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ABSTRACT

The increasing adoption of intelligent transportation systems, smart cities, and energy-efficient
wireless networks has further fueled the need for communication technologies that are not only
high-speed and reliable but also sustainable and economical. Optical wireless communication
(OWC) has been identified as a promising addition to existing radio frequency technologies
because of its vast unregulated bandwidth, security features, and resistance to electromagnetic
interference. However, the use of traditional optical receivers like photodiodes and avalanche
photodiodes is accompanied by the need for separate power sources and is also prone to
performance degradation due to high ambient light intensities, smaller receiver area, and the
need for a complex optical design at the receiver to collect more energy, therefore increasing
the system cost.

In recent years, solar panels have gained attention as promising alternatives to conventional
optical receivers because they can harvest energy and receive data at the same time. Although
photovoltaic devices are primarily designed for power generation, their large sensing area,
tolerance to strong ambient light, and widespread availability make them appealing for use in
sustainable optical wireless communication systems. However, the inherent electrical properties
of commercial silicon solar panels—such as high junction capacitance, which results in limited
bandwidth—create major obstacles for achieving high data rates. In addition, much of the

existing research has been limited to custom-built photovoltaic devices, controlled laboratory



environments, or short-range indoor setups. As a result, the potential of commercially available
solar panels for practical, real-world communication applications remains an unexplored
research area.

This thesis explores the feasibility, design, and optimization of solar panels as optical
receivers, with a main emphasis on the use of commercial silicon solar panels and light-
emitting diode (LED) transmitters for reliable communication. This thesis systematically
examines the communication performance of solar panel receivers, derives the bandwidth and
sensitivity limits, and introduces new analog front-end designs to improve optical receiver
communication performance.

The first part of this thesis presents an in-depth experimental study of silicon solar pan-
els used as communication receivers under various optical and electrical conditions. The
performance of solar panel receivers in terms of frequency response, time-domain response,
received optical power sensitivity, and communication distance is examined. The effects of
transmission distance, optical irradiance, modulation frequency, and ambient light on system
performance are comprehensively explored. These experiments show that, although solar
panels have very limited bandwidth, their performance can be greatly improved by proper
analog signal processing.

To overcome these challenges, this thesis develops and experimentally validates new analog
front-end receiver designs specifically optimized for commercial solar panels. The proposed
architectures employ carefully engineered impedance matching, filtering, and amplification
techniques to extend the usable communication bandwidth beyond the photovoltaic device’s
inherent electrical limitations. In contrast to earlier approaches based on reverse-biased
operation or custom-fabricated receivers, the proposed solutions remain fully compatible with
energy harvesting and are built entirely from off-the-shelf components, making them more
practical for real-world deployment. Experimental evaluations show significant gains in both
bandwidth and achievable data rates, enabling dependable optical communication with standard

indoor LED sources under realistic operating conditions.



The thesis also investigates simultaneous light information and power transfer (SLIPT)
using solar panel-based receivers, with particular attention to the trade-off between harvested
energy and communication quality. By examining multiple operating points and receiver
configurations, this work offers valuable insight into joint optimization strategies that balance
power collection with data throughput. These findings support the development of self-powered
or energy-assisted optical wireless systems aimed at low-power and sustainable communication
applications.

In addition to the indoor environment, this thesis also encompasses the uncharted area of
optical wireless communication in vehicular systems with solar-panel receivers. The vehicular
system poses distinct challenges, including mobility issues, misalignment, limited orientation,
and dead zones. The experimental work of this thesis explores these challenges and validates
the use of solar panel receivers in vehicular communication systems, including vehicle-to-
vehicle and vehicle-to-infrastructure communication. The discussion emphasizes the significant
shortcomings of current receiver designs and the need for orientation-resilient, robust receivers
in dynamic environments.

Overall, this thesis makes the following key contributions: (1) a comprehensive experimen-
tal characterization of commercial silicon solar panels as optical communication receivers,
(i1) the design and validation of novel analog front-end circuits that significantly enhance
communication bandwidth using off-the-shelf components, (ii1) an in-depth investigation of
SLIPT trade-offs in solar panel-based receivers, and (iv) an early exploration of vehicular
optical wireless communication using solar panels, identifying open challenges and future
research directions.

By bridging the gap between laboratory demonstrations and real-world deployment, this
work establishes solar panels as viable, sustainable, and low-cost optical receivers, paving
the way for their integration into future intelligent transportation systems and energy-efficient

wireless networks.
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Chapter

Introduction

This chapter introduces the motivation and background of the research presented in this thesis.
It provides an overview of optical wireless communication and highlights the limitations of
conventional receiver technologies in energy-constrained and outdoor environments. The
potential of solar panels as sustainable optical receivers capable of simultaneous energy
harvesting and data reception is brie y discussed. Key challenges related to bandwidth,
receiver design, and practical deployment are outlined. The chapter further motivates the need
for improved analog front-end architectures using commercially available components. Finally,

it presents the problem statement, summarizes the thesis's main contributions, and describes

the dissertation's overall organization.

1.1 Motivation

The unprecedented growth in data traf ¢ driven by bandwidth-hungry applications such as
high-de nition video streaming, extended and virtual reality, autonomous systems, and massive
Internet-of-Things (IoT) deployments has exposed fundamental limitations of conventional ra-
dio frequency (RF) communication systems. Spectrum scarcity, escalating licensing costs, and
increasing energy consumption have made it increasingly challenging to meet the performance

and sustainability requirements of next-generation wireless networks. These challenges are



Introduction 2

further intensi ed by the emerging vision of 6G communication systems, which emphasizes
ubiquitous connectivity, ultra-high data rates, low latency, and environmentally sustainable
operation.

In response to these challenges, optical wireless communication (OWC) , and in particular
visible light communication (VLC) , has gained signi cant attention as a complementary
technology to RF communication systems. Operating in the unlicensed visible spectrum
spanning 400—-800 THAE3], VLC offers orders-of-magnitude higher available bandwidth
compared to RFJ, 4], enabling multi-gigabit data rates without contributing to RF spectrum
congestion. The highly directional nature of optical links results in low co-channel interference
and enhanced spatial reuse, making VLC especially suitable for dense indoor environments
and last-mile access scenarios. These advantages have led to strong academic and industrial
interest, culminating in the standardization of light communication technologies under IEEE
802.15.7 5] and IEEE 802.11bbd], thereby reinforcing light communication's (LC) potential
as a mainstream wireless access technology.

A key enabler of LC is the widespread deployment of light-emitting diodes (LEDs) for
illumination. Modern white LEDs, realized through phosphor-coated blue chips or Red-Green-
Blue combinations, offer high energy ef ciency, long operational lifetimes, and the ability
to support data rates approaching 1 Gbps under controlled condi#tietd.[ The dual use

of LEDs for both lighting and communicatiod]-13] signi cantly reduces infrastructure
costs and enhances energy ef ciency, aligning VLC with sustainable networking ddald].
However, while transmitter technologies have matured rapidly, the receiver side of LC systems
remains a critical bottleneck.

Conventional LC receivers predominantly employ PIN photodiodes or avalanche photodi-
odes (APDs) owing to their high-speed response and linear detection character&3. [
Although their practical deployment is constrained by several inherent limitations. The need
for an external electrical bias increases power consumption and system complexity, particularly

in energy-constrained or remote scenarios. In addition, the small active area of photodiodes
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renders LC links highly sensitive to alignment and orientation errors, where even slight mis-
alignment between the transmitter and receiver can lead to signi cant signal degradation,
reduced signal-to-noise ratio, and compromised quality of service (QoS). Addressing these
challenges often requires optical concentrators and precise alignment mechanisms, which
further increase system cost and hinder scalability.

These limitations motivate the exploration of alternative optical receivers that can enhance
link robustness while reducing energy consumption and system complexity. In this regard,
solar panels have emerged as a compelling candidate for light communication. Owing to their
large photosensitive area, solar panels signi cantly relax alignment constraints and improve
tolerance to receiver orientation and mobility. More importantly, solar panels inherently enable
simultaneous optical communication and energy harvesting, allowing the received optical
power to be partially converted into electrical energy that can power the receiver circuitry itself.
This dual functionality offers a pathway toward energy self-suf cient and green communication
systems, which are key requirements for future wireless networks.

The primary objective of this work is to demonstrate that a commercially available solar
panel can serve as a practical and reliable optical wireless communication receiver. This
approach reduces system cost and power consumption while enabling scalable LC deploy-
ment across diverse applications, including rural connectivity, smart cities, and intelligent
transportation systems, thereby supporting the development of sustainable and resilient 6G

communication networks.

1.2 Light Communication Background

The origins of optical communication can be traced back to early visual signaling methods such
as beacon res, semaphore systems, and mirror-based heliographs. A major scienti ¢ milestone
was achieved in 1880 when Alexander Graham Bell demonstrated the photophone, enabling

wireless voice transmission using modulated sunlight, as shown in Fig22]1This invention
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Figure 1.1: Sound by light

Is widely regarded as the conceptual foundation of modern optical wireless communi&tion [
The eld progressed signi cantly following the invention of the laser in the 1960s, which
enabled stable, coherent, and high-intensity optical beams. This advancement led to the
development of Free-Space Optical (FSO) communication systems for terrestrial, airborne,
and deep-space link&¢-31]. Further progress in semiconductor optoelectronics during the
1990s facilitated the deployment of infrared optical links, while the early 2000s marked a major
breakthrough with the emergence of VLC. In VLC, solid-state light sources such as LEDs
enable simultaneous illumination and data transmiss3@a35]. This evolution culminated
in the introduction of Li-Fi (Light Fidelity) as a high-speed light-based networking paradigm,
followed by international standardization efforts such as IEEE 802.15.7 and ITU-T initiatives,
establishing OWC as a practical component of next-generation wireless systems [5, 6, 36].
Figure 1.2 illustrates the electromagnetic spectrum, highlighting the position of OWC within
the infrared, visible, and ultraviolet band25]. Unlike conventional RF systems operating
in the congested and tightly regulated kHz-GHz spectrum, OWC exploits optical frequencies
spanning hundreds of terahertz, offering orders-of-magnitude larger bandwidth. This vast
spectral availability enables ultra-high data rates, increased user capacity, and low-latency
communication, as predicted by Shannon's capacity limits. Moreover, the optical spectrum is
globally unlicensed, eliminating spectrum licensing costs and regulatory constraints associated

with RF systems. The visible light band uniquely supports dual functionality by enabling
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Figure 1.2: Electromagnetic spectrum highlighting the optical bands

both illumination and communication via existing LED infrastructure, while the infrared and

ultraviolet bands facilitate highly directional, interference-free links.

1.3 Light Communication Architecture

An end-to-end OWC system that transmits Ethernet data from a server to a remote client
using an optical link is shown in Fig. 1.3. The system consists of digital baseband processing,
transmitter analog front end (Tx-AFE), optical wireless channel, receiver analog front end

(Rx-AFE), and digital signal processing at the receiver.

Figure 1.3: Block diagram of optical wireless communication system
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1.3.1 Digital Baseband and PHY Frame

An Ethernet-connected server generates a binary data stream that is encapsulated into physical
layer (PHY) frames comprising synchronization, payload, and error-correction/detection elds,
where the synchronization enables reliable frame detection and timing recovery, the payload
conveys user information, and the redundancy enhances robustness to channel impairments.
The resulting framed bitstream is then mapped onto a non-negative baseband waveform using
intensity-modulation—compatible schemes such as on-off keying (OOK), pulse-amplitude
modulation (PAM), or orthogonal frequency division multiplexing (OFDM), ensuring suitability

for optical intensity transmission.

1.3.2 Transmitter Analog Front End

The digitally modulated samples are converted into an analog waveform by a digital-to-analog
converter (DAC) and then ampli ed before being applied to an LED or laser diode (LD)
driver. The optical source is biased to operate within its linear region, i.e., between the turn-on
threshold and saturation, ensuring a linear relationship between the emitted optical power and
the injected current while avoiding nonlinear distortion, and clipping at higher modulation

schemes [37, 38]. Under proper biasing, the transmitted optical power can be expressed as

R(t) =Ppc+hi(); (1.1

wherePpc denotes the optical power due to the DC blass the electro—optical conversion

ef ciency, andi(t) represents the modulating electrical current. Accordingly, the Tx-AFE is
designed to provide stable biasing and linear current control, enabling faithful conversion of
the digitally modulated waveform into a high-quality optical signal for reliable, high-data-rate

optical wireless communication.
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1.3.3 Optical Wireless Channel

The modulated optical signal propagates through a free-space optical channel between the
transmitter and the receiver. The channel introduces impairments such as path loss, ambient
light interference, shot noise, shadowing, and misalignment. The received optical power can
be expressed as

R =H(0)Py; (1.2)

whereR is the transmitted optical power akt{0) denotes the channel DC gain, which depends
on the transmitter radiation pattern, propagation distance, and receiver aperture. The channel

DC gain is given by [39]:

(M+1) 50 cosTHT()IWLD a)cosy); 0y ¥y

H(0) = (1.3)
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where the absorption and scattering of light through the atmosphere are gutéd by,
the transmittance at the distaridg from the transmitterf is the irradiance anglg, is the
incidence angley . is the critical incident angle, m is the lambertian orderis the detector's
physical area of the photodiode(¥) is the Iter transmission in the receiver.

An idealized non-imaging concentrator having an internal refractive indexachieves a
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The order m is related to f, by

In2
m = n—: (1.5)
Incosf;-,

1.3.4 Receiver Analog Front End

At the receiver, the incident optical signal is collected by an optical lens that enlarges the
effective aperture and focuses the light onto the photodiode's active area, thereby improving
optical gain and enhancing the received signal-to-noise ratio (SNR). The photodiode converts
the received optical power into an electrical current via the photoelectric effect, with the
generated photocurrent proportional to the incident light intensity. Since the photodiode output
current is typically weak, it is ampli ed and converted into a voltage by a trans-impedance
ampli er (TIA). The TIA plays a pivotal role in the receiver front end, as its gain, bandwidth,
and noise performance directly impact receiver sensitivity and dynamic range, particularly
in high-speed optical wireless systems that demand wide bandwidth and low input-referred
noise. The ampli ed signal is subsequently passed through an analog lIter to suppress out-of-
band components, including high-frequency thermal noise and low-frequency ambient-light
variations, and to mitigate aliasing prior to digitization. The conditioned signal is then sampled
and quantized by an analog-to-digital converter (ADC), whose sampling rate and resolution
are chosen to capture the signal bandwidth and dynamic range accurately. The resulting digital
samples are nally processed by the digital signal processing (DSP) unit for synchronization,

demodulation, channel equalization, and decoding.

1.3.5 Digital Signal Processing and Data Recovery

The digitized signal is processed to perform synchronization, channel equalization, demodu-

lation, and error-correction decoding. The synchronization bits are used to align the receiver
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clock and identify frame boundaries. After decoding, the recovered payload data is delivered

to the client device through an Ethernet interface.

1.4 Research Contribution

To overcome the limitations of conventional optical wireless communication (OWC) systems
and enable practical real-world deployment, it is necessary to address the fundamental chal-
lenges faced by optical receivers. First and foremost, optical receivers operating in ambient
light face the challenge of strong ambient light, resulting in high shot noise. Second, the smaller
size of photodetectors often leads to receiver misalignment or signal power loss. The PD also
requires external power to operate, thereby increasing the receiver's power consumption. The
above-mentioned challenges often require specialized optical arrangements, multiple receiver
units, complex front-end circuitry, and high power consumption, which signi cantly increase
system cost and complexity. These requirements severely limit the scalability and large-scale
deployment of conventional OWC systems, particularly in remote areas, mobile environments,
vehicular scenarios, and outdoor applications.

To address these limitations, this thesis proposes using a solar panel as an optical wireless
communication receiver. A solar panel inherently converts incident optical intensity into an
electrical signal, utilizing ambient light to harvest energy, thereby enabling a uni ed platform
for both communication and power delivery. Unlike conventional photodiode-based receivers,
solar panels possess a large photosensitive area, high optical power handling capability, and
inherent tolerance to strong ambient illumination. These properties enable solar-panel-based
receivers to naturally overcome several critical OWC challenges, including saturation in bright
light, limited eld of view, shadowing, and high receiver cost, making them particularly
attractive for outdoor, vehicular, and large-scale deployments. However, solar panels are not
originally designed for high-speed communication and pose their own challenges, including

limited electrical bandwidth due to large junction capacitance, weak signal conversion in the



Introduction 10

presence of strong DC photocurrent, low frequency response, and a trade-off between energy
harvesting and information decoding. Overcoming these limitations requires specialized circuit
design, signal extraction techniques, and system-level optimization.

The major research contributions of this work include the design, modeling, and experi-
mental validation of solar panel-based optical receivers for robust OWC systems. This thesis
systematically addresses the fundamental limitations of conventional optical wireless receivers

through the following major contributions:

* An experimental framework is developed to validate the feasibility of solar panels as
optical wireless communication receivers. A dedicated bandwidth enhancement circuit
(BEC) (Design 1) is proposed to overcome the intrinsic low-pass response of solar panels
caused by their large junction capacitance. Using a white LED transmitter in an indoor
testbed, this study demonstrates that solar panels can reliably detect intensity-modulated
optical signals, thereby establishing their viability as practical communication receivers.

— Rahul, A. Mitra, A. Srivastava, V. A. Bohara, and D. Solanki, “Experimental
Validation of Optical Wireless Receiver using Solar Panel with Bandwidth Enhancement
Circuit, 2022 IEEE 95th Vehicular Technology Conference (VTC2022-Spring), Helsinki,
Finland, 2022, pp. 1-6, doi:10.1109/VTC2022-Spring54318.2022.9860765.

* An enhanced receiver architecture bandwidth enhancement circuit (Design 2) is intro-
duced to signi cantly improve both bandwidth and sensitivity, enabling extended-range
in indoor visible light communication using solar panels. In addition, the optical trans-
mitter is optimized by incorporating a total internal re ection (TIR) lens on the LED to
improve beam collimation and increase the achievable communication distance.

— Rahul, A. Srivastava, V. A. Bohara, D. Solanki, and A. Mitra, “Demonstration
of Broad-band Data Link over off-the-shelf Solar Module with White LED,” Journal of
Lightwave Technology, 2025, doi:10.1109/JLT.2025.3541831.

—Rahul, V. A. Bohara, A. Mitra, D. Solanki, and A. Srivastava, “Sunlight to Signals:
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Solar Panel as Active Data Receiver’ 17th International Conference on COMmunica-
tion Systems and NETworks (COMSNETS), Bengaluru, India, 2025, pp. 1359-1361,
d0i:10.1109/COMSNETS63942.2025.10885740.

« A simultaneous light information and power transfer (SLIPT) framework is developed in
which the solar panel and BEC (Design 3) simultaneously harvest optical energy and
decode communication signals. This contribution jointly optimizes energy harvesting
and data reception, demonstrating the potential of solar-panel-based receivers for energy-
autonomous optical wireless systems.

— Rahul, V. A. Bohara, A. Mitra, D. Solanki and A. Srivastava, "Experimental
Validation of Simultaneous Power and Data Transfer over Solar Panels for 5G and
Future Network,"” 2024 IEEE Future Networks World Forum (FNWF), Dubai, United
Arab Emirates, 2024, pp. 867-872, doi: 10.1109/FNWF63303. 2024. 11028368.

« A comprehensive comparative evaluation of multiple solar panel con gurations is con-
ducted to re ect practical, real-world deployment scenarios. The impact of different
panel arrangements on bandwidth, sensitivity, signal characteristics, and communication
reliability is quanti ed, providing important design guidelines for scalable solar-panel-
based optical wireless systems.

— Rahul, A. Mitra, V. A. Bohara, A. Srivastava and D. Solanki, "Leveraging Solar
Panels for Light Communication: Analyzing the Role of Con guration in Signal Recep-
tion," 2025 IEEE 26th International Conference on High Performance Switching and
Routing (HPSR), Suita, Osaka, Japan, 2025, pp. 1-3, doi: 10.1109/ HPSR64165. 2025.
11038895.

— Rahul, A. K. Pal, P. Aggarwal, V. A. Bohara, and A. Mitra, “Modeling and
Measurement of Communication Characteristics in Parallel-Con gured Solar Panel

Optical Receivers,” IEEE Transactions on Circuits and Systems, 2026.(Under Review)
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» The proposed receiver architecture is further adapted for outdoor operation by incor-
porating ambient-light suppression techniques that ensure reliable performance under
intense sunlight conditions. Infrared LEDs are used as optical transmitters to improve
energy ef ciency, and experimental validation demonstrates that the solar-panel-based
receiver successfully alleviates dead-zone issues as well as sensitivity to orientation,
misalignment, and partial shading.

— Rahul, A. Mitra, A. Srivastava, V. A. Bohara, and D. Solanki, “Solar Module as
a High-Speed Data Receiver with Ambient Light Suppression in an Outdoor Scenario,’
Optics Letters, 2025, doi:10.1364/0L.545006.

— Rahul, V. A. Bohara, A. Srivastava, D. Solanki, and A. Mitra, “Dead Zone Miti-
gation in Vehicular Platoon via Solar Panel as a Communication Receiver,” IEEE Trans-

actions on Intelligent Transportation Systems, 2025, doi:10.1109/TITS.2025.3627293.

1.5 Other Contributions

Apart from the main contribution mentioned above, the author of this thesis has also contributed

to the following publications.

1. Rahul, S. Chaturvedi, A. Srivastava, V. A. Bohara and A. Mitra, “Energy Management
Strategy for Drone-Based Optical Wireless Communication Network," in Physical

Communication, vol. 76, p. 103075, 2026, doi: 10.1016/j.phycom.2026.103075.

2. D. Solanki, Rahul, A. Mitra, A. Srivastava and V. A. Bohara, “ Long Range High Speed

Optical Wireless Communication Link", submitted to Optics Letters, 2026.

3. A. K. Pal, Rahul, V. A. Bohara, and A. Mitra, “Toward Low-Power Free-Space Optical
Communication over Solar Panel,” Proc. of 19th IEEE ANTS, Delhi, India, 2025.

4. A. K. Pal, Rahul, A. Mitra, and V. A. Bohara, “Mirror-Assisted Non-Line-of-Sight Voice

Communication Over Solar Panels as Receivers for Long-Range Low-Power Links,” 18th
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International Conference on COMmunication Systems and NETworks (COMSNETS),

Bengaluru, India, 2026.

5. Naman Singhal, A. K. Pal, Rahul, V. A. Bohara, and A. Mitra, “A Graphical User
Interface Driven Method for Static and Dynamic Parameter Extraction of Solar Panels
for Optical Communication,” 18th International Conference on COMmunication Systems

and NETworks (COMSNETS), Bengaluru, India, 2026.

1.6 Thesis Organization

The primary objective of this dissertation is to establish commercially available solar panels as
practical optical wireless communication receivers. The research progresses systematically
from establishing the fundamental feasibility of solar-panel-based communication, followed by
bandwidth enhancement, simultaneous information and power transfer, comparative analysis
of different photovoltaic con gurations, and nally outdoor and vehicular communication sce-

narios. Accordingly, Fig. 1.4 illustrates the complete research roadmap. The gure summarizes

Figure 1.4: Research roadmap illustrating the technical ow and inter-chapter relationships of
the dissertation.
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how each chapter contributes to the overall research objective and demonstrates the logical
evolution of the work from fundamental receiver characterization to practical deployment
scenarios. Chapter 2 reviews the existing literature on optical wireless communication systems,
with emphasis on receiver technologies and their limitations. Chapter 3 presents the experimen-
tal validation of solar panels as optical wireless receivers using a bandwidth-enhanced indoor
VLC testbed. Chapter 4 introduces an enhanced receiver and transmitter architecture to extend
indoor communication range and performance. Chapter 5 develops an SLIPT framework using
solar panels. Chapter 6 provides a comparative evaluation of different solar panel con gurations
and their impact on communication performance. Chapter 7 extends the proposed system to
outdoor environments with ambient-light suppression and infrared-based transmission. Finally,

Chapter 8 concludes the thesis and outlines future research directions.

» Appendix A lists the publications resulting from this dissertation.

» References provides the complete list of cited works.



Chapter 2

Background and Related Work

This chapter provides the essential theoretical foundations and technical background necessary
to contextualize the research contributions of this thesis. It reviews the core principles of
optical wireless communication, with particular emphasis on optical receiver architectures
and the emerging paradigm of employing solar panels as optical receivers. Furthermore, the
chapter discusses key aspects of analog front-end design, simultaneous light information and
power transfer, and vehicular optical wireless communication, collectively establishing the

groundwork for the proposed research.

2.1 Rationale and Necessity of Solar Panel-Based Optical
Receivers

OWC consists of multiple building blocks as illustrated in Fig. 2.1. At higher layers, including
medium access control, interference mitigation, mobility support, and networking protocols,
many concepts are analogous to those in RF systems. However, the unique propagation
characteristics of optical channels, such as strong directionality, susceptibility to blockage, and
sensitivity to ambient light, necessitate fundamentally different design approaches.

Importantly, the effectiveness of higher-layer solutions is intrinsically dependent on the
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Figure 2.1: Building blocks of OWC network

lower-layer foundations, namely accurate channel models, ef cient optical front-end systems,
analog front-end, and the underlying optical devices and components. Among these, optical
devices and components are particularly critical, as they directly determine key system-level
parameters such as peak data rates, achievable link distance, and energy ef ciency.

In this context, the receiver plays a pivotal role in enabling reliable and high-performance
OWC systems across diverse application domains. While advances in optical transmitters and
modulation techniques continue to enhance system capabilities, the ultimate performance is
often limited by the receiver's ability to ef ciently convert optical signals into electrical signals

in the presence of ambient light interference, mobility, and hardware constraints. Consequently,
the system-level design and optimization of optical receivers, optical front-end circuits, analog
front-end, and signal processing techniques form the cornerstone of scalable and robust OWC
systems, directly aligning with the layered architecture and domain diversity.

Optical receivers are a fundamental building block of OWC systems, converting the received
optical signal into a usable electrical representation for subsequent processing and decoding.
Unlike RF receivers, optical receivers must operate under stringent constraints imposed by the
physical properties of light, such as unidirectional propagation, susceptibility to blockage, and

strong dependence on environmental illumination. The comparison of conventional optical
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Table 2.1: Comparison of conventional optical receivers based on PIN photodiodes and
avalanche photodiodes (APDs).

Parameter PIN Photodiode Avalanche Photodiode (APD) Refs.

Operating principle  Incident photons absorbed inthe  Operates near reverse breakdown [40-42]
intrinsic region generate electron—holevhere photogenerated carriers

pairs, which drift under a small undergo impact ionization, providing
reverse bias. No internal gain avalanche gain (M 10-100).
M =1).

Receiver sensitivity  Lower sensitivity; thermal noise Typically, 5-10 dB better sensitivity [40, 42]
dominates at low received optical  due to internal gain, although

power. avalanche excess noise limits
performance.
Bandwidth Very high; limited by carrier transit  High but limited by the [40, 42]
time and junction capacitance. gain—bandwidth product.
Active area Typically below 1 mf increasing Generally smaller than PIN [43, 44]
the area increases capacitance and photodiodes to preserve gain
reduces bandwidth. uniformity and speed.
Alignment/FOV Requires accurate alignment or Requires similar or stricter alignment [43, 44]

optical concentrators because of the owing to the smaller active area.
small active area.

Ambient-light Ambient light introduces shot noise Lower tolerance because [43]

tolerance and may saturate the receiver. background-induced shot noise is also
multiplied.

Power consumption Low reverse bias (typically 5 V). Requires high reverse bias (tens to[41, 42]

hundreds of volts) with temperature
compensation.

Receiver Simple receiver consisting mainly of aRequires high-voltage bias, gain [41, 42]

complexity photodiode and TIA. control, and
temperature-compensation circuitry.

Cost Low. Higher owing to the device and [40, 41]
associated circuitry.

Dominant noise Thermal noise. Avalanche excess noise and thermdl0, 42]
noise.

receivers based on PIN photodiodes and avalanche photodiodes (APDS) is presented in the
Table 2.1.

Despite signi cant progress, the design of optical receivers faces several critical challenges.
Solar panels, as optical receivers, can mitigate most challenges and contribute to sustainable,
eco-friendly, and ubiquitous communication design. The comparison of conventional optical
receivers based on PIN photodiodes and avalanche photodiodes (APDs) with a solar panel as

an optical receiver are presented in the Table 2.2.
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Table 2.2: Comparison of conventional photodiode (PIN/APD) receivers and solar-panel-based

receivers.

Criterion

Conventional PIN/APD Receivers

Solar-Panel-Based Receivers Refs.

Primary function

Sensitivity/data rate

Active area / FOV

Alignment
requirement

Ambient light

Power consumption

Receiver
complexity

Cost

Best- t applications

Detection only; requires external
electrical power.

High sensitivity and capable of
multi-Gb/s communication.

Small active area with a relatively
narrow eld of view (FOV); often
requires concentrating optics.
Requires accurate pointing,
acquisition, and tracking.

Acts as an interference source,

Simultaneous light detection and [45, 46]
energy harvesting (SLIPT);
self-powered operation is possible.

Limited bandwidth (typically kHz to [46—48]
tens of MHz) due to large junction
capacitance. Demonstrated data rates
include 11.84 Mb/s using OFDM with

a Si solar panel, 17.05 Mb/s using

DMT with self-reverse biasing, and

up to 0.5 Gb/s using a GaAs

photovoltaic cell.

Large active area (cfrto n?) [44, 49]
providing a wide FOV; lens-free

reception is feasible.

Relaxed alignment due to the large [44, 49]
aperture; more tolerant to mobility,
misalignment, and

atmospheric/oceanic turbulence.

Ambient and solar illumination can be[44, 45]

increasing shot noise; optical ltering harvested as useful energy while

is generally required.

Requires reverse-bias circuitry and Can operate in photovoltaic mode

simultaneously supporting optical
communication.

receiver electronics; APD receivers without external bias, enabling
additionally require high-voltage bias.energy-neutral or energy-positive

Requires photodiode, TIA, bias
circuitry, and optical components;
APD receivers additionally require
gain control and temperature
compensation.

Moderate for PIN receivers and
relatively high for APD receivers.

High-speed indoor VLC/LIiFi, optical
ber communication, and long-range
free-space optical (FSO) links.

operation.

Relatively simple architecture using [47, 48]
passive separation of DC (energy
harvesting) and AC (communication)
components, without high-voltage

circuitry.

Low cost because commercially [44, 47]
available solar panels can be directly
employed as optical receivers.

Energy-autonomous IoT devices, [44, 46, 47,

remote and rural optical backhaul, 49]
underwater optical wireless
communication (UOWC),
satellite—air—-ground—ocean integrated
networks, and vehicular VLC.

[45, 47, 50]
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Figure 2.2: lllustration of the photovoltaic effect and operating principle of a solar panel.
2.2 Solar Panels as Optical Receivers

Solar panels are a cornerstone of renewable energy technologies, enabling the conversion
of optical radiation into electrical energy through the photovoltaic (PV) effect, as shown in
Fig.2.2. Continuous advancements in PV technology have led to signi cant improvements
in ef ciency, durability, and cost-effectiveness, resulting in widespread deployment of solar
panels across diverse applications. Various solar panel technologies exist, including mono-
crystalline, polycrystalline, thin- Im, perovskite, organic, and bifacial structures, each offering
distinct performance characteristics. Fundamentally, solar panels operate by absorbing incident
light within semiconductor materials—typically silicon—where photon absorption generates
electron—hole pairs and produces an electrical current. Importantly, solar panels respond not
only to natural sunlight but also to arti cial light sources. This inherent photo-responsivity
allows solar panels to detect variations in incident optical intensity, thereby extending their
functionality beyond energy harvesting. As a result, solar panels can be repurposed as optical
receivers capable of supporting optical wireless communication, enabling a uni ed platform

for simultaneous energy harvesting and information reception.
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2.2.1 Communication Receivers Using Silicon Solar Panels

Early studies established the feasibility of employing commercial silicon (Si) solar cells as
optical receivers for OWC systems. These works demonstrated that PV panels can detect
modulated optical signals.

Kim and Won B1] rst introduced the concept of using a Si solar cell as a VLC receiver in
2013. Using a white LED transmitter and a commercial Si solar panel, they demonstrated a
data rate of 3 kb/s over a distance of 40 cm. The achievable data rate was primarily limited by
the solar cell's low intrinsic electrical bandwidth (approximately 10 kHz), yet this work laid
the foundation for solar panel-based optical receivers. The feasibility of Si solar panels for
VLC was further demonstrated in application-oriented scenario®Zn4 solar panel-based
VLC receiver was employed in a pipe inspection system to extend the lifetime of sensing nodes.
Experimental results showed reliable communication in both air and water, with bit error rates
of 0.27% and 0.34%, respectively, over a 1-m link. 53][ an indoor positioning system using
a solar panel receiver was experimentally validated. At a transmission distance of 2 m and an
illumination level of approximately 300 lux, a data rate of 2 kb/s was achieved using OOK.
Noise resilience using solar panels was investigate84h fvhere a VLC receiver architecture
exploited the inherent properties of solar panels to suppress ambient light noise caused by
indirect sunlight and arti cial lighting. The system operated at a modulation frequency of
5.78 kHz over a 40 cm link. Bandwidth enhancement techniques for Si solar panel receivers
have also been explored. 154, a parallel resistance loading approach increased the bandwidth
from 70 kHz to 130 kHz, albeit at the cost of a signi cant magnitude response degradation
of approximately 18.37 dB. Comparative studiesif][evaluated photovoltaic modules and
APDs under high ambient light conditions. The results showed that solar panels maintained
reliable communication under sunlight intensities up to 800 Yimhereas APDs saturated
beyond 200 W/rf. The impact of detector type on transmission distance and angular coverage
was studied in%7], where PIN photodiodes, 1 V solar panels, and 5.5 V solar panels were

compared for OWC performance.
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2.2.2 Simultaneous Communication and Energy Harvesting with Silicon

Solar Panels

SLIPT enables concurrent data reception and energy harvesting from the same optical signal. In
solar panel-based SLIPT systems, receiver design must balance harvested power and achievable
communication bandwidth.

In [50], a polycrystalline Si solar panel combined with an external low-pass Iter and am-
pli er was used to demonstrate OFDM-based optical communication in an indoor environment.
A data rate of 7.01 Mb/s was achieved over a short distance of 39 cm and 2.1 mW of power
harvested. Das et al58] demonstrated bidirectional OWC using off-the-shelf lasers and Si
solar panels, achieving data rates up to 8 Mb/s over a 30-m free-space link while harvesting
up to 5 W of optical power. Subsequent studies focused on bandwidth enhancement. Passive
equalization techniques id ] extended the3 dB bandwidth to approximately 300-500 kHz,
but signi cantly reduced the receiver magnitude response48h [everse-biasing the solar
panel improved the bandwidth from 90 kHz to 120 kHz, although the communication distance
was limited to 10 cm. A practical SLIPT implementation was demonstratésbjnWhere a
940-nm laser transmitter enabled simultaneous communication and energy harvesting. The
system achieved a peak throughput of 28.3 Mb/s while harvesting up to 4.5 W using maximum

power point tracking (MPPT), with the harvested energy stored in a 38 Wh lithium-ion battery.

2.2.3 Material-Dependent Solar Panel Optical Receivers

Beyond silicon-based devices, alternative photovoltaic materials have been explored to over-
come bandwidth and ef ciency limitations. Monocrystalline silicon, thin- Im (CdTe, CIGS,
a-Si), lll-V (GaAs), perovskite, and organic PV (OPV), framed around the four physical

parameters that couple PV material choice to communication capability:

1. Junction capacitance / RC bandwidth — sets the 3-dB electrical bandwidth of the cell

acting as a receiver or as a power source feeding a switching regulator.
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2. Spectral responsivity/bandgap — determines quantum ef ciency at the transmitter's

wavelength and hence achievable SNR.

3. Series/shunt resistance and dark current — governs noise oor, ll-factor degradation,

and nonlinear distortion at high modulation frequencies.

4. Temperature coef cient of power (g, %/°C) — governs long-term link-budget stability

under thermal drift, relevant to duty-cycled or continuously transmitting nodes.

Monocrystalline Silicon (mono-Si) Mono-Si has a single continuous lattice with far
fewer grain-boundary recombination centers than polycrystalline material, giving lower series
resistance and higher shunt resistance. This translates into a diedriaree and a lower
thermal-noise contribution. Commercial mono-Si ef ciencies sit around 22—24%, versus lower
gures for multicrystalline material, and mono-Si is the substrate used in most high-speed
solar-cell-as-receiver demonstrations, including an OFDM-based visible-light communication
(VLC) link achieving 11.84 Mbps at a bit error rate (BER)16 10 3 using a standard
solar panel as the receivéd(]. The larger single-crystal grains reduce trap-state density that
would otherwise slow carrier extraction, so mono-Si generally supports a wider communication
bandwidth than poly-Si at comparable cell area and thickness.

Thin-Film: CdTe and CIGS CdTe and CIGS are direct-bandgap compound semicon-
ductors that are strong absorbers, allowing very thin active layers — a CdTe layer is roughly
8 mm thick and a CIGS layer roughly 2m, both deposited on glass via co-evaporation
or MOCVD with monolithic module integratior6fl]. The thinner intrinsic region reduces
junction capacitance per unit area relative to bulk silicon, favorable for bandwidth, but this is
offset by higher series resistance from the polycrystalline compound structure and back-contact
interfaces, which raises the RC time constant and can dominate over the capacitance bene t.
Thin- Im modules use roughly 1% of the semiconductor material required for crystalline
silicon and exhibit lower temperature coef cients, meaning they lose less output in hot climates

— bene cial for link power stability in thermally variable outdoor deploymer@g][ CIGS
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additionally offers mechanical exibility for building-integrated applications, though it has
struggled to reach manufacturing sca@][ Because CdTe/CIGS ef ciency (approximately
22.1% and 23.4%, respectively) trails mono-&3|[ the effective received SNR for a given
illuminance is correspondingly lower unless compensated by a larger active area.

Amorphous Silicon (a-Si) a-Si has a wider, tunable optical bandgap and a much higher
defect-state density (dangling bonds) than crystalline silicon, giving it comparatively poor
carrier mobility and pronounced Staebler—Wronski light-induced degradation. Its ef ciency is
markedly lower, around 14.0968], and the higher trap density increases carrier transit time,
lowering usable modulation bandwidth relative to both mono-Si and CdTe/CIGS. a-Si remains
relevant mainly for low-rate, low-power indoor or building-integrated PV (BIPV) nodes rather
than for high-throughput links. Amorphous silicon thin- Im solar cells were explore®4h [
for ultra-low-power wake-up receivers. The system achieved wake-up distances of up to 14 m
without interference and supported a maximum data rate of 1.12 kb/s.

IlI-V (GaAs and Multijunction) GaAs and related IlI-V cells have the highest carrier
mobility and radiative recombination ef ciency of any PV material system, and correspondingly
the best-documented high-speed performance as simultaneous power/data receivers. This
material system underlies the highest-bandwidth solar-cell communication links reported
to date, including a 0.5 Gb/s OFDM-based laser data-and-power transfed@hkrid a
subsequent 1 Gb/s GaAs VCSEL/photovoltaic liek][ GaAs also has the best thermal
stability of the group, with a temperature coef cient of approximately 0.09%/°C, surpassing
every thin- Im and perovskite alternativé$], making it the material of choice where both
bandwidth and thermal robustness matter — at the cost of very high fabrication cost, which
is why GaAs is generally reserved for space and concentrator-PV applications rather than
terrestrial 10T deployment. In 2018, Fakidis et al. demonstrated a high-speed optical wireless
link using a single-junction GaAs solar cefif]. A data rate of 0.5 Gb/s was achieved over a
2-m OFDM-based laser link, with & dB bandwidth of 24.5 MHz and a power conversion

ef ciency of approximately 42%.
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Perovskite Perovskite solar cells (typically ABhalide structures) combine a tunable,
high-absorption-coef cient bandgap with solution-processable thin Ims, giving ef ciencies
now competitive with mono-Si — laboratory-scale perovskite-silicon tandems have surpassed
33.9% ef ciency, exceeding silicon's theoretical single-junction limit of 29.48 [— and a
sharp spectral response favorable for VLC-type links where the emitter (typically a blue/white
LED) spectrum can be matched to the absorber. Perovskite has already been demonstrated
speci cally for VLC using triple-cation perovskite solar cell8g. However, perovskite's
lonic migration and hysteresis under bias introduce nonlinearity and settling-time effects at
the device level not present in crystalline Si or GaAs, and long-term encapsulation/stability
issues (moisture, thermal cycling) can degrade communication-link consistency over the node’s
operational lifetime, even though instantaneous bandwidth can be high. More recently, triple-
cation perovskite solar cells were optimized for VLC &9]. By adjusting the active layer
thickness, the3 dB bandwidth increased from 114 kHz to 400 kHz, enabling data rates up to
56 Mb/s over a 40 cm free-space link.

Organic Photovoltaics (OPV) OPV cells use conjugated polymer or small-molecule
absorbers with much lower carrier mobility than any inorganic material discussed above,
fundamentally limiting electrical bandwidth. Despite this, organic photovoltaics have been
demonstrated for simultaneous energy harvesting and high-speed MIMO optical wireless
communication 70, showing that careful device and circuit design (e.g., reducing active-layer
thickness to shorten carrier transit time) can partially offset the intrinsic mobility disadvantage.
OPV's principal advantages for communication nodes are mechanical exibility and low-cost
roll-to-roll fabrication, rather than raw bandwidth. Organic photovoltaic receivers were investi-
gated in [/1], where PTB7:PC71BM-based solar cells enabled simultaneous communication
and energy harvesting. Despite a modest PCE of 7%, dB bandwidth of 1.3 MHz sup-
ported a data rate of 34.2 Mb/s over a 1-m link using OFDM. Further investigatio&]in [
demonstrated that the bandwidth of organic photovoltaic (OPV) receivers strongly depends on

shading conditions and operating modes.
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Table 2.3: Comparison of PV material families for optical communication.

Technology PCE Temp. Coeff. Comm. BW  Limiting Factor

Mono-Si 22-24% 0:35to 0:45 Medium—-High Junction capaci-
tance

Poly-Si (baseline) 18-20% 0:40to 0:50 Medium Grain-boundary re-
combination

CdTe 22.1% Lower than c-Si Medium  Series resistance,
back contact

CIGS 23.4% Lower than c-Si Medium  Series resistance,
scale-up variability

a-Si 14.0% Low Low Defect-state trap-
ping, low mobility

GaAs (I11-V) Upto 29% 0:09 Very High High fabrication
cost

Perovskite Upto 29% Moderate High lonic  migration,
hysteresis

OoPV Lower Moderate Low Low carrier mobil-
ity

2.2.4 \Vehicular Applications of Solar Panel Optical Receivers

Vehicular OWC is a promising technology for vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2I) connectivity, leveraging headlights, taillights, and traf ¢ signals as trans-
mitters. However, vehicular environments introduce challenges such as dynamic misalignment,
mobility-induced blockages, ambient light interference, and orientation constraints.

Despite extensive research on solar panel-based VLC systems, vehicular applications
remain largely underexplored. 73], a vehicular VLC system employing a solar panel
receiver achieved a data rate of 24.4 kb/s over a distance of 70 cm, demonstrating initial
feasibility.

Nevertheless, existing studies do not adequately address critical vehicular challenges such
as limited receiver orientation, dead-zone conditions, and rapidly varying channel geometry,
highlighting the need for further investigation into solar panel-based receivers for vehicular

optical wireless communication.
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2.3 Comparison with the State-of-the-Art

Table 2.4 presents a consolidated comparison between the proposed research contributions
and the closest state-of-the-art in solar panel-based optical wireless communication. The table
provides a uni ed overview of the research area'’s evolution by eliminating redundant references
and comparing all relevant works using common performance metrics, including receiver
architecture, communication bandwidth, achievable data rate, communication distance, energy-
harvesting capability, and the primary technical contribution. This consolidated comparison

clearly positions the research presented in this thesis within the existing literature. The earliest

Table 2.4: Comparison of the proposed works with the existing state-of-the-art in solar panel-
based optical communication.

Reference Year Receiver Architecture PV Receiver DataRate Distance 3-dB BW Energy Harvested Major Contribution

[50] 2014 Analog Poly-Si 7.01 Mbps 39cm 350 kHz 2.1 mw First OFDM solar communication

[47] 2015 Passive Equalization Poly-Si 11.84 Mbps 95cm  300-500 kHz 30 mw Passive bandwidth enhancement

[51] 2013 Direct Load Mono-Si 3 kbps 40 cm 10 kHz 1.02 mW Initial solar communication

[66] 2021 MIMO OFDM Organic PV 363 Mbps 40 cm 2.8 MHz 10.9 mW Organic photovoltaic receiver

[48] 2016 Reverse Bias Mono-Si 17.05Mbps  10cm 120 kHz - Bandwidth enhancement using reverse bias
[55] 2018  Parallel Resistance ~ Amorphous  1.25 Mbps 15cm 130 kHz - Bandwidth enhancement

[56] 2020 Analog CIGS 5 Mbps 23cm 40 kHz - Outdoor solar communication

[73] 2023 OOK GaAs/Mono  24.4kbps  110cm 53 kHz - OOK solar communication

|EEE JLT (Chapter 4) 2024 BEC Poly-Si 18.85 Mbps 330 cm 3.27 MHz - Bandwidth enhancement circuit

|IEEE FNWF (Chapter 5) 2024 RC-RL SLIPT Poly-Si 12.4Mbps 200 cm 2.77 MHz 38.4mwW Simultaneous communication and energy harvesting
IEEE T-ITS (Chapter 7) 2025 BEC Poly-Si 17.9 Mbps 200 cm 3.57 MHz - Vehicular communication with blockage and orientation robustness

reported studies primarily established the feasibility of using photovoltaic cells as optical
receivers for visible light communication. Initial demonstrations, suckb#snd [50], veri ed

that commercially available solar panels could receive optical signals while simultaneously
harvesting energy. However, the large junction capacitance of photovoltaic cells restricted the
communication bandwidth to only a few tens or hundreds of kilohertz, thereby limiting the
achievable data rate and communication distance. Subsequent works attempted to alleviate this
limitation using passive equalization, reverse-biased operation, or resistive loading techniques
[47, 48, 55]. Although these approaches improved the communication bandwidth to some
extent, they often suffered from reduced signal magnitude, additional biasing requirements,
or increased receiver complexity. Furthermore, most existing studies focused primarily on
improving communication performance without considering simultaneous energy harvesting

or practical deployment challenges.
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The rst contribution of this thesis (Chapter 4) directly addresses the fundamental band-
width limitation of photovoltaic receivers through the development of a Bandwidth Enhance-
ment Circuit (BEC). Compared with previously reported analog receiver architectures, the
proposed receiver increases the effective communication bandwidth to 3.27 MHz while achiev-
ing a communication distance of 330 cm and a data rate of 18.85 Mbps using a commercially
available white LED transmitter. This represents a substantial improvement over earlier solar
panel-based receivers that employed passive equalization or reverse-biased techniques, and
demonstrates that high-speed optical communication can be achieved without sacri cing the
simplicity of the receiver architecture.

Building upon this communication-oriented receiver, the second contribution (Chapter 5)
extends the receiver functionality to Simultaneous Lightwave Information and Power Transfer
(SLIPT). Existing literature has largely investigated communication enhancement and energy
harvesting independently, with limited emphasis on their interaction. The proposed RC—RL
frequency-selective receiver introduces a passive architecture that simultaneously recovers
the communication signal and harvests optical energy. Experimental investigations further
demonstrate that appropriate selection of the communication and harvesting Iters effectively
isolates the two branches, enabling independent tuning of the communication bandwidth while
maintaining nearly constant harvested power. This constitutes one of the principal contributions
of this thesis, as it experimentally validates the coexistence of high-speed communication and
ef cient energy harvesting using a single photovoltaic receiver.

The third contribution (Chapter 7) further extends the proposed receiver architecture to-
wards practical intelligent transportation system (ITS) applications. While previous studies
were primarily conducted in controlled indoor laboratory environments, the proposed infrared
LED-based communication system addresses several practical challenges associated with
vehicular optical communication, including receiver misalignment, limited orientation, and
partial blockage. Experimental results demonstrate reliable communication for receiver orien-

tations up to50 and under blockage conditions covering up to 90% of the receiver surface,
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while maintaining communication over a 2 m vehicular link. These investigations consid-
erably broaden the practical applicability of photovoltaic communication receivers beyond
conventional point-to-point indoor demonstrations.

Overall, the comparison presented in Table 2.4 demonstrates the systematic progression
of the research carried out in this thesis. Rather than addressing a single performance metric,
each contribution builds upon the previous one to overcome a different limitation identi-
ed in the literature. The research evolves from bandwidth enhancement of photovoltaic
receivers (Chapter 4), to simultaneous communication and energy harvesting through passive
frequency-selective receiver design (Chapter 5), and nally to robust deployment in realistic
vehicular environments using infrared optical communication (Chapter 7). Collectively, these
contributions signi cantly advance the state-of-the-art by demonstrating that commercially
available solar panels can serve as practical self-powered optical receivers capable of supporting
high-speed communication, ef cient energy harvesting, and reliable operation under realistic

deployment conditions.

2.4 Comparison with Dedicated SLIPT Receiver Designs

The literature on simultaneous lightwave information and power transfer (SLIPT) encompasses
a wide range of receiver architectures with substantially different design objectives. While
several studies focus on maximizing communication throughput using custom-designed pho-
tovoltaic devices or dedicated optical receivers, the primary objective of this dissertation is
fundamentally different. Speci cally, this work investigates the communication capability of
commercially available silicon solar panels without requiring any modi cation to the photo-
voltaic device itself. Therefore, direct performance comparisons should be interpreted carefully
because the receiver technologies, optimization objectives, implementation complexity, and

intended application scenarios differ signi cantly.
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To provide a comprehensive perspective, Table 2.5 compares representative SLIPT and
optical wireless communication receivers reported in the literature. The compared works are
grouped into three categories: (i) commercially available off-the-shelf solar panel receivers,
(ii) dedicated or custom-fabricated photovoltaic receivers, and (iii) non-photovoltaic dedicated
SLIPT architectures. This comparison highlights the trade-offs among achievable communica-
tion performance, hardware complexity, manufacturability, and practical deployment.

Table 2.5 demonstrates that the proposed receiver achieves one of the highest communi-
cation data rates reported for commercially available off-the-shelf solar-panel-based optical
receivers. Within the off-the-shelf category, the proposed bandwidth-enhancement circuit
(BEC) enables an unmodi ed polycrystalline silicon solar panel to achieve communication data
rates of 17.9 Mbps using an infrared LED transmitter and 18.85 Mbps using a broadband white
LED transmitter. To the best of the author's knowledge, these represent the highest reported
communication rates achieved using an unmodi ed commercial silicon solar panel operating
simultaneously as an optical receiver and an energy-harvesting device. Earlier off-the-shelf
implementations reported communication rates ranging from only 24.4 kbps to 17.05 Mbps,
with performance primarily limited by the inherently low bandwidth of photovoltaic devices.
Existing approaches generally rely on passive equalization, reverse-bias operation, or low-order
modulation schemes. While reverse bias improves communication bandwidth, it requires an
external power supply, thereby partially compromising the self-powered operation, one of the
key advantages of SLIPT receivers.

In contrast, dedicated or custom-fabricated photovoltaic receivers are speci cally designed
to maximize communication bandwidth rather than preserving compatibility with commer-
cially available photovoltaic modules. For example, GaAs photovoltaic receivers combined
with GaAs VCSEL transmitters have demonstrated communication data rates approaching
1 Gb/s, whereas laboratory-fabricated organic photovoltaic (OPV) receivers have reported
communication rates exceeding 300 Mbps. These impressive results are achieved through

research-grade semiconductor epitaxy, optimized device geometries, millimeter-scale active
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Table 2.5: Comparison of Off-the-Shelf Solar Panel Receivers with Dedicated/Custom SLIPT
Receiver Designs

Reference Receiver Type Optical Data Distance | Off-the- | Key Limitation
Source Rate shelf?
Off-the-shelf solar panel receivers
Chapter 7 Polycrystalline Si + IR LED | 17.9 2m Yes -
BEC (850 nm) Mbps
Chapter 4 Polycrystalline Si + White LED | 18.85 330cm | Yes -
TIR lens + BEC Mbps

Chapter 5 Polycrystalline Si (2 White LED |12.4/2.5/2m Yes Rate-vs-harvested-power
cell sizes) Mbps trade-off

[47] Polycrystalline Si | White LED |11.84 95cm Yes Passive equalization only

Mbps

[48] Monocrystalline Siy White LED | 17.05 10cm Yes Needs external reverse bias;
reverse-biased Mbps very short range

[51] Monocrystalline Si| White LED | 3 kbps 40 cm Yes Early proof-of-concept; no

BW enhancement

[55] Amorphous crys-White LED | 1.25 15¢cm Yes Very short range
talline Mbps

[73] GaAs + Monocryst White LED | 24.4 kbps| 50-110 | Yes No BW enhancement; low
talline cm rate

[58] Polycrystalline Si | White LED | 7.01 39cm Yes No dedicated BW-

Mbps enhancement circuit
[74] CIGS thin Im White LED |5 Mbps |23cm No Custom-grown thin-Im
stack
Dedicated / Custom-Fabricated Photovoltaic Receivers
[46] GaAs PV cell Laser 0.5 Gb/s | Short No Same fabrication con-
(VCSEL bench straints as above
precursor)

[65] GaAs PV cell GaAs VC- 1Gb/s 2m No Research-grade PV epitaxy

SEL (laser) with specialized VCSEL;
mme-scale active area

[70] Organic PV (OPV) | White LED | 363 Mbps| 40 cm No Lab-fabricated organic pho-

tovoltaic cell

[71] Organic solar cell | Laser diode | 34.2 1m No Custom high-speed organic

Mbps photovoltaic fabrication
Non-Photovoltaic / Dedicated SLIPT Architectures

[75] Photodiode-based| VLC/IR Simulation N/A N/A Purely analytical; no hard-
analytical model | (simulated) | only ware validation

[76] Nd:YVO4 gain| 808 nm| Up to| 3 m (20 | No Requires custom laser-
medium + retrorpumplaser |3 Gb/s| FOV) cavity resonator hardware
re ector (sim.)

[77] Coupled spatially Laser (SHGt Simulation-Variable | No Complex bulk optics;
distributed res-based) based laboratory-only demonstra-
onator tion

[78] Nd:YVOy, crystal + 808 nm ber-| Power fo{ Lab No Precision optical bench; not
telescope optics | coupled cused bench a compact receiver

pump

[79] Multicrystalline Si| Laser/LED | Reported| Short- Partial | APD front-end increases
+ avalanche photodi{underwater) via EH/ID | range cost and complexity
ode metrics | UW

[80] 3 3 custom pho-Multiple High- Indoor No Custom photodetector array
todetector array LED beams | throughputbench with optical multiplexing

hardware

Off-the-shelf solar cell requiring an external reverse-bias supply, partially compromising self-powered SLIPT operation.
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areas, specialized laser transmitters, and custom fabrication processes not available in commer-
cially manufactured solar panels. Consequently, although these systems demonstrate the upper
performance limits of photovoltaic communication receivers, they cannot be directly compared
with low-cost commercial silicon solar panels in terms of manufacturing cost, scalability, ease

of deployment, or compatibility with practical energy-harvesting applications.

Similarly, non-photovoltaic dedicated SLIPT architectures, including resonant-beam sys-
tems, coupled optical cavities, avalanche-photodiode-assisted receivers, and custom multi-
photodetector arrays, pursue fundamentally different design objectives. These systems typically
aim to maximize wireless power-transfer ef ciency, achieve long-range energy delivery, enable
self-alignment, or support high-capacity, multiplexed optical communication through sophisti-
cated optical components. Such architectures generally require precision optical alignment,
laser resonators, telescope optics, avalanche photodiodes, or custom photodetector arrays,
resulting in signi cantly greater hardware complexity than commercially available solar-panel
receivers. While these approaches provide excellent communication performance for their
intended applications, they are not directly comparable to the simple single-panel receiver
architecture investigated in this dissertation, particularly with respect to deployment cost,
implementation complexity, misalignment tolerance, and large-area optical energy harvesting.

Overall, the comparison presented in Table 2.5 illustrates that communication performance
should not be evaluated solely on the basis of the maximum achievable data rate. Dedicated
receiver architectures achieve substantially higher throughput by employing specialized pho-
tovoltaic devices and sophisticated optical hardware, whereas the proposed receiver retains
the practical advantages of commercially available silicon solar panels, including low cost,
self-powered operation, large optical collection area, mechanical robustness, and tolerance
to optical misalignment and partial shading. Consequently, although the proposed receiver
does not match the gigabit-per-second performance of dedicated laboratory prototypes, it
signi cantly narrows the performance gap while preserving the characteristics that make com-

mercial solar panels attractive for practical SLIPT applications, including vehicular visible-light
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communication, intelligent transportation systems, and energy-constrained Internet of Things

deployments.

Summary

This chapter reviewed the state of the art in solar panel-based optical receivers for VLC and
OWC systems. Early studies demonstrated the feasibility of using silicon solar cells as low-cost
communication receivers, highlighting their robustness to strong ambient light at the expense of
limited electrical bandwidth. Subsequent works investigated simultaneous communication and
energy harvesting through SLIPT frameworks, revealing inherent trade-offs between harvested
power, receiver sensitivity, and achievable data rate. To overcome the intrinsic limitations
of silicon devices, several studies explored alternative photovoltaic materials such as GaAs,
organic, amorphous silicon, and perovskite solar cells, achieving higher bandwidths and data
rates under controlled laboratory conditions.

However, most existing solutions rely on specialized photovoltaic materials, short-range
indoor testbeds, or reverse-biased, custom-fabricated devices, thereby limiting their practical
deployability. In particular, the design of ef cient analog front-end architectures tailored
to commercially available and widely deployed silicon solar panels, in conjunction with
off-the-shelf LED transmitters, remains largely underexplored. Furthermore, prior works
predominantly focus on static scenarios and do not adequately address challenges arising in
dynamic environments.

These limitations are especially pronounced in vehicular optical wireless communication,
where receiver orientation, mobility-induced misalignment, and dead-zone effects critically
impact link reliability. Addressing these gaps motivates the development of novel analog
receiver designs that enhance the communication bandwidth of commercial silicon solar panels
while preserving energy harvesting capability, thereby enabling practical, low-cost, and scalable

optical wireless systems for real-world vehicular applications.



Chapter 3

Experimental Validation of Optical Wireless

Receilver over Solar Panel

Motivated by the limited bandwidth and poor practical deployability of existing solar panel-
based receivers, this chapter presents a novel analog front-end design for commercially available
silicon solar panels using off-the-shelf LEDs, and investigates bandwidth enhancement under

varying distance, received optical power, and frequency- and time-domain operating conditions.

3.1 Motivation

Solar cells may use electromagnetic radiation from lasers, LEDs, and sunlight to create
electrical energy. To enable communication over a solar panel, it should respond to high-
frequency signals that switch between high and low (peak-to-peak) values. Also, optical
communication is affected by ambient light, resulting in increased shot noise and clipping
of the retrieved analog signal. As the solar panels are not designed to respond to such a

high-frequency signal, there is a need for external circuitry to enhance this response.
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3.2 Chapter Contributions

The main contributions of this chapter are summarized as follows:

* A robust analog front-end architecture is proposed to suppress the adverse impact of
ambient light originating from surrounding natural and arti cial illumination sources.
The design effectively mitigates the dominant direct current (DC) and low-frequency
components induced by ambient light, thereby preventing receiver saturation and im-
proving the signal-to-noise ratio of the information-bearing optical signal under varying

illumination conditions.

* An active lter—based bandwidth enhancement technique is developed to overcome the
intrinsic low-pass characteristics of solar panels. By proper selection of load resistance
and Iter components, the effective 3-dB bandwidth of the solar panel receiver is signi -
cantly extended, enabling higher data rates and improved modulation support in solar

panel-based optical communication systems.

3.3 Fundamentals of Solar Panel as a Communication Re-
ceiver

Solar panels convert every incoming optical signal to its electrical equivalent, irrespective of
signal behavior (DC or AC). The response to a time-varying signal depends on the receiver
bandwidth. In this section, we will discuss the fundamental principles of solar as a receiver

and the challenges.

3.3.1 Principle of Operation for a Solar Panel

Traditionally, solar modules are primarily used for optical energy harvesting. Their electrical

behavior under steady illumination is well described using a well-established DC equivalent
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circuit model B1, 82], as illustrated in Fig. 3.1. When incident optical radiation impinges

on the solar module, it generates a photocurrgst)(proportional to the received optical
intensity. One of the key parameters governing the magnitude of the generated photocurrent is
the responsivityn() of the solar module, which relates the incident optical power to the output

electrical current.

Figure 3.1: DC model of solar module.

The generated photocurrent ows through the internal elements of the solar module,
including the diode and parasitic resistances, while the remaining current is delivered to
the external load. Based on the single-diode equivalent circuit, the current—vdkae (

relationship of the solar module can be expressed as

V +IR
I=lpy | ¢ Wsr; (3.1)
where the diode curreny Is given by
_ V +IRg )
lg=1lo exp ya 1 (3.2)

From (3.1), it is evident that the relationship between the output curreand voltage
(V) is nonlinear. In this model, the photocurrent souligg is connected in parallel with
the diode, whose forward conduction current is denotetybyn practical solar modules,
non-idealities arise due to parasitic resistive elements. The series resiftahee¢ounts
for losses associated with metallic contacts, interconnections, and solder bonds, whereas the

shunt resistancdR{y,) represents leakage paths across the p—n jund@i@n The parameter
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lop denotes the diode reverse saturation curmergpresents the number of series-connected
cells within the moduleyy is the thermal voltage of the diode, aRd,gq is the external load

resistance.

Figure 3.2: AC model of solar module.

While the DC model accurately captures the energy-harvesting behavior, it is insuf cient to
characterize the solar module's dynamic response to rapidly varying optical signals. Therefore,
to analyze the alternating current (AC) behavior relevant to optical communication, a small-
signal communication model is employed, as shown in Fig. &4 [n this model, the diode
present in the DC equivalent circuit is replaced by its small-signal representation, comprising
a junction capacitance&lf in parallel with an equivalent resistanag.( Consequently, the

dynamic response of the solar module can be characterized by a time constant given by

t=Cr. (3.3)

The junction capacitance plays a dominant role in limiting the temporal response of the
solar module. A higher capacitance results in slower rise and fall times in response to variations
in incident optical intensity, thereby limiting the effective switching speed of the solar module.
As a result, conventional solar panels typically exhibit bandwidths limited to a few tens of
kilohertz.

When intensity-modulated optical signals impinge on the solar module, both DC and AC
components are generated across the load resistance. The DC compQmentgsponds to
the average optical power and can be utilized for energy harvesting, whereas the AC component

(v(w)) carries the modulated information signal. In receiver architectures, the selection of
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load resistance plays an important role. The overall output voltage of the solar module can be
expressed as

Vout =V +v(w); (3.4)
where the DC component is given by

V +IRg
Rsh

V= lpu | g Rioad; (3.5)

and the small-signal AC voltage response is expressed as

RI oad

_ Ricad*+Rsr : .
= - : 3.6
VW) = I TWE + 1=Ren+ 15(Rer * Rioa) ") (36

Here,w denotes the angular frequency of the incident optical signali(arjdrepresents

the information-bearing component of the generated photocurrent.

3.3.2 Impact of Load Selection

The electrical current generated by the solar panel must ow through an external load to
produce a measurable output voltage. As an initial and fundamental choice, a purely resistive
load is considered. The value of this resistive load plays a crucial role in determining the
voltage developed across the solar panel and, consequently, the overall receiver performance.
The selection of the load resistance is particularly critical, as it directly in uences both the
signal amplitude and the frequency response of the solar module. Speci cally, the following

trade-offs are observed:

* Anincrease in the load resistance results in a higher peak-to-peak output voltage, thereby

improving the received signal strength.

» A higher load resistance leads to a reduction in the 3-dB bandwidth of the solar module

due to the increased effective RC time constant.
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* Anincrease in the load resistance also enhances the DC voltage component across the
solar panel, which is bene cial for energy harvesting but may saturate subsequent signal

conditioning stages.

These observations highlight the inherent trade-off between signal strength, bandwidth,
and DC operating point, emphasizing the need for careful load selection or adaptive circuitry
in solar panel-based optical receivers. To understand better, we have considered only the
communication model of the solar panel as shown in Fig. 3.2. The overall impedance response

of the solar panel is derived as:

V(W) — (Rioad*Rsr)
i(w) 1=r+ jwC +1=Rgp+ 1=(Rsr + Rjoad)

(3.7)

An increase in the switching frequency) leads to a rise in the effective capacitive
impedance of the solar panel, which in turn reduces the voltage response across the load.
One straightforward approach to enhance the output voltage is to increase the load resistance.
However, this approach is subject to inherent limitations.

First, increasing the resistive load raises the overall impedance gain of the system. Since
gain and bandwidth are inversely related, an improvement in voltage gain results in a pro-
portional reduction in the available bandwidth, and vice versa. Consequently, higher load
resistance limits the high-frequency response of the solar panel.

Second, the DC voltage component across the load increases proportionally with the load
resistance. While this may be advantageous for energy harvesting, it can drive the operating
point toward saturation and degrade the dynamic range of the communication signal. These
analytical observations are further corroborated through experimental validation, as illustrated

in Fig. 3.3.
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