of AquaE-lite (Power) was 0.51 W; the PGA gain value (Gain) was
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Fig. 11. BERs of the received 1.2-Mbit/s OFDM signals for different subcarriers after transmission
through a 15-m air channel on the solar cell testbed located at KAUST (39°06’ E, 22°17’ N). Inset: the

corresponding constellation map.

We then demonstrated the superiority of the white-light laser and AquaE-lite in implementing
long-distance VLC under strong background sunlight. Fig. 10(a) illustrates the solar spectrum
measured during the field trial. The illuminance of the sunlight was measured at 75080.28 Ix. In
bright sunlight, the recorded parameters of AquaE-lite for simultaneous energy harvesting and
VLC are illustrated in Fig. 10(b). On the display screen, Vg, and ls,, were 10.31 V and 150 mA,
respectively. Thus, the power harvested from sunlight was 1.5465 W. V,, and |, were 7.85 V and
64.6 mA, respectively. Thus, the power consumed by AquaE-lite was 0.51 W. Under the given
circumstances, the Gain was 72 dB, and 1.2-Mbit/s 4-QAM OFDM signals were obtained after
transmitting through a 15-m air channel. Fig. 11 shows BERs of the received 1.2-Mbit/s OFDM
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(b) (@

Fig. 12. (@) The KAUST harbor by the Red Sea, (b) the experimental scene of the AquaE-lite and
white-light laser-based VLC system, (c) the capsule of the transmitter, and (d) the receiver’s capsule.

signals for different subcarriers. Higher BERs in the low-frequency regions were attributed to the
strong optical background noise. However, the total BER was 1.624 x 10~*, which was below the
FEC limit. The corresponding constellation map is shown in the inset of Fig. 11, and converges
well. This indicates that AquaE-lite has good performance in low-intensity optical signal detection
and resistance to background noise over long-distance VLC under strong sunlight.

4. Field Trial at a Port
4.1 Experimental Setup

We further investigated the communication performance of AquaE-lite at the KAUST harbor as
shown in Fig. 12(a). Fig. 12(b) shows the experimental scene of AquaE-lite and the white-light
laser-based VLC system. Figs. 12(c) and 12(d) present the capsules of the transmitter and the
receiver, where the white-light laser and the a-Si thin film solar cell were installed, respectively.
The receiver circuit of AquaE-lite and the other devices (e.g., AWG, Bias-T, AMP, ATT, and MSO)
on the transmitter and receiver sides were placed on the shore, as those shown in Fig. 1(b). Note
that the transmitter and the receiver were not aligned well due to the uneven ground as shown in
Fig. 12(a). Moreover, as the field trial in the harbor was primarily designed to test communication
performance, the monocrystalline Si solar panel used for energy harvesting was not connected
to AquaE-lite. In future work, AquaE-lite can be deployed on the surface of water or in shallow
water, where sunlight can reach, to implement simultaneous energy harvesting and VLC. It can
also be installed on autonomous underwater vehicles, which can hover over the surface of water or
in shallow water to recharge after completing missions in deep water. Thus, it will play an important
role in future self-powered Internet of Underwater Things to significantly alleviate underwater
energy-shortage issues.

4.2 Experimental Results

Fig. 13 shows the absorption, scattering, and attenuation coefficients of the water, a, b, and
¢, respectively, measured by an ac-s Spectral Absorption and Attenuation Sensor at different
wavelengths, 1. According to these values, the water type at the harbor was optically complex
waters like coastal area where it is dominated by inorganic suspended particles such as sediments
[17]. As shown in Figs. 12(c) and (d), a variety of suspended particles were suspended between the
transmitter and the receiver. In these circumstances, 2-m transmission distance was still achieved
at a data rate of 1.2 Mbit/s without strict link alignment. Fig. 14 shows BERs of the received
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Fig. 13. Absorption, scattering, and attenuation coefficients of the water at the KAUST harbor by the
Red Sea, a, b, and c, respectively, measured by an ac-s Spectral Absorption and Attenuation Sensor
at different wavelengths, A.
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Fig. 14. BERs of the received 1.2-Mbit/'s OFDM signals for different subcarriers after transmission
through a 2-m turbid water channel. Inset: the corresponding constellation map.

1.2-Mbit/s OFDM signals for all subcarriers. Some random noise is evident in the spectrum.
However, the mean BER was 6.125 x 1074, which was below the FEC limit. The corresponding
constellation map is shown in the inset of Fig. 14, which converged well. This indicates that AquaE-
lite with the advantages of large detection area, supporting low-intensity optical signal detection,
and resistance to background noise has good robustness in the turbid water. Moreover, given these
advantages, AquaE-lite has great potential in future underwater mobile sensor networks to relieve
the strict requirements for pointing, acquisition and tracking.

5. Conclusion

In this work, a prototype called AquaE-lite hybrid-solar-cell receiver-modality, consisting of two
kinds of solar cells for simultaneous efficient energy harvesting and low-intensity optical signal
detection, has been developed and demonstrated. The results obtained on the laboratory testbed
and various field trials are listed in Table 1. Using hardware pre-equalization technology, the —3-dB
bandwidth of AquaE-lite was improved from 290 kHz to 340 kHz and the achievable data rate at
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TABLE 1
Results Obtained on the Laboratory Testbed and in Various Field Trials

Laboratory testbed

Qutdoor solar cell testbed

Harbor (turbid water)

Data rate (Mbit/s) 1.6 1.2 1.2 1.2
Transmission distance (m) 20 30 15 2
BER 1.814 x 10° | 2.131 x 10° 1.624 x 10 6.125 x 107

a distance of 20 m was improved from 1 Mbit/s to 1.6 Mbit/s by using OFDM on the laboratory
testbed. Moreover, a 30-m long-distance illumination and VLC were implemented at a data rate
of 1.2 Mbit/s due to the high absorption efficient of the thin-film a-Si solar cell. On the outdoor
solar cell testbed, AquaE-lite delivered good performance in terms of resistance to background
noise, which was attributed to the PGA and filter design in the hardware, gap design in OFDM,
and selection of low-noise components. Under bright sunlight, energy autonomy was realized and
a 15-m transmission distance was achieved at a data rate of 1.2 Mbit/s. In a more challenging
field trial conducted at the KAUST harbor located by the Red Sea, 1.2-Mbit/s OFDM signals were
obtained over a 2-m transmission distance without strict link alignment, which demonstrated the
good robustness of AquaE-lite with a large detection area. Given the above, energy-autonomous
solar cell receivers with the advantages of efficient energy harvesting, low-intensity optical signal
detection, and resistance to background noise have broad application prospects in future loT
and underwater mobile sensor networks. Future work will involve replacing the MSO and off-line
processing with a real-time digital signal processing module to implement fully energy-autonomous
solar-cell receivers.
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