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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 10−10 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.
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INDEX TERMS Underwater wireless optical communications, energy harvesting, information decoding,
simultaneous lightwave information and power transfer (SLIPT), Internet of underwater things (IoUT).

I. INTRODUCTION16

The demand for underwater communication system links has17

increased due to the growing need for maritime applications,18

such as environmental monitoring, oil and gas field explo-19

ration, and surveillance [1]. The generally-deployed acoustic20

and radio frequency communication links are constrained by21

the low data rate and high attenuation in the aquatic environ-22

ment, respectively [2], [3]. However, optical wireless com-23

munications have been shown to provide high bandwidth and24

low latency over moderate link distances [4], [5]. In addition,25

The associate editor coordinating the review of this manuscript and

approving it for publication was Pietro Savazzi .

low deployment and operational costs, physical security, and 26

commercially-available transceivers make this technology a 27

promised approach for underwater wireless communications 28

[6]. The main limiting factors of underwater wireless optical 29

communication (UWOC) are the absorption and the scatter- 30

ing due to present particles in the seawater. These phenom- 31

ena cause the loss of optical intensity and severe temporal 32

pulse broadening, limiting both the link range and the max- 33

imum achievable data rate [7], [8]. Furthermore, power con- 34

sumption is a critical aspect of underwater sensor networks 35

due to the complexity and difficulty of replacing or recharg- 36

ing batteries. Therefore, a reliable energy-charging system 37

is needed. Simultaneous lightwave information and power 38
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FIGURE 1. System block diagram.

transfer (SLIPT) systems can simultaneously provide remote39

battery charging and data transmission by means of optical40

radiation [9].41

There are three possible SLIPT approaches: time-splitting,42

power-splitting, and space-splitting. In a time-splitting43

approach, the receiver switches between energy harvesting44

(EH) and data decoding mode over different time slots.45

On the other hand, the power-splitting method is based on46

separating the received signal’s power into alternating cur-47

rent (AC) and direct current (DC) components for informa-48

tion decoding (ID) and charging, respectively. Finally, in a49

space-splitting approach, multiple transmitters transfer either50

energy or information to the corresponding receivers for EH51

or ID [10], [11]. In the UWOC systems with SLIPT capabil-52

ity, a solar panel-based receiver for EH and ID is used [12].53

In addition, although UWOC links are more robust to mis-54

alignment than atmospheric ones [13], the use of large detec-55

tion areas improves their robustness. However, the low power56

conversion efficiency and slow response time of solar panels57

limit both the EH and communication performance of SLIPT58

systems, respectively [12]. In [14], a solar cell as a receiver59

without a lens and a 405 nm laser diode (LD) as a trans-60

mitter were used. The proposed system could transmit data61

over a 7 m link range, taking advantage of a large receiv-62

ing area in a tap water channel under laboratory conditions.63

Moreover, spatial diversity reception can mitigate the deep64

fading that UWOC channels undergo under severe turbulent65

regimes [15]. In [16], Chen et al. proposed the use of a66

2 × 2 solar panel array with a size of 10 × 10 mm2 each as67

a receiver in an underwater laser-based link at 450 nm with68

a transmitted power of 19.76 dBm. The authors evaluated69

the system over a 7 m tap-water channel, achieving a data70

rate of 84 Mbps. The results showed that the system had a71

good performance in the presence of air bubbles and water72

fluctuation in terms of bit-error rate (BER) compared to using73

a single solar panel. In [17], amorphous silicon (a-Si) thin-74

film solar cell was used due to the higher light absorption75

coefficient in the visible light spectrum and lower cost than a76

crystalline-Si solar cell. A data rate of 908.2 Kb/s over a 2.4m77

link range was achieved using a white-light laser. Kong et al.78

also essayed a white-laser-based link joint to two types of79

solar cells for two different purposes, a monocrystalline-Si80

solar cell for EH and an a-Si solar cell for ID. In addition, 81

a hardware pre-equalizer to improve the 3-dB bandwidth was 82

used. However, the mentioned system focused on communi- 83

cation performance, and the Si solar panel for EH was not 84

connected to the system to operate underwater. The results 85

showed the system was capable of achieving orthogonal fre- 86

quency division multiplexing (OFDM) signals at the data rate 87

of 1.2 Mbps over a transmission distance of 2 m under turbid 88

water [18]. 89

The studies mentioned above are mainly focused on 90

communications performance. Therefore, solar panel per- 91

formance in the case of EH needs to be investigated and 92

optimized. In [19], the authors proposed a time-splitting 93

SLIPT system using a 430 nm blue laser and 5.5×7 cm2 solar 94

cell to charge a battery with 840 mW of power capacity. The 95

observed charging time of the battery was 124 minutes. Once 96

fully charged, this hardware could activate a temperature sen- 97

sor in a water tank for more than 2 hours. The sensor mea- 98

sured the temperature when the battery’s voltage was higher 99

than the threshold voltage of 3.6 V. Otherwise, it entered 100

sleep mode to recharge the battery. Furthermore, a data rate 101

of 500 Kb/s over a 1.5 m link range was achieved. In addition, 102

De et al. used a 4.8 W LED as a transmitter for charging 103

a 5 F capacitor to power an Internet of underwater things 104

(IoUT) device, which took 90 minutes over a 30 cm link 105

distance. Once the capacitor was fully charged, the device 106

sent a real-time video streaming for 1 minute. Although the 107

charging time for EH was considered in the mentioned work, 108

no approach was proposed to decrease it. However, in [11] the 109

optimization of the splitting factor (either in time or power) 110

in terms of harvested energy while satisfying BER and spec- 111

tral efficiency constraints was analyzed. In addition, closed- 112

form equationswere derived for the average harvested energy, 113

BER, and spectral efficiency under the presence of under- 114

water turbulence, which was modeled using a log-normal 115

distribution. Uysal et al. improved the charging time by an 116

optimization spilliting factor. However, to the best of the 117

author’s knowledge, the impact of the transmitted waveform 118

on EH and communication performance in SLIPT UWOC 119

systems has not been analyzed. 120

In this work, a new power-splitting SLIPT scheme 121

is proposed to improve the energy harvesting rate for 122
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IoUT applications. The proposed system comprises a123

white-light LED (WLED) source and a solar cell as a receiver124

for both EH and ID.White-light laser sources are more favor-125

able in increasing the energy conversion efficiency of the126

solar cells than red/blue-light lasers [14], [20]. However, LDs127

require better alignment compared to LEDs, and their lifetime128

is limited. Furthermore, non-coherent light performs better in129

turbulent water [12], [21]. The main objective of this contri-130

bution is the reduction of the battery charging time, allowing131

the sensors to recharge and communicate in a reasonable132

time. The proposed transmitter scheme includes an adjustable133

signal range (SR) of the data or DC level component to134

trade-off between the higher signal-to-noise (SNR) and faster135

battery recharging depending on the channel condition. In this136

paper, SR refers to the difference between the maximum and137

minimum values of the signal over a period. To the best138

of the author’s knowledge, this technique for improving the139

recharging time is mentioned for the first time in this paper.140

Furthermore, the reception stage circuitry includes a boost141

converter connected to the solar cell to step up the output142

voltage from its input and provide a stabilized supply voltage143

for the system.144

The rest of this work is organized as follows. In section II,145

the system architecture is represented. Then, in Section III,146

the simulation and the experimental setups are described.147

Next, the results are explained and discussed in Section IV.148

Finally, the concluding remarks are provided in Section V.149

II. SYSTEM ARCHITECTURE150

Figure 1 shows a block diagram of a power-splitting UWOC151

SLIPT system. A non-return-zero (NRZ) On-Off Keying152

(OOK) data signal is generated and is sent to a controller153

module which introduces different DC levels (.e.g., Level 0,154

Level 1, Level 2), which are provided by Vg1 or Vg2 with data155

signal of Vg0 to the WLED’s driver (the scheme and perfor-156

mance of the driver will be detailed in this paper). Moreover,157

a power supply is used to provide the DC bias (Vcc) to supply158

the WLED transmitter. The modulated light beam (Ptx) is159

transmitted through the underwater channel to the receiver,160

where the incoming optical light (Prx) is collected by the solar161

cell and converted to an electrical signal (Ps). The received162

power is split into α Ps and (1 – α)Ps quantities for EH and ID163

by a splitter, respectively. The receiver can detect and decode164

the data signal when there is enough harvested energy (Ph).165

In this work, the performance of a UWOC system with166

SLIPT capability using the power splitting technique for both167

EH and ID is analyzed. Nevertheless, it mainly focuses on168

improving the energy harvesting rate, which determines the169

recharging time for the nodes to start working. In order to170

improve the energy harvesting time, a specific transmission171

scheme to adjust the SR or DC components of the transmitted172

optical signal is presented.173

A. TRANSMITTER174

The main problem for EH in underwater environments175

is the long time needed to recharge the capacitor or the176

battery due to the high attenuation of the transmitted power 177

and lack of enough ambient light. Therefore, improving the 178

charging speed is essential for optimizing different system 179

features, such as response time or data-logging periods. Once 180

the capacitor is recharged to the threshold voltage, the har- 181

vested energy can be applied to supply IoUT nodes [22]. 182

The recharging time depends on several factors, such as aver- 183

age transmitted power, link distance, solar cell size, power 184

conversion efficiency, battery capacity, etc. In addition, the 185

average transmitted power can be controlled by adjusting the 186

signal DC level, affecting the energy harvesting performance. 187

In this study, different discrete DC levels have been defined, 188

and the best-performing ones can be selected depending on 189

both the channel and device state conditions. The variation 190

in the DC level component introduces changes in the SR 191

of the AC (data signal) component since the higher the DC 192

level, the lower the SR. Hence, a trade-off between EH and 193

communication performances can be considered for selecting 194

the appropriate DC level. Figure 2 shows the proposed trans- 195

mission circuit scheme. In this circuit, three MOSFET tran- 196

sistors have been considered.M0 controls an OOKmodulated 197

signal. Moreover, by switching onM1 orM2, the low level of 198

the OOK signal rises. As a result, the DC level of the sig- 199

nal increases, thus increasing the average transmitted power. 200

However, the SR of the AC signal decreases. A generaliza- 201

tion of this scheme includes several MOSFETs to provide a 202

range of discrete DC levels based on the value of resistors 203

(R1, R2, . . . , Ri, i ≥ 1) in the MOSFET drains. In this work, 204

the proposed system provides four possible DC levels by 205

setting the different MOSFET in ON-OFF states. As a gen- 206

eral rule, N transistors can provide 2N−1 different DC levels. 207

Therefore, depending on channel and device state conditions, 208

the DC level can be adapted to increase harvested energy or 209

SR. For instance, higher DC levels reduce the battery charg- 210

ing time. Conversely, lower DC levels provide higher SRs and 211

improve SNRs. The output optical power is given by: 212

Ptx(t) = Pmax−SR · s(t), (1) 213

where Ptx is the output optical power waveform, Pmax is the 214

maximum output power controlled by R0 (shown in Fig. 2), 215

and s(t) is the transmission OOK waveform (i.e., 0 or 1). 216

B. RECEIVER 217

As shown in Fig. 3, the obtained signal from the solar 218

cell is divided into two branches for EH and ID, and the 219

photo-generated current Is in an aquatic environment is 220

governed by: 221

Is(t) =
∫
λ

Popt (t, λ)R(θ, ϕ) · e−c
′(λ)d Asc

d2
cos9dλ, (2) 222

where R(θ, ϕ) is the radiation pattern of the optical source at 223

elevation angle θ and azimuthal angle ϕ, d is the link range, 224

c′(λ) is the extinction factor considering both absorption and 225

multiple scattering [7], λ is the wavelength of light, 9 is the 226

impact angle, and Asc is the solar cell’s active area. 227
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FIGURE 2. Proposed transmission scheme circuit.

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 presents228

the ID branch for the signal detection (upper branch) and the229

EH branch, which is isolated by the Schottky diode and the230

energy storage capacitor (Cin). In addition, The harvester cir-231

cuit includes a DC-DC boost converter that starts working at232

the input voltage around 1.7 V and steps the output voltage up233

to 3.3 V. The boost converter increases the speed of supplying234

the required output voltage and maintains the power for a235

longer time. The photo-generated current of the solar cell is236

split into three branches as given by:237

Is = IDs + IDsh + IF, (3)238

where IDs , IDsh and IF are the current of diode Ds, the EH and239

ID branches current, respectively.240

The current of each stage from Fig. 3 can be expressed as: 241

IDs = IS0

(
e

Vs
n0VT − 1

)
;VT =

KT
q

, (4) 242

IDsh = IS1

(
e
VDsh
n1VT − 1

)
, (5) 243

and
IF =

Vs
ZF

(6) 244

where Is0,1 is the reverse saturation current, q is the elemen- 245

tary charge, k is the Boltzmann constant, T is the absolute 246

temperature, n0,1 is the diode ideality factor, VT is the thermal 247

voltage, and ZF is the equivalent impedance of the ID stage, 248

including the load impedance of the amplification front-end. 249

ZF is obtained as: 250

ZF = R5 +
1+ sC2Zl

sC2 + sC3(1+ sC2Zl)
. (7) 251

In addition, VDs and VDsh are the voltage across the Ds and 252

Dsh, respectively as given by: 253

VDsh = Vs − Vin, (8) 254

and the voltage across the capacitor is defined as: 255

Vin(t) =
1
Cin

∫
IDsh (t) dt . (9) 256

By substituting 4, 5 and, 6 in 3, we have: 257

Is = IS0

(
e

Vs
n0VT − 1

)
+ IS1

(
e
Vs−Vin
n1VT − 1

)
+
Vs
ZF

. (10) 258

This equation is nonlinear. Therefore, to simplify the 259

receiver circuit model, two stages can be considered. (i) At the 260

beginning of the process, the LED starts the energy emission, 261

andCin begins charging from the constant current provided by 262

the solar cell (IDsh ), and the rest of the circuit can be neglected. 263

In this state, the equivalent impedance in the EH branch is 264

less than in the data detection branch. Thus, the received 265

signal passes to the EH branch more than the ID branch. 266

Accordingly, the bandpass filter output (Vsig) is minimum. 267

In this configuration, the diode Dsh is in ON mode with a 268

short circuit behavior (ZDsh ≈ 0). This state is maintained 269

until Vin reaches the threshold voltage of the boost converter 270

(in t = ts), which enables it to supply the output voltage of 271

3.3 V. Then, the rest of the circuit begins operating and con- 272

suming the energy stored in the input capacitor through the 273

boost converter. In the case that the transmitter can provide 274

enough optical power to the system, the input capacitor can 275

provide the necessary power to maintain the circuits work- 276

ing and continue charging. Following the diode I-V curve in 277

Fig. 4, as Vin increases, the diode voltage reduces, and its 278

impedance increases. (ii) When Vin reaches a voltage higher 279

than (Vs − VDsh ), the diode enters OFF mode, and the equiv- 280

alent circuit consists of the bandpass filter only. Considering 281

the voltage divider, Vsig yields the following expression: 282

Vsig
Vs
=

sC2ZL
1+ s (C2(ZL + R5)+ C3R5)+ s2C2C3ZLR5

. (11) 283
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FIGURE 4. I-V diode curve.

In this steady-state regime (Vin = Vin(max)), the AC signal284

is no longer affected by the input capacitor (Cin) and depends285

on the variation of Vs. Thus, the maximum detected SR in the286

ID branch (Vsig(max)) and the best SNR performance of the287

system are obtained. A general schematic of this behavior is288

shown in Fig. 5.289

FIGURE 5. Receiver behavior scheme. Red, green, and blue curves
correspond to the input capacitor voltage (Vin), the boost converter
output voltage (VH), and the voltage of the detected AC signal (Vsig),
respectively.

On the other hand, the higher the boost converter’s input290

capacitor, the higher the harvested energy and, therefore,291

the longer the charging time. Thus, the best input capaci-292

tor value can be selected depending on the required IoUT293

applications. The boost converter’s shutdown (SHDN) pin is294

connected to the ultra-low-power supervisor with power-fail295

output and selectable thresholds to control the boost con-296

verter’s switching. Hence, the boost converter stops working297

once the input capacitor’s voltage falls below 1.7 V. The298

boost converter’s current consumption is around 10 µA in299

an active mode. In addition, the solar cell in the proposed300

circuit scheme is used in a photovoltaic mode with less301

power consumption and easier integration in EH applica-302

tions. However, it suffers from limited bandwidth. Further-303

more, according to the solar cell I-V characteristic curve, the304

TABLE 1. Simulation system parameters.

voltage variation becomes smaller as the current increases, 305

with the possibility of saturating in environments includ- 306

ing the presence of other light sources. However, the pro- 307

posed system works perfectly in a deep, low-light marine 308

environment. 309

III. METHODOLOGY 310

This section presents the performed analysis to validate the 311

features of the proposed scheme described in the previous 312

sections. The system is evaluated analytically through simula- 313

tion and experimentally under a laboratory testbed condition, 314

which will be described later in the paper. In section III-A, 315

the system performance of the proposed transmission and 316

reception schemes with their results are described, and in 317

section III-B, the proposed solar cell-based UWOC system 318

is experimentally evaluated in a water tank filled with tap 319

water. 320

A. SIMULATION STUDY ON TRANSMITTER AND RECEIVER 321

SCHEMES 322

As mentioned, the transmitter stage is intended to control 323

the average emitted power by adjusting the DC signal level. 324

The transmission scheme presented in Fig. 2 is simulated 325

in LTspice. In that scheme, D0 represents the LED model, 326

M0 provides the data modulation control, M1 and M2 are 327

DC level controllers, and R1 = 56 � and R2 = 6.8 � are 328

selected based on the desired DC voltages or SRs. In the 329

simulation, Vg0, Vg1, and Vg2 are the gate’s control voltages 330

of M0, M1, and M2, respectively. Vg0 carries the modulated 331

NRZ-OOK signal, Vg1, and Vg2 control signals for adjusting 332

the different obtained voltage DC levels or SRs by switching 333
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FIGURE 6. Simulation result of demonstrating the LED’s current (ID0) in
three different DC levels.

M1 or M2 on or off, while M0 is on. The LED current in dif-334

ferent DC levels is illustrated in Fig. 6. In this work, the three335

most significant DC levels provided by the circuit of Fig. 2336

are considered. Level 0 indicates when only M0 is on, and337

Level 1 and Level 2 show the results whenM1 andM2 are on,338

respectively, while M0 remains switched on. On the receiver339

side, the solar cell in the simulation is modeled by a current340

source and six diodes, represented as Is and Ds in Fig. 3,341

respectively. The input capacitor (Cin) charges up to almost342

the voltage ofDs, which corresponds to the solar cell’s output343

voltage. As shown in Fig. 3, the received power is split into344

two branches for EH and ID. The detected SR, input, and345

output voltage of the boost converter are shown in Fig. 7.346

The Cin in the harvesting stage starts to charge. Once Vin347

reaches 1.7 V, the boost converter starts working and provides348

3.3 V output voltage. As can be seen, the detected SR depends349

on the variations of the input capacitor voltage, and when350

the input capacitor is fully charged, the detected SR reaches351

its maximum amount. An LTC2935 component controls the352

SHDN pin, which switches the boost converter off when the353

input capacitor’s voltage is below 1.7 V; otherwise, the boost354

converter is on.355

B. EXPERIMENTAL SETUP356

In this section, the experimental setup of the proposed357

UWOC SLIPT system based on power splitting configura-358

tion is described. Table 2 shows the system parameters used359

in the experiment. Figure 8 illustrates the general system360

block diagram and the experimental setup of the proposed361

solar cell-based UWOC system. A 10 W WLED is used as362

the transmitter derived from the circuit scheme shown in363

Fig. 2. TheNRZ-OOKmodulated signal is generated using an364

Arduino Uno microcontroller. As mentioned in the previous365

section, the proposed transmission scheme can control the366

low voltage level of the transmitted signal, thus, the total367

average transmitted power. In this work, based on the required368

DC levels (or SRs), R1 = 56 � and R2 = 6.8 � branches369

are selected. Then, M1 or M2 using the microcontroller are370

FIGURE 7. Simulation result illustrating the output voltage of the boost
converter (VH), the received signal (Vsig) and the charging curve of the
input capacitor (Vin).

FIGURE 8. Experimental setup of the underwater SLIPT system.

switched on while M0 is controlled by a 100 Hz NRZ-OOK 371

modulation since it is limited by the 3-dB modulation band- 372

width of the used solar cell. After transmitting through awater 373

tank filled with tap water in 20 cm and 50 cm link distances, 374

a light spot is formed on a 5× 7 cm2 solar cell. The proposed 375

system is based on the power splitting technique. Therefore, 376

the received power is divided into two streams for detecting 377

the signal and harvesting the energy as depicted in Fig. 3. 378

The water tank side walls are covered by a black material to 379

avoid reflections. The 3-dB system bandwidth is limited by 380
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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.381

In the experiment for detecting theAC signal, only a capacitor382

of 10 nF is used. The signal is captured and observed using383

the oscilloscope. The laptop is connected through an Ethernet384

connection to the oscilloscope to record the received signal.385

In practical applications, the receiver can detect and decode386

the data signal when there is enough harvested energy.387

IV. EXPERIMENTAL RESULTS388

Figure 9 indicates the three different received voltage signals389

with the three DC levels; Level 0 represents when onlyM0 is390

switched on, and Level 1 or Level 2 corresponds whileM1 or391

M2 is switched on, respectively, whileM0 is on in 20 cm and392

50 cm link ranges. The DC levels or SRs amounts depend on393

the R1 = 56 � and R2 = 6.8 � of circuit branches. Figure 10394

demonstrates the variation of signals andmeasurements along395

with the input capacitor’s charging time: the obtained input396

voltage, the SR and the average voltage of the detected signal,397

and the boost converter output voltage. The presented results398

correspond to two different input capacitor values (5 F and399

TABLE 2. Experimental system parameters.

9.4 mF) and three different DC levels in the transmitted signal 400

over a transmission distance of 20 cm. The same metrics 401

using a 9.4 mF input capacitor are also evaluated in a 50 cm 402

link range and presented in Fig. 11. Due to the long charging 403

time of the 5 F capacitor caused by the low average received 404

power in the 50 cm link range due to high attenuation, the 405

obtained results are not applicable for practical implemen- 406

tation. Therefore, to account for this in Tabs. 3, 4, the label 407

(Not-measured.) is mentioned. As illustrated, the SR varies 408

during the charging time of the input capacitor, reaching its 409

maximum value when the capacitor is fully charged. The 410

charging time (tfc) of the input capacitor for 5 F and 9.4 mF 411

in different DC levels of the transmitted signal and LED 412

illuminances are provided in Tab.3. Moreover, the maximum 413

current (Iout) that the boost converter can provide while keep- 414

ing the output voltage constant at 3.3 V for 5 F and 9.4 mF in 415

20 cm link distance (d) is measured. However, the obtained 416

current for the 50 cm link range is negligible to mention in 417

the table and is displayed as a (Negligible) label. Table 4 418

demonstrates the system SNR over a transmission distance of 419

20 cm and 50 cm in two cases: once the input capacitor is fully 420

charged (SNRfc) and once the boost converter starts working 421

(SNRs). As shown, the obtained SNR in both starting the 422

boost converter and when the input capacitor is fully charged 423

is significantly promising. As depicted, the SNR decreases 424

by increasing the DC level where the dominant effect for 425

decreasing the SNR is reducing the SR, not increasing the 426

noise due to the low variation of the standard deviation by 427

increasing the transmitted power based on the solar cell I-V 428

curve. The estimated BER for an NRZ-OOK modulation for 429

each measured system SNR is given [23]: 430

BERNRZ−OOK =
1
2
erfc(

1

2
√
2
(
√
SNR)), (12) 431

where, erfc(x) is the complementary error function. Accord- 432

ing to (12), the maximum BER is lower than 10−10 for the 433

obtained SNR of 28.42 dB, which is below the forward error 434

correction (FEC) limit. 435
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TABLE 3. Results obtained under the laboratory testbed condition in three different DC levels.

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.

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 (ts) consider-436

ing different signal DC levels for the 5 F and 9.4 mF capac-437

itors values is shown. The results illustrate that the charging438

time of the input capacitor decreases with increasing the DC439

level. Moreover, the boost converter starting and capacitor440

charging times for the 5 F input capacitor in the 20 cm link 441

span are reduced to 13 minutes and 30 minutes, respectively. 442

Considering the 9.4 mF input capacitor with the highest DC 443

level, the boost converter starting time and capacitor charging 444

time are reduced to around 2.5 seconds, 15 seconds over the 445
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TABLE 4. Measured SNR and starting time of the boost converter.

20 cm link distance, and 12 seconds, 63 seconds for the 50 cm446

link distance, respectively. In all the cases, the system SNR447

is higher than 28 dB, and the BER is below the FEC limit;448

therefore, the signal can be detected and decoded when the449

boost converter starts working.450

Note that the performance of the proposed transmission451

and reception circuits are primarily investigated and evalu-452

ated in simulation; however, due to the not actual model of453

the WLED and solar cell in the simulation, the results are not454

comparable with the experiment.455

V. CONCLUSION456

In this work, a UWOC SLIPT system using a power split-457

ting configuration was presented. This unidirectional system458

sends informationwhile providing the necessary energy using459

the SLIPT paradigm to IoUT nodes. Unlike other approaches460

that separate power from a signal in a current-based scheme,461

this work focused on power splitting using the solar cell’s462

voltage signal since the photovoltaic configuration was used.463

This configuration is sensitive to ambient light and other464

light sources that saturate the solar cell output and is suit-465

able for underwater scenarios where the background illumi-466

nation is small enough to avoid undesired nonlinearities on467

the receiver. A novel transmission scheme was proposed with468

the capability of controlling the average transmitted power469

by adjusting the transmitted SRs or DC levels. This strat-470

egy could significantly improve the EH performance of a471

solar cell on the reception side, such as reducing the battery472

charging time and adapting the transmitted signal compo-473

nents to the different channel conditions or device state con-474

ditions. The received power was split into two branches for475

EH and ID. In this work, the receiver performance depended476

on the input capacitor voltage was considered in two stages.477

Then, the equations to model the receiver performance for478

each stage were expressed. The transmitter and receiver were479

simulated in LTspice to verify the performance of the pro-480

posed circuits. Simulation results illustrated that the proposed481

scheme could control the DC level; thus, the average trans-482

mitted power. Moreover, the underwater experimental setup483

based on the proposed system was presented. The obtained484

results under the laboratory testbed conditions showed the485

significant impacts of the DC level variation on the harvested486

energy rate. Furthermore, the evaluated system SNR with487

values higher than 28 dB and the BER of less than 10−10488

which is below the FEC limit, showed that the data was489

detectable while the boost converter supplied the power of 490

the IoUT nodes. Furthermore, the charging time of around 491

30 min and 15 seconds for 5 F and 9.4 mF, respectively, over 492

a link span of 20 cm, and 63 seconds for 9.4 mF in 50 cm 493

link distance is improved. Therefore, the results confirm that 494

the new proposed transmission scheme effectively decreases 495

the EH capacitor recharging time, mainly for big ones (i.e., 496

5 F capacitor in this work). In addition, the link maintains 497

adequate SNR and BER values that assure the data is received 498

correctly. 499
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