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Abstract

:

On one side, the capacity of the world’s photovoltaic (PV) systems is experiencing unprecedented growth; on the other side, the number of connected devices is rapidly increasing due to the development of advanced communication technologies. These fields are not completely independent, and recent studies show that indoor energy harvesting is a great candidate for answering the energy challenges of future generations of telecommunications, namely 5G and 6G, ideal for internet-of-things (IoT) scenarios, i.e., smart homes, smart cities, and smart factories. The emerging PV technologies have shown amazing capabilities for indoor energy harvesting, displaying high power conversion efficiency, good flexibility, and champion-specific powers. Recently, the excellent dynamic performance of PV devices enabled them to be used as data receivers in optical wireless communication (OWC) scenarios, calling forth an innovative system able to simultaneously harvest energy and receive communication data with a single PV device. This article reviews the recent literature devoted to the exploitation of photovoltaic technologies for simultaneous indoor energy harvesting and OWC data reception. This contribution highlights the strong potential of the approach toward the next generation of Green IoT systems and the current challenges that need to be addressed with regard to the physics of solar cells, from laboratory to large-scale applications.
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1. Introduction


Solar resources appear to be a highly strategic alternative to fossil fuels in the context of the unprecedented climatic and energetic challenges faced by our modern societies. In a world where human activity is becoming significantly challenged by Earth’s physical limits, reducing our carbon dioxide emissions and environmental footprint is crucial. In this picture, any applied technology has to demonstrate highly efficient systems and must comply with a broad set of specifications to minimize its environmental impact (use of abundant raw materials, greenhouse gas emission, virtuous lifecycle), energetic consumption, and cost, while maximizing its lifetime, robustness, and recycling ability.



Regarding energy supply and world electricity production, solar energy conversion, especially solar photovoltaics (PV), has demonstrated a constant rise in the last decades, achieving a global capacity of ~160 GW in 2021. Corresponding to an unprecedented growth rate of 17%, this rise accounts for 60% of all renewable technologies capacity growth, despite growing manufacturing costs observed over the last few years [1]. Recent reports highlight the true potential of solar PV for large-scale electricity generation in a zero net emission scenario, allowed by expected efficiency improvements (at the sub-cell and module levels), but also through scaling laws of industrial processes, as well as softer regulations and incitation policies [2]. Moreover, economic and environmental indicators of solar PV show a regular decrease in both the levelized cost of energy (LCOE) and the energy payback time (EPBT) [3,4], which further pushes investments in the technology. Indeed, the current LCOE of utility-scale solar PV is already below 0.03 USD/kWh in some regions of the world, and they should keep showing a global decreasing trend by the end of the decade. At the same time, the cost of fossil fuels and nuclear electricity production has increased in recent years—with an increasing impact of CO2 emission contributions to the final price—and the trend is not expected to reverse in the near future [4]. While silicon technologies still largely dominate the market of grid-connected or off-grid solar PV, emerging photovoltaic technologies mainly based on thin film architectures have been developed and explored from the fundamental point of view and also at industrial or pre-industrial levels in some cases. Thin film PV technologies include second-generation devices based on copper–indium–gallium–selenide (CIGS), cadmium telluride (CdTe), amorphous silicon (a-Si), and high-efficiency gallium-arsenide (GaAs) cells, as well as emerging PV technologies such as quantum-dot photovoltaics (QDPV), dye-sensitized solar cells (DSSC), organic photovoltaics (OPV), and perovskite solar cells (PSC) [5]. Low-cost technologies (mainly QDPV, DSSC, OPV, and perovskite) are attracting the specific attention of researchers and industrial actors worldwide due to the possibility of exploiting fewer raw materials, as well as printing technologies in soft environmental conditions (low temperatures, ambient atmosphere, etc.) over a large area [6,7,8]. Additionally, despite strong challenges associated with device lifetime and durability under outdoor operating conditions, several of these technologies have shown drastic efficiency improvements under standard test conditions, or STC, (100 mW·cm−2, AM1.5G solar spectrum, 25 °C) over the last years, leading to efficiencies that compete with conventional thin film technologies (in some cases overperforming conventional thin film technologies, see Table 1). For example, power conversion efficiencies (PCE) of OPV have shown a drastic increase between 2018 and 2022, from 13% to over 18% under STC, due to unprecedented advances in organic semiconducting materials and energy loss minimization [9], while perovskite devices nearly reached PCE of 26% using bandgap and interfacial engineering, as well as defect management [10]. More recently, perovskite heterojunctions also passed damp heat testing (85 °C and 85% relative humidity), a key industry standard for commercial applications [11].



Such levels of performance give confidence that emerging PV can be relevant alternatives to inorganic technologies in some outdoor scenarios. However, stability and costs remain crucial to competing with classical silicon-based devices, despite intrinsic low-cost processing technologies. Recent cost analyses, for example, demonstrated that classical OPV modules based on Indium-free electrodes and non-fullerene organic materials for active layers would still see their cost mainly dominated by active layer materials (to more than 80%) for small-scale production systems, while drastic cost reduction of raw materials could be achieved for large-scale facilities (production capacity > 1 MW) [19]. Moreover, a detailed analysis of operating costs of OPV technology in China revealed LCOE ranging from 0.2 RMB/kWh for OPV modules with 20% efficiency and a 20-year lifetime up to 1.8 RMB/kWh for a 5% efficient module with a 6-year lifetime, showing the main limitations to industrial upscaling of OPV. Regarding perovskite modules, although research assumptions can vary widely and lead to some large estimations, recent studies show that the LCOE can reach 0.05 to 0.10 USD/kWh for residential use, considering high-efficiency modules (>16%) with a long lifetime (>20 years) [20,21]. Tandem devices (either perovskite/perovskite or silicon/perovskite modules) have also been evaluated from the economic point of view, considering the high efficiencies recently achieved for silicon/perovskite tandems (>32%) [22]. Low LCOE (below 0.1 USD/kWh) could be achieved in all cases, including tandem and single junction devices, as long as decent lifetime and efficiencies can be achieved, which remains a large challenge in the field (as well as lead reduction). In parallel, the environmental impact and energy costs of PV technologies should be considered for any commercial applications. A recent report emphasizes the viability of perovskite technologies for a low environmental footprint as long as material recycling is involved [23]. Compared to classical silicon-based modules, perovskite technology shows a very promising environmental footprint, with an EPBT as low as 0.09 years and a greenhouse gas (GHG) emission factor of 13.4 g CO2 equivalent per kWh, as compared to 1.3–2.4 years EPBT and GHG factor of 22.1–38.1 g CO2 for the market leading silicon [24]. Transparent OPV modules also demonstrate a very low energy footprint with EPBT as low as 113 days (0.3 years), which can be reduced to 0.14 years for building-integrated applications [25]. In all cases, these levels of environmental and energetic performance are still strongly dependent on device efficiencies and lifetimes.



Such levels of performance give confidence that emerging PV can be relevant alternatives to inorganic technologies in some outdoor scenarios, but their true potential must be considered for indoor applications, as mild ambient conditions (illumination levels 1000 to 10,000 times lower than outdoor; reduced operation temperature) make them more robust and stable. This trend is clearly observed in the recent literature on indoor photovoltaics [14,26,27], which shows a drastic increase in the last 10 years (see Figure 1a). The strong potential of emerging PV for indoor photovoltaics is also justified by theoretical considerations about the maximum achievable efficiencies under artificial illumination [27,28,29,30]. Indeed, unlike the very broad emission coming from the Sun (from 350 up to 1800 nm), artificial illumination relies on light sources presenting narrow spectral coverage (over 400–700 nm for most white light-emitting diodes and compact fluorescent light bulbs and up to only 900–1000 nm for incandescent light sources, see Figure 1b), which drastically modify the absorber requirements and, consequently, the maximal achievable power conversion efficiency from the classical Shockley–Quiesser (SQ) approach.



Ideal bandgaps of 1.4–1.5 eV are usually considered under the AM1.5G solar spectrum; larger bandgaps of 1.9–2.0 eV are expected to perform better under indoor conditions, associated with SQ efficiency limits up to 57% [30,32]. In this picture, emerging PV technologies based on larger bandgap materials that can easily be tuned by soft chemistry appear highly relevant as they limit thermal losses associated with conventional low-bandgap PV absorbers while allowing high open-circuit voltages. To illustrate these features, the current indoor power conversion efficiencies of the main PV technologies are compared in Table 1: emerging thin film PV technologies are clearly ahead of classical PV materials. PCE of 32% [15], 31% [16], and up to 40.1% [17] under artificial illumination are evidenced for DSSC, OPV, and perovskite devices, respectively. Many recent progress reports show the same trends for these technologies [33,34,35]. Such levels of performance give these technologies a strong relevance for energy harvesting applications in many scenarios.



This aspect is crucial in the context of the internet-of-things (IoT) ecosystem, which will face massive growth in the deployment of small sensors, actuators, and tools, allowing remote data collection and wireless communication in specific environments, from smart homes to smart cities and smart factories (Industry 4.0) [36]. From the energetic point of view, considering that most of these devices are employed in indoor scenarios, ambient energy harvesting is particularly relevant to demonstrate truly eco-energetic and sustainable IoT systems [37,38,39]. Considering record efficiencies under low-lighting conditions, the tuneability, low-cost processing, and ease of integration provided by flexible plastic substrates, emerging solution-processed PV technologies are considered particularly relevant to address these energy challenges [37,38,39,40]. Again, the recent bibliography points out a clear increase in the interest of emerging PV researchers in IoT applications, as seen in Figure 1a. The power density generated under conventional indoor illumination by state-of-the-art perovskite or organic PV devices is now above   150   µ W ·   c m   − 2     [16,17], which enables enough power supply for a broad range of IoT nodes (smoke detectors, wall clocks, autonomous sensors, etc.) [31,38]. Finally, another crucial aspect of these technologies for IoT applications is their very high specific power (up to   30   W ·   g   − 1     have been reached for perovskite solar cells on polyethylene terephthalate foils [41], where state-of-the-art ultralight weight GaAs array shows around   5   W ·   g   − 1     [42]). This ease of integration is particularly crucial for autonomous IoT systems, as well as for powering wearable electronic devices [43,44]. Some recent reviews in the literature clearly emphasize the true potential of emerging PV technologies for IoT applications, including DSSC [45,46], OPV [31,47,48,49], and halide perovskites [50,51,52,53], by focusing on materials development, as well as interface and architecture engineering. Their great indoor lighting conversion performance and easy integration allowed their employment at autonomous ultra-low powered (ULP) radiofrequency (RF) devices for wireless sensing, a key factor for modern IoT [54]. However, RF technology currently faces multiple problems, such as saturation of its frequency spectrum and lack of physical security [55], issues that are limiting modern communication capabilities. To overcome saturation, a solution envisaged in future 6G networks is the use of new frequency bands, including optical bands. Thus, optical wireless communications (OWC) have many potentialities. Since optical signals are confined indoors, physical attacks on the signal are more difficult, so security is improved. Additionally, recent research has shown the interesting potential of PV devices acting as OWC receivers, allowing data reception and energy harvesting simultaneously. In the next sections of this article, we will focus on the aforementioned application of PV technologies in OWC scenarios, pointing out the main challenges in terms of device physics and the trade-off between energy harvesting and data reception capability.




2. Pushing PV Technologies Forward: Receiving Optical Data Using Solar Cells in the Context of IoT and Optical Wireless Communication


2.1. First Proof of Concept


The promising features of emerging solution-processed PV technologies to power indoor IoT devices were recently further extended to more exciting functionalities. Among new usages or evolutions of solar cells (recently referred to in the field of photovoltatronics [56]), their use as optical data receivers in the context of visible light communications (VLC) was recently proposed. Indeed, IoT devices rely on wireless communication technologies for their interconnections. While radiofrequency-based technologies can address these challenges over moderate to long distances in the context of 5G and 6G [57], OWC show significant advantages related to the spatial confinement of optical waves, license-free deployment, and insensitivity to interferences while also being well-suited for a large panel of data rates from kbit/s to Gbit/s [58,59]. OWC are found to be particularly well suited for indoor scenarios over short distances and in specific environments where people’s safety and data security are required. Today, research in the field of OWC in the visible (i.e., VLC in the 380–780 nm range) is rapidly increasing due to the penetration of LED lighting, which is compatible with high modulation speed [60].



In the context of PV cells as OWC receivers, the first proof of concept was proposed by Kim et al. using a typical 729 mm2 Si solar panel to harvest solar energy and receive a VLC signal simultaneously. By analyzing the current-voltage or I(V) characteristics of the device for a given irradiance, the optimal load for maximum output power of the solar panel could be obtained, which was then placed under solar irradiation and under modulated light simultaneously [61]. Analyzing the output voltage of the receiver, the direct current (DC), which comes from the constant solar illumination, and alternating current (AC) (please note that DC and AC stand for current, but in the communication field it is also used to describe a direct/constant parameter—such as constant illumination or voltage offset—and a non-DC, not necessarily a sinusoid, respectively), which is due to the modulated light, could be recovered, giving at that time the first proof of concept of using a single photosensitive device for both purposes.



In 2014–2015, Haas’s group went even further as they harvested energy and received data from the same source using a PV device, proposing a novel front-end circuit to improve both performances simultaneously [62,63]. The typical transmission/reception system is depicted in Figure 2, as well as the proposed equivalent electrical circuit of the photovoltaic receiver for the detection of both the DC (bias light for energy generation) and AC components (modulated amplitude for data transmission). The receiver circuit is built using adapted inductance and capacitance, which enables the direct separation of DC and AC branches. In this case, the conventional diode used in first-level equivalent circuits for the modeling of single junction solar cells is replaced by its small-signal equivalent resistor   r  , adding a junction capacitance   C   in parallel with the shunt resistance     R   S H    . The small-signal model is mainly used for communication purposes and describes the performance of the diode when influenced by a signal with small amplitude, analyzing only the AC condition of the system. The capacitor     C   0     would not cause a change in the current flow direction since the DC current component is still greater than the AC one. Typical signals obtained using such simple receiver circuit are reported elsewhere to illustrate the concept [63,64]. The authors were able to use commercial solar panels (polycrystalline silicon modules, 432 cm2, 5 Wp) to receive data and harvest energy simultaneously [62].



Using a direct line-of-sight (LOS) configuration with a transmitter (LED)/receiver distance of a few tens of centimeters, the authors demonstrated a bit error rate (BER) below   2   ×     10   − 3     for a 1 Mbit/s on-off keying (OOK) modulated signal sent upon an irradiance of   3.5   ×     10   − 4     W ·   c m   − 2     (equivalent to a low level of indoor illumination). More advanced modulation schemes based on the orthogonal frequency division multiplexing (OFDM) technique further pushed the data rate up to 7 Mbit/s. It is worth noting that the 3 dB bandwidth of the solar panel used was measured at 350 kHz in this case. In a second case study, the authors were able to push the performance up to   11.8   Mbit/s while exploring the main operating parameters (load resistances     R   L     and     R   C    , capacity     C   0     and inductance     L   0    , see Figure 3 as an example) [63].



The first-level estimation of equivalent electrical circuit components enabled them to validate the small-signal linear model used to predict the solar panel frequency response. More importantly, these pioneered works demonstrated the feasibility of simultaneously harvesting energy and data from the solar panel. Received power of approximately   30   m W   (equivalent to   165   µ W ·   c m   − 2     power density) was harvested at the operation point that provides the maximum data rate, considering a received irradiance swinging between 3.3 and   4   ×     10   − 3     W ·   c m   − 2    .



A main advantage of the concept lies in the fact that solar panels are passive devices that do not require an additional power supply to convert the light AC component into an electrical signal, unlike conventional VLC receivers (photodiodes or photomultipliers), which require a trans-impedance amplifier [65]. Using solar cells instead of conventional photodetectors brings some specific features later discussed by many groups, such as limited rise and fall times but larger intrinsic output voltages. The impact of a large active area associated with solar panels versus a photodiode is also crucial for noise and gain management [66].



These reports opened the way to relevant innovations on the use of solar cells in the field of VLC applied to IoT, but they also brought many questions regarding the dynamic behavior of photovoltaic devices and modules and the necessary trade-off with their classical steady-state operation. Indeed, solar panels deliver their maximum power under specific load resistance. This maximum power point (MPP) is tracked in conventional PV installations, but it does not necessarily allow the best dynamics under modulated light, knowing that conventional photoreceivers (PIN photodiodes especially) need to be reverse-biased for maximal dynamics and linearity. We note that the concept of using a solar panel to simultaneously harvest energy and data led to the related SLIPT concept, which was proposed in 2018 by the wireless communications community as Simultaneous Lightwave Information and Power Transfer [67,68,69,70], and recently extended to IoT applications [71,72].



In the next section of this contribution, we review the recent developments made on the use of PV cells as receivers for simultaneously harvesting energy and data—i.e., in the context of SLIPT—with specific attention paid to the PV device itself and the associated physics. We will first describe works reported using conventional PV technologies (silicon-based, thin films) before focusing on emerging PV devices (OPV and perovskites) which have also been explored in this context. We will finally try to emphasize the main questions that should be tackled in terms of emerging PV architecture in order to address the main challenges of this rising field of applications, which has to merge the constraints of indoor operation at low illumination levels, and the constraints of quality of service (QoS) in terms of communication scenario. We will also discuss the difficulty of predicting the energy harvesting and data reception performance of solar modules in non-ideal scenarios (non-LOS) where complex environments and usages are involved, as required by the next generation of autonomous IoT nodes.




2.2. Harvesting Energy and Data Using Silicon-Based and Thin Films PV Technologies


Soon after the first proofs-of-concept previously described, several reports were published that illustrate various performances of simple VLC LOS scenarios using commercial and small-area solar panels based on silicon [73], some of them focusing only on the communication aspect, and others on the dual functionality. Attempts by Malik et al. focused on the receiver circuit in order to address the intrinsic distortions arising from the silicon-based solar panel [74]. The latter can be seen as a low-pass filter, which induces a limited response time through   R C   limitations, where   R   and   C   are effective high frequency resistance and capacitance whose physical origin remains under discussion, depending on the PV technology considered (as we will point out later on). This capacitive limitation deforms the electrical signal received at the device, considering that the incident light is modulated in amplitude, giving rise to a square signal, then limiting the communication performance of the system. Therefore, Malik et al. demonstrated a self-powered active receiver based on a signal conditioning unit, leading to error-free reception up to 8 kbit/s over 50 cm (OOK modulation) [74]. This work was followed in 2016 by a Yonsei University report in South Korea, which describes a receiver circuit able to apply a reverse bias at the solar panel (a small monocrystalline Si module in this case) in order to improve both the responsivity and response time of the device by benefiting from an increased carrier drift velocity [75], extending then the bandwidth of the PV device. By using the harvested energy of the DC branch to drive their dedicated reception circuit, they were able to improve the transmission performance up to 17 Mbit/s (BER of     10   − 3     over 10 cm) using discrete multitone (DMT) modulation. Using a DC-DC power converter, they were able to change the voltage of the solar cell, still harvesting energy while operating in the photodetection region, a technique that was further improved in 2021 [76].



Other classical strategies used in wireless communication technologies have also been applied to VLC systems based on solar cell receivers, such as using pre-distortion coding signals to mitigate the slow dynamic of solar panels [77,78], which brought faster data rates. Interestingly, the impact of additional parallel resistance in the equivalent electrical circuit before the detection of the solar panel output signal through the high impedance of an oscilloscope was shown to impact the device bandwidth and responsivity [78]. It is also worth mentioning more recent work devoted to increasing the data rate of silicon-based PV receivers using equalization as well as more complex modulation schemes (direct current optical DCO-OFDM or pulse amplitude modulation discrete multitone PAM-DMT) such as in [79], leading to data rates up to 74 Mbit/s (  3.3   ×     10   − 3     BER over 2 m).



Coming back to the solar panel receivers, in 2016, a joint team between CEA/LETI and SunPartner Technologies investigated the frequency response of thin film PV modules (CIGS from Disasolar and semi-transparent a-Si from SunPartner Technologies) as a function of illumination conditions between 200 and 300,000 Lux provided by an LED [80]. A drastic reduction in DCO-OFDM signal-to-noise ratio (SNR) is evidenced when ambient light noise is rising, especially for the CIGS module, which shows saturation effects (see Figure 4).



This behavior was opposite to that of the a-Si module, which systematically showed improved SNR in the presence of ambient lighting, a fact that was not fully understood, but a clear improvement in the a-Si module fill factor was observed in the presence of background light. For the first time in the context of VLC applications, the authors also performed impedance spectroscopy measurements to characterize their PV modules, a powerful technique to investigate the capacitive response of devices under dynamic electrical perturbation and under realistic working conditions (dark or under incident light). In this case, as the signal amplitude increases, the SNR improves through a drastic reduction of the effective capacitance of the devices. In 2018, IM2NP Institute in Marseille (France) and SunPartner Technologies developed a dedicated VLC test bench based on OFDM signals to characterize more systematically semi-transparent amorphous silicon modules from SunPartner Technologies [81]. The saturation of different photosensitive devices (avalanche photodiode—APD, GIGS modules, and a-Si modules) was analyzed, pointing out the exceptional performance of PV devices for OWC in outdoor scenarios, where ambient noise plays an important role in the communication performance. In order to reduce the influence of ambient noise, a receiver design based on two identical a-Si solar panels—one devoted to the reception of ambient noise—was proposed by an Indian team, showing the benefit of the approach [82].



In 2018, a high-performance VLC link and power transfer were demonstrated using a GaAs photovoltaic cell by the University of Edinburgh [83]. In this work, the authors obtained a record power conversion efficiency of at least 42% for their GaAs device acting as a laser power converter (LPC) using a monochromatic VECSEL laser as an emitter at 847 nm. The GaAs PV device bandwidth is measured at 24.5 MHz in this case due to a very small area (1 mm diameter) strongly reducing its capacitive limitation in contrast with larger silicon-based solar panels. Using an OFDM-based VLC system and LOS channel distance of 2 m between the laser emitter and GaAs PV receiver, they achieved a record data rate of 0.5 Gbit/s with a BER of   1.3   ×     10   − 3     under the monochromatic illumination at   0.46   W ·   c m   − 2     under low load conditions. In 2020, the same group was able to push the performance forward up to a 1 Gbit/s record under short-circuit conditions, while simultaneous energy harvesting led to unprecedented harvested power of 1 mW while ensuring a transmission rate of 784 Mbit/s [84]. In the latter work, Fakidis et al. also analyzed the influence of the modulated signal amplitude (    u   g     in Figure 5b) on the maximum achievable data rate for an acceptable BER, from which was concluded that the AC amplitude     u   g     affects only the communication performance of the system. However, the signal amplitude has great impact on different aspects, bringing to the front the flickering behavior of optical sources for great values of     u   g    . The receiver circuit, as well as data rate and DC electrical current as a function of load voltage (for different AC amplitudes) are given in Figure 5.



These recorded demonstrations, although realized in ideal laboratory LOS conditions using highly efficient optoelectronic devices for light emission and reception, demonstrate the potential of small-area PV receivers for SLIPT systems.



The dual function of solar cells has also been analyzed for underwater communications where transmission conditions are severe, given the attenuation of the water channel. The results obtained by several authors demonstrate the full extent of the SLIPT concept [85,86,87].



Apart from these preliminary works, the initial exploitation of solar cells and camera sensors to receive data in simple indoor VLC scenarios involving mobile devices or positioning issues was also demonstrated early in 2016 [88,89], but without focusing on the receiver properties and with no energy harvesting. In fact, the first practical IoT case study was provided by S. Lee in 2015, which proposed a completely autonomous passive transponder using a commercial Si solar panel (  11   ×   16.5    cm 2   ) [64]. The 3 × 3 white LED array could send a 4.8 kbit/s data rate over a 1 m distance to the receiver, detecting around 5   m W ·   c m   − 2     and generating enough power to supply a microprocessor responsible for sending the feedback signal using another white LED. Although the work does not focus on the SLIPT concept, it is still the first functional system using a PV device for both energy harvesting and data reception. Sometime later, Carrascal et al. developed an on-demand sensor node wake-up using an   a  -Si panel (  3.6   ×   2.6   c   m   2    ) that was able to operate autonomously [90]. Despite the fact that it lacks energy harvesting details, the work succeeded in creating a complete VLC system with interesting communication parameters analysis, such as light flickering observation according to the LED’s AC component, the necessity to adapt the data rate to the frequency response of PV panels as a function of its size, and also a detailed comparison between frequency responses of the solar panel and a commercial photodiode. Indirectly, this work illustrates the close relationship between the geometric capacitance of the module and its bandwidth through the   R C   limitation.



Three years later, in 2019, Dos et al. brought the SLIPT concept to a whole new level by employing a 1st generation Si panel (  30.6   ×   21.8   c   m   2    ) for internet connection under real-world conditions [91]. Although this work was not addressing an indoor scenario, it remains highly relevant to illustrate the relation between device physics and dynamic response. A 2 × 2 vertical-cavity surface-emitting laser (VCSEL) operating in the infrared (IR) spectrum (940 nm) was placed on top of a lighthouse to implement a 30 m range light-fidelity (LiFi) network for two users. The authors modeled the panel as a PN diode and studied different physical parameters, which are important for both communication and energy harvesting performances. As a matter of fact, the doping ratio of the junction will dictate the thickness of the depletion region, which in its way, directly influences the quantum efficiency and, inversely, the time response of the device. For full collection, the minority charge carriers must cross the depletion region, with associated characteristic times described in Equations (1) and (2) [92]:


    τ   h   =   W     μ   h   E    



(1)






    τ   e   =   W     μ   e   E    



(2)




where     τ   h     and     τ   e     are the required time to cross the depletion region for holes and electrons, respectively,   W   is the depletion region thickness,     μ   h     and     μ   e     are the mobility factor for holes and electrons, respectively, and   E   is the electric field across the device. The intrinsic bandwidth is an important factor that limits communication performance and is inversely proportional to the time response of the device.



We can see that the trade-off between energy harvesting and data reception is driven by the properties of active layer materials, through the doping level of the semiconductors, since thicker depletion region results in higher quantum efficiency but slower devices. After a complete study of the parameters of both the receiver and transmitter and the local climatic scenario, the Scottish team implemented for the first time a free-space optics (FSO) autonomous weather-adaptative system using a PV device, harvesting energy from both IR emitters and solar irradiation. In addition, they achieved an uplink data rate of up to 2.54 Mbit/s and 8.05 Mbit/s for the downlink. This work shows the full potential of PV-based OWC systems for SLIPT scenarios.



We, finally, propose a synthetic summary of the most impactful experimental contributions reported to date in this field using Si-based and thin film PV technologies (see Table 2). We highlight the best performance obtained regarding energy harvesting and data reception, even though some of them were obtained under different conditions.




2.3. Harvesting Energy and Data Using Emerging PV Technologies


Even before the first simultaneous energy harvesting and data reception proposal, the potential of the third generation of PV cells for communications (with no energy harvesting) had already been inspected; the authors referred to their devices as photodetectors [97,98,99]. However, the devices are made of PV-based architecture, mainly fabricated for energy harvesting purposes, but were negatively (or zero) biased, denying their power collection capabilities. Although these works do not consider simultaneous energy harvesting, they actually highlight the impressive dynamic characteristics of emerging PV devices.



Not much longer from the first proof of concept reported in [61,62,63], the high power conversion efficiencies of emerging PV technologies under indoor environments brought up fascinating questions concerning their communication performances in SLIPT contexts. As early as mid-2015, Zhang et al. used a state-of-the-art organic solar cell for simultaneous energy harvesting and data reception [100]. The 8 mm2 OPV, based on PTB7:PC71BM active layer, performed amazingly well, achieving a 7% PCE under AM 1.5G solar simulator, with a 0.75 V VOC, a 14.6 mA/cm2 JSC and a FF of 63.8% [101]. It was then attached to the first ever developed reception circuit [63] (as shown in Figure 2b) and, using a red LD with 8.5 mW output power over a 1 m distance, the OFDM-based system reached 34.2 Mbit/s with   4.08   ×     10   − 4     BER at the MPP, while generating 0.43 mW output electrical power. This was, in fact, the first PV-based VLC system that achieved data rates higher than 12 Mbit/s, but the reason why it performed better is still a question. One may deduce that greater data rates came with the smaller active area of the device, implying a reduced geometric capacitance and, finally, a reduced response time, while others claim that the drift velocity of organic materials is higher than the ones found in Si-based materials [102,103], resulting in an increase in the receiver’s bandwidth. However, no detailed studies have been proposed since then.



Some years later, in 2019, a French team performed communication tests on a module composed of 9 ASCA® OPV cells in series developed by Armor Company (Nantes, France) [104,105]. Although Lorrière et al. did not carry out any energy harvesting experiments, they considered some interesting characteristics of OPV modules to measure their bandwidth, such as the operating point, the influence of the DC illumination, and the effects of shading. In a no-DC illumination scenario (only AC component present at the signal), the short circuit condition performed 50 times better than in open circuit, achieving 66.4 kHz and 1.3 kHz for     I   S C     and     V   O C    , respectively. Interestingly, increasing the LED’s DC radiation decreased the bandwidth of the device for     V   o c     measurement, while slightly increasing the communication performance under short circuit condition, behavior contradictory to the one seen in previous reports [93,96]. The French team was also able to analyze the bandwidth on controlled masking. When all solar cells of the module are partially covered, the masking physically acts by reducing the total active surface of the PV device and, therefore, proportionally, the generated current. Therefore, the bandwidth is reduced. However, fully covering a solar cell of the module results in an increase in the load observed for the series-connected uncovered cells, leading to a band-pass filter behavior [106].



The first ever PSC-based OWC system was recently proposed by Mica et al., which developed triple-cation PV devices for telecommunication purposes while simultaneously harvesting energy [107]. The active layer based on Cesium-containing perovskite, first reported for photovoltaic application [108], was chosen by the authors for its high PCE and good bandwidth. The device was optimized for VLC goals by changing the active layer thickness between 60 and 965 nm, which in its own way affects both energy harvesting and communication performances of the PV cell, characteristics that were experimentally measured separately. Using a white LED with   0.9   m W ·   c m   − 2     incident optical power, the average PCE of the devices increases with the thickness of the active layer, achieving its maximum value at 21.4% for a thickness of 640 nm, before decreasing for thicker layers. Both FF and     V   O C     show a significant improvement when the thickness of the perovskite layer expands, but drop drastically for 840 nm and 965 nm, as a result of enhanced charge recombination at the perovskite/hole transport material interface [107]. Although the energy harvesting performance was measured using a white LED, a red LD was used for data transmission. Regarding communication performance, the bandwidth of the device also improves with thicker active layers, reaching its maximum value of 586 kHz at 965 nm (measured in short circuit condition), as can be seen in Figure 6a. Mica et al. performed a careful analysis to find the physical cause of the bandwidth behavior, observing that thicker perovskite resulted in lower geometric capacitance   C  , while sustaining an acceptable effective resistance   R   (see Figure 6b). Interestingly, they confirmed the   R C   time constant through transient photovoltage measurements, showing a nice consistency with the frequency-dependent measurements. Despite the fact that thicker PSC allowed larger bandwidths, the achievable data rate in OFDM-based schemes depends on each subcarrier rather than on the cutoff frequency of the device, a reason why the receiver based on a 250 nm perovskite active layer achieved the maximum data rate of 56 Mbit/s (  3   ×     10   − 3     BER over 40 cm), which is still the highest value reported in the literature for a perovskite solar cell. In fact, this is the first work performing a detailed analysis of the influence of the solar cell architecture on its energy harvesting and communication performance.



The influence of the device architecture on communication performance drew the attention of both physics and telecommunications communities. In 2021, Tavakkolnia et al. further exploited the concept by developing the first multiple-input multiple-output (MIMO) system based on an OPV device for SLIPT purposes [109]. In this work, the authors reported the use of an inverted OPV device architecture (or n-i-p) [110], well-known in the photovoltaic community, to address the intrinsic degradation of regular architectures (referred to as p-i-n architecture). Targeting improved lifetime of OPV-based systems, Tavakkolnia et al. also explored different acceptor/donor combinations in order to better match the artificial light source spectrum. In this work, the active layer was composed of highly efficient polymer donors (PTB7 or PTB7-Th) and fullerene or non-fullerene electron acceptors (namely PC71BM or EH-IDTBR). The optical absorption of fullerene acceptors is indeed not adapted to indoor lighting, and shifting from PC71BM to EH-IDTBR resulted in better energy harvesting efficiency [111]. The OPV devices were composed of multiple individual 10 mm2 pixels, allowing independent data extraction for single-input single-output (SISO) or MIMO analysis by combining up to 8 pixels. Similarly to [107], the energy harvesting investigation was realized using a white LED with a   5.9   m W ·   c m   − 2     irradiation, while communication scenarios were performed using a 56.2 mW red laser (placed 40 cm away from the receiver) and concentrating lens.



In order to compare the performance of each active layer separately, initial tests in a SISO configuration were realized. Table 3 shows the PCE of solar cells under white LED, the measured bandwidth, the generated power when aligned with the red LD, and the obtained data rate. Each data rate corresponds to BER low enough for error-free transmission with forward error correction. As expected, the non-fullerene-based OPV performed better in indoor lighting conditions when compared to PC71BM. In fact, 147.5 Mbit/s is the highest data rate achieved with a single OPV cell in the literature.



To further improve the performance of their work, the authors developed a MIMO VLC system using four OPVs and four LDs, which brings up different challenges, such as inter-channel cross-talk. With the PTB7-Th:EH-IDTBR device, the data rate was pushed up to 363 Mbit/s while simultaneously harvesting 10.9 mW, a high power in the context of VLC for IoT.



Despite the fact that all aforementioned experiments were conducted in ideal LOS scenarios, they constitute the first proof of concept of emerging PV devices for SLIPT purposes and demonstrate the feasibility of developing indoor IoT devices with partial or full autonomy.



We propose a synthetic approach containing all SLIPT works based on emerging PV technologies, highlighting some important energy harvesting and communication parameters, as well as the most notable feature of the article (see Table 4). By separating the references into emerging PV technology and 1st and 2nd generations, we bring the innovative, dynamic aspect of the 3rd generation to the fore, pointing out the lack of works that analyze the physical property and achievable performance of these ingenious multi-layer devices.



Regarding emerging PV devices, we also emphasize a specific feature of the technologies in direct relation to the proposed application. Indeed, both OPV and PSC share a multi-layered architecture where several thin films of various natures are vertically stacked. Interfacial engineering is shown to be a crucial challenge for photovoltaic energy conversion for OPV [112] and PSC [113], as interfacial defects are easily introduced during solution-based processing steps. While they clearly alter the steady-state properties of the devices, they are also crucial for the dynamics of the electrical response under modulated optical signals through additional capacitive contributions. Especially, such interfacial processes are expected to contribute to the high-frequency response of the device, either through specific interfacial RC limitations (in case of relatively “slow” processes due to charge trapping/detrapping, charge accumulation, or charge recombination) or even through additional contribution to the geometric capacitance, as was emphasized in some studies [107]. We believe that impedance spectroscopy is a relevant tool to discriminate the associated mechanisms [80,114] better and that interfacial engineering is also an additional lever to tune the bandwidth of emerging PV devices [115]. In any case, bandwidth modulation of emerging PV modules is a crucial challenge toward efficient data and energy harvesting in the future.




2.4. Lessons Learned on the Trade-Off between Energy Harvesting and Data Reception: Operating Point Dependence


Most of the aforementioned reports emphasized the close relationship between energy harvesting and data reception efficiencies. Clearly, from the initial receiver circuit proposed to decouple the DC (energy) and AC (data) components using dedicated capacitive and inductive branches (see Figure 2b), one can rapidly evidence the impact of equivalent circuit components such as resistances (    R   L     and     R   C    ) on photo-generated power and data rate in a specific scenario. Moreover, both the working point of the steady-state I(V) characteristics (hence the power generation efficiency) and the effective capacitance of the device (hence its dynamic response) depend on the operating voltage   V  , which in turn, depends on the values of the equivalent circuit components. It turns out that the communication branch of the proposed circuit (i.e.,     C   0     and     R   c     in Figure 2b) does not affect in any way the energy harvesting performance of the receiver [63]. However, the energy harvesting branch defines the operating voltage   V   of the solar cell, influencing both recovered power and data reception. This is the reason why harvested power and data rate curves are intimately bound (as in Figure 5b). Various research have illustrated the influence of the operating point on the bandwidth, linearity and responsivity of the PV device. Short circuit condition provides the best communication performance, and linearity between the output current and the input AC irradiation, while increasing the output voltage decreases the data reception capabilities, but increases the power collection of the receiver [75,76,83,84,87].



These features and the underlying trade-offs are discussed in more detail in a recent article by Sepehrvand et al., which shows how the DC operating point of the device can be selected using a power converter—a technique that was first discussed by Shin et al.—so that the harvested power and data rate can be tuned as a function of the real-time needs of VLC systems [94]. Their analysis points out the voltage dependence of the total capacity of the device, which is derived from both the depletion capacitance (separation of positive and negative charges in the depletion region) and the diffusion capacitance (which originates from the stored minority carriers near the depletion region). By proposing an optimization procedure, they suggest a generic analytical framework to select the best working point of solar panels used as VLC receivers in indoor IoT scenarios. Such considerations will be extended in the next section devoted to emerging PV devices used for VLC applications.




2.5. Considerations on the Influence of Illumination Conditions and Ambient Noise


A fundamental question on the use of solar panels for VLC reception is associated with the device’s behavior as a function of illumination intensity and noise level. The performance of a VLC system was measured by comparing a traditional APD and a CIGS module from Solar Frontier (26 cm2) solar panels, both placed under variable illumination conditions, from indoor to outdoor [93]. Interestingly, for sunlight exposure as low as 200 W/m2, the APD showed a clear saturation effect which limits the data rate down to a few tens of kHz. In contrast, the CIGS PV module still showed an acceptable BER up to 400 kHz under full sun illumination (  1000   W ·   m   − 2    ). Such considerations are relevant in indoor scenarios where IoT nodes will operate near an important source of light noise.



Similar considerations were also dedicated to silicon-based PV modules placed under various ambient light intensities, using a modulated laser diode (LD) at 940 nm and a DCO-OFDM scheme for communication purposes [96]. Using a two-diode equivalent circuit to model the junction recombination occurring under low illumination, as well as thermal, dark, and shot noises, they were able to model the frequency response of their solar panel and compare it to experimental measurements, which showed very good agreement between theory and experiment. The authors also analyzed the influence of the irradiation level on both data rate and harvested power. Das et al. experimentally showed that as ambient noise increases, the PV device bandwidth decreases, a behavior that is consistent with that observed for CIGS modules in [93]. Again, the trade-off between data rate and power is defined by the receiver’s electrical components, which govern the operation conditions of the device.



Another aspect that should be mentioned in the case of PV receivers is the non-linear distortions that appear at low illumination conditions on the output voltage of the device, specifically in indoor environments (<1000 Lux). Indeed, solar cells show a logarithmic dependence of voltage with irradiance level when driven in non-reverse bias conditions, as can be seen in Equation (3) [116]:


  V ≈   n   k   B   T   q     ln  ⁡        I   P H       I   0     + 1      



(3)




where   V   is the voltage of the load,     I   P H     the generated photocurrent,     I   0     the reverse saturation current of the diode of ideality factor   n  ,     k   B     the Boltzmann’s constant,   T   the temperature, and   q   the elementary charge.     I   P H     being linearly proportional to the light intensity, Equation (3) shows that non-linear effects are expected in the electrical conversion of photons to electrons at low light intensity. Such effects were quantified by theoretical and experimental comparisons by the Chinese University of Hong Kong in 2021 using a commercial monocrystalline silicon cell [95]. Specific distortions can be observed below 1000 Lux, leading to BER degradation. Be that as it may, while this effect remains to be considered at low illumination conditions, specific post-distortion compensation schemes can be used to improve communication performance at non-linear operation regions.





3. Discussion and Conclusions


In this article, we summarized different aspects of PV devices for indoor applications, notably their energy harvesting and data reception performances in a SLIPT scenario. We first highlight the high-power conversion efficiencies of emerging PV technologies (DSSC, OPV, and perovskite) under artificial light sources, compared to inorganic or thin film technologies. Such performance, coupled with their intrinsic tunability in terms of electronic properties, their high specific power, and their high flexibility, make them very good candidates for answering the contemporary ecological challenges of the next generation of Green IoT systems. The modern SLIPT concept, which aims at simultaneously allowing energy harvesting and optical wireless data reception using a single photovoltaic device, brings different challenges for the scientific community, mainly associated with the dynamic response of solar cells, which are currently not fully investigated.



Since the first proposal of the reception circuit by Wang et al., the community has been interested in the development of more complex front-ends at the receiver side, emphasizing the importance of electronics for both communication and energy harvesting. Different architectures were proposed, bringing to the fore the works described in [76,94], which provide real-time solutions for the energetic challenges of IoT nodes. However, each work proposed a front-end with a constant load that allows maximum efficiency of the PV device, without considering more complex energy harvesting electronic techniques, for instance, maximum power point tracking (MPPT), which is highly required in modern PV systems [117]. By proposing the replacement of the constant charge     R   L     (see Figure 2b) with a more complex circuit, the communication branch that allows simultaneous data reception is directly affected. This, in fact, shows the innovative aspect of the SLIPT notion and the lack of works about the electronics of the concept. Ultimately, demonstrating a relevant electronic receiver circuit able to tune the real-time load conditions to account for the best trade-off between energy harvesting and data reception (in terms of quality of service based on specific performance indicators) would be highly relevant for this application, and we can only invite the community to tackle this challenge.



From the proof of concept and beyond, most works tried to characterize the PV device from the communication side, extracting the best performance (bandwidth and data rate) using state-of-the-art technologies in a direct LOS scenario. We highlighted some works that achieved unprecedented communication performances with simultaneous energy harvesting, such as [79,83,84,109], which not only show the feasibility of SLIPT systems but demonstrate their high adaptation capability according to different IoT impositions. However, to allow deployment in realistic indoor environments, research is still needed for more complex configurations involving NLOS links. Some impactful concerns associated with indoor situations were also discussed in very few papers, from which we can highlight the crucial impact of ambient noise (such as sunlight or other undesired artificial sources), which can improve the collected energy but can also limit the communication performance according to the technology. Lorrière et al. experimentally demonstrated the increase in bandwidth for a CIGS device when ambient noise increases, while Das et al. showed that the opposite occurs for Si-based devices. This accentuates the lack of research introducing comparative experiments with different technologies of PV cells.



The influence of shadowing on the communication performance was inspected only in a single work [105], detailing interesting characteristics for different scenarios, namely the pass-band feature of the module when sub-cells are fully masked. As a matter of fact, understanding the physical and communication behaviours of modules is complex, and no works can be found about their dynamic characterization.



Some reports emphasize the impact of the PV technology employed, inspecting the influence of both active layer physical properties and device architecture on the bandwidth [107,109], but no deep comparative studies were performed. The size of the active area of the photovoltaic device was shown to play an important role in its optoelectrical conversion efficiency, i.e., a larger active area collects more optical power, but they are associated with larger junction capacitance, which limits the response time. From two articles published in 2020 [79,84], we can notice a great difference between communication performances: one work achieved 74.03 Mb/s with a 667 cm2 Si module, while the other obtained 1041 Mb/s with a 1 mm diameter GaAs solar cell (both under same operation voltage). We can clearly see the active area’s influence on the dynamic limitations, but the influence of the technology is still uncertain.



Figure 7 synthesizes the maximum measured bandwidth and obtained data rates as a function of the device’s active area based on a first-level literature survey. In fact, as detailed in Section 2.3 and Section 2.4, the bandwidth also depends on the bias applied at the PV cell and on the illumination condition. The maximum obtained data rate also depends on the employed modulation scheme, for instance, multicarrier modulations (OFDM), which perform better than the basic OOK but involve more complex systems, which are not necessarily compatible with IoT uses at low consumption and do not require high rates. The geometric capacitance influence on the bandwidth can be noticed since a smaller surface area tends to decrease the response time of the device. However, for a more direct conclusion, both communication parameters should be obtained at the same testing condition.



Table 2 and Table 4 illustrate the true potential of photovoltaic devices for energy harvesting and data reception, going from outdoor to indoor scenarios. This survey also emphasizes that most of the research efforts remain focused on LOS configurations based on direct incidence and on short distances, using off-of-the-shelf PV devices. However, the realistic deployment of SLIPT systems for IoT will require accounting for NLOS paths, including multiple reflections from the environment, potential obstacles associated with mobility scenarios, and the consideration of multiple noise sources. The real performance of PV modules of complex shapes integrated on curved surfaces is particularly difficult to predict in such environments. The energy harvesting and data reception performances of third-generation PV devices, which typically target scenarios for the smart home, smart factory, or wearable electronics, will strongly depend on the complexity of the environment, and innovative simulation tools will be crucial for practical applications.



In any case, although the SLIPT concept constitutes a relatively new field of investigation, it obviously shows a true potential to address several crucial challenges associated with the next generation of the digital ecosystem.
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Figure 1. (a) Recent bibliography on indoor photovoltaics and on indoor photovoltaics claiming applications for IoT. Data extracted from Web of Science (Clarivate) in July 2022; (b) Normalized irradiance of light sources including standard solar spectrum (AM1.5G), white LED, compact fluorescent lamps (CFL), and halogen source. Reprinted from reference [31], with permission from Elsevier. 
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Figure 2. (a) Schematic representation of a typical VLC chain illustrating the dual operation of a PV module used as a receiver for simultaneously harvesting energy and optical data from modulated light; (b) Equivalent electrical circuit of a solar panel working in dynamic regime and connected to a receiver circuit enabling the reception of both electrical DC and AC components. Modified with permission from reference [63]. 
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Figure 3. Maximum experimentally achieved data rate as a function of     R   C     and     C   0    , in an OFDM scenario targeting a BER   < 2 ×   10   − 3    . Reproduced with permission from reference [63]. 
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Figure 4. SNR of a DisasSolar CIGS module (illustrated in the picture on the right) as a function of ambient light level (DCO-OFDM). The BER threshold is indicated. Adapted with permission from [72] © The Optical Society. 
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Figure 5. (a) Electrical circuit of the GaAs PV-based receiver used in reference [84]. (b) Corresponding data rate and DC current as a function of load voltage for an OFDM-based transmission with adaptative bit and power loading. Reproduced with permission from reference [84]. 
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Figure 6. (a) Obtained bandwidth in function of perovskite thickness; (b) Measured   R C   constant for solar cells with different perovskite thickness. Reproduced with permission from [107]. 
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Figure 7. Measured bandwidth and data rate for PV devices with different active surfaces. Data obtained from references [61,62,64,71,75,78,83,84,85,87,91,99,100,107,109]. 
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Table 1. Reported maximum power conversion efficiencies of the main PV technologies under solar illumination (AM1.5G solar spectrum) and under typical indoor illumination conditions.
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	PV Technology
	1 Sun Efficiency (STC) *
	Indoor Efficiency **
	Illumination
	Reference





	Monocrystalline Si
	26.1%
	~6%
	1000 Lux LED
	[12]



	Polycrystalline Si
	23.3%
	~4%
	1000 Lux LED
	[12]



	CIGS
	23.4%
	9.4%
	1000 Lux FL
	[13]



	Amorphous Si
	14.0%
	19–21%
	1000 Lux LED
	[14]



	GaAs
	29.1%
	19%
	580 Lux LED
	[14]



	Dye-sensitized
	13.0%
	31.8%
	1000 Lux FL
	[15]



	OPV
	18.2%
	31.0%
	1650 Lux LED
	[16]



	Perovskites
	25.7%
	40.2%
	1000 Lux FL
	[17]



	Quantum dot solar cells
	18.1%
	19.5%
	2000 Lux FL
	[18]







* STC = standard test conditions. STC data are extracted from NREL’s best research-cell efficiencies, available at https://www.nrel.gov/pv/cell-efficiency.html (accessed on 15 March 2023). ** Indoor efficiencies are taken from independent reports cited in the reference column. The illumination level and technology are indicated: fluorescent lamp (FL); light-emitting diodes (LED).













[image: Table] 





Table 2. Summary of some of the most impactful contributions for SLIPT-based systems (with 1st and 2nd generation of PV devices) with their respective information about the illumination, receiver characteristics (PV technology, type of device, and active area size), experiment condition (type of link and distance between Tx and Rx), energy harvesting parameters (PCE and output power), communication performance (bandwidth and data rate), and most notable feature.
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	Ref
	Illumination
	Receiver Type

Active Area
	Experiment

Conditions
	Energy Harvesting

Performance (PCE and Output Power)
	Communication

Performance

(Bandwidth and Data Rate)
	Particularity





	[61]

2014
	Solar

+

White LED
	Si cell

7.29 cm2
	Indoor

LOS

SISO

40 cm
	16% PCE

43.81 mW
	10 kHz

3 kbit/s
	First proof of concept



	[62]

2014
	White LED
	Si module

432 cm2
	Indoor

LOS

SISO

24 cm
	2.1 mW
	350 kHz

7.01 Mbit/s
	First proof of concept

using one source to send data and energy



	[63]

2015
	White LED
	Si module

432 cm2
	Indoor

LOS

SISO
	30 mW
	350 kHz

11.84 Mbit/s
	First circuit for simultaneous data reception and energy harvesting



	[64]

2015
	White LED

array
	Si module

181.5 cm2
	Indoor

LOS

SISO

Real-life context

1 m
	Supply the reception

circuit
	15 kHz

4.8 kbit/s
	First real-life scenario SLIPT system



	[90]

2016
	White LED
	α-Si module

9.36 cm2
	Indoor

LOS

SISO

Real-life context

60 cm
	Supply the reception

circuit
	2 kbit/s
	Performance comparison with photodiode



	[75]

2016
	White LED
	Si module

42.35 cm2
	Indoor

LOS

SISO

10 cm
	26% PCE
	120 kHz

17.05 Mbit/s
	First self-biased architecture



	[89]

2016
	3 White LEDs
	α-Si cell

27.1 cm2
	Indoor

LOS

MISO

~2 m
	Autonomous receiver
	2 kbit/s
	Only positioning system with PV receiver



	[77]

2017
	2 White LEDs
	α-Si cell

27.1 cm2
	Indoor

LOS

SISO

1.5 m
	N/A
	1 Mbit/s
	First use of pre-distortion to improve PV receiver performance



	[83]

2018
	Infrared laser
	GaAs cell

0.78 mm2
	Indoor

LOS

SISO

2 m
	42% PCE

1.5 mW

(obtained over 1 mm)
	24.5 MHz

522.1 Mbit/s
	Proof of concept of high communication performance for small surface PV device



	[81]

2018
	White LED
	CIGS and α-Si modules
	Indoor

LOS

SISO
	N/A
	Bandwidth analysis
	Illumination and material influence on the bandwidth



	[85]

2019
	Solar

+

White laser
	α-Si module

144 cm2
	Indoor

Outdoor

LOS

SISO

20 m
	474 mW

(solar power)
	290 kHz

1 Mbit/s
	Include first underwater scenario



	[91]

2019
	Solar

+

Infrared laser
	Si module

667.08 cm2
	Outdoor

LOS

SISO

Real-life context

30 m
	12.5% PCE

5 W
	270 kHz

8 Mbit/s
	First PV-based system for internet under real-world conditions



	[84]

2020
	Infrared laser
	GaAs cell

0.78 mm2
	Indoor

LOS

SISO

40 cm
	41.7% PCE

0.98 mW
	24.5 MHz

1041 Mb/s
	Record data rate at SLIPT scenario



	[93]

2020
	Solar

+

While LED
	CIGS module

26.05 cm2
	Outdoor

LOS

SISO

23 cm
	N/A
	Error-free maximum frequency analysis
	Comparison between PD and CIGS PV in outdoor scenario



	[94] *

2021
	White LED
	Si module

100 cm2
	Indoor

LOS

SISO
	Theoretical values
	Capacity bound analysis
	Optimization procedure according to receiver battery status



	[95]

2021
	White LED
	Si module
	Indoor

LOS

SISO

1 m
	N/A
	Multiple performance for multiple light intensity
	First characterization of the non-linear aspect of PV devices



	[76]

2021
	Red LED
	GaAs cell

9 cm2
	Indoor

LOS

SISO

32.5 cm
	347 µW
	2.5 kbit/s
	Dense analysis of the reception circuit



	[96]

2021
	Solar

+

Infrared laser
	Si module

667.08 cm2
	Indoor

LOS

SISO

3.5 m
	4.5 W
	6.34 Mbit/s
	First use of double diode model for communication analysis







* Article purely theoretical.
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Table 3. Obtained communication and indoor energy harvesting performances for different OPVs in a SISO configuration. Adapted with permission from reference [109].
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	PCE (White LED)
	Bandwidth (MHz)
	Harvested Power (mW)
	Data Rate (Mbit/s)





	PTB7:PC71BM
	---
	1.32
	3.3
	90.3



	PTB7-Th:PC71BM
	10.9%
	1.26
	3.5
	78.4



	PTB7-Th:EH-IDTBR
	14.1%
	2.77
	3.7
	147.5
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Table 4. Summary of some of the most impactful contributions for SLIPT-based systems (with emerging PV technologies) with their respective information about the illumination, receiver characteristics (PV technology, type of device, and active area size), experiment condition (type of link and distance between Tx and Rx), energy harvesting parameters (PCE and output power), communication performance (bandwidth and data rate), and most notable feature.
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	Ref
	Illumination
	Receiver Type

Active Area
	Experiment

Conditions
	Energy Harvesting

Performance (PCE and Output Power)
	Communication

Performance

(Bandwidth and Data Rate)
	Particularity





	[100]

2015
	Red laser
	OPV cell

8 mm2
	Indoor

LOS

SISO

1 m
	0.43 mW
	1.3 MHz

42.3 Mbit/s
	First SLIPT system with OPV



	[105]

2019
	White LED
	OPV module

57.2 cm2
	Indoor

LOS

SISO
	N/A
	Bandwidth analysis
	Shadowing influence on the bandwidth



	[107]

2020
	White LED

+

Red laser
	Perovskite cell

6.5 mm2
	Indoor

LOS

SISO

40 cm
	21.4% PCE (LED)

3.3 mW (laser)
	586 kHz

56 Mb/s
	Active layer thickness influence on communication parameters



	[109]

2021
	White LED

+

Visible laser
	OPV cell

10 mm2

40 mm2 (MIMO)
	Indoor

LOS

SISO

MIMO

40 cm
	14% PCE (LED)

10.9 mW (laser)
	2.77 MHz

363 Mbit/s (MIMO)
	Record data rate at SLIPT scenario with OPV and active layer material comparison
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