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ABSTRACT 

Simultaneous Lightwave Information and Power Transfer (SLIPT)  

José Ilton de Oliveira Filho 

 

Harvesting energy became one of the most prominent research topics around the world, 

not only for research institutes and universities but also for technology companies as well. 

Mainly focused on internet of things (IoT) applications, harvesting energy is a crucial 

factor for reducing costs that come with the use of batteries and increasing the devices’ 

working time. Simultaneous lightwave information and power transfer is a technique that 

seeks to use wireless optical communication to achieve both fundamental objectives in 

modern communication systems. This work presents the main techniques that are used 

to achieve SLIPT, a novel circuit that improves the standard methods and applications 

employing this circuit.   
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Chapter 1 

Introduction 

The scale-up of the Internet-of-Things (IoT) devices brought exponential growth in the 

data traffic setting enormous pressure on the current telecommunication systems. 

Moreover, the finite IoT battery capacity limits its application, making energy harvesting 

(EH) a priority in nowadays research topics. Due to this, Simultaneous Wireless 

Information and Power Transfer (SWIPT) was proposed as a means to deliver power and 

data for such kind of devices [1]. The SWIPT transmit information by standard radio 

frequency (RF) techniques and harvest energy by converting the alternating current (AC) 

signal from an electromagnetic field into the direct current (DC) [1], [2].  

As SWIPT techniques provide a solution for both emerging problems, it is considered 

future generation energy transfer technology for wireless communication networks. 

However, besides the RF spectrum scarcity, RF energy harvesting shows relatively low 

efficiency and significant technical problems related to the transmitting and receiving 

circuits [3]. Additional challenges are imposed by the electromagnetic safety and health 

concerns raised over the high-power RF applications [3] SWIPT can be equally a source of 

interference to data transmission and RF pollution. 

Derived from the SWIPT concept, Simultaneous Lightwave Information and Power 

Transfer (SLIPT) utilizes the light as a carrier while solar cells (SC) or laser power converters 

(LPC) are employed as efficient receivers [2]. SLIPT can provide significant performance 

compared to RF-based SWIPT taking advantage of the free-license optical wireless 

technology [4]. Lightwave energy harvesting can also be a complementary technology to 
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visible light communication (VLC) as proposed in [5], [6], [7]. Another advantage that 

SLIPT offers is that it can be equally a cost-effective solution for energy-constrained 

wireless systems including remote sensors, autonomous self-powered devices, be it a 

promising technology for medical, smart houses, and aerospace application [8].  

 

1.1 Energy Harvesting 

Wireless sensors nodes shaped the world in what we lived and brought with it the 

increasing demand for power. Through decades many researchers seek ways to power 

those devices efficiently, and batteries were commonly the primary source of energy. Due 

to the miniaturization of the gadgets, batteries started to be one of the main challenges 

for producing small devices.  

The technology of batteries could not follow the same speed as semiconductors. 

Miniaturized batteries cannot hold charges to power a device for long periods, creating 

the need for powering more often and as a solution for that, ultra and low power devices 

started to be common. Another solution for this problem came with the energy 

harvesting, as a widespread variety of applications are targeted for such solution, 

including health monitoring wireless sensor systems, embedded and implanted sensor 

nodes for therapeutic applications, recharging the energy cells of huge systems, 

monitoring automobile’s components, powering unmanned vehicles, and running 

security systems in household conditions [9]. 

Second Steingart [10], there are three main sectors where harvesting energy is needed, 

and battery are not enough. The first is in Industrial installations, in which industrial 
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sensors often must operate in harsh environments continually. The lifetime of its 

expectations for almost all uninterruptedly operating industrial processes surpass ten 

years, and most industries would not depend only on operators to check and replace 

batteries for such sensors. The second are biomedical devices, in this field, micropower 

harvesting devices such as pacemakers and defibrillators that require repetitive invasive 

surgeries to change the battery could run for a long period by scavenging power from 

other sources.  The last but not least is environmental sensors that usually are installed in 

difficult access locations, and it turns challenging the replacement of batteries. 

Depending on the type of energy sources, the device can apply two different techniques, 

energy scavenging or energy harvesting. When the ambient sources are unidentified or 

highly irregular, it is energy harvesting, whereas energy harvesting refers to 

circumstances where the ambient energy sources are well characterized and consistent 

[10]. Table 2.1 presents a comparison of the different types of energy harvesting using in 

wireless sensor networks  

Table 2.1 - Comparison of different energy harvesting techniques [adapted from 11]. 

Type Energy source Typical converter 
element 

Limitation 

Photonic Light Solar cell 

Poor indoor 
efficiency and needs 

direct exposure to 
light 

Thermoelectric Thermal difference 
Thermoelectric 

generator 
Current leakage and 

sizes constrain 

Kinetic Stress or 
vibration/movement 

Piezoelectric film 
or ceramic 

Usually brittle 
 

RF Radio signals Rectenna 
Fading with distance 

and harmonics 
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1.1.1 Photonic Energy Harvesting 

Solar cells have been extensively used for power generation for decades. Roundy et al. 

[12] demonstrated the use of traditional silicon solar cells as a energy source for wireless 

sensor nodes. In his work, he presented a battery-free transmitting device with the size 

of a matchbox that was able to send a simple radio packet over a custom, low power 1.9 

GHz radio. Using optical communication, Warneke et al. [13] demonstrated a small node 

also powered using solar cells. In 2005, Jiang et al. [14] developed a complex system that 

used a small photovoltaic panel with an integration of super-capacitors and lithium-ion–

polymer batteries.  

To make photonic energy harvesting useful for powering sensor nodes, it is often 

necessary good power management systems (PMU). An example of it, Cypress 

Semiconductor released its PMU system that enables temperature sensor by harvesting 

energy from an innumerous source of indoor light using tiny amorphous silicon (a-Si) solar 

cell [15]. This type of solar cell typically provides 700mV in open circuit. Meanwhile the 

majority of the shelf wireless sensor need at least 2V, three or more cells need either be 

placed in series, or a boost converter has to be implemented [10]. Figure 1 shows the 

Cypress Semiconductor’s solar powered sensor. 
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Figure 1.1- Solar-Powered Sensor CYALKIT-E02. 

Usually, solar cell sizes a few square centimeters, but it becomes a problem for circuit 

integration when multiple cells are needed. Due to this, numerous band-gap systems are 

attractive, once multi-gap systems have various excitation states allowing them to make 

more use of the solar spectrum than traditional solar cells [16]. However, the multi-

junction solar cell is still a laboratory level topic, without industrial production level.  

 

1.1.2 Thermoelectric Energy Harvesting 

Thermoelectric harvesters for micropower regeneration have large counterparts in terms 

of materials, in an analog way to photovoltaic. Minimal footprint devices using such kind 

of harvesting technique suffer from a small temperature gradient. Therefore, it is a great 

challenge to produce enough power to supply sensors nodes. Applications using Bi2Te3 

thermoelectric devices have been successfully demonstrated by Schnieder et al. [17], 

Seiko Instruments Inc. [18], and Paradiso [19]. 

The maximum energy that can be harvested is determined by Carnot's theorem of 

efficiency η (1.1). 
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𝜂 =                                                      (1.1) 

where the maximum power that can be obtained from a heat flux, q’ is determined by 

distance L, temperature gradient ΔT, and conductivity k.  

𝑃 = 𝑞 = 𝑘                                                          (1.2) 

Therefore 

𝑃 = 𝑃 𝜂                                                     (1.3) 

Roundy et al. calculated in his work [20] that, based on a k = 140W/mW with a length of 

1cm, and with a gradient of 5K higher than the room temperature, it would be possible 

to produce a heat flux of 117mW/cm2. Steingart states the power loss of those devices 

constrain them to harvest only a fraction of that power [10]. 

 

1.1.3 Kinetic Energy Harvesting 

Kinetic energy is harvested in transformed to electrical power mainly by vibrational 

methods. The main principle is the displacement of a moving part or the mechanical 

deformation of some structure or material.  There are three ways that kinetic energy can 

be harvested [21]:  

inductive, electrostatic and piezoelectric conversion 

 Inductive: It consists of a magnet moving through a wound coil, inducing a current 

through the coil generating AC power;  
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 Capacitive or electrostatic: It consists of two plates capacitor in which the distance 

of them is varied, pumping the charge out. For this system, it is required a voltage 

or electrostatic source. 

 Piezoelectric: In this type of harvesting, mechanical tensions across a material 

layer produce a surface charge, once it is applied an oscillation load, an AC power 

is generated;  

The William and Yates’ general model for vibration energy harvesters gives the 

approximation of the theoretic power accessible from a first order vibrating surface [22]:  

𝑃 =
 ( )

                                                             (1.4) 

where 𝜉  is the electrical damping coefficient, 𝜔 is the frequency at which the system is 

vibrating, A is the acceleration on a proof mass m, and 𝜉  is the mechanical damping 

coefficient.  

 

1.1.4 RF Energy Harvesting 

In RF energy harvesting, radio signals are converted into electricity and used to power or 

increase the time of use of batteries. The radio frequency signals range from 300 GHz to 

3 kHz, and energy that they carry are transferred by wireless energy transfer methods or 

are inductive coupling and magnetic resonance coupling [23]. The total quantity of energy 

that can be harvested is proportional to the wavelength of the RF signals, the distance 

between the RF energy source, the transmit power, and the harvesting node. In free 

space, the power that can be harvested is given by (1.5) [24].  
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𝑃 = 𝑃
( )

                                                          (1.5) 

where 𝑃  is the power that is received, 𝑃  is the power that is transmitted, L is the path 

loss factor, 𝐺  is the gain of the transmitter’s antenna, 𝐺  is the gain of the receptor’s 

antenna,  λ is the wavelength emanated, and d is the distance between both transmitter 

and receiver antenna. 

The free space model given in (1.5) assumes that the signal follows a single path towards 

the receptor. Though, due to reflection and scattering, the receiver may receive multiple 

RF signals from multiples paths. The determinists model given in (1.6) takes into account 

the phenomenon of various pathways by assuming that the received RF signals goes 

through a line-of-sight pathway and a reflected way separately [23].  

𝑃 = 𝑃                                                        (1.6) 

where ℎ  it the heights of the transmitter, and ℎ  is the height of the receiver antennas. 

 

1.2 SPLIT Techniques 

In an analogous way of SWIPT concept, simultaneous lightwave information and power 

transfer (SLIPT) is utilized to deliver power and data to a wireless device. It was believed, 

by theoretical studies, that simultaneous wireless information and power transfer could 

convey both energy and information without losses [25]. Nevertheless, Krikidis et al. 

present in his work [1], that this simultaneous transfer is not feasible in practice, as the 

harvesting process destroy or deform the information content. In order to achieve SWIPT, 

it is employed different domains (time, power, space) techniques that are similarly used 
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for SLIPT, and they are here discussed. Figure 2 presents an example diagram of the three 

methods used for SLIPT.  

 

Figure 1.2 - Main topologies of SLIPT: a) Time switching; b) Power splitting; c) Spatial 

switching. 

 

1.2.1 Time switch  

In time switching (TS) technique, the receiver keeps constantly switching in time between 

data receiving and energy harvesting [26]. Both SLIPT functions are performed over two 

different time slots t1 and t2, as can be seen in Figure 1.2 (a).  The quantity of harvested 

energy is ruled by the conversion efficiency of the solar cell. With the advances, high-

speed light sources development, the maximum transmission rate that could be achieved 

is mainly restricted by the bandwidth of the solar cell. The TS technique can be applied, 
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but hardware and its implementation require accurate time synchronization for best 

information/energy reception. 

 

1.2.2 Power splitting 

In the power splitting (PS) approach, the receiving node is simultaneously charged while 

decoding the information carried by the incident light beam, as can be seen in Figure 1.2 

(b). For PS be implemented, a power splitter device or circuity has to be used to divide 

the received power PR . This device splits the incident power into α and (1 – α) quantities. 

The αPR portion is used to harvest, while (1 – α) PR portion is used to decode the 

information.  Different types of power splitters can be used for this technique. It can be 

applied by non-electrical passive elements, such as a beam splitter, or electrical 

components, as a combination of capacitors and inductors. Wang et al. was the first to 

introduce a practical implementation of SPLIT by using a novel design presented in Figure 

1.3 [27]. In a similar work using the same model [28], it was achieved 0.5-Gbps and 41.7% 

conversion efficiency from a  0.46W/cm2 optical source, at perfect alignment condition.  

 

Figure 1.3 - Solar panel configuration for simultaneous energy harvesting and 

communication [27]. 
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From Figure 1.3, the load RC and the capacitor C0 constitute the communication branch, 

inductor L0, and RL form the energy harvesting branch in parallel. The inductor L0 act as a 

choke for RF signals, attenuating the AC eliminating ripples from the DC signal and let the 

power go through the RL, that act as the battery in a real-world application. The frequency 

response of the system of Figure 1.3 is evaluated by (1.7) [27]. 

( )

( )
=                                        (1.7) 

In (1.7), the RLC value is calculated as: 

𝑅 =                                                      (1.8) 

1.2.3 Spatial switching  

The spatial switching (SS) technique is applied in multiple-input and multiple-output 

(MIMO) configurations and SPLIT is achieved by exploiting the use of multiple transmitters 

and receivers with information decoding and energy harvesting capabilities, as depicted 

by Figure 1.2 (c). Each transmitter can transfer data and energy, and each receiver can 

harvest energy from multiple transmitters. The SS approach can be combined with both 

PS and TS technique, making each receiver cell be able to harvest and decode information.  

 

1.2.4 Frequency splitting 

The frequency splitting (FS) technique it is not well studied for SLIPT as it is for SWIPT.  

In many cases, the authors do not include it in the methods for achieving SLIPT [1-11]. It 
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consists of the use of combinations from multiples light beams with different frequency 

propagating along with the same medium towards one of several receptors. Those receptors 

may not be constituted of a single element or even been formed of an array of 

photoreceptors. The combination of the light beams is separated by an interference filter, 

in which it is usually a very precise color filter used to selectively pass light of a small 

range of colors whereas reflecting another color. 
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Chapter 2 

Proposed Circuitry Design and Measurement  

In this chapter, it is discussed circuit strategies and implementations for all domains of 

SLIPT as well as its advantages and disadvantages in comparison to existing technology. 

The development process of each circuit it is described with diagrams and the actual 

designs. Additionally, the results of the techniques are presented in forms of oscillograms, 

that is a record produced by an oscilloscope. The proposed methods for achieving spatial 

switch and frequency splitting were not implemented in this work and it will be further 

studied.  

The TS has been studied in different works [4,7,8], it was not yet demonstrated real and 

practical implementations of it. However, relevant background has been published on 

optimal control and demonstrating the feasibility of it. The experimental results of SLIPT 

have been showcased using PS, in which high speed data rates were achieved [27, 28]. 

Still, as improvement, we present a circuit that employ PS and can controls the power 

that is divided and  its effect on the amplitude of the information branch signal, or simply 

signal-to-noise ratio (SNR).  

2.1 Time Switch 

To employ the TS technique, we used a solar cell in photovoltaic and the photoconductive 

mode. It was developed a switching mechanism that allows the photocurrent flow from 

the solar cell to an energy store device, and at any programmed moment, stopped this 

flow and reversed bias the solar cell to induce photoconductive phenomenon. Figure 2.1 

presents the basic diagram of the proposed circuitry. 
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Figure 2.1 – Time switch circuitry diagram. 

From the proposed diagram of Figure 2.1, we designed and built the circuit shown in 

Figure 2.2. In the given circuit, the SC is always charging C1, and its state is changed by an 

ultra-miniature relay (DSY2Y-S-205L) when a high signal is introduced through the control 

pin. To evaluate the circuit, a squared modulated light was sent reaching the solar cell at 

the moment t1 and at t2 the control pin was enabled, as a result, Figure 2.3 shows the 

voltage curves of “ADC pin” and “Receiver data pin”.  

 

Figure 2.2 - Time switch circuitry design. 



29 
 

 

Figure 2.3 – Oscilloscope plots: in green the “Receiver data pin” output, and in yellow the 

“ADC pin” output.  

 

The operation of the relay physically changes the connection of the solar cell, making 

possible both information decoding and energy harvesting at distinct times. By using a 

switching mechanism, both operations of the photovoltaic panel (PV) are isolated from 

each other, allowing the implementation of maximum power point tracking (MPPT) 

circuits, once it would significantly affect the signal if it was implemented in other SLIPT 

techniques [26, 27]. The possibility of use of MPPT is the primary advantage of TS 

technique, once it draws the maximum available power from the PV module. Due to its 

importance, MPPT is considered an essential part of a PV system [29]. On another hand, 

this technique has a fundamental settle back, the power consumption, and the slow 

switching mechanism.  
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Commercially available relays commonly achieve the max switching speed of 

milliseconds. However, some researches already demonstrated Nanoelectromechanical 

(NEM) Relays with zero off-state leakage, switching time of 10-20 ns, and with low power 

features (pull-in voltage =0.8V, pull-out voltage = 0.2V) [30, 31]. 

Targeting self-powered devices, the circuit from Figure 2.2 was evaluated with a low 

power microcontroller (µC). The testing setup is presented in Figure 2.4, where the 

receiver side is shown in Figure 2.5. The test setup consists of an Arduino Uno sending 

data through the 430nm laser to a small solar cell (YKSM - 5V 30mA) which in turn is 

connected to the switching circuit that is being controlled by a µC from Texas Instruments 

(MSP430-F5529). 

 

Figure 2.4 - Testing setup of time switching technique.  
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Figure 2.5 – Receiver side of the setup.  

 

The laser was set to its nominal power (6V, 1.6W of electrical power) and after 1 minute, 

the laser was turned off. After that, the µC took 72 seconds to turn off as can be observed 

in Figure 2.6 (a), with ADC and the handshaking program running. The same test was 

repeated but with the mechanical switch activated after the battery voltage reaches 3V. 

The data transfer was possible only for ~2 seconds; then it didn’t have enough power to 

keep it on. The power kept dropping until the µC also turned off in ~10 seconds as it can 

be seen in Figure 2.6 (b). 
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Figure 2.6 – Oscillogram of a) the µC been charged without enabling the switching circuit 

and b) with switching circuit activated. 

From Figure 2.6, we can visually observe that the relay consumes a severe amount of 

power (355mW) in comparison to the microcontroller (1mW). Due to it, for real-world 

applications, a low power switching mechanism, and switching control must be taken into 

consideration. In the application chapter of this work, we present a commercially 

available alternative to it. 

For the switching control, two different approaches can be made. The first is setting a 

threshold voltage VTH and compare it to the voltage of energy storage device VBAT. If VTH 
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is lower than VBAT, the circuit allows the charge of the battery; if VBAT is bigger the VTH, the 

circuit is set as receiver for information decoding. This voltage comparison can be 

implemented by programming as can be seen in Figure 2.7. (a), in which VBAT has to be 

digitalized using an analog-to-digital converter (ADC) and further processed by a 

microcontroller; by only analog components as depicted in Figure 2.7. (b), (c), in wherein 

a comparator and a reference voltage is used. However, for both ways it is needed 

external power supply to give a reference or even to power the components. 

Furthermore, the ADCs still presents another disadvantage, that is the conversion rate 

speed, as it needs to be at least the double of the signal. The second approach is the 

optimum control in which the relay is activated continuously to harvest energy while it is 

receiving data or when the data is received, and there is no need to be in receiver mode.  

This second approach can be only implemented with the use of smart controllers. 

Figure 2.7 – Different circuit alternatives for comparing VTH with VBAT. 

To overcome the need of constant external power supply and high power consumption 

from the switching mechanism, we designed a low power comparison and wake-up  

circuit that works purely with the power provide from the charging circuit itself and 

employ a low power relay (TXS2SA-L).  In this circuit, shown in Figure 2.8, the solar cell 
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keeps feeding the battery, and its power is also used to charge up a capacitor connected 

to a solid-state photo relay (ASSR-1218), that consists of an AlGaAs infrared light-emitting 

diode (LED) input stage optically coupled to a high-voltage output detector circuit. The 

ASSR is enabled when it is applied a voltage of 1.1V in its terminals, by trimming the 1MΩ 

potentiometer (RV2), the voltage level from the battery that it is needed to enable the 

ASSR can be set. When ASSR is on, it allows the power from the battery to any circuit, for 

waking up purpose or powering. 

 

Figure 2.8 – Improved time switch circuitry design. 

The circuit above has two control pins that are used to switch the mode of the device 

(CTRL1 and CTRL2); the inputs for the solar cell (SC+ and SC-); the input for the battery 

(BAT+ and BAT-); the signal pin (SIGNAL) and input for external activation of the circuit 

(ACTIVE). The power consumption of the circuit relies on three components: the relay 

that consumes 40mW if activated and zero power if steady still in any mode; the solid-
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state relay and potentiometer, both consume in the range of µW when activated, varying 

its consumption with the voltage level of the battery.  

Figure 2.9 present the result of the circuit from Figure 2.8, in which a supercapacitor of 

1F is charged up by a 0.5W solar cell model POW112D2P. It was set a 1Khz random dummy 

signal in the pattern generator, and the data was modulated using on-off keying (OOK) 

and send through a 430nm laser. The capacitor was charging by using ambient light, and 

you can see that it has a steeper increase till reaches the threshold voltage set to 3.2v, 

from which the voltage keeps constant after the switch to receiver mode. From Figure 

2.9, it is possible also to see that there is a transition period in which the voltage keeps 

fluctuating the threshold voltage untill successfully pass it and change the mode of 

operation.  

 

Figure 2.9 - Oscillogram of the outputs of the circuit presented in Figure 2.7. 
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2.1.1 Solar Cell Analysis  

The solar cell, as a semiconductor, presents four quadrants in the I-V chart as depicted in 

Figure 2.10. In the proposed design, the SC is used in the 3rd (Photoconductive Mode / 

Photodiode Mode) and 4th quadrant (Photovoltaic Mode). This dual mode presents 

significant advantages for harvest energy and information decoding, once in 4th quadrant 

we have a power-generating element (V>0, I≤0 → P=V* I ≤ 0), with lower response speed 

with compared with the 3rd quadrant, but this quadrant instead of producing energy, 

consumes it (V≤0, I<0 → P=V* I ≥ 0).  

 

Figure 2.10 – I-V quadrants of a semiconductor. 

In an analogue way to photodiodes, the response time of the SC will be ruled by the 

parasitic capacitance, the drift time of photocarriers inside the depletion region and the 

diffusion time of photocarriers outside the depletion region, at reverse bias, fewer 

photocarriers will be generated outside of the depletion region. If a higher reverse bias is 
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applied, the depletion region becomes broader and more photocarriers are produced in 

it, increasing the responsivity [32]. The drift time of photocarriers td is given by (2.1). 

𝑡 =                                                                        (2.1) 

where vd is the drift velocity, and w is the width of the depletion region. 

Once at in receiver mode, the relay used in the design doesn’t consume any power to 

keeps in this state, making it possible to be considered as a just metal connection. Due to 

this, the maximum speed of the data transmission will be limited mainly by the solar cell, 

in which the 3db bandwidth of the system won’t be affected by the switching circuit when 

it is not powered. From the established DC model of the solar cell [27], we can add the 

switching ending up with the circuit shown in Figure 2.11 (a). As the behavior of the device 

will change in AC, it is needed to modify the DC model resulting in the AC model as 

depicted in Figure 2.11 (b). 

 

Figure 2.11 – Equivalent model of the SC with switch.  
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In the DC model, the photocurrent generation phenomenon can be substituted by a 

current source IPH. The non-linear relationship between the voltage and the current of the 

SC can be modeled by a diode that is connected in parallel to the photocurrent source. 

The leakage current can be express as an internal resistance in parallel RSH, and internal 

voltage drop by to cell interconnections can be represented as a series resistor RS [33]. In 

high frequency, the parasitic capacitances of the solar cell start to affect its output, due 

to this, a capacitor C must be inserted in parallel with the resistor RSH. The diode in AC can 

be substituted by its small-signal corresponding resistor r, once it is considered that the 

AC component of the light signal has a minor variation when compared to the magnitude 

of the DC component [27]. To model the inductance of any wire connections from the 

solar panel, a series inductor LSC is inserted [34, 35]. The switch can be expressed as a 

small resistance RSW, in series with an inductor LSW, that represent the wire connection 

from the switch to the load Z1. If we express Z1 as a capacitor C0 followed by a resistor RC, 

the frequency response of the circuit is given by (2.2). 

 

( )

( )
=                          (2.2) 

 

2.2 Power Splitting 

In the PS splitting technique, there are two approaches that we targeted. One of the 

methods that we present here is using an optic component to split the power of the beam 



39 
 

before the beam reaches the photoconverter device, this component it is a non-polarizing 

beam splitter lens, that reflects part of the beam and let pass through the remaining 

portion. The second is by an electrical circuit, that split the AC signal from the DC after 

the signal is received by the solar cell. Both approaches diagram is presented in Figure 

2.12, in which Figure 2.12 a) shows the first approach and 2.12 b) the second.   

 

Figure 2.12 – Power splitting technique approaches.  

Both approaches offer different advantages and disadvantages inherent of its concept. 

Usually, the rate of beam splitting is fixed during the fabrication of a beam splitter lens, 

without the possibility of changing it during its use. To optimize this method, a solar cell 

can be used together with a photodiode, resulting in both harvesting energy and 

information decode at the same time. The strong aspect of this approach is the 

applicability of a high-speed photodiode, enabling high-frequency data transmission. The 
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amount of power that can be harvested is given by (2.3), and it will be ruled by how much 

it is reflected and the efficiency of the solar cell.  

𝑃 = (𝑃 ∗ 𝑟)𝜂                                                          (2.3) 

where 𝑃  is the harvested power, 𝑃  is the received power, r is the ratio of reflection of 

the lens and 𝜂  is the efficiency of the solar cell at the beam frequency.  

The use of an electrical circuit to split the electrical signal after been converted offers the 

advantage of being cheaper, highly integrated, and controllable. By simply adding up two 

circuit branches after the photo device, as shown in Figure 1.3, it is possible to implement 

SLIPT. Although an improvement can be made, and it is presented in Figure 2.13 below.  

 

Figure 2.13 – AC model of the solar cell with power splitting circuit. 

In comparison with already demonstrated circuits [27], the design of Figure 2.13 offers a 

high integration feasibility for batch fabrication and a power splitting control. To evaluate 

the circuit, a dummy signal data (Figure 2.14) was sent using a 430nm laser using a 

frequency generator as a driver. The data was modulated using Amplitude-shift keying 

(ASK), and the frequency of the signal was set to 16.04MHz. The sent signal and the 

received signal are presented in Figure 2.15. 
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Figure 2.14 – Original signal modulated using ASK modulation.  

 

Figure 2.15 – Screenshot of the oscilloscope with in red the original signal and in blue the 

received signal. 
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Using a 1F supercapacitor as the energy storage device, the circuit was set to charge it till 

4V, and after that, it would stop the charging. The effect of charging in the signal can be 

visualized in Figure 2.16. It can be observed that the amplitude of the signal can be 

regulated by the amount of energy that is taken to charge the supercapacitor.  

 

Figure 2.16 – Effect of the charging in the signal. 

An optimum trade-off of signal amplitude and harvested power must be carefully studied 

in further works. Once, the charging of an empty energy storage device will compromise 

the signal. 

2.3 Spatial switching 

To employ the SS technique, we propose the use of a matrix of photodiodes (PD), in which 

part of them are used for communication, and the remaining are used to harvesting. 
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Furthermore, the reconfiguration of the circuit to allow the use of the whole matrix for 

only one purpose is a key factor for real-world applications. The circuit design is shown  

in Figure 2.17. 

 

Figure 2.17 – Spatial switch circuitry design.  

The circuit designed from Figure 2.17 can also be used not only for photodiodes but also 

LEDs. Both LED, and PD will be able to harvest just a small amount of energy due to its 

small active area. As a comparison, in Figure 2.18, it is presented the size difference of the 

PD and SC used in this work.  

 

Figure 2.18 – Solar cell and photodiode size.  
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2.4 Frequency splitting 

In the FS technique, there are two approaches that we propose. Both methods utilize 

optical elements to split and combine the light beams. Figure 2.19 a) shows the diagram 

of the system with two lasers beams and mirrors. In this scheme, which laser is used for 

different functions, while one laser transmit information and it is decoded by a high-speed 

photodiode, the other laser doesn’t have modulation, transmitting only power to a SC or 

a LPC.  The second approach utilized the chromatic aberration phenomenon to split the 

light rays using a tilted lens with wavelength-dependent refractive index. Due to small 

distance separation of the beams, the harvesting element will suffer with size constrain, 

been suitable only LCP harvesters for this application. Figure 2.19 b) shows the diagram 

of this method.  

 

Figure 2.19 – Frequency splitting technique approaches. 



45 
 

Chapter 3 

Applications and Results 

In order to access the feasibility of the proposed circuit designs, it was developed 

prototypes for different applications, as can be seen in Figure 3.1. They differ by the 

ambient in which tell will be used and its purpose.  

 

Figure 3.1 – Prototypes A, B, C, D, and E created for different applications using SLIPT 

technique.  

We can divide the prototypes into three categories; for the only underwater purpose 

(Figure 3.1.A and B); underwater and free space (Figure 3.1.C and D), and free space 

(Figure 3.1.E). Prototypes A and B share the same application, environmental sensing, 

prototypes C and D shares the same base circuit, but with a different application, in which 

C is a sensing platform where it can be used to read multiples sensors and D is for image 

transmission. Prototype E shares the same circuit from A, but its casing is made for free 

space use. 

All prototypes has SLIPT capabilities, but prototype E has no sensors and does not achieve 

data rates superior of 10Kbps, due to this, it is not well presented as the other prototypes 

that achieve up to 500Kbps and have sensing features.   
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3.1 Underwater SLIPT 

Marina life is hugely susceptible to anthropogenic global climate change. Researches 

already presented how temperature threats to coral reef ecosystems [36]. Even with 

satellite monitoring, there is still a constant error difference between what is measured 

using satellite and what is given by probes deployed into the sea [37]. However, the 

deployment and maintained of such probes are costly, as it needs specialized personal to 

dive to change the battery or retrieve data. Addressing this problem, two probes with the 

different design were developed for sensing temperature and turbidity, and both designs 

employ a time switch technique to provide a way to power and establish optical 

communication. Figure 3.2 presents a scenario in which the probes are charged through 

light beams emitted from a source fixed on a boat or an autonomous underwater vehicle 

(AUV) that could be used in real-life marine environmental monitoring and scientific data 

collection applications, in this scenario, the need for specialized and costly dive 

expeditions can be avoided.  

 

Figure 3.2 – Underwater optical communication scenarios with the self-powered probe.  
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3.1.1 Prototype design 

The first version of the prototype created merged the circuit shown in Figure 2.8 into a 

new circuit that contains a microcontroller ATmega328P as controller and signal decoder, 

as depicted in Figure 3.3. This microcontroller is a high performance, low power AVR® 8-

bit microcontroller, with 10-bit (ADC), internal oscillator, communication blocks, among 

other features [38].  

 

Figure 3.3 – Circuit design of prototype A.  

The first version made was able to control the mode of the solar cell, receive data through 

universal serial asynchronous receiver-transmitter (UART), get data from a temperature 

sensor, transmit data through laser using UART and send or receive data using Bluetooth. 

The ATmega328P was configured to run using internal oscillator at a maximum speed of 

8Mhz. In this configuration, the µC can decode information at a maximum speed of 1Mbps 
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using asynchronous operation [38]. Table 3.1 presents the errors due to clock dividing 

operation to generate the serial clock speed. The UBRRn stand for the value of the integer 

in the electronic counting circuit used to reduce the high-frequency electrical signal to a 

lower frequency by integer division, in another word, it stands for the prescaler of the 

oscillator to the UART clock.  

Table 3.1 – Errors and UBRRn values for maximum internal oscillator speed [38]. 

 
Baud Rate (bps) 

fosc = 8.0000MHz 

synchronous asynchronous 
UBRRn Error UBRRn Error 

2400 207 0.2% 416 –0.1% 
4800 103 0.2% 207 0.2% 
9600 51 0.2% 103 0.2% 
14.4k 34 –0.8% 68 0.6% 
19.2k 25 0.2% 51 0.2% 
28.8k 16 2.1% 34 –0.8% 
38.4k 12 0.2% 25 0.2% 
57.6k 8 –3.5% 16 2.1% 
76.8k 6 –7.0% 12 0.2% 

115.2k 3 8.5% 8 –3.5% 
230.4k 1 8.5% 3 8.5% 
250k 1 0.0% 3 0.0% 
0.5M 0 0.0% 1 0.0% 
1M – – 0 0.0% 

Max. 0.5Mbps 1Mbps 
 

The error in the communication due to frequency mismatch is given by (3.1) 

𝐸𝑟𝑟𝑜𝑟% = ∗ 100%                                            (3.1) 

 where 𝐵𝑅 is the baud rate speed set and 𝐵𝑅 is the closest baud rate that is 

the exact result of the oscillator speed divided by UBRRn. 
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A printed circuit board (PCB) was designed from the circuit of Figure 3.3, and it is depicted 

in Figure 3.4 (a) below. The PCB has a total area of 13.78cm2, with connectivity for two 

analog sensors or SPI/I2C protocols. 

 

Figure 3.4 – PCB design a) computer sketch; b) top view; c) bottom view.  

For casing, the PCB, two approaches were made. The first one is the smaller, designed to 

fit a minimum circuitry design. The casing is presented in Figure 3.5.  

 

Figure 3.5 – Case of prototype A.  
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The case was made by 3D printing and in the back was used poly(methyl methacrylate) 

(PMMA) with a plastic polymer to seal it and make it waterproof. In the front of the case, 

two sensors were attached, the temperature sensor DB18S20 and the turbidity sensor 

TSD-10. The DB18S20 communicates over a 1-Wire bus that by requires only one data 

line, it provides 9-bit Celsius temperature measurements with a range from -55°C to 

+125°C and ±0.5°C accuracy from -10°C to +85°C [39]. The TSD-10 module measures the 

amount of suspended particles by using the refraction of wavelength between 

phototransistor and a diode; its output is an analog voltage that is directly correlated with 

the amount of matter in the water [40].  

The second version of the case was developed for shallow water coral reefs deployment. 

It can comport more circuitry that can be used, for example, to house MPPT circuit and 

boost converters. The complete schematic of it is given in the Appendices section, in 

Figure 3.6, it is presented the final version of this enclosure. The enclosure was design in 

SolidWorks software, and it was manufactured using PMMA as the base material. The 

back panel is sealed by an O-ring, that prevents the water to come inside the enclosure. 

The front panel contains the same elements of Figure 3.5. 

The circuit board of this probe is presented in Figure 3.7. It contains the ESP32 -WROOM-

32 µC as the main controller of the board; it is responsible for decode the information 

from the solar cell, send data using the laser through UART, control the switching circuit, 

get the measurement from the sensors and save it on an SD card. The ESP32 it is flexible 

IoT solution from Espressif Systems and contains multiples ADC, general purpose 
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input/output pins (GPIO), multi-communication protocol interfaces, among others 

features [41].  

 

Figure 3.6 – Prototype B. 

  

Figure 3.7 – Prototype B circuitry. 

 

The solar cell can be connected to two different circuits in the probe. In the energy 

harvesting mode, the SC is connected to the bq25504 PMU. This PMU is a high-efficiency 
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dc-dc boost converter/charger with programmable dynamic MPPT [42]. The photovoltaic 

schematic application of this PMU is given in the Appendices. In receiver mode, the SC is 

reversed biased, and it is connected to a transimpedance amplifier (TIA), followed by a 

comparator, both implemented by the CY8C5888LTI-LP097 programmable system on chip 

(PSoC) from Cypress Semiconductors. 

A PCB was designed for the circuit from Figure 3.7. Due to the end-of-life of the PMU 

used, it was removed from the design and a new and final circuit was developed, and it is 

presented in Figure 3.8.   

 

Figure 3.8 – Final design circuit for time switching technique.  

Using the circuit of Figure 3.8 as a base, prototype C and D was developed. The essential 

difference between C and D is the purpose, in which one was developed focusing video 

transmission through optical wireless communication and the other focused downlink 

through-put and sensing. Figure 3.9 presents both prototypes created. 
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Figure 3.9 – Prototypes a) C and b) D.  

Both prototypes are able to harvest energy and self-power, using a supercapacitor and a 

NiMh as an energy storage device. The features of both prototypes, as well as the first 

and second version,  are listed in Table 3.2. The full schematic of both prototypes is 

attached on the Appendices section.  
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Table 3.2 – Features of underwater prototypes. 

 

Features 

Prototype version 

A B C D 

Downlink throughput 1.2Kbps 500Kbps 500Kbps 500Kbps 

Uplink throughput 10Kbps 2Mbps 2Mbps 0.9Mbps 

Power consumption ~1W 0.6-0.02W 0.6-0.02W 0.5-0.01W 

Minimum fully working voltage1 3V 3V 3V 5V 

Minimum sensing voltage2 2.7V 2.7V 1.9V 1.9V 

MPPT No Yes No No 

Environmental sensing3 Yes Yes Yes Yes 

Video transmission No No No Yes 

Bluetooth or Wi-Fi  Yes No Yes No 

Waterproof NO NO YES YES 

Max. # ADC (sensors)  6 20 20 2 

Size (length) 11.2cm 23cm 27cm 27cm 

 

A transmitter was also developed to communicate with the probes. It is Arduino based, 

with a BJT transistor as a driver, and a 430nm 1.6W (electrical power) laser from Osram. 

Figure 3.10 shows the transmitter. The base of the transmitter was made by PMMA, with 

Arduino, BJT driver, laser and video receiver attached in it by screws. 

                                                 
1 Required nominal voltage to enable all features; 2 required nominal voltage to enable only sensing 
features; 3 inputs for turbidity and temperature sensor. 
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 Figure 3.10 – Transmitter.  

Both transmitter and receiver utilize the same type of enclosure. It was built using PVC 

pipe and glass, with a waterproof six wire connection output in the back. Figure 3.11 

shows the enclosure with the circuit inside.  
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Figure 3.11 – Waterproof enclosure for Prototypes C, D, and transmitter.  

 

3.1.2 Underwater optical wireless communication 

In this section, the fundamentals of the underwater wireless channel that affect the probes 

are presented as well as the role of an adjustable gain for establishing such communication 

scheme. It is discussed the underwater propagation characteristics of optical waves and 

the effects of the absorption, scattering, alignment, and circuitry concepts.  

Absorption: The propagation characteristics of the underwater communication channels 

vary with physio-chemical individualities of oceans and with its depths and location. The 

absorption of the media is the main restricting factor for long range transmission. It 

restricts the transmission range by continuously decreasing the energy of an emitted light 
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beam. Its coefficients can be calculated based on the proposed geometric model in which 

it is considered a situation where a volume of water ∆V with thickness ∆d is illumined by a 

light beam with wavelength λ and incident power Pip. A portion of-of Pip is absorbed by the 

water body Pabs = α(λ)Pip. The residual power Pt
’ keep propagating being damped by the 

absorbance factor α of the media [43, 44].  

Scattering: Another fraction of the incident power Psct = β(λ)Pip is scattered due to the 

modification of its direction. The received power Pr will be denoted as Pr = γ(λ)Pip, where 

α(λ) + β(λ) + γ(λ) = 1 as per the law of power conservation. The absorption α and scattering 

β quantities can be found by calculating the limit of ∆d when it goes to zero. The sum of 

both channel attenuation can be expressed as (3.2), being Beer-Lambert (3.3) the most 

widely used model to describe its effect in the Pr [42]. 

𝑐(𝜆) = 𝛼(𝜆) +  𝛽(𝜆)                                                               (3.2) 

𝑃 (𝜆, 𝑑) = 𝑃 𝑒 ( )                                                                (3.3) 

where c(λ) is the coefficient of extinction, and d is the Euclidean distance between the 

transmitter and the solar cell. Focusing mainly on the scattering effects, the volume 

scattering function (4) can be taken as the intensity of the scattering per unit incident 

irradiance per unit volume of water [45]. 

𝜗(𝜆, ∅) = lim
∆ →

lim
∆ →

( ,∅)

∆ ∆
                                                    (3.4) 

where Psct (λ, φ) is the power of the light beam that is scattered into a solid angle which is 

centered on φ as shown in Figure 3.12. Henceforth, the scattering factor can be obtained 
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by 𝑏(𝜆) = ∫ 𝜗(𝜆, ∅) 𝑑𝜔. The signal Hwt after the analog front-end will be the gain A times 

the photocurrent produced from the sum of the direct received power Pr(λ) and a portion 

of the scattered power from the same wavelength Psct (λ) and from the ambient light. 

 

Figure 3.12 – The incident light beam in a water channel using SC as a receiver. 

The power received Pr by the solar cell will be directly affected by the distance of the light 

source due to the extinction coefficient. Therefore, for a seasonal non-fixed optical link, 

the overall gain has to change to match its need. Figure 3.13 exemplify the scenario of an 

underwater probe that communicates with a particular transmitter that can assume 

different positions with time, varying its distance ∆d between both. 
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Figure 3.13 – Underwater scenario where a) A self-powered sensor probe platform sits on 

a coral reef with a research boat in different positions b), c) and d). 

Alignment: The alignment and pointing are critical to establishing a reliable optical link 

between the transceivers. Misalignments are commonly considered results of bore-sight 

and jitter [46]. Defined as a dislocation between the transmitter and receiver course, bore-

sight occurs by the unfeasibility to be located at the exact place in open waters. Besides 

that, jitter is random dislocations as a consequence of depth depended on variations and 

deep currents [47], sea turbulence [48], and erratic movements of the sea surface [49, 50]. 

Bore-sight and jitter misalignment are also illustrated in Figure 3.13, in which B, C, and D 

have an optical link with the probe, but with different distances and angles, therefore the 

gain will have to change in order to maintain Hwt.  
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3.1.3 Close Loop TIA Gain Control 

The SC converts the modulated light beam into modulated current by the photovoltaic or 

photoconductive phenomenon. On both cases, the SC will be the source of a modulated 

current Iph that can be converted and amplified by a first-order feedback transimpedance 

amplifier (TIA). The simple topology of a TIA with SC in reverse bias is shown in Figure 

3.14, where Iph is the photocurrent, Cp is the parasitic capacitance, and Rf is the feedback 

resistance. 

 

Figure 3.14 – First-order TIA. 

Since 𝑉 = 𝑉𝑜𝑢𝑡/(−𝐴), we ended up with 
( )

= −𝐼 − 𝐶 s, resulting in 

the gain be expressed by (3.5). 

𝑉

𝐼
= −

𝐴

𝐴 + 1

𝑅

1 +
𝑅 𝐶
𝐴 + 1

𝑠

                                                  (3.5) 

The feedback amplifier provides a midband transimpedance gain of approximately Rf but 

with a time constant of RfCp/(A+1). Thus, the 3db bandwidth can be given by (3.6). 

𝑓 ≈
1

2𝜋

𝐴

𝑅 𝐶
                                                                (3.6) 
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By adding a software controlled analog multiplexer (ⱷ), the transimpedance gain can be 

controlled by switching the feedback resistance. Figure 3.15 presents the modified 

topology of a TIA. 

 

 Figure 3.15 – Controlled gain TIA. 

Although the TIA play a major role in the digitalization of the signal, a comparator has to 

be inserted in the output of the TIA in order to get a transistor-transistor logic (TTL) level 

a cleaner digital signal. The implementation of both was made on the PSoC CY8C5888LTI-

LP097, and it consists of two functional blocks. The first block, the analog, comprises a 

programmable gain TIA, a high-speed comparator with a response time faster than 80 ns 

and an 8-Bit voltage digital to analog converter (VDAC). The second block, the digital, is 

composed of a 4-bits status registers that control the gain of the TIA and the output 

voltage of VDAC. The diagram of the circuit and its control logic Is given in Figure 3.16 and 

3.17 respectively.  
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Figure 3.16 – Block diagram of the implemented front-end circuit. 

 

Figure 3.17 – Control logic of the adaptive TIA and comparator. 
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3.1.4 Harvesting energy using Monocrystalline Solar Cell  

One of the main targets of this work is the power delivery through the wireless optical 

link. To achieve it, a solar cell is used to harvest the energy from the light beam. As laser 

usually has a narrow wavelength and different sources of light can have a totally different 

wavelength, we studied the solar cell output with different light sources. A fixed setup 

was made to measure the output power due to distinct wavelength/sources, as shown in 

Figure 3.18 below. The SC used was the POW112D2P-0.5W, the same used in the 

prototypes. 

 

Figure 3.18 – Setup for testing different light sources.  

The first part of the test was conducted in a dark room, with minimum ambient light. By 

using the UPRtek MK350N Spectrometer, the setup was allocated in the darkroom with 

no light ambient (Lux = 0), and different light sources were applied inside of the tube. 

The output power resulting from each source is given in Table 3.3 below. Also, the 

spectrum of each source is given in Table 3.4. By using a 100ohm as a resistive load, the 
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max output using artificial light was 54.219mW, and the max output power at natural light 

was 58.56mW 

Table 3.3 - Output power from a different type of sources 

 Open circuit 

voltage 

Short circuit 

current 

𝜆p Lux 

Fluorescent lamp 4.67V 0.95mA 545nm 3,041 

Incandescent lamp 5.9V 6.25mA 758nm 2,974 

Sun 6.12V 25.71mA 552nm 53,540 

Indoor 4.58V 2.15mA 477nm 4,560 

Blue laser 4.16V 0.43mA 435nm 942 

White laser 5.52V 1.58mA 458nm 21,385 

 

Table 3.4 – Light spectrum from a different kind of sources 

 

(a) Fluorescent lamp 

 

(b) Incandescent lamp 
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(c) Sun 

 

(d) Indoor 

 

(e) Blue laser 

 

(f) White laser 

 

From Tables 3.3 and 3.3, it can be observed that bigger power output is generated from 

the POW112D2P solar cell when it is shined by warm white color sources. Nevertheless, 

in underwater applications, the distance between the receiver and the transmitter will 

play a significant role in the harvesting energy aspect. The absorption coefficient of the 

water by wavelength is given in Figure 3.19.  
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Figure 3.19 – Water full-range spectral absorption curve [51].  

 

3.2 Free Space SLIPT 

The prototypes created for the underwater application can also work above water. As the 

light beam can travels in the air with way less absorption than water, the SLIPT technique 

can work at bigger distances than when compared with underwater.  However, the casing 

for working in free space is a much easier task than for submerged applications.  

 

3.2.1 Prototype design 

Two prototypes were tested for free-space optical communication (FSO) and SLIPT 

technique. They consist of the same circuit presented in Figure 3.3 and 3.8. However, the 

case for Figure 3.3 was modified, and a BLE was added into it. Figure 3.20 shows the 

prototype for low-speed FSO applications. 



67 
 

 

Figure 3.20 – Prototype E.  

The prototype of Figure 3.8 remained without any modifications in the hardware for FSO 

testing. 

 

3.2.2 SLIPT in free space channel 

The free space allows the use of the SLIPT for higher distances than underwater. As the 

space inside the lab is limited, the maximum distance was 50 meters. At this distance, 

some characteristics that have to be studied to fully understand and extract the optimum 

result from the prototypes. 

Considering a laser beam as a power source, and that typically it is a pointing source. The 

power that reaches the plane of the receiver may not be that same that reaches the solar 

cell. Due to the mismatch of the beam area Abeam and the solar cell area Asolar cell, as 
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exemplified in the Figure 3.21, the received power PR in the plane x’y’ is different of the 

received power that can be harvested by the solar cell PH at the same plane.  

 

Figure 3.21 – Laser beam propagation towards a solar cell. 

If we consider that the laser has a uniform distribution of intensity IR in the plane x’y’  and 

it is the only source, the power that can be harvested by the solar cell is given by (3.x). 

𝑃 = ∗ 𝐴 ∗ 𝜂                                           (3.x) 

where 𝑃  is the harvested power, 𝑃  is the received power, 𝐴  is the total area of the 

beam in the plane x’y’ , 𝐴  is the area of the solar cell in which the beam reaches, and 𝜂  

is the efficiency of the solar cell at the beam frequency. 

However, laser beams can present phenomena that cannot be interpreted by the 

propagation of rays following the laws of reflection and refraction in homogenous/in-

homogenous media. When the beam pass through a diffracting element, as depicted in 
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Figure 3.22, a phenomenon called diffraction interferes in the intensity distribution on 

the receiver plane x’y’. If the distance of the receiver plane is a substantial value, it enters 

in the Fraunhofer region field or far-field region.  

 

Figure 3.22 – Light beam passing through a diffracting element. 

The resulting intensity IR at the receiver plane will present interference fringes, due to the 

coherent nature of the laser’s waves. Besides interference fringes, the laser light will 

behave as a Gaussian beam, and its intensity IB will be disproportionally spread in the 

receiver plane. Figure 3.23 presents a far-field intensity distribution of hollow Gaussian 

beams. At Appendices C, this section is expanded to give a better overview of light beams 

for charging. 
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Figure 3.23 – Normalized far-field intensity distributions of hollow Gaussian beams of 

order n versus parameter 𝜋𝜔 𝑓 [52]. 

 

3.3 Results and discussion 

This section is divided between Sensing, Charging, and Communication. All the results 

from the prototypes A, B, C, and E, presented here used POW112D2P – 0.5W solar cell as 

a light receiver/converter component. The first test setup is depicted in Figure 3.24 below. 

As a receiver, it was used the case presented in Figure 3.4 and the circuit presented on 

3.8. As a transmitter, it was used an Arduino Mega with a BJT driver to send commands 

through a 430nm laser. The case was inserted inside the tank filled with water, creating a 

water column of 1.5m between the transmitter and the receiver. Two sensors were used 

in this test, the temperature sensors DS18B20 and turbidity sensor TSD-10. 
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Figure 3.24 – Underwater channel setup.  

The code that was implemented is presented in Figure 3.25.  

 

Figure 3.25 – Program diagram.  
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3.3.1 Sensing 

The first test was sending a command through the laser to enable only one of the sensors 

and save the data coming from it into a TXT file. The file result of this test is given in Figure 

3.26, in which the system is saving measures from both sensors and receive a command 

that disables one of it.  

  

Figure 3.26 – TXT file saved with measurement and log.   

The command is received through the solar cell, it is then digitalized by the analog front 

end, and it is interpreted by the microcontroller. Before the command is received, both 

sensors were active and giving measurement as can be seen in Figure 3.26. In the first 

column, the temperature value is given, and in the second, the analog value of the 

turbidity. After the command is processed, the temperature sensor is not read anymore. 

As the same command is sent multiple times, to ensure that it will be successfully received 

and interpreted, it is possible to see that the command was received and interpreted 

three times.  

In order to test the temperature sensing capabilities, a heater and a pump were 

connected to the beginning of the water tank on the opposite side of the sensor. The 

temperature was set to 34 degrees Celsius, and it took 271 minutes (around 5 hours) till 

the temperature of the end of the tank reaches it. The values prevenient from the sensor 
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were saved in an SD card, in a TXT file, similarly as in Figure 3.26. The chart of the 

temperature evolution is given in Figure 3.27.  

 

Figure 3.27 – Temperature evolution plot.  

 

3.3.2 Wireless charging and power consumption 

The ability to charge itself is a significant feature for any sensor system. As the developed 

system targets the capability of self-powering, the energy storage device has to be 

carefully selected. Three types of batteries were studied as the main source of power for 

the probes: lithium batteries, supercapacitors, and NI-MH batteries. Figure 3.28 shows 

these three types of cells considered.  
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Figure 3.28 – Four types of storage device tested with the prototypes.  

Which prototype has different circuitry, and it makes its power requirements also 

different. The nominal power consumption of the prototypes is given in Table 3.5.  

Table 3.5 – Nominal voltage and current consumption 

Prototype  Voltage Current 
A 5.0V 13 mA 
B 3.3V 41 mA 
C 3.3V 36 mA 
D 5.0V 110mA 
E 5.0V 24 mA 

 

As the primary circuit from prototypes C and D is the same, the power consumption 

changes due to its different features when enabled. Table 3.6 presents the power 

consumption due to various features.  

 Table 3.6 – Consumption of the device due to different features 

Source Current consumption Throughput Feature 
3.7V 102 mA 500kb/s IoT with Wi-Fi & Bluetooth enabled 
3.7V 36 mA 500kb/s IoT with clock at 10Mhz 
3.7V 11mA 115.2kb/s SoC with microcontroller at 3MHz 
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3.7V 7mA - Sensing and saving data 
5.0V 110mA - Video streaming 
5.0V 236mA 500kb/s Video streaming, IoT with Wi-Fi and 

Bluetooth enabled  
 

At sleep mode, the current consumption drops to a few hundreds of µA, increasing the 

working time of the device exponentially. The current consumption of the device 

represents its use when fully awake with the solar cell configurated as a receiver.  

Due to the required nominal voltage of prototypes A, D and E, lithium batteries needed a 

DC-DC booster circuit. This additional circuit increases the power consumption 

substantially, and because of it, lithium batteries were not used as the main energy 

storage component of the prototypes.  

Using the same setup shown in Figure 3.24, a 1F supercapacitor was charged using a white 

laser at 0.8W. The capacitor was charged up until reaches 5V, as it is depicted in Figure 

3.29. It took 11057.05 seconds to charge (3h4m). However, the 1F capacitor presented a 

major disadvantage; it discharges fast even without a load. 

 

Figure 3.29 – Charging time of a 1F capacitor. 
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Using the same setup, but changing the white laser to a blue laser, the output power of the 

solar cell decreased from 7.19mW (5.1V x 1.41mA) to 4.5mW (5.1V x 0.89mA). It was 

used a 10 Ω ohm resistor as load, with the switching circuit constantly at receiver mode.  

By redoing the same charging setup, using this time a 1.2V Ni-MH battery as a storage 

device, with initial condition of discharged battery equal to 0.9V. The time to fully charge 

the battery was 2h4m.  

A second test setup was developed to power the Prototype D using a white laser. The 

laser was allocated at a 70cm distance from the receiver, and the prototype used a 5F 

capacitor as a battery. The time to reach full charge took approximately 4.53 hours, and 

Figured 3.30, and 3.31 shows the setup and the spectrum of the ambient light present 

during the charging test with the white laser.  

 

Figure 3.30 – Setup of the charging test. 
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Figure 3.31 – Spectrum, lux, and 𝜆p of the ambient light present during the charging test.  

When the prototype D is fully charged, it is capable of sending 1m1s of video or 36.6 

minutes of active sensing (without going to sleep mode). Moreover, after sending 1m1s 

of video, it still has the power to sense, save, and receive data through the solar cell. 

Figure 3.32 shows the voltage drop while transmitting video.   

 

Figure 3.32 – Discharging of the supercapacitor while sending video.  

By switching the laser to a warm light LED, the output power of the solar cell increases. 

This increase is explained by the spectrum of both sources. The spectrum of the white 
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laser has a major component around 458nm, while commonly the solar cells are not 

optimized to this frequency. The pick frequency of the warm light LED is 606nm, and from 

Table 3.3, we can see that the used solar cell has better performance for lower 

frequencies light sources. The output power vs. the distance is given in Figure 3.33.  

 

Figure 3.33 – Solar cell output power vs. the distance using warm LED as a source.  

Using the same setup of Figure 3.24 and decreasing the distance from 70 to 10cm, the 

warm light LED took 54 minutes and 18 seconds to charge the 5F capacitor fully. Moving 

it to the underwater setup, with a fix distance of 30cm, the charging time was 

approximately 1 hour and 1 minute. Figure 3.34 shows the underwater structure during 

the experiment.  
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Figure 3.34 – Underwater setup and light spectrum from the warm LED.  

 

3.3.3 Communication 

In optical wireless networks, the use of high-end modulation schemes allows high-speed 

(>1Gbps) data communication. However, for IoT sensing and monitoring application, this 

speed is not required, and low complexity modulation schemes such as on-off keying 

(OOK) can be used without any harm. Protocols that apply OOK modulation are usually 

present in all microcontrollers by default, and one of the most used protocols for serial 

communication is the RS232 standard. In this work, all prototypes used this protocol for 

communication.  

For testing the communication capabilities of the circuit developed for the prototypes, 

the solar cell was placed 50 meters from the transmitter in line of sight (LOS), as it is 
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depicted in Figure 3.35. Using an Arduino mega as a transmitter, and a bipolar junction 

transistor (BJT) transistor (BC337) as a driver for a 430nm laser, it was sent data at a speed 

of 9.6Kbps, 115.2kbps, and 500Kbps. 

 

Figure 3.35 – LOS 50 meters of optical communication setup.  

The signals from the circuit were measured with the oscilloscope DSOX3024A. The output 

signals are presented in Figure 3.36. The green is the output from the solar cell after the 

TIA, and the blue is the final output after the comparator. 

 

Figure 3.36 – Output signals at a different speed.  
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By sending a string/command repeatedly and streaming the command directly to a host 

pc, after a certain while, there was a constant error that shifted the line of command. A 

comparison of the data transmitted and the data received is given in Figure 3.37. The 

calculated character error ratio (CER) was 3.2279e-04. 

 

Figure 3.37 – Difference between the data sent from the received.  

Another communication problem occurred due to the small buffer memory of low power 

microcontrollers used. When the transmitter streaming continuous data, and this data 

needs to be saved while it is received, the buffer of the microcontrollers overflows when 

the speed is higher than 100Kbps. Figure 3.38 exemplifies this error at two different 

speeds.  
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Figure 3.38 – Errors due to the small buffer memory of microcontrollers.  

The only prototype that utilizes another protocol for visible light communication is the 

prototype D. The images from the camera are sent through the laser using the Phase 

Alternating Line (PAL) standard protocol. The analog image is then received using a 

commercial receiver and analog converter circuit.  

In order to test the video transmission of prototype D, an underwater setup was built, as 

depicted in Figure 3.39. To simulate real conditions, the water of the tank had a constant 

flow from the Red Sea.  

 

Figure 3.39 – Diagram of the setup built with A) the probe attached to an anchor, and B) 

the probe inside of the tank.  
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The real-time video transmitted frames can be seen in Figure 3.40. A mechanical fish was 

used to capture a moving object in the tank. The analog transmitted video was sent using 

a low power red laser, that reaches the receiver on the top and illuminates it with red 

color.   

 

Figure 3.40 – Screenshots of real-time underwater video from prototype D.  

In the screenshots is possible to visualize the pish going from the left of the image to 

center up. Figure 3.41 shows the probe inside the water with the laser propagating in the 

water.   

 

Figure 3.41 – Probe inside the tank filled with sea water.  
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Chapter 4 

Concluding Remarks 

Given the challenge of powering wireless-enabled devices, SLIPT is a promising concept 

to mitigate or even overcome this barrier.  Understanding the concept and its techniques 

are essential to apply it in real life applications. In this work, we presented the three main 

topologies of SLIPT and different circuitry designs to exploiting it. Although it is shown 

different circuitry design to apply in all the SLIPT techniques, it is only demonstrated 

applications with Time Switching technique.  

The applications using SLIPT is demonstrated in both underwater and free space, with 

little changes in the hardware in both cases. The maximum throughput of 500Kbps using 

a solar cell as the receiver was achieved in both cases, with difference only in the distance 

between the receiver and the transmitter. In the underwater application, the distance 

was 1.5 meters, and for free space, the range was 50 meters. Besides the digitalized signal, 

it was also successfully demonstrated the transmission of an analog video in a water 

column of 1.5m. 

The capability of self-power and remote wireless charging is a significant advantage for 

any IoT device. The prototypes developed in this project have this capability with the 

additional feature of using the same frequency band to receiver information and power. 

Although 500Kbps is enough for IoT sensing application, the need for increasing the speed 

will drive improvements in this work. With different modulation schemes, we can achieve 

higher data rates, but it will impact the power consumption and the complexity of the 
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circuitry. As future work, we will apply quadrature amplitude modulation and orthogonal 

frequency-division multiplexing for achieving better throughput performance.  

One of the challenges in this work was not the circuitry design or implementation of the 

SLIPT concept but designing and manufacturing of the waterproof probes. It revealed to 

be a laborious task, and to successfully achieve it, the approach of existing solutions and 

the help of Red Sea Research Center and Coastal & Marine Resources Core Lab (CMOR) 

was fundamental. On the Appendices section, the sketch of the probes is better detailed 

for helping further work that may need such an application. 
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APPENDICES 

Appendix A - Deployment and real environment 

The deployment test was made near to Abu Gisha island, at coordinates 22°15'27.8"N 

39°01'46.5"E. Figure A.1 presents the location of the deployment for the first trials inside 

the water.  The constant movement of the sea makes the optical link quite challenging, 

with the use of the solar cell we get the advantage of having a big area thus leading for 

easier implementation of underwater wireless optical data transmission  

 

Figure A.1 – Location of the deployment test.  

 

The probe was attached in two different locations, at the same depth, approximately 1.5 

meters. Figure A.2 A and B shows the probe near to corals on the bottom, and Figure A.2 

C and D shows the probe near corals formation on rocks. 
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Figure A.2 – Underwater probe. 

The solar spectrum is affected at different water depth. The Intensity reduces with the 

depth and there is more reduction in the IR/near IR spectrum range. Using a solar 

simulator, Figure A.3 shows the results of the experiment using filtered water and Figure 

A.4 the normalized power density by the depth.  

 

Figure A.3 – Power density by depth and wavelength.  
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Figure A.4 – Power density by depth and wavelength.  



Appendix B - Prototypes sketch 

 

 

Figure B.1 – Waterproof prototype B.  
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Figure B.2 – Waterproof prototype C and D. 



Appendix C - Wireless charging 

Considering a laser beam as power source, and that typically it is a pointing source with a 

single frequency 𝜔. The power that reaches the plane of the receiver may not be that 

same that reaches the solar cell. Due to the mismatch of the beam area Abeam and the 

solar cell area Asolar cell, as exemplified in the Fig. C.1, the received power PR in the plane 

x’y’ is different of the received power that can be harvested by the solar cell PH at the 

same plane.  

 

Figure C.1 – Laser beam propagation towards a solar cell. 

If we consider that the laser has a uniform distribution of intensity IR in the plane x’y’ and 

it is the only source, the power that can be harvested by the solar cell is given by (C.1). 

𝑃 = ∗ 𝐴 ∗ 𝜂                                             (C.1) 

where 𝑃  is the harvested power, 𝑃  is the received power, 𝐴  is the total area of the 

beam in the plane x’y’, 𝐴  is the area of the solar cell in which the beam reaches, and 𝜂  

is the efficiency of the solar cell at the beam frequency. 
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However, propagated laser beams do not present a uniform distribution. Assuming E(x, 

y) as the amplitude of the beam at z=0. The amplitude, when z=0, can be written as a 

Fourier integral of plane waves (C.2). 

 

𝐸(𝑥, 𝑦) = ∬ 𝐴(𝑘 , 𝑘 ) e 𝑑𝑘 𝑑𝑘                                (C.2) 

where 𝐴(𝑘 , 𝑘 ) is the amplitude of the (𝑘 , 𝑘 ) plane wave component. The amplitude 

distribution 𝐴(𝑘 , 𝑘 ) when z>0 is given by (C.3).  

𝐸(𝑥, 𝑦, 𝑧) = ∬ 𝐴(𝑘 , 𝑘 ) e 𝑒 𝑑𝑘 𝑑𝑘                      (C.3) 

where 𝑘  is the component of the wavevector. We can see (C.2) as a linear summation of 

all the plane waves components. These components must satisfy (C.4).  

𝑘 + 𝑘 + 𝑘 = 𝑛 ≡ 𝑘                                                  (C.4) 

where n is the index of refraction, c is the speed of light in vacuum, 𝜔 is the angular 

frequency, and k is the wavenumber of the light in the medium. For a well-confined beam, 

when the condition of 𝑘 , 𝑘 ≪ 𝑘 is satisfied, the field amplitude at a given z>0 can be 

found using (C.5). 

𝐸(𝑥, 𝑦, 𝑧) =
1

(2𝜋)
𝑑𝑥 𝑑𝑦 𝐸(𝑥 , 𝑦′)e 𝑒 𝑑𝑘 𝑑𝑘  

  (C.5) 

Carrying out the integration over 𝑘  and 𝑘  we end up in the Fresnel-Kirchhoff diffraction 

integral (C.6).  
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𝐸(𝑥, 𝑦, 𝐿) = 𝑒 ∬ 𝐸(𝑥 , 𝑦′)e
( ) ( )

𝑑𝑥 𝑑𝑦                           (C.6) 

where L is the distance of propagation from z=0. Assuming a homogeneous and isotropic 

medium, as depicted on Fig. C.2, the field 𝑓 (𝑥 , 𝑦 ) it is the output plane at z=L from a 

source field 𝑓 (𝑥 , 𝑦 ) at z=0. The (C.5) can be rewritten as (C.7). 

 

Figure C.2 – Laser beam propagation towards a solar cell. 

𝑓 (𝑥 , 𝑦 ) = ∬ 𝑓 (𝑥 , 𝑦 )𝑒 ( , ; , )𝑑𝑥 𝑑𝑦                          (C.7) 

where 

𝜌(𝑥 , 𝑦 ; 𝑥 , 𝑦 ) = 𝐿 + (𝑥 − 𝑥 ) + (𝑦 − 𝑦 )                        (C.8) 

Furthermore, if the condition of 𝑘(𝑥 + 𝑦 ) ≪ 2𝐿 is satisfied, the filed enters in the so-

called Fraunhofer regime. In which (C.9) gives the field distributions at z=L.  

𝑓 (𝑥 , 𝑦 ) =
𝑖𝑘

2𝜋𝐿
𝑒

( )

𝑓 (𝑥 , 𝑦 )𝑒
( )

𝑑𝑥 𝑑𝑦  

  (C.9) 


