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ABSTRACT The energy consumption of the Internet of underwater things (IoUT) nodes is a capital aspect
that dramatically affects the applicability of wireless optical technologies in several scenarios, such as ocean
monitoring or underwater sensor networks. Simultaneous lightwave information and power transfer (SLIPT)
is a cost-effective and energy-efficient solution for energy-constrained wireless systems. Nonetheless, the
reported battery-charging times for underwater operations are high, which should be improved to make
this technology attractive enough to be considered for actual implementations. This paper provides a new
SLIPT strategy, introducing a specific optical signal transmission scheme by controlling the transmitted
direct current (DC) level component. The scheme is based on a DC-On Off Keying (OOK) modulation
with an adjustable signal range (SR) to improve the energy-harvesting process and battery-charging time for
underwater operations. The results reveal that the system provides a signal-to-noise ratio higher than 28 dB
and the bit-error rate of less than 1070 which is below the forward error correction limit with improved
charging time around 30 minutes and 15 seconds for 5 F and 9.4 mF, respectively over 20 cm, and 63 seconds
for 9.4 mF in 50 cm link distance.

INDEX TERMS Underwater wireless optical communications, energy harvesting, information decoding,
simultaneous lightwave information and power transfer (SLIPT), Internet of underwater things (IoUT).

I. INTRODUCTION

The demand for underwater communication system links has
increased due to the growing need for maritime applications,
such as environmental monitoring, oil and gas field explo-
ration, and surveillance [1]. The generally-deployed acoustic
and radio frequency communication links are constrained by
the low data rate and high attenuation in the aquatic environ-
ment, respectively [2], [3]. However, optical wireless com-
munications have been shown to provide high bandwidth and
low latency over moderate link distances [4], [5]. In addition,
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low deployment and operational costs, physical security, and
commercially-available transceivers make this technology a
promised approach for underwater wireless communications
[6]. The main limiting factors of underwater wireless optical
communication (UWOC) are the absorption and the scatter-
ing due to present particles in the seawater. These phenom-
ena cause the loss of optical intensity and severe temporal
pulse broadening, limiting both the link range and the max-
imum achievable data rate [7], [8]. Furthermore, power con-
sumption is a critical aspect of underwater sensor networks
due to the complexity and difficulty of replacing or recharg-
ing batteries. Therefore, a reliable energy-charging system
is needed. Simultaneous lightwave information and power
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FIGURE 1. System block diagram.

transfer (SLIPT) systems can simultaneously provide remote
battery charging and data transmission by means of optical
radiation [9].

There are three possible SLIPT approaches: time-splitting,
power-splitting, and space-splitting. In a time-splitting
approach, the receiver switches between energy harvesting
(EH) and data decoding mode over different time slots.
On the other hand, the power-splitting method is based on
separating the received signal’s power into alternating cur-
rent (AC) and direct current (DC) components for informa-
tion decoding (ID) and charging, respectively. Finally, in a
space-splitting approach, multiple transmitters transfer either
energy or information to the corresponding receivers for EH
or ID [10], [11]. In the UWOC systems with SLIPT capabil-
ity, a solar panel-based receiver for EH and ID is used [12].
In addition, although UWOC links are more robust to mis-
alignment than atmospheric ones [13], the use of large detec-
tion areas improves their robustness. However, the low power
conversion efficiency and slow response time of solar panels
limit both the EH and communication performance of SLIPT
systems, respectively [12]. In [14], a solar cell as a receiver
without a lens and a 405 nm laser diode (LD) as a trans-
mitter were used. The proposed system could transmit data
over a 7 m link range, taking advantage of a large receiv-
ing area in a tap water channel under laboratory conditions.
Moreover, spatial diversity reception can mitigate the deep
fading that UWOC channels undergo under severe turbulent
regimes [15]. In [16], Chen et al. proposed the use of a
2 x 2 solar panel array with a size of 10 x 10 mm? each as
a receiver in an underwater laser-based link at 450 nm with
a transmitted power of 19.76 dBm. The authors evaluated
the system over a 7 m tap-water channel, achieving a data
rate of 84 Mbps. The results showed that the system had a
good performance in the presence of air bubbles and water
fluctuation in terms of bit-error rate (BER) compared to using
a single solar panel. In [17], amorphous silicon (a-Si) thin-
film solar cell was used due to the higher light absorption
coefficient in the visible light spectrum and lower cost than a
crystalline-Si solar cell. A data rate of 908.2 Kb/s over a 2.4 m
link range was achieved using a white-light laser. Kong er al.
also essayed a white-laser-based link joint to two types of
solar cells for two different purposes, a monocrystalline-Si
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solar cell for EH and an a-Si solar cell for ID. In addition,
a hardware pre-equalizer to improve the 3-dB bandwidth was
used. However, the mentioned system focused on communi-
cation performance, and the Si solar panel for EH was not
connected to the system to operate underwater. The results
showed the system was capable of achieving orthogonal fre-
quency division multiplexing (OFDM) signals at the data rate
of 1.2 Mbps over a transmission distance of 2 m under turbid
water [18].

The studies mentioned above are mainly focused on
communications performance. Therefore, solar panel per-
formance in the case of EH needs to be investigated and
optimized. In [19], the authors proposed a time-splitting
SLIPT system using a 430 nm blue laser and 5.5 x 7 cm? solar
cell to charge a battery with 840 mW of power capacity. The
observed charging time of the battery was 124 minutes. Once
fully charged, this hardware could activate a temperature sen-
sor in a water tank for more than 2 hours. The sensor mea-
sured the temperature when the battery’s voltage was higher
than the threshold voltage of 3.6 V. Otherwise, it entered
sleep mode to recharge the battery. Furthermore, a data rate
of 500 Kb/s over a 1.5 m link range was achieved. In addition,
De et al. used a 4.8 W LED as a transmitter for charging
a 5 F capacitor to power an Internet of underwater things
(IoUT) device, which took 90 minutes over a 30 cm link
distance. Once the capacitor was fully charged, the device
sent a real-time video streaming for 1 minute. Although the
charging time for EH was considered in the mentioned work,
no approach was proposed to decrease it. However, in [11] the
optimization of the splitting factor (either in time or power)
in terms of harvested energy while satisfying BER and spec-
tral efficiency constraints was analyzed. In addition, closed-
form equations were derived for the average harvested energy,
BER, and spectral efficiency under the presence of under-
water turbulence, which was modeled using a log-normal
distribution. Uysal et al. improved the charging time by an
optimization spilliting factor. However, to the best of the
author’s knowledge, the impact of the transmitted waveform
on EH and communication performance in SLIPT UWOC
systems has not been analyzed.

In this work, a new power-splitting SLIPT scheme
is proposed to improve the energy harvesting rate for
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IoUT applications. The proposed system comprises a
white-light LED (WLED) source and a solar cell as a receiver
for both EH and ID. White-light laser sources are more favor-
able in increasing the energy conversion efficiency of the
solar cells than red/blue-light lasers [14], [20]. However, LDs
require better alignment compared to LEDs, and their lifetime
is limited. Furthermore, non-coherent light performs better in
turbulent water [12], [21]. The main objective of this contri-
bution is the reduction of the battery charging time, allowing
the sensors to recharge and communicate in a reasonable
time. The proposed transmitter scheme includes an adjustable
signal range (SR) of the data or DC level component to
trade-off between the higher signal-to-noise (SNR) and faster
battery recharging depending on the channel condition. In this
paper, SR refers to the difference between the maximum and
minimum values of the signal over a period. To the best
of the author’s knowledge, this technique for improving the
recharging time is mentioned for the first time in this paper.
Furthermore, the reception stage circuitry includes a boost
converter connected to the solar cell to step up the output
voltage from its input and provide a stabilized supply voltage
for the system.

The rest of this work is organized as follows. In section II,
the system architecture is represented. Then, in Section III,
the simulation and the experimental setups are described.
Next, the results are explained and discussed in Section IV.
Finally, the concluding remarks are provided in Section V.

Il. SYSTEM ARCHITECTURE
Figure 1 shows a block diagram of a power-splitting UWOC
SLIPT system. A non-return-zero (NRZ) On-Off Keying
(OOK) data signal is generated and is sent to a controller
module which introduces different DC levels (.e.g., Level 0,
Level 1, Level 2), which are provided by V1 or Vi with data
signal of Vg to the WLED’s driver (the scheme and perfor-
mance of the driver will be detailed in this paper). Moreover,
a power supply is used to provide the DC bias (V) to supply
the WLED transmitter. The modulated light beam (P) is
transmitted through the underwater channel to the receiver,
where the incoming optical light (P ) is collected by the solar
cell and converted to an electrical signal (Pg). The received
power is splitinto o P and (1 — &) P quantities for EH and ID
by a splitter, respectively. The receiver can detect and decode
the data signal when there is enough harvested energy (Pp).
In this work, the performance of a UWOC system with
SLIPT capability using the power splitting technique for both
EH and ID is analyzed. Nevertheless, it mainly focuses on
improving the energy harvesting rate, which determines the
recharging time for the nodes to start working. In order to
improve the energy harvesting time, a specific transmission
scheme to adjust the SR or DC components of the transmitted
optical signal is presented.

A. TRANSMITTER
The main problem for EH in underwater environments
is the long time needed to recharge the capacitor or the
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battery due to the high attenuation of the transmitted power
and lack of enough ambient light. Therefore, improving the
charging speed is essential for optimizing different system
features, such as response time or data-logging periods. Once
the capacitor is recharged to the threshold voltage, the har-
vested energy can be applied to supply IoUT nodes [22].
The recharging time depends on several factors, such as aver-
age transmitted power, link distance, solar cell size, power
conversion efficiency, battery capacity, etc. In addition, the
average transmitted power can be controlled by adjusting the
signal DC level, affecting the energy harvesting performance.
In this study, different discrete DC levels have been defined,
and the best-performing ones can be selected depending on
both the channel and device state conditions. The variation
in the DC level component introduces changes in the SR
of the AC (data signal) component since the higher the DC
level, the lower the SR. Hence, a trade-off between EH and
communication performances can be considered for selecting
the appropriate DC level. Figure 2 shows the proposed trans-
mission circuit scheme. In this circuit, three MOSFET tran-
sistors have been considered. M controls an OOK modulated
signal. Moreover, by switching on M or M5, the low level of
the OOK signal rises. As a result, the DC level of the sig-
nal increases, thus increasing the average transmitted power.
However, the SR of the AC signal decreases. A generaliza-
tion of this scheme includes several MOSFETs to provide a
range of discrete DC levels based on the value of resistors
(R, Ry, ..., Rj,1 > 1) in the MOSFET drains. In this work,
the proposed system provides four possible DC levels by
setting the different MOSFET in ON-OFF states. As a gen-
eral rule, N transistors can provide 2N=1 different DC levels.
Therefore, depending on channel and device state conditions,
the DC level can be adapted to increase harvested energy or
SR. For instance, higher DC levels reduce the battery charg-
ing time. Conversely, lower DC levels provide higher SRs and
improve SNRs. The output optical power is given by:

Ptx(t) = Pmax_SR . s(t)’ (l)

where Py is the output optical power waveform, P,y is the
maximum output power controlled by Ry (shown in Fig. 2),
and s(?) is the transmission OOK waveform (i.e., O or 1).

B. RECEIVER
As shown in Fig. 3, the obtained signal from the solar
cell is divided into two branches for EH and ID, and the
photo-generated current /g in an aquatic environment is
governed by:

/ A
I(t) = / Popt(t, RO, ¢) - e~ WM 7’2‘ cosWdxr, (2)
s

where R(6, ¢) is the radiation pattern of the optical source at
elevation angle 6 and azimuthal angle ¢, d is the link range,
/(1) is the extinction factor considering both absorption and
multiple scattering [7], A is the wavelength of light, W is the
impact angle, and Ay is the solar cell’s active area.
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FIGURE 3. Simulation setup of the proposed receiver circuit for
simultaneous energy harvesting and communication.

As can be observed in Fig. 3, the SLIPT circuit presents
the ID branch for the signal detection (upper branch) and the
EH branch, which is isolated by the Schottky diode and the
energy storage capacitor (Cj,). In addition, The harvester cir-
cuit includes a DC-DC boost converter that starts working at
the input voltage around 1.7 V and steps the output voltage up
to 3.3 V. The boost converter increases the speed of supplying
the required output voltage and maintains the power for a
longer time. The photo-generated current of the solar cell is
split into three branches as given by:

Iy =Ip, + Ip,, + IF, 3)

where Ip, Ip,, and Ik are the current of diode Ds, the EH and
ID branches current, respectively.
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The current of each stage from Fig. 3 can be expressed as:

Vs KT
Ip, = I, (e”ovT - 1) s V= —, @
q
VDsh
Ip, =1Is, [em't — 1], (&)
and
p=2 ©)
F= 7

where [y, is the reverse saturation current, g is the elemen-
tary charge, k is the Boltzmann constant, 7 is the absolute
temperature, ng 1 is the diode ideality factor, V is the thermal
voltage, and Zf is the equivalent impedance of the ID stage,
including the load impedance of the amplification front-end.
ZF is obtained as:
Zn=Rs 4 —T5OA )
sCy + sC3(1 + sCrZy)
In addition, Vp, and Vp,, are the voltage across the Ds and
Dy, respectively as given by:

VDSh = Vs — Vin, (8)

and the voltage across the capacitor is defined as:

Vin(1) = c / Ipg, (r)dr. &)

By substituting 4, 5 and, 6 in 3, we have:

Vs Vs—Vig Vi
I =1Is, (e - 1) +1s, ( T — 1) + 5 (10

This equation is nonlinear. Therefore, to simplify the
receiver circuit model, two stages can be considered. (i) At the
beginning of the process, the LED starts the energy emission,
and Cj, begins charging from the constant current provided by
the solar cell (Ip, ), and the rest of the circuit can be neglected.
In this state, the equivalent impedance in the EH branch is
less than in the data detection branch. Thus, the received
signal passes to the EH branch more than the ID branch.
Accordingly, the bandpass filter output (Vjg) is minimum.
In this configuration, the diode Dgp is in ON mode with a
short circuit behavior (Zp, = 0). This state is maintained
until Vi, reaches the threshold voltage of the boost converter
(in t = 1), which enables it to supply the output voltage of
3.3 V. Then, the rest of the circuit begins operating and con-
suming the energy stored in the input capacitor through the
boost converter. In the case that the transmitter can provide
enough optical power to the system, the input capacitor can
provide the necessary power to maintain the circuits work-
ing and continue charging. Following the diode I-V curve in
Fig. 4, as Vj, increases, the diode voltage reduces, and its
impedance increases. (ii) When V;, reaches a voltage higher
than (Vs — Vp,,), the diode enters OFF mode, and the equiv-
alent circuit consists of the bandpass filter only. Considering
the voltage divider, Vj;, yields the following expression:

@ _ sCrZ1.
Vs 1+5(Co(ZL + Rs) + C3Rs) + s2C2C3ZLRs

Y
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FIGURE 4. I-V diode curve.

In this steady-state regime (Vin = Vin(max)), the AC signal
is no longer affected by the input capacitor (Cj,) and depends
on the variation of V;. Thus, the maximum detected SR in the
ID branch (Vsigmax)) and the best SNR performance of the
system are obtained. A general schematic of this behavior is
shown in Fig. 5.

Voltage
Vin Max) |
33V Capacitor steady-state
Boost converter output voltage
1.7 V]
Vsig(Max) E

Maximum SNR zone

Time

FIGURE 5. Receiver behavior scheme. Red, green, and blue curves
correspond to the input capacitor voltage (V;,), the boost converter
output voltage (Vy), and the voltage of the detected AC signal (Vs;q),
respectively.

On the other hand, the higher the boost converter’s input
capacitor, the higher the harvested energy and, therefore,
the longer the charging time. Thus, the best input capaci-
tor value can be selected depending on the required IoUT
applications. The boost converter’s shutdown (SHDN) pin is
connected to the ultra-low-power supervisor with power-fail
output and selectable thresholds to control the boost con-
verter’s switching. Hence, the boost converter stops working
once the input capacitor’s voltage falls below 1.7 V. The
boost converter’s current consumption is around 10 @A in
an active mode. In addition, the solar cell in the proposed
circuit scheme is used in a photovoltaic mode with less
power consumption and easier integration in EH applica-
tions. However, it suffers from limited bandwidth. Further-
more, according to the solar cell I-V characteristic curve, the
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TABLE 1. Simulation system parameters.

Parameters Value

Ro 100 ©2

Ry 56 Q

Ro 6.8 Q2

R3 1960 k2

Ry 1150 k2

Rs 390

Ry 1kQ

Cy 47 pF

Co 4.7 uF

Cs 47 nF

Cin 94 mF, 5F

Cout 100 uF

Vee 14V

Vzo 5V, T=0.025 ms*
Va1 Variable O or 5 V
V2 Variable O or 5 V

*T is the signal period.

voltage variation becomes smaller as the current increases,
with the possibility of saturating in environments includ-
ing the presence of other light sources. However, the pro-
posed system works perfectly in a deep, low-light marine
environment.

lll. METHODOLOGY

This section presents the performed analysis to validate the
features of the proposed scheme described in the previous
sections. The system is evaluated analytically through simula-
tion and experimentally under a laboratory testbed condition,
which will be described later in the paper. In section III-A,
the system performance of the proposed transmission and
reception schemes with their results are described, and in
section III-B, the proposed solar cell-based UWOC system
is experimentally evaluated in a water tank filled with tap
water.

A. SIMULATION STUDY ON TRANSMITTER AND RECEIVER
SCHEMES

As mentioned, the transmitter stage is intended to control
the average emitted power by adjusting the DC signal level.
The transmission scheme presented in Fig. 2 is simulated
in LTspice. In that scheme, Dg represents the LED model,
My provides the data modulation control, M| and M, are
DC level controllers, and Ry = 56 2 and R, = 6.8 Q are
selected based on the desired DC voltages or SRs. In the
simulation, Vgo, Vg1, and Vg, are the gate’s control voltages
of My, M1, and M>, respectively. Vgq carries the modulated
NRZ-OOK signal, Vg1, and Vg, control signals for adjusting
the different obtained voltage DC levels or SRs by switching
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FIGURE 6. Simulation result of demonstrating the LED’s current (/pg) in
three different DC levels.

M or M, on or off, while My is on. The LED current in dif-
ferent DC levels is illustrated in Fig. 6. In this work, the three
most significant DC levels provided by the circuit of Fig. 2
are considered. Level O indicates when only My is on, and
Level 1 and Level 2 show the results when M| and M» are on,
respectively, while M remains switched on. On the receiver
side, the solar cell in the simulation is modeled by a current
source and six diodes, represented as I; and Ds in Fig. 3,
respectively. The input capacitor (Cj,) charges up to almost
the voltage of Dy, which corresponds to the solar cell’s output
voltage. As shown in Fig. 3, the received power is split into
two branches for EH and ID. The detected SR, input, and
output voltage of the boost converter are shown in Fig. 7.
The Cj, in the harvesting stage starts to charge. Once Vi,
reaches 1.7 V, the boost converter starts working and provides
3.3 V output voltage. As can be seen, the detected SR depends
on the variations of the input capacitor voltage, and when
the input capacitor is fully charged, the detected SR reaches
its maximum amount. An LTC2935 component controls the
SHDN pin, which switches the boost converter off when the
input capacitor’s voltage is below 1.7 V; otherwise, the boost
converter is on.

B. EXPERIMENTAL SETUP

In this section, the experimental setup of the proposed
UWOC SLIPT system based on power splitting configura-
tion is described. Table 2 shows the system parameters used
in the experiment. Figure § illustrates the general system
block diagram and the experimental setup of the proposed
solar cell-based UWOC system. A 10 W WLED is used as
the transmitter derived from the circuit scheme shown in
Fig. 2. The NRZ-OOK modulated signal is generated using an
Arduino Uno microcontroller. As mentioned in the previous
section, the proposed transmission scheme can control the
low voltage level of the transmitted signal, thus, the total
average transmitted power. In this work, based on the required
DC levels (or SRs), Ry = 56 2 and R, = 6.8 Q2 branches
are selected. Then, M| or M> using the microcontroller are
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Power
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(a) Schematic_: illustration of the underwater SLIPT demonstration.

(b) Actual experimental setup of the proposed underwater SLIPT sys-
tem.

FIGURE 8. Experimental setup of the underwater SLIPT system.

switched on while My is controlled by a 100 Hz NRZ-OOK
modulation since it is limited by the 3-dB modulation band-
width of the used solar cell. After transmitting through a water
tank filled with tap water in 20 cm and 50 cm link distances,
alight spot is formed on a 5 x 7 cm? solar cell. The proposed
system is based on the power splitting technique. Therefore,
the received power is divided into two streams for detecting
the signal and harvesting the energy as depicted in Fig. 3.
The water tank side walls are covered by a black material to
avoid reflections. The 3-dB system bandwidth is limited by
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FIGURE 9. Received signal of the solar panel-based UWOC considering
three different transmitted DC levels (a): in d=20 cm link distance, (b): in
d=50 cm link distance.

the solar cell; however, it is sufficient for IoUT applications.
In the experiment for detecting the AC signal, only a capacitor
of 10 nF is used. The signal is captured and observed using
the oscilloscope. The laptop is connected through an Ethernet
connection to the oscilloscope to record the received signal.
In practical applications, the receiver can detect and decode
the data signal when there is enough harvested energy.

IV. EXPERIMENTAL RESULTS

Figure 9 indicates the three different received voltage signals
with the three DC levels; Level O represents when only My is
switched on, and Level 1 or Level 2 corresponds while M; or
M, is switched on, respectively, while My is on in 20 cm and
50 cm link ranges. The DC levels or SRs amounts depend on
the R = 56 Q and Ry = 6.8 2 of circuit branches. Figure 10
demonstrates the variation of signals and measurements along
with the input capacitor’s charging time: the obtained input
voltage, the SR and the average voltage of the detected signal,
and the boost converter output voltage. The presented results
correspond to two different input capacitor values (5 F and
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TABLE 2. Experimental system parameters.

Parameters Value

LED light ‘White color

LED power 10W
Modulation NRZ-OOK
Power supply characteristic 14V,0.72 A
Tank dimension 100x40%50 cm?
Link distance (d) 20 cm, 50 cm
Water type Tap water

Solar cell Monocrystalline silicon
Solar cell dimension 5%7 cm?

3-dB bandwidth 100 Hz

9.4 mF) and three different DC levels in the transmitted signal
over a transmission distance of 20 cm. The same metrics
using a 9.4 mF input capacitor are also evaluated in a 50 cm
link range and presented in Fig. 11. Due to the long charging
time of the 5 F capacitor caused by the low average received
power in the 50 cm link range due to high attenuation, the
obtained results are not applicable for practical implemen-
tation. Therefore, to account for this in Tabs. 3, 4, the label
(Not-measured.) is mentioned. As illustrated, the SR varies
during the charging time of the input capacitor, reaching its
maximum value when the capacitor is fully charged. The
charging time (t.) of the input capacitor for 5 F and 9.4 mF
in different DC levels of the transmitted signal and LED
illuminances are provided in Tab.3. Moreover, the maximum
current (Ioy¢) that the boost converter can provide while keep-
ing the output voltage constant at 3.3 V for 5 F and 9.4 mF in
20 cm link distance (d) is measured. However, the obtained
current for the 50 cm link range is negligible to mention in
the table and is displayed as a (Negligible) label. Table 4
demonstrates the system SNR over a transmission distance of
20 cm and 50 cm in two cases: once the input capacitor is fully
charged (SNRy.) and once the boost converter starts working
(SNRy). As shown, the obtained SNR in both starting the
boost converter and when the input capacitor is fully charged
is significantly promising. As depicted, the SNR decreases
by increasing the DC level where the dominant effect for
decreasing the SNR is reducing the SR, not increasing the
noise due to the low variation of the standard deviation by
increasing the transmitted power based on the solar cell I-V
curve. The estimated BER for an NRZ-OOK modulation for
each measured system SNR is given [23]:

1 1
BERNRZ-00K = Eerfc(m(v SNR)), (12)

where, erfc(x) is the complementary error function. Accord-
ing to (12), the maximum BER is lower than 10~!0 for the
obtained SNR of 28.42 dB, which is below the forward error
correction (FEC) limit.
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TABLE 3. Results obtained under the laboratory testbed condition in three different DC levels.

Levels | LED illuminance (klux) | t¢. S5F (h) tic 9.4mF (s) | Iout (MA) | d(cm)
0 3.05 3.6 47 0.88 20
1 3.22 3.28 36 0.95 20
2 4.25 3.1 33 1.25 20
0 0.835 Not-measured | 342 Negligible | 50
1 0.888 Not-measured | 318 Negligible | 50
2 1.23 Not-measured | 279 Negligible | 50
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FIGURE 10. Experimental results demonstrating the output voltage of the boost converter, the averaged received signal, the amplitude of the signal and
the input capacitor charging curve for 20 cm link ranges in three different DC levels for (a)5 F input capacitor, (b)9.4 mF input capacitor.
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FIGURE 11. Experimental results demonstrating the output voltage of the boost converter, the averaged received signal, the amplitude of the signal and
the input capacitor charging curve for 50 cm link ranges in three different DC levels for 9.4 mF input capacitor.

In addition, the boost converter starting time (zs) consider- charging times for the 5 F input capacitor in the 20 cm link
ing different signal DC levels for the 5 F and 9.4 mF capac- span are reduced to 13 minutes and 30 minutes, respectively.
itors values is shown. The results illustrate that the charging Considering the 9.4 mF input capacitor with the highest DC
time of the input capacitor decreases with increasing the DC level, the boost converter starting time and capacitor charging

level. Moreover, the boost converter starting and capacitor time are reduced to around 2.5 seconds, 15 seconds over the
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TABLE 4. Measured SNR and starting time of the boost converter.

Levels | SNRg.dB | SNRsdB | ts(9.4mF) (s) | ts(SF) (h) d (cm)
0 56.2042 38.7320 10 0.692 20
1 49.4068 37.0615 9.5 0.583 20
2 38.8017 31.2986 7.5 0.475 20
0 54.4434 37.3867 57 Not-measured | 50
1 47.6661 34.8507 54 Not-measured | 50
2 36.9785 28.4218 42 Not-measured | 50

20 cm link distance, and 12 seconds, 63 seconds for the 50 cm
link distance, respectively. In all the cases, the system SNR
is higher than 28 dB, and the BER is below the FEC limit;
therefore, the signal can be detected and decoded when the
boost converter starts working.

Note that the performance of the proposed transmission
and reception circuits are primarily investigated and evalu-
ated in simulation; however, due to the not actual model of
the WLED and solar cell in the simulation, the results are not
comparable with the experiment.

V. CONCLUSION

In this work, a UWOC SLIPT system using a power split-
ting configuration was presented. This unidirectional system
sends information while providing the necessary energy using
the SLIPT paradigm to IoUT nodes. Unlike other approaches
that separate power from a signal in a current-based scheme,
this work focused on power splitting using the solar cell’s
voltage signal since the photovoltaic configuration was used.
This configuration is sensitive to ambient light and other
light sources that saturate the solar cell output and is suit-
able for underwater scenarios where the background illumi-
nation is small enough to avoid undesired nonlinearities on
the receiver. A novel transmission scheme was proposed with
the capability of controlling the average transmitted power
by adjusting the transmitted SRs or DC levels. This strat-
egy could significantly improve the EH performance of a
solar cell on the reception side, such as reducing the battery
charging time and adapting the transmitted signal compo-
nents to the different channel conditions or device state con-
ditions. The received power was split into two branches for
EH and ID. In this work, the receiver performance depended
on the input capacitor voltage was considered in two stages.
Then, the equations to model the receiver performance for
each stage were expressed. The transmitter and receiver were
simulated in LTspice to verify the performance of the pro-
posed circuits. Simulation results illustrated that the proposed
scheme could control the DC level; thus, the average trans-
mitted power. Moreover, the underwater experimental setup
based on the proposed system was presented. The obtained
results under the laboratory testbed conditions showed the
significant impacts of the DC level variation on the harvested
energy rate. Furthermore, the evaluated system SNR with
values higher than 28 dB and the BER of less than 10710
which is below the FEC limit, showed that the data was

100574

detectable while the boost converter supplied the power of
the IoUT nodes. Furthermore, the charging time of around
30 min and 15 seconds for 5 F and 9.4 mF, respectively, over
a link span of 20 cm, and 63 seconds for 9.4 mF in 50 cm
link distance is improved. Therefore, the results confirm that
the new proposed transmission scheme effectively decreases
the EH capacitor recharging time, mainly for big ones (i.e.,
5 F capacitor in this work). In addition, the link maintains
adequate SNR and BER values that assure the data is received
correctly.
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