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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 briefly 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 traffic driven by bandwidth-hungry applications such as
high-definition 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 intensified 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 significant attention as a complementary
technology to RF communication systems. Operating in the unlicensed visible spectrum
spanning 400-800 THz [1-3], VLC offers orders-of-magnitude higher available bandwidth
compared to RF [3, 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 802.11bb [6], 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 efficiency, long operational lifetimes, and the ability
to support data rates approaching 1 Gbps under controlled conditions [7-10]. The dual use
of LEDs for both lighting and communication [11-13] significantly reduces infrastructure
costs and enhances energy efficiency, aligning VLC with sustainable networking goals [14—-18].
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 characteristics [19-23].
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 significant 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 significantly 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-sufficient 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 fires, semaphore systems, and mirror-based heliographs. A major scientific milestone
was achieved in 1880 when Alexander Graham Bell demonstrated the photophone, enabling

wireless voice transmission using modulated sunlight, as shown in Fig. 1.1 [24]. This invention
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Figure 1.1: Sound by light

is widely regarded as the conceptual foundation of modern optical wireless communication [25].
The field progressed significantly 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 links [26—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 transmission [32—35]. 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 bands [25]. 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.

Ethernet
) Phy | | Modulation —| TxAFE |—| LED/LD

——— Frame
Server 7 Y 7 Y
/ kN ! \
L. Error
Synchro_nlsatlon Ethernet Correction Er_ror _ DAC |—»| Pone_r L LEI?/LD .
Bits Payload Bits Detection Bits amplifier Driver || Optical Channel
Ethernet Digital .
@ |- g .. [*—| RxAFE Photodiode
—— Processing unit
Client / \ Optical

Lens

.

DAC [+ AnalogFilter [«— TIA

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 fields,
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 amplified 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

P.(t) = Poc +1i(t), (1.1)

where Ppc denotes the optical power due to the DC bias, 1 is the electro—optical conversion
efficiency, and i(r) 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

P.=H(0)P, (1.2)

where P, is the transmitted optical power and H (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)2;‘;,3 cos”(9)T;(y)g(y)t(Da)cos(y), 0<y<y
H(0) = (1.3)

0, v >y,

\

where the absorption and scattering of light through the atmosphere are figured by (D),
the transmittance at the distance D, from the transmitter. ¢ is the irradiance angle, y is the
incidence angle, Y, is the critical incident angle, m is the lambertian order. A, is the detector’s
physical area of the photodiode, T;(y) is the filter transmission in the receiver.

An idealized non-imaging concentrator having an internal refractive index of n achieves a

gain

N

O<y <y

sin® v’

g(y) = (1.4)

0, v >y,
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The order m is related to ¢y, by

In2
m=———" (1.5)
Incos ¢ 2

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 amplified and converted into a voltage by a trans-impedance
amplifier (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 amplified signal is subsequently passed through an analog filter 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 finally 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 significantly 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 unified 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 field 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
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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 (VIC2022-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 significantly 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 reflection (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,
doi: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. 11028868.

* A comprehensive comparative evaluation of multiple solar panel configurations is con-
ducted to reflect practical, real-world deployment scenarios. The impact of different
panel arrangements on bandwidth, sensitivity, signal characteristics, and communication
reliability is quantified, 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 Configuration 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-Configured 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 efficiency, 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:10.1364/0OL.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,” /8th
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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 configurations, and finally outdoor and vehicular communication sce-

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

To establish commercially available solar panels as practical optical wireless
communication receivers for sustainable communication systems.
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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 configurations
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

OWOC 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, efficient 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 efficiency.

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 efficiently 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 in the Operates near reverse breakdown [40-42]
intrinsic region generate electron-hole =~ where 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 mm?; 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 a  Requires 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 thermal [40, 42]
noise.

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

Despite significant 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 Detection only; requires external Simultaneous light detection and [45, 46]
electrical power. energy harvesting (SLIPT);
self-powered operation is possible.
Sensitivity/data rate  High sensitivity and capable of Limited bandwidth (typically kHz to  [46-48]
multi-Gb/s communication. 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.
Active area / FOV Small active area with a relatively Large active area (cm? to m?) [44, 49]
narrow field of view (FOV); often providing a wide FOV; lens-free
requires concentrating optics. reception is feasible.
Alignment Requires accurate pointing, Relaxed alignment due to the large [44, 49]
requirement acquisition, and tracking. aperture; more tolerant to mobility,
misalignment, and
atmospheric/oceanic turbulence.
Ambient light Acts as an interference source, Ambient and solar illumination can be  [44, 45]
increasing shot noise; optical filtering harvested as useful energy while
is generally required. simultaneously supporting optical
communication.
Power consumption Requires reverse-bias circuitry and Can operate in photovoltaic mode [45, 47, 50]
receiver electronics; APD receivers without external bias, enabling
additionally require high-voltage bias. energy-neutral or energy-positive
operation.
Receiver Requires photodiode, TIA, bias Relatively simple architecture using [47, 48]
complexity circuitry, and optical components; passive separation of DC (energy
APD receivers additionally require harvesting) and AC (communication)
gain control and temperature components, without high-voltage
compensation. circuitry.
Cost Moderate for PIN receivers and Low cost because commercially [44, 47]
relatively high for APD receivers. available solar panels can be directly
employed as optical receivers.
Best-fit applications High-speed indoor VLC/LiFi, optical ~ Energy-autonomous IoT devices, [44, 46, 47,
fiber communication, and long-range  remote and rural optical backhaul, 49]

free-space optical (FSO) links.

underwater optical wireless
communication (UOWC),
satellite—air—ground—ocean integrated
networks, and vehicular VLC.
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Figure 2.2: Illustration 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 significant improvements
in efficiency, durability, and cost-effectiveness, resulting in widespread deployment of solar
panels across diverse applications. Various solar panel technologies exist, including mono-
crystalline, polycrystalline, thin-film, 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 artificial 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 unified 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 [51] first 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 scenarios. In [52], a 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. In [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 investigated in [54], where a VLC receiver architecture
exploited the inherent properties of solar panels to suppress ambient light noise caused by
indirect sunlight and artificial 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. In [55], a parallel resistance loading approach increased the bandwidth
from 70 kHz to 130 kHz, albeit at the cost of a significant magnitude response degradation
of approximately 18.37 dB. Comparative studies in [56] 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 W/m?2, whereas APDs saturated
beyond 200 W/m?. The impact of detector type on transmission distance and angular coverage
was studied in [57], 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 filter and am-
plifier 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 al. [58] 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 in [47] extended the —3 dB bandwidth to approximately 300-500 kHz,
but significantly reduced the receiver magnitude response. In [48], reverse-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 demonstrated in [59], where 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 efficiency limitations. Monocrystalline silicon, thin-film (CdTe, CIGS,
a-S1), III-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 efficiency at the transmitter’s

wavelength and hence achievable SNR.

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

and nonlinear distortion at high modulation frequencies.

4. Temperature coefficient of power (Y, %/°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 cleaner /-V knee and a lower
thermal-noise contribution. Commercial mono-Si efficiencies sit around 22-24%, versus lower
figures 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) of 1.6 x 1073 using a standard
solar panel as the receiver [60]. 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 um thick and a CIGS layer roughly 2 um, both deposited on glass via co-evaporation
or MOCVD with monolithic module integration [61]. 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 benefit.
Thin-film modules use roughly 1% of the semiconductor material required for crystalline
silicon and exhibit lower temperature coefficients, meaning they lose less output in hot climates

— beneficial for link power stability in thermally variable outdoor deployments [62]. CIGS
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additionally offers mechanical flexibility for building-integrated applications, though it has
struggled to reach manufacturing scale [62]. Because CdTe/CIGS efficiency (approximately
22.1% and 23.4%, respectively) trails mono-Si [63], 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 efficiency is
markedly lower, around 14.0% [63], 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-film solar cells were explored in [64]
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.

III-V (GaAs and Multijunction) GaAs and related III-V cells have the highest carrier
mobility and radiative recombination efficiency 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 transfer link [46] and a
subsequent 1 Gb/s GaAs VCSEL/photovoltaic link [65]. GaAs also has the best thermal
stability of the group, with a temperature coefficient of approximately 0.09%/°C, surpassing
every thin-film and perovskite alternative [63], 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 IoT deployment. In 2018, Fakidis et al. demonstrated a high-speed optical wireless
link using a single-junction GaAs solar cell [66]. A data rate of 0.5 Gb/s was achieved over a
2-m OFDM-based laser link, with a —3 dB bandwidth of 24.5 MHz and a power conversion

efficiency of approximately 42%.
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Perovskite Perovskite solar cells (typically ABX3 halide structures) combine a tunable,
high-absorption-coefficient bandgap with solution-processable thin films, giving efficiencies
now competitive with mono-Si — laboratory-scale perovskite-silicon tandems have surpassed
33.9% efficiency, exceeding silicon’s theoretical single-junction limit of 29.4% [67] — 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
specifically for VLC using triple-cation perovskite solar cells [68]. However, perovskite’s
ionic 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 in [69]. By adjusting the active layer
thickness, the —3 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 flexibility and low-cost
roll-to-roll fabrication, rather than raw bandwidth. Organic photovoltaic receivers were investi-
gated in [71], where PTB7:PC71BM-based solar cells enabled simultaneous communication
and energy harvesting. Despite a modest PCE of 7%, a —3 dB bandwidth of 1.3 MHz sup-
ported a data rate of 34.2 Mb/s over a 1-m link using OFDM. Further investigations in [72]
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% —0.40 to —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 (III-V) Up to ~29% ~ —0.09 Very High High fabrication
cost

Perovskite Up to ~29% Moderate High Ionic  migration,
hysteresis

opPV Lower Moderate Low Low carrier mobil-
1ty

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 traffic 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. In [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 unified 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 39 cm 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 17.05 Mbps 10 cm 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 23 cm 40 kHz - Outdoor solar communication

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

IEEE 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 124 Mbps 200 cm 2.77 MHz 384 mW 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, such as [51] and [50], verified
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 first 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 sacrificing 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 filters 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
efficient 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 to =50° 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-
fied 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 finally to robust deployment in realistic
vehicular environments using infrared optical communication (Chapter 7). Collectively, these
contributions significantly 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, efficient 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. Specifically, this work investigates the communication capability of
commercially available silicon solar panels without requiring any modification 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 significantly.
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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,
(i1) 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 unmodified 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 unmodified 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 specifically 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 | 18.85 330 cm Yes -
TIR lens + BEC Mbps

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

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

Mbps

[48] Monocrystalline Si, | White LED | 17.05 10 cm 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 + Monocrys-| White LED | 24.4 kbps | 50-110 Yes No BW enhancement; low
talline cm rate

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

Mbps enhancement circuit
[74] CIGS thin film White LED | 5 Mbps 23 cm No Custom-grown  thin-film
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;
mm-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 I m 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:YVO, gain | 808 nm | Up to|3 m (20° | No Requires custom laser-
medium + retro-| pump laser |3  Gb/s | FOV) cavity resonator hardware
reflector (sim.)

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

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

pump

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

[80] 3x3 custom pho-| Multiple High- Indoor No Custom photodetector array
todetector array LED beams | throughput| bench 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 efficiency, 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 significantly 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
significantly 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 efficient 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

Experimental Validation of Optical Wireless

Receiver 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 artificial 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 filter—based bandwidth enhancement technique is developed to overcome the
intrinsic low-pass characteristics of solar panels. By proper selection of load resistance
and filter components, the effective 3-dB bandwidth of the solar panel receiver is signifi-
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 [81, 82], as illustrated in Fig. 3.1. When incident optical radiation impinges
on the solar module, it generates a photocurrent (/py) proportional to the received optical
intensity. One of the key parameters governing the magnitude of the generated photocurrent is
the responsivity (p) of the solar module, which relates the incident optical power to the output

electrical current.
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Figure 3.1: DC model of solar module.

The generated photocurrent flows 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—voltage (I-V)

relationship of the solar module can be expressed as

V + IRy,
I=lIpy Iy, (3.1)
Ry
where the diode current /; is given by
V+IR
=1 (exp [g] — 1) . (3.2)
nVr

From (3.1), it is evident that the relationship between the output current (/) and voltage
(V) is nonlinear. In this model, the photocurrent source Ipy is connected in parallel with
the diode, whose forward conduction current is denoted by /;. In practical solar modules,
non-idealities arise due to parasitic resistive elements. The series resistance (Rg,) accounts
for losses associated with metallic contacts, interconnections, and solder bonds, whereas the

shunt resistance (Ry;,) represents leakage paths across the p—n junction [83]. The parameter
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Ip denotes the diode reverse saturation current, n represents the number of series-connected
cells within the module, V7 is the thermal voltage of the diode, and R;,,4 is the external load

resistance.
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Figure 3.2: AC model of solar module.

While the DC model accurately captures the energy-harvesting behavior, it is insufficient 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. 3.2 [84]. In this model, the diode
present in the DC equivalent circuit is replaced by its small-signal representation, comprising
a junction capacitance (C) in parallel with an equivalent resistance (r). Consequently, the

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

T=C-r. (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 component (V') corresponds 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

Vour =V +v(m), (3.4)
where the DC component is given by

V +1IR,
V= |Ipy —1; — R—” Rioad, (3.5)
sh

and the small-signal AC voltage response is expressed as

Rl oad

Rloud+RSV ]
. o). 3.6
V( ) 1/r+jwc+1/Rsh+1/(Rsr+Rload> l< ) ( )

Here, w denotes the angular frequency of the incident optical signal, and i(®) represents

the information-bearing component of the generated photocurrent.

3.3.2 Impact of Load Selection

The electrical current generated by the solar panel must flow 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 influences both the
signal amplitude and the frequency response of the solar module. Specifically, 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.



Experimental Validation of Optical Wireless Receiver over Solar Panel 38

* An increase in the load resistance also enhances the DC voltage component across the
solar panel, which is beneficial 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:

Ripad
V( w) (Rload +R.Yr)

i(®)  1/r+joC+1/Ry+1/(Ry+ Rioad)

(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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Figure 3.3: Raw solar module frequency response

3.4 Analog Receiver Design and Analytical Framework

To overcome the limitations associated with a purely resistive load, an analog front-end circuitry,

referred to as the Bandwidth Enhancement Circuit, 1s designed. In this work, the focus is

restricted to enhancing the communication capability of the solar panel, while the impact

on energy harvesting is considered separately. Fig. 3.4 illustrates the modified solar receiver

architecture incorporating the proposed BEC.

RS]‘
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G gt 3

2

" Bandwidth enhancement circuit

Figure 3.4: Solar panel with bandwidth enhancement circuit.

In an OOK modulation scheme, reliable detection at the receiver requires a clear distinction

between the high- and low-power levels of the incident optical signal. However, when a solar

panel is employed as the optical receiver, its inherently limited bandwidth imposes significant

constraints on this detection process. Owing to the restricted 3-dB bandwidth, the peak-to-peak
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amplitude of the received electrical signal is severely attenuated. Furthermore, the dominant
junction capacitance of the solar panel results in increased rise and fall times, thereby degrading
the temporal response of the detected waveform.

As the switching frequency of the transmitted signal increases, these impairments become
more pronounced, leading to substantial waveform distortion. In particular, duty-cycle dis-
tortion emerges as a critical issue, causing overlap between logic-high and logic-low levels.
This degradation significantly reduces the reliability of threshold-based detection and poses
a major challenge for achieving robust, high-speed communication using solar panel-based
OOK receivers.

To mitigate these limitations, the incorporation of external signal-conditioning circuitry, an
equalizer is essential. The primary role of the equalizer is to compensate for the bandwidth
constraints imposed by the solar panel by extending the effective 3-dB bandwidth and improving
the rise and fall times of the received signal. By reshaping the frequency response of the receiver,
the equalizer enhances the separation between logic levels, thereby improving detection
accuracy and overall communication reliability.

The complete receiver architecture consists of three main components: the solar panel, an
equalizer, and a non-inverting amplifier. For the purpose of analysis and design simplicity, the
equalizer and the non-inverting amplifier are collectively treated as a single functional block,
termed the Bandwidth Enhancement Circuit. This abstraction facilitates a clearer evaluation of
the performance improvements achieved through bandwidth extension and signal conditioning.

The BEC is specifically designed to process only the AC component of the photocurrent
generated by the solar panel. At the input stage, the circuitry effectively suppresses the DC
component, which primarily corresponds to harvested optical energy. Since the DC component
is responsible for powering external loads or charging energy storage elements, isolating it
ensures that the energy-harvesting capability of the solar panel remains unaffected. As a
result, the proposed BEC enhances the communication performance of the receiver without

compromising the inherent energy-harvesting functionality of the solar panel.



Experimental Validation of Optical Wireless Receiver over Solar Panel 41

The mathematical analysis of the Fig. 3.4 is as follows:

R
i _ (R1+1Rsr) (3.8)
I 1/r+joC+1/Rg+1/(Ry+R)) '
Vs Ry
e S 3.9
Vi Ry, + (1/SC2) -9
As the circuit is having negative feedback, from virtual ground concept: Vo= V3
V4 R3
—=14— 3.10
V3 * Rs ( )
% R
5= (3.11)
Va R4—+Rg
Vour R
=1+ 3.12
Ve + a (3.12)

Here, V,,; = v(®)

from equation (3.11), equation (3.12) and from virtual ground concept (Vs = V)

Vout R4 R6
= A1+ = 3.13

from equation (3.9), equation (3.10) and equation (3.13)

Vout . R4 IE & RZ
e () (o) () () o

from equation (3.8) and equation (3.13)

R
Vour _ RitR,) Re \ (1 R (|, R Ry
1 1/r+joC+1/Rg,+1/(Rs+R1) ) \Rs+Rg ) Rs |’ Ry | '\ Ry+(1/sC5)

(3.15)
The modified receiver transfer function is given in (3.15). The overall system response includes
the solar panel response in cascade with the response of BEC. Parameters for the designed

analog circuit are as follows: R} =200 Q, Ry = 100 Q, C; = 10 nF and op-amps are operating

)
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at five times gain. The frequency response and the time response of the designed receiver are

described in the results section.

3.5 Experiment Setup

A 5 W polycrystalline solar panel is employed as the optical receiver for the experimental
evaluation. The key electrical and physical parameters of the solar panel are summarized
in Table 3.1. To assess the performance of the solar panel receiver both with and without

the proposed BEC, experiments are conducted using the communication setup illustrated in

Fig. 3.5.
[ AWG ]:>[ Bias Tec ]:>' LED Panel ]
Rigol DG 4202 | TIR Lens
) Optical
DC Power Supply
[ Keysight E3631A Channel /
DSO Resistive load/ Passive Solar
Rigol DS1102E equalizer/BEC Module
Figure 3.5: Block diagram of the communication setup.
Table 3.1: Solar panel parameters Table 3.2: LED panel parameters
Parameter Parameter
Parameters Parameters
values values
Number of cells 18 (9 x2) Number of LEDs 24
Open-circuit voltage (V,.) | 11.24 V Electrical power 144W
Short-circuit current () | 0.64 A Transmission distance I m
Rated voltage (Vi) 923V Average optical illuminance
1800 lux
Rated current (7)) 0.56 A at solar panel
Module efficiency (1) 8.55% Ambient light at solar panel | 130 lux

The experimental setup consists of an arbitrary waveform generator (AWG), an LED
driver circuit, a panel comprising 24 LEDs, a 5 W solar panel, the proposed BEC, and an

oscilloscope for signal observation and analysis. All experiments are carried out under ambient
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room lighting conditions with an illuminance level of approximately 130 lux. The employed
solar panel comprises 18 cells arranged in a 9 x 2 configuration. The remaining experimental
parameters related to the optical transmitter and illumination conditions are listed in Table 3.2.

The physical realization of the experimental testbed is shown in Fig. 3.6. The separation
distance between the LED transmitter panel and the solar panel receiver is maintained at 1 m
throughout the experiments. The receiver unit comprises the solar panel, the proposed BEC,
DSP board for processing the received electrical signal, and a laptop for data acquisition and

analysis.
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Board Module Panel Board

Transmitter Unit
2 = N\ :
Photodetector 5
for Uplink
‘/ OOK Transmission board
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Equalizer

White LED Panel

OOK DSP
Board

Figure 3.6: Experimental setup.

3.6 Performance Analysis

This section evaluates the performance of the proposed solar panel-based optical receiver

with and without the BEC. The analysis focuses on the frequency-domain and time-domain
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characteristics, packet-level communication reliability, and the impact of transmitted optical

power on system performance.

3.6.1 Frequency and Time Response

Solar panels are primarily designed to maximize energy-harvesting efficiency rather than
high-speed signal detection [44, 85, 86]. Consequently, their electrical characteristics are
optimized for low-frequency operation, and their effective bandwidth is typically limited to
a few kilohertz. In this work, the measured 3-dB bandwidth of the employed solar panel is
163 kHz, as shown in Fig. 3.7. Experimental results further reveal that the solar panel can
support communication signals up to approximately 400 kHz. Beyond this frequency, the
peak-to-peak amplitude of the received signal is severely attenuated, and the temporal integrity
of the waveform deteriorates due to pronounced distortion, as illustrated in Fig. 3.8.

Another inherent property of solar panels is their ability to pass both the DC and time-
varying alternating current AC components of the incident optical signal. As a result, the
electrical output of the solar panel comprises a strong DC offset superimposed on the modulated
AC signal. This dominant DC component can drive subsequent signal-processing stages
into saturation, thereby reducing the effective dynamic range available for communication
signals. Such saturation significantly complicates the reliable discrimination between logic-low
and logic-high levels, ultimately limiting the achievable data rate and degrading the overall
performance of the optical communication link.

For reliable data recovery at the receiver, it is essential that the received signal exhibits a
sufficiently large peak-to-peak voltage to enable accurate threshold-based detection. However,
the presence of a dominant DC component in the solar panel output significantly reduces the
available dynamic range for AC signal detection. Therefore, from a communication perspective,
it becomes necessary to suppress the DC component and operate exclusively on the modulated

AC portion of the photocurrent.
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Figure 3.7: Frequency response of the solar lar panel.
panel.

To address these limitations and to extend the effective bandwidth of the receiver, a BEC
is introduced immediately after the solar panel. The incorporation of the BEC substantially
improves the frequency response of the receiver, increasing the 3-dB bandwidth from 163 kHz
to 1.62 MHz, as depicted in Fig. 3.9. This enhancement directly translates into an increased
maximum switching frequency at which the transmitted data can be reliably recovered. With
the proposed BEC, the received signal maintains a sufficiently high peak-to-peak amplitude
even at modulation frequencies as high as 3 MHz, thereby enabling clear discrimination
between logic-high and logic-low levels. Furthermore, the time-domain characteristics of the
received waveform, particularly the duty-cycle fidelity, exhibit significant improvement, as

shown in Fig. 3.10.
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Figure 3.11: Eye diagram at a data rate of 1.5 Mbps.

A critical factor influencing the performance of the BEC is the value of the load resistor
placed at the solar panel output. A low-valued load resistor reduces the effective RC time
constant and thus increases the bandwidth; however, it simultaneously lowers the peak-to-peak
voltage to a level that limits the effectiveness of the BEC. Conversely, an excessively high load
resistance can push the receiver into saturation, resulting in clipping and nonlinear distortion
of the received waveform. Therefore, an optimal trade-off must be achieved in selecting the
load resistance in conjunction with the BEC design parameters, as both jointly determine the
overall frequency response, linearity, and signal integrity of the receiver.

Following conditioning by the BEC, the signal is forwarded to an ADC for digital process-
ing. To suppress high-frequency noise and prevent aliasing, a low-pass filter is employed at
the ADC input stage. This filtering preserves the integrity of the communication signal and
enhances the robustness of the detection process. The eye diagram corresponding to a data rate
of 1.5 Mbps is presented in Fig. 3.11, demonstrating the improved signal quality and timing

margin achieved with the proposed receiver design.

3.6.2 Packet Success Rate

The impact of the separation distance between the transmitter and the receiver on the packet
success rate is illustrated in Fig. 3.12. To evaluate the reliability of the communication link, a
total of 1000 packets, each with a payload size of 1518 bytes, were transmitted for every tested
distance. The experimental results indicate that the packet loss begins to increase significantly

when the separation distance exceeds approximately 100 cm.
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Figure 3.12: Packet success rate as a function of transmitter—receiver separation distance.

This performance degradation can be primarily attributed to two factors: optical beam
divergence and the limited responsivity of individual solar cells. As the separation distance
increases, the transmitted optical beam undergoes natural divergence, resulting in a reduced
optical flux incident on the solar panel. Consequently, each solar cell collects a smaller fraction
of the transmitted optical power. Under such reduced illumination conditions, the output of
the receiver analog front-end fails to maintain the required peak-to-peak voltage necessary for
reliable symbol detection. When the signal amplitude falls below the decision threshold, the
ADC is unable to accurately distinguish between logic-high and logic-low levels, leading to an
increased number of packet errors.

In addition, a slight degradation in performance is observed at very short separation
distances, particularly below 30 cm. When the light source is placed extremely close to the
solar panel, the optical beam becomes highly localized, resulting in non-uniform illumination
across the panel surface. As a result, only a subset of the solar cells receives the majority
of the incident optical power, while the remaining cells contribute minimally to the overall
photocurrent. This uneven distribution reduces the effective utilization of the solar panel
aperture, introduces minor signal distortions, and ultimately impacts the overall packet success

rate.
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3.6.3 Impact of Transmitted Power

The influence of transmission distance on the achievable data rate for different levels of
transmitted optical power is illustrated in Fig. 3.13. A consistent trend is observed across
all measured distances: as the transmitter moves closer to the solar panel, the optical power
required to achieve the maximum data rate decreases. This behavior arises because, at shorter
separation distances, the incident optical flux on the solar panel is sufficiently high to establish
the required extinction ratio. Consequently, the receiver can reliably distinguish between

logic-high and logic-low levels even at lower transmitted optical power levels.
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Figure 3.13: Achievable data rate as a function of transmitted optical power for different
transmitter—receiver separation distances.

A notable observation is obtained at a separation distance of 40 cm. At this short distance,
the solar panel is subjected to a relatively high optical intensity, resulting in enhanced pho-
tocurrent generation across the constituent cells. Under these conditions, the maximum data
rate is achieved when the transmitted optical power is approximately 6 W. However, when
the transmitted power exceeds 7 W, the peak-to-peak amplitude of the received electrical
signal surpasses the linear operating range of the receiver amplification stage. This causes
signal clipping in the analog front-end, leading to waveform distortion and a reduction in the
effective extinction ratio. Such distortion increases symbol errors and, consequently, degrades

the achievable data rate.
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As the transmitted optical power is further increased, the severity of clipping intensifies,
resulting in a continued decline in system performance. Eventually, the system enters a
saturation regime in which additional increases in optical power no longer yield improvements
in data rate. In this region, the data rate stabilizes at approximately 850 kbps for transmitted
powers exceeding 11.5 W. This behavior indicates that the receiver front-end has reached its
maximum tolerable illumination level and is no longer capable of processing the incoming

signal without significant distortion.

3.7 Summary

This chapter presented the design and experimental validation of a solar-panel-based OWC
receiver employing OOK modulation. By integrating a BEC with the solar panel, the receiver
effectively operates as an optical communication detector. Experimental results demonstrate a
significant improvement in the receiver’s 3-dB bandwidth, enabling a 1-m VLC link with a
data rate of 1.5 Mbps. The enhanced bandwidth further suggests the feasibility of higher-order
modulation schemes, such as OFDM. Overall, the results confirm that, with suitable circuit-
level enhancements, a solar panel can function as a communication receiver in sustainable

optical wireless systems.






Chapter I

Enhanced Solar Receiver Design and
Extended Indoor Communication Range

over Solar Panels

4.1 Motivation

The utilization of a solar panel as an optical receiver demonstrates a strong potential for enabling
data communication, as previously established in Chapter 3. While the initial experiments
successfully validated short-range communication capabilities, achieving reliable long-distance
communication using a solar panel remains a significant challenge. This limitation primarily
arises due to the inherent trade-off between communication distance and received signal
strength. As the optical link distance increases, the incident optical power on the solar panel
decreases substantially, leading to a lower photocurrent and reduced signal-to-noise ratio at the
receiver.

Additionally, extracting the communication signal across a higher-value resistive load,

commonly used to increase voltage sensitivity, introduces a severe loading effect that restricts
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the system’s effective bandwidth. This bandwidth—resistance trade-off becomes a bottleneck
when attempting to support higher data rates or longer communication distances.

These limitations collectively motivate the development of an improved analog front-end
design that can boost the system bandwidth without compromising sensitivity. To further
strengthen long-range communication performance, optical lenses are incorporated on the
transmitter side to focus and collimate the emitted optical beam. This focused projection
ensures that more optical power is delivered to the solar panel receiver over extended distances,

thereby improving the overall link reliability and enabling longer communication ranges.

4.2 Chapter Contributions

The major contributions of this chapter are summarized as follows:

* Design of an analog front-end for a solar optical receiver aimed at mitigating the inherent
bandwidth-resistance tradeoff, enabling improved signal integrity and higher data rates

without sacrificing noise performance.

* Development of an optical front-end lens system focused on increasing optical coupling
efficiency and beam directivity, thereby extending the achievable optical transmission

distance and enhancing overall system performance.

4.3 Transmitter Optics

Optics plays a fundamental role in enabling long-distance communication, particularly when
the goal is to deliver a highly concentrated optical beam onto the solar panel receiver. Among
the various optical techniques available, TIR stands out as an exceptionally efficient mechanism
for redirecting light. Unlike reflective surfaces that rely on metallic or dielectric coatings and

inherently suffer from absorption losses, TIR provides an ideally lossless reflection when the
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incident ray exceeds a material-dependent critical angle. This makes TIR-based lenses highly
attractive for applications requiring maximum optical power delivery.

In the proposed system, a custom TIR lens is positioned directly above the LED emitter.
The lens geometry is designed such that photons emitted from the LED are efficiently captured
and redirected toward the solar module, significantly improving power concentration at the
receiver. During TIR, a light ray traveling inside a denser medium (e.g., PMMA or glass) strikes
the interface with a less dense medium (air). When the incidence angle exceeds the critical
angle, the ray undergoes complete reflection back into the denser medium. This phenomenon
enables the lens to preserve most of the emitted power while steering the light in a desired

propagation direction. The effective illumination area on the solar panel depends on both the
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Figure 4.1: Illustration of the beam alignment of the LED after TIR lens optics.

LED size and the optical characteristics of the TIR lens. As illustrated in Fig. 4.1, the beam

spot diameter at a transmission distance L can be expressed as [87]

dS(L) :d,+2Ltan((])1/2), (41)

where d; is the diameter of the transmitting aperture, and L is the transmission distance. With
the application of a TIR lens, the overall beam angle of the light source reduces, resulting in a

high amount of power that can be focused on the solar modules. The divergence half beam
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angle (¢ ) is given by [87]:

01 /2 = arctan <0.5 . deED> , 42)
t

where drgp is the LED diameter, and f; is the focal length of the transmitter lens. The focal
length indicates how strongly the lens converges or diverges light, thereby governing the
efficiency of beam focusing. In the designed TIR optics, the focal length f; is 1 mm, and the
transmitting aperture has a diameter of 37.8 mm. Using these values, the divergence angle ¢
can be calculated for subsequent link budget analysis. For VLC channels, the emitted light
from an LED typically follows a Lambertian radiation pattern characterized by an order m.
For the VLC system, the order of the Lambertian pattern (m) depends on the ¢; /; and is given
by [88]:
—In2

" nlcosty ) -

A decrease in @ ), by the application of the TIR lens results in an increase of m. This increased
directivity improves the channel DC gain, which is essential for long-range communication.

The channel gain for a Lambertian source is given by [89]:

(m+1)

G=
27

cos” (). 4.4)

where ¢ is the transmission angle from the light source to the solar module. The geometric
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Figure 4.2: TIR lens optics.

structure of the designed TIR lens can be broadly segmented into three functional regions—the
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collimator, the reflector, and the top emitting surface, as illustrated in Fig. 4.2. Each region
performs a distinct optical function that collectively contributes to efficient beam shaping and
enhanced light concentration at the receiver.

The collimator section is responsible for straightening and aligning the light rays emerging
from the LED chip. Light rays incident near the upper edge of this region are transformed into
nearly parallel beams, thereby reducing the beam divergence at the source itself. Additionally,
the side surfaces of the collimator guide and confine the emitted photons, directing a substantial
portion of the light toward the reflector region with minimal spillover. Upon reaching the
reflector section, light rays encounter surfaces specifically shaped to satisfy the conditions for
total internal reflection. When these rays strike the reflector interface at angles greater than the
critical angle, they are fully reflected back into the high-index medium of the lens, without any
transmission loss. As a result, the reflector effectively channels and redirects the light toward
the forward direction, ensuring that the optical power remains confined within the designed
propagation path. The top surface of the TIR lens serves as the primary output interface. Its
geometry is optimized to generate a concentrated optical intensity peak, which is crucial for
delivering a high-power, focused beam to the solar module. This surface contributes to shaping
the final beam profile, ensuring that the projected light exhibits minimal divergence and high
spatial uniformity.

When these three elements—collimator, reflector, and top surface operate in unison, the
overall TIR lens produces a sharply bounded light distribution characterized by a pronounced
cut-off and a significantly enhanced intensity peak, as demonstrated in Fig. 4.3. This engineered
optical behavior enables a more efficient coupling of optical power into the solar module,
thereby improving the achievable communication distance and system performance in VLC
applications. The advantage of incorporating a TIR lens into the optical transmitter design
is illustrated in Fig. 4.4. At a transmission distance of 330 cm, an LED operating without a
TIR lens generates a relatively weak and broadly distributed optical intensity, resulting in an

almost uniform illumination pattern within a beam radius of approximately 10 cm. Such a
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(a) Without TIR lens (b) With TIR lens

Figure 4.3: LED light intensity comparison with and without TIR lens.

diffuse distribution limits the amount of optical power that can be efficiently collected by the

solar panel receiver, thereby constraining the achievable communication range. In contrast,
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Figure 4.4: Optical intensity vs. horizontal shift of the irradiance receiver.

integrating a TIR lens with the LED significantly enhances the emitted optical intensity by
narrowing and focusing the beam. The lens effectively redirects and concentrates the photons
into a tighter spot, enabling more optical power to be delivered to the receiver over longer
distances. Importantly, this improvement is achieved without increasing the LED’s driving
current, which means the communication link can be extended while maintaining the same
electrical power budget. As a result, the use of TIR optics enables better management of the

transmitter’s overall power consumption while simultaneously improving the link margin.
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To further increase the available optical power at the receiver, this work employs an
LED panel consisting of 20 individual LEDs, each equipped with its own TIR lens. This
array configuration not only enhances the total emitted optical flux but also ensures that the
concentrated beams remain well-directed over the same 330 cm distance. The LED panel is
driven at a current of 330 mA and modulated using an AC signal with a peak-to-peak voltage
of 20 V, providing sufficient modulation depth for reliable data transmission. This combined
optical and electrical configuration enables the establishment of a stronger and more focused
illumination pattern, thereby improving the performance and reach of the solar-panel-based

communication system.

4.4 Bandwidth Enhancement Circuit

Proper receiver design plays a pivotal role when employing solar modules as optical com-
munication receivers. Although solar modules offer advantages such as large detection area
and cost-effectiveness, they inherently suffer from low bandwidth, which directly constrains
the achievable system throughput. Several approaches have been explored to overcome this
bandwidth limitation, including resistive loading, passive equalization, and active equalization.
Each technique, however, introduces its own set of challenges.

The simplest method uses a resistive load, which offers minimal circuit complexity. Despite
this simplicity, a purely resistive load makes the receiver highly vulnerable to ambient light
variations and introduces a substantial DC component at the solar module output. These
DC levels shift the operating point of the signal and may cause decision threshold errors in
subsequent stages such as comparators or analog-to-digital converters, thereby compromising
link reliability.

To mitigate these issues, passive equalization techniques can be employed. Passive equal-
izers suppress the DC component and attenuate low-frequency ambient noise, improving the

usability of the received signal. However, due to the inherently low-pass behavior of solar
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Figure 4.5: Modified solar module receiver.

modules, the signal amplitude decreases significantly at higher frequencies. Consequently,
although passive equalization helps with noise reduction, the received voltage levels may
still be insufficient to drive downstream digital circuitry, especially at higher data rates. To
overcome these limitations, this work introduces a BEC, Design 2, specifically designed to
augment the performance of solar modules in VLC applications, as illustrated in Fig. 4.5.
The proposed receiver architecture comprises three key components: a solar module, a TTA
stage, and an active equalizer. It is important to highlight the fundamental difference between
photodiodes and solar panels in the context of optical detection. Photodiodes typically operate
in photoconductive mode under reverse bias, which expands the depletion region, strengthens
the internal electric field, and enhances the speed of carrier collection. This results in superior
bandwidth and sensitivity. In contrast, solar panels operate in photovoltaic mode without
external bias. While this mode is ideal for energy harvesting, it introduces high junction
capacitance and limited electric field strength, resulting in slower response times and reduced
bandwidth. Therefore, to interface a solar panel effectively with communication circuitry, a

TIA becomes essential. The TIA serves two major roles:

* Providing a low-impedance load to counter the effects of the solar panel’s high capaci-

tance, thereby improving temporal response, and



Enhanced Solar Receiver Design and Extended Indoor Communication Range over Solar Panels 59

* Converting the weak photocurrent generated by the solar panel into a voltage signal

suitable for further processing.

The output of the TIA is then fed into the active equalizer, which consists of a high-pass
filter followed by a non-inverting amplifier. This stage not only suppresses low-frequency
and ambient-light-induced noise components but also amplifies the desired high-frequency
communication signal. The combined effect of noise suppression and gain enhancement makes
the active equalizer particularly beneficial for maintaining adequate signal strength at higher

data rates. Fig. 4.5 can be analytically presented as:

1, :IPH—f—i((l))—(Ic —l—Ir—I—Ish). 4.5)

As optical intensity falls on the solar module, it converts it into an electrical equivalent output
current (I,) based on its responsivity. This output current consists of DC (/) and AC (/' (®))
electrical components, which reach the TIA stage after experiencing current leakage through

the parasitic elements. The output voltage from TIA is given as:

_ —Zy(o) S,
T TF R, (1/r+ joC + l/Rsh)’(IPHJ” (@), (4.6)
where,
Ry(1/joCy)
Zy(0) = : 4.7
7(@) Rr+(1/jwCy) 4.7)

TIA circuit generates the voltage signal (v1) based on the feedback branch impedance (Zy).
The Zy is a parallel combination of feedback resistance (Ry) and feedback capacitance (Cy).
The voltage, vy, acts as an input to the high-pass filter stage, and the output of this stage is

given by:
V2 R,
Vi Rz—l—(l/j(OCz)’

(4.8)

Proper selection of R, and C; allows only the required signal to pass, and the unwanted

low-frequency signals get filtered out. This filtered output passes to the amplification stage.
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Because the amplifier has negative feedback via the virtual-ground concept, v» equals v3. The

amplifier output voltage, v4, is given as:

—=14+—= 4.9
’s Ry (4.9)
from (4.6), (4.8), and (4.9) the output response obtained as:
Zf RZ ( R3 ./
v(w) =— - - 1+—)za). 4.10
)= T R (1r+ joC+ 1/Ry) Rot (1/j0Co) \' T Ry) T (+10)
TIAXttput Active}iﬁtering

where, V(@) = vy.

The amplified, filtered signal is obtained at the output terminal for further processing.
The modified receiver output, expressed in (4.10), contains only the AC component of the
incident optical signal, as all DC contributions are effectively removed by the filtering stage.
Consequently, the overall system response is characterized by the cascaded behavior of the
solar module followed by the BEC. Parameters for the designed analog circuit are as follows:
Ry =100 Q, Ry = 100 Q, C; = 10 nF and op-amp is operating at five times gain. TIA at
the solar panel output significantly improves the performance of the solar receiver with BEC
design 2 compared to BEC design 1 discussed in the previous chapter.

As a result, the combined solar module-BEC architecture enhances signal integrity, im-
proves high-frequency response, and enables significantly higher data rates compared to
traditional resistive or passive equalization approaches. The measured frequency and time-
domain performance of the proposed receiver configuration are presented and analyzed in the

results section.
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Table 4.1: Parameters for the conducted experiment.

Parameters Parameter Values
Number of LEDs 20

Solar module open circuit voltage | 5.88 V

Solar module short circuit current 60 mA

Ambient light at solar module 200 Lux
Distance 330 cm
BEC power consumption 120 mW
LED panel power consumption 9.6 W

4.5 Experiment Setup

Before performing the data transmission over a solar module, it is essential to determine
the system’s frequency and time response. Different load designs, such as resistive, passive
equalizer, and BEC, are experimentally tested with the setup block diagram shown in Fig. 3.5.
The setup consists of an AWG, Rigol DG 4202 with 200 MHz bandwidth, and a 500 MSa/s
sampling rate, a bias tee, a 20 white light LEDs panel, a TIR lens on each LED, a solar module
with different load designs, and a 100 MHz DSO with a 1 GSa/s maximum real-time sampling
rate. Bias tee’s one input comes from the AWG to send the sinusoidal waveform, and the
other comes from the DC power supply, Keysight E3631A, to power up the LEDs. The LEDs
are biased in the linear region to avoid signal clipping at the transmitter end. The experiment
was conducted indoors, where ambient light sources provided 200 lux of illumination on the
receiver in addition to the light received from the modulated LED panel. The other parameters
are in Table 4.1.

Once the solar module frequency response is obtained, the communication capabilities are
tested using data transmission. Light is modulated with a 16 QAM-OFDM modulation signal
to transfer data. For further processing, a Li-Fi evaluation kit™ from Velmenni is used [90].
The data transmission setup is shown in Fig. 4.6, where the transmission distance is 330 cm.
The receiver unit comprises a solar module, BEC, and a digital signal processing board to

process the incoming data.
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Figure 4.6: Solar module data transmission setup.
4.6 Performance Analysis

This section presents a comprehensive performance analysis of the proposed solar-panel-
based optical wireless communication receiver. The evaluation focuses on both the temporal
and spectral characteristics of the receiver, beginning with an examination of the time- and
frequency-domain responses to quantify the effective bandwidth and signal fidelity. The impact
of received optical power on key performance metrics, including data rate, signal distortion, and
saturation behavior, is then analyzed to identify the operating limits of the receiver front-end.

Furthermore, the region of operation of the BEC is investigated to delineate its linear and
saturation regimes and to assess its influence on overall system performance. Finally, the
impact of receiver orientation on link reliability is examined to capture practical deployment
considerations, particularly in dynamic scenarios where angular misalignment between the
transmitter and the solar-panel receiver may occur. Together, these analyses provide a de-
tailed understanding of the receiver’s operational characteristics and practical performance

constraints.

4.6.1 Time and Frequency Response

To enable the use of solar modules as practical optical receivers for communication, different

load configurations were experimentally evaluated. In all experiments, a sinusoidal signal of



Enhanced Solar Receiver Design and Extended Indoor Communication Range over Solar Panels 63

20 V peak-to-peak (V,,_,) was used to modulate a white LED source. Since the frequency
response of the LED determines the strength of the transmitted optical signal, it directly
influences the power received at the solar module. Therefore, before evaluating the receiver,
the LED transmitter response was characterized using a standard PIN photodiode placed at
the receiver. During transmission, a bias-tee was used to combine the AC modulation signal
with a DC bias. The presence of the bias-tee introduces a reduced voltage swing at lower
frequencies (approximately 5 kHz), resulting in reduced optical output. This phenomenon
produces an upward slope in the measured frequency response between 1-10 kHz. However,
at higher frequencies, the LED response stabilizes and remains nearly constant, ensuring that
the transmitter does not impose additional bandwidth limitations on the designed receiver.

At the receiver end, the measured frequency response is shown in Fig. 4.7a. The 3-dB
bandwidth (fz, fr) of the solar module was obtained by identifying the frequency range over
which the response dropped by 3 dB from its maximum. As depicted in Fig. 4.7a, the solar
module with a purely resistive load exhibits a 3-dB bandwidth of 206 kHz (spanning 4 kHz to
210 kHz). Although the resistive load offers a simple implementation, it also allows the passage
of low-frequency and DC components of light. As a result, the received signal experiences
a significant DC offset, making threshold-based decision circuitry, including ADCs, more
prone to error within their operating range. To overcome this challenge, passive and active
equalization techniques were evaluated. Passive equalization suppresses the DC and low-
frequency components by employing a high-pass behavior, thereby increasing the usable
bandwidth. However, this comes at the cost of reduced system gain. As shown in Fig. 4.7a,
passive equalization increases the bandwidth to 289 kHz (between 21 kHz and 310 kHz) while
effectively blocking low-frequency components, but the received signal amplitude decreases.

The impact of these approaches is shown in the time-domain responses in Fig. 4.7b.
Fig. 4.7b(i) demonstrates the DC shift introduced by ambient and LED-originated DC light in
the resistive load case. At higher switching frequencies (e.g., 800 kHz), the low-pass nature of

the solar module further reduces the peak-to-peak voltage, as shown in Fig. 4.7b(i1). Passive
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Figure 4.7: (a) Frequency response depicting 3-dB bandwidth advantage of passive equalization
over resistive load (b) Time response of solar module with i.) Resistive load at 250 kHz, ii.)
Resistive load at 800 kHz, iii.) Passive equalization load at 250 kHz, iv.) Passive equalization
load at 800 kHz.

equalization mitigates the DC shift by blocking low-frequency components, as illustrated in
Fig. 4.7b(iii)—(iv), but it does not improve received signal strength. To address the limitations

of both resistive and passive equalization loads, a bandwidth enhancement circuit (BEC) was

designed and experimentally validated.
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Figure 4.8: Simulation and experimental frequency response of the modified solar module
receiver.

The LTspice simulated circuit and the frequency response of simulated and experimental
observations of the raw solar receivers with resistive load are shown in Fig. 4.9 and Fig. 4.10,

respectively. An additional circuit is designed ahead of the solar module’s electrical equivalent
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circuit to capture the LED response in the LTspice simulation software. The LTspice simulated
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Figure 4.9: LTspice circuit simulation for raw solar module receiver
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Figure 4.10: Frequency response of raw solar panel receiver

circuit and the frequency response of simulated and experimental observations of the modified
solar receivers are shown in Fig. 4.11 and Fig 4.12, respectively. The results of circuit
simulation and experimental results show a good match to confirm the bandwidth enhancement
claim of solar module receivers using the designed analog circuitry.

Fig. 4.13(a) shows the frequency response of each stage. The TIA converts the photocur-
rent generated by the solar module into a voltage, achieving an upper cut-off frequency of
approximately 38 MHz. The output then passes through the high-pass filter, which attenuates
frequency components below 160 kHz and passes signals in the 160 kHz—-38 MHz range.

Thus, the combined response of the first two stages results in an effective passband of nearly
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37.84 MHz, after which the gain decreases due to the TIA’s high-frequency roll-off. The

final stage consists of a non-inverting amplifier that ensures adequate signal amplitude for

subsequent processing. With a bandwidth of approximately 33 MHz, this amplifier boosts all

frequency components within range before its response begins to decline. Importantly, because

the amplifier bandwidth is significantly greater than the intrinsic solar module bandwidth

(33 MHz > 3.5 MHz), it does not constrain the overall performance of the receiver. As a

result of the BEC, the solar module achieves an enhanced 3-dB bandwidth of approximately

3.27 MHz (from 30 kHz to 3.3 MHz). The corresponding time-domain response, shown

in Fig. 4.13b, indicates that unmodulated light components are effectively suppressed while

providing a high peak-to-peak output signal. This confirms that the BEC design significantly

improves the dynamic response of the solar module receiver.
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Figure 4.13: (a) Frequency response of the modified solar module receiver (b) Time response
of the solar module with (i) BEC load at 800 kHz, and (ii) BEC load at 4.5 MHz.

The results clearly demonstrate that the proposed BEC-based design substantially improves
both the frequency and time-domain characteristics of the solar module receiver, enabling

high-speed optical communication using low-cost, commercially available solar panels.

4.6.2 Receiver Region of Operation

The operational characteristics of the designed receiver are strongly influenced by the optical
power incident on the solar module. Similar to conventional optical receivers, the modified
solar receiver exhibits saturation behavior when subjected to excessively high optical intensity
at a fixed link distance. To study this effect, the LED drive current was gradually increased,
thereby increasing the emitted optical power, and the corresponding output of the BEC was
recorded at a constant receiver position. As illustrated in Fig. 4.14, the output voltage of
the designed receiver increases proportionally with the LED driving current up to a certain
threshold. Beyond approximately 400 mA, the BEC output enters a saturation region where
additional increases in optical power no longer translate into a proportional voltage increase.
This saturation leads to clipping of the information-bearing signal, which can cause symbol

distortion, amplitude compression, and degradation in bit-error performance. Such behavior is
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characteristic of photovoltaic-type receivers operating in conjunction with active amplification
stages.

On the other end of the operating range, very low LED drive currents produce insufficient
illuminance at the receiver. Due to the inherently low responsivity and high junction capacitance
of the solar module, weak incident optical power results in small photocurrent generation,
thereby producing a low-amplitude signal after the BEC. This weak signal may fall below the
sensitivity threshold of the downstream comparator or demodulator, increasing the likelihood
of detection errors. Experimental observations reveal that reliable operation is achieved only
when the received optical intensity is maintained within an optimal illuminance window of
approximately 180-3100 lux. Within this range, the BEC provides adequate gain without

entering saturation, while also avoiding the low-signal regime where noise dominates.
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Figure 4.14: LED driving current versus BEC output voltage.

4.6.3 Impact of Distance on Data Rate

The performance of the designed solar-panel-based optical receiver in terms of achievable data
rate as a function of transmission distance is illustrated in Fig. 4.15. The proposed receiver
achieves a maximum data rate of 18.8 Mbps at a separation distance of 330 cm with zero
packet loss, highlighting the optimal operating point of the system. Packet loss performance

was evaluated using the Iperf network testing tool [91], where a total of 10° packets, each
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of size 1518 bytes, were transmitted for every tested distance. At separation distances below
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Figure 4.15: Distance vs Data rate.

330 cm, the receiver operates in a saturation regime due to excessive received optical power.
In this region, the input voltage to the BEC exceeds its maximum linear operating limit
(Vin,BEC > Vin,max), resulting in signal clipping at the output of the analog front-end. This
nonlinear distortion degrades the effective extinction ratio and introduces symbol errors, which
manifest as packet losses. For instance, at a distance of 200 cm, a data rate of 16.9 Mbps was
achieved; however, a loss of 51 packets was observed due to pronounced clipping effects.

As the transmission distance increases beyond 330 cm, the received optical power decreases
in accordance with the inverse square law, leading to a gradual reduction in the achievable data
rate. Despite this reduction, reliable communication is maintained without any packet loss up
to a distance of 600 cm. This behavior indicates that, although the signal amplitude decreases
with distance, it remains within the linear operating region of the receiver front-end and above
the minimum sensitivity threshold required for error-free packet detection.

Overall, these results demonstrate that the proposed receiver exhibits a well-defined op-
erational region, with saturation-induced performance degradation at short distances and
power-limited data rate reduction at longer distances. The absence of packet loss over a wide
range of distances underscores the robustness of the receiver design and its suitability for

practical optical wireless communication links.
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4.6.4 Impact of Receiver Orientation

Device orientation plays a critical role in determining the performance and reliability of
optical wireless communication links. Conventional VLC receivers, such as photodiodes, are
highly susceptible to misalignment due to their small active area and narrow field of view.
Under ideal conditions, the optical receiver should be oriented perpendicular to the incident
light beam to ensure maximum signal reception. Any deviation by an angle 6° from this
optimal alignment results in reduced received optical power and, consequently, degraded
communication performance.

In contrast, solar modules offer a significantly larger active area,! which helps mitigate
misalignment issues. This inherent advantage makes solar modules more robust for practical
VLC deployments where the receiver may not always be ideally aligned.

Figure 4.16 illustrates the experimental setup used to study the effect of receiver orientation,
where the solar module is rotated along the XY plane by an angle 6°. The corresponding

impact on achievable data rate is presented in Fig. 4.17.

Light Source

D

Figure 4.16: Solar module orientation setup.

As shown in Fig. 4.17, at an orientation of 0°, the solar module directly faces the LED
source, enabling maximum optical power capture and achieving the peak data rate of 18.8 Mbps.
As the orientation angle increases, the effective incident optical power reduces due to geometric
misalignment, resulting in a gradual degradation in received signal strength and data rate.

Nevertheless, despite a significant 40° rotation, the solar module still maintains a data rate

of 7.6 Mbps. This demonstrates the robustness of solar receivers against angular misalignment.

! Although a larger solar panel area can improve the SNR due to increased optical collection, the associated
parasitic capacitances may cause nonlinear distortions and limit the achievable system bandwidth.
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Figure 4.17: Data rate performance for varying receiver orientation.

For comparison, a conventional photodiode under the same rotational conditions experiences
a complete outage, highlighting the superior tolerance of solar modules in practical VLC

scenarios.

4.7 Summary

This chapter presented the design, implementation, and experimental validation of a solar-
panel-based OWC receiver for high-speed VLC. To address the inherent limitations of solar
modules, namely low bandwidth and strong sensitivity to DC ambient light, a BEC comprising
a TTA, a high-pass filter, and a non-inverting amplifier was developed. The proposed circuitry
effectively suppresses DC components, mitigates ambient light noise, and provides an optimal
electrical load to the solar panel, resulting in a 3-dB bandwidth enhancement to 3.27 MHz.
On the transmitter side, TIR lenses were employed with white LEDs to reduce beam
divergence, increase the Lambertian order, and enhance the channel gain without increasing
the LED drive current. An LED panel consisting of 20 TIR-assisted LEDs enabled improved
optical intensity and extended communication range. Experimental results using 16-QAM
OFDM demonstrated a peak data rate of 18.8 Mbps over a 330 cm link and a maximum
distance—data-rate combination of 600 cm at 7.8 Mbps. The system also exhibited strong

robustness to receiver misalignment, achieving 7.6 Mbps at a 40° rotation in the XY plane.
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The results confirm that the large active area of solar panels significantly alleviates align-
ment and orientation constraints compared to conventional photodiode receivers, thereby

reducing system complexity while enhancing practical deployability.



Chapter

Simultaneous Light Information and
Power Transfer using Solar Panels in

Indoor Environment

5.1 Motivation

Earlier, the communication capabilities of solar panels were discussed, and it was demonstrated
that the inherent 3-dB bandwidth limitation can be significantly improved through appropriate
analog circuit design. While these enhancements enable reliable data reception, solar panels
inherently offer dual functionality by supporting both optical communication and energy
harvesting. Therefore, the analog front-end was further modified and experimentally evaluated
to enable simultaneous optical communication and energy harvesting, thereby extending the

utility of the solar panel beyond standalone receiver operation.
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5.2 Chapter Contributions

The major contributions of this chapter are summarized as follows:

* The analog front-end was further enhanced and experimentally validated to support
simultaneous optical wireless communication and energy harvesting, demonstrating its

dual-function capability without compromising system performance.

* The influence of solar panel size on both communication quality and energy harvesting
efficiency was also investigated through experimental evaluation, providing insights into

the tradeoffs and design considerations for integrated systems.

5.3 Frequency-Selective Receiver Design for Simultaneous

Communication and Energy Harvesting

Rsr I Energy

m Communication  Harvesting

[p{/]‘ff } f}?fﬂ‘ﬂ(f)
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Figure 5.1: Simultaneously power harvesting and communication circuit

Fig. 5.1 illustrates the proposed frequency-selective receiver architecture for simultaneous
power harvesting and optical communication using a photovoltaic (PV) cell. The received
optical signal consists of a DC component generated by continuous illumination and a high-
frequency AC component corresponding to the intensity-modulated communication signal.
Accordingly, the photovoltaic cell is represented by an equivalent circuit comprising the
photocurrent source, dynamic resistance r, junction capacitance C, shunt resistance R, and

series resistance R.. The generated photocurrent is divided into an internal parasitic current
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associated with the intrinsic PV characteristics and an external current delivered to the receiver
circuit. To enable simultaneous communication and power harvesting, the external circuit is
divided into two frequency-selective branches. The communication branch employs a series
RC high-pass filter formed by the coupling capacitor C¢ and load resistance R¢, allowing
only the high-frequency modulation components to reach the communication receiver while
blocking the DC photocurrent. Conversely, the energy harvesting branch consists of an RL
low-pass filter formed by the harvesting inductor Ly and load resistance Ry. The inductor
provides a low-impedance path for the DC photocurrent while presenting a high impedance
to the communication signal, thereby preventing the AC modulation from being dissipated in
the harvesting circuit. Consequently, the proposed architecture performs frequency-domain
separation of the harvested power and communication signal without requiring active switching
or signal processing.

The effectiveness of the filtering approach is evaluated by varying the communication load
resistance, Rc, while maintaining the remaining circuit parameters unchanged. The correspond-
ing communication and energy harvesting characteristics are summarized in Table 5.1. As
expected from the first-order high-pass filter, the communication cutoff frequency decreases

according to
B 1
N 2nR-Cc ’

Je
decreasing from 159.15 kHz to 1.59 kHz as R¢ increases from 100 Q to 10 kQ. The reduction
in cutoff frequency directly influences the communication response, where the upper cutoff
frequency decreases from 445.31 kHz to 48.21 kHz, resulting in a reduction of the available
3-dB communication bandwidth from 432.31 kHz to 45.94 kHz. These results indicate that
increasing the communication load resistance progressively limits the high-frequency response
of the communication branch.

A notable observation from Table 5.1 is that the communication branch has a negligible

impact on the energy harvesting performance. Throughout the investigated range of Rc, the

peak harvested power remains nearly constant at approximately 14.81 mW, while the harvested
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Table 5.1: Effect of Communication Load Resistance on Communication and Energy Harvest-
ing Performance

Rc (Q)  fe (kHz)  fmax (kHz)  fmin (kHz)  BW (kHz)  Fyeax (mW)  BWy (kHz)

100 159.15 445.31 13.00 432.31 14.81 2.75
1200 13.26 83.08 6.69 76.39 14.81 2.67
2300 6.92 64.28 4.86 59.42 14.81 2.59
3400 4.68 58.10 3.91 54.19 14.81 2.55
4500 3.54 54.60 3.40 51.20 14.81 2.53
5600 2.84 52.51 3.00 49.51 14.81 251
6700 2.38 51.30 2.75 48.55 14.81 2.51
7800 2.04 49.73 2.55 47.18 14.81 2.51
8900 1.79 49.35 2.39 46.96 14.81 2.51
10000 1.59 48.21 2.27 45.94 14.81 2.51

bandwidth changes only slightly from 2.75 kHz to 2.51 kHz. This demonstrates that the
communication filter introduces minimal electrical loading on the harvesting branch. Unlike
conventional receiver architectures, where communication and harvesting circuits compete for
the received signal energy, the proposed frequency-selective design effectively decouples the
two functionalities by exploiting their distinct frequency characteristics.

These results highlight that the selection of the communication and harvesting filter compo-
nents is critical for achieving effective branch isolation. Appropriate design of the RC high-pass
communication filter and RL low-pass harvesting filter enables independent optimization of

the communication bandwidth while preserving the harvested power.

5.4 Modified Optical Receiver Design

In the previous chapter, the feasibility of using a solar panel as an optical communication
receiver was established by systematically addressing several inherent limitations. In particu-
lar, the following challenges associated with solar-panel-based receivers were identified and

mitigated through appropriate analog front-end design:
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* Impact of unmodulated light components, which introduce strong DC offsets and

degrade the detection of weak modulated signals.

* High capacitive effect of the solar panel, arising from its large junction area, which

limits the receiver’s high-frequency response.

* Limited 3-dB bandwidth, which constrains the achievable data rate in optical wireless

communication systems.

While these challenges were effectively addressed to enhance the communication perfor-
mance, an important aspect remains to be explored: the ability of a solar panel to support
simultaneous optical communication and energy harvesting. Exploiting this dual functionality
is crucial for realizing sustainable and energy-efficient optical wireless systems, particularly in
applications such as intelligent transportation systems and outdoor deployments.

To this end, a modified analog optical receiver architecture is proposed in this chapter. The
new design enables concurrent extraction of the AC communication signal and the DC power
component from the received optical signal, allowing the solar panel to function as both an
information receiver and an energy harvester. Furthermore, the impact of solar panel size on
communication performance and harvested energy is investigated, providing insights into the
trade-offs between bandwidth, received signal strength, and energy harvesting efficiency. This
analysis lays the foundation for a unified framework supporting SLIPT using solar-panel-based
optical receivers. The designed analog circuitry, along with the solar panel, is shown in Fig. 5.2.
When the light-carrying information falls over a solar panel, it generates a DC component (Ipg)
and an information-carrying component (i, ). These generated current components will reach
the load after loss due to parasitic impedance (r,C, Ry, Ry,). The designed analog circuitry
receives the DC component (/,5;) and information carrying component (i,). Atnode vpc, these
components will be divided into an energy harvesting branch consisting of a series combination

of inductance (Lp¢) and resistance (Rp¢), and a communication branch.
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Solar Panel Designed Analog Circuitry

I'pp+i'(@) Ry

Figure 5.2: Modified solar receiver design

The voltage received at node, v4c, is given as follows:

XAC XAC . XAC
D ( Z+ Ry, Zr ! ( ) 1 RZsr CRY)

where the parasitic branch impedance is, Z = 1/r+ joC + 1 /Ry, the energy harvesting branch

impedance is, Z; = joLpc + Rpc, the capacitive impedance is X4c = 1/j@0Cyc, and, the
switching frequency (f), @ = 27 f. Proper selection of R4c and C4¢c will decide the high-pass
filter cut-off, allowing only the required signal to pass, and the unwanted low-frequency signals
get filtered out. This filtered output passes to the amplification stage. The amplifier output
voltage, vy, 1s given as:

R
v = (1 + R—f> Vac- (5.2)

1
This generated signal is again passed to the high-pass filter to suppress the lower frequency
component, which is amplified due to the amplifier stage, and provides the voltage gain to the
required band of frequency. The output response obtained is:

v(a)>:vm~<1+ Xac +@)—ﬂ(m)< Xac )

Z+Ry 7L 1+ %

.

Solar panel output (5 3)

\(1 +’I§—f) (%2+ (1/ij2)) <1 +%.>

J/ N J/

First stage amplifier Active filtering
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The amplified, filtered signal is obtained at the output terminal for further processing.

After filtering the received optical signal at node v;,,, the modulated information-bearing
AC component is routed towards the communication branch, while the remaining photocurrent
component, denoted as Ipy, is directed to the energy harvesting branch. This current represents
the effective DC photocurrent generated due to the incident optical power after the removal of
high-frequency signal components.

The harvested electrical power is determined by the magnitude of the extracted photocurrent
Iy and the voltage developed across the DC load resistance Rpc. Assuming steady-state

operation, the harvested power can be expressed as

Pharvested — 11/3H VDC- (54)

where Vpc is the voltage across Rpc and is directly influenced by the incident optical intensity,
the electrical characteristics of the solar panel, and the chosen load resistance. This relationship
highlights the inherent trade-off between energy harvesting and communication performance,
as circuit parameters optimized for maximizing I, and Vpc may impact the bandwidth and

signal quality of the communication branch.

5.5 Experiment Setup

To determine the system’s frequency and time response solar panels are experimentally tested
with the setup block diagram illustrated in Fig. 3.5. The setup consists of an AWG, Rigol
DG 4202, a bias tee, a 20-white-light-LED panel, a TIR lens on each LED, a solar module
with different load designs, and a DSO, DS 1102E. Bias tee’s one input comes from the AWG
to send the sinusoidal waveform, and the other comes from the DC power supply, Keysight
E3631A, to power up the LEDs. The LEDs are biased in the linear region to avoid signal
clipping at the transmitter end. The experiments are conducted in a room with ambient lighting

of 200 lux and the other parameters listed in Table 5.2. After determining the frequency
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response of the solar module, data transmission tests are carried out to evaluate communication
capabilities. The light is modulated using a 16 QAM-OFDM signal for data transfer using
Velmenni Li-Fi Evaluation Kit™ [90]. The data transmission setup, shown in Fig. 5.3, has a
transmission distance of 2 meters.

Table 5.2: Testing parameters.

| Parameters | Parameter Values |
Number of LEDs with TIR lens 20
Solar Panel 1 open circuit voltage 11.24V
Solar Panel 1 short circuit current 0.64 A
Solar Panel 2 open circuit voltage 588V
Solar Panel 2 short circuit current 60 mA
Ambient light at solar module 200 Lux
Distance between transmitter and receiver | 2 m
Analog circuit power consumption 100 mW
LED panel power consumption 8W

Figure 5.3: Solar module data transmission setup.

5.6 Results and Discussion

This section presents a comparative analysis of the impact of solar panel cell size on both optical
communication performance and energy harvesting capability. Two solar panel configurations

are considered. Solar Panel 1 consists of cells with dimensions of 2.5 cm x 8 cm, with all cells
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connected in series, whereas Solar Panel 2 comprises smaller cells of size 0.7 cm x 3 cm, also
connected in series. These two configurations enable an investigation into the role of active
area and junction capacitance on system performance.

The analysis includes frequency-domain measurements to quantify the effect of the pro-
posed analog circuitry on the achievable 3-dB bandwidth, as well as time-domain evaluations
to illustrate signal conditioning before and after the designed circuitry for both solar panels.
In addition, the harvested electrical power is measured and correlated with the achieved data
rates, thereby highlighting the trade-offs between communication performance and energy
harvesting. Together, these results provide comprehensive insights into the influence of solar

panel size on simultaneous optical communication and energy harvesting.

5.6.1 Experimental Outcomes of Frequency Response Analysis

Solar panels are conventionally designed for energy harvesting applications, which restricts
their effective operation to low-frequency regimes. As a consequence, when directly used as
optical receivers, solar panels typically exhibit a limited 3-dB bandwidth on the order of a few
tens of kilohertz. This inherent limitation primarily arises from the large junction capacitance
associated with the extensive active area of solar cells.

The experimental observations corroborate this behavior. Solar Panel 1, characterized by
a larger cell area, exhibits a 3-dB bandwidth of approximately 40 kHz, as shown in Fig. 5.4.
In contrast, Solar Panel 2, which has a smaller cell area, demonstrates an improved 3-dB
bandwidth of about 80 kHz, as illustrated in Fig. 5.5. These results highlight the inverse
relationship between solar cell area and achievable bandwidth.

While such bandwidths are insufficient to support high data rate communication, the
proposed analog front-end significantly enhances the receiver frequency response. Specifically,
the designed active high-pass filter suppresses low-frequency components and selectively
amplifies higher-frequency signal content. As a result, the effective 3-dB bandwidth is extended

to 2.47 MHz and 2.77 MHz for Solar Panel 1 and Solar Panel 2, respectively, while maintaining
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Figure 5.4: Frequency response of modified receiver with solar panel 1 (11.24 V, 0.64 A).
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a minimum output voltage level of 100 mV. This improvement enables reliable high-speed

optical communication without compromising the energy harvesting functionality of the solar

panels.

5.6.2 Experimental Outcomes of Time-Domain Response Analysis

For successful data transmission, proper signal conditioning at the receiver is a critical perfor-

mance metric. Although the frequency-domain analysis demonstrated a significant enhance-

ment in the receiver bandwidth after employing the modified analog circuitry, the time-domain
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behavior of the received signal is also strongly influenced by the inherent capacitive characteris-
tics of the solar panel. In particular, the higher junction capacitance associated with larger-area
solar panels can lead to waveform distortion, even when sufficient bandwidth is available.

To investigate this effect, a square waveform was generated using AWG and transmitted
over the optical link. At the receiver, the time-domain response of the solar panels was analyzed

both without and with the proposed analog circuitry. The received waveforms without analog
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(a) Solar panel 1 (11.24 V, 0.64 A) (b) Solar panel 2 (5.88V, 60 mA)

Figure 5.6: Time-domain response without analog circuitry: (a) Solar Panel 1, (b) Solar Panel 2.

circuitry are shown in Fig. 5.6. A 30 kHz square waveform was transmitted, which lies
well within the intrinsic 3-dB bandwidth of both solar panels. Owing to its larger cell area
and consequently higher capacitance, Solar Panel 1 exhibits slow charging and discharging
behavior, resulting in an exponential rise and decay rather than a sharp square waveform. In
contrast, Solar Panel 2, with a smaller effective capacitance, is able to regenerate the square
waveform with significantly reduced distortion. Additionally, both solar panels generate a DC
photocurrent due to ambient illumination, leading to a noticeable DC level shift in the received
signal. If left unfiltered, this DC offset can drive the amplifier beyond its linear operating

region, causing signal clipping and distortion.

(a) Solar panel 1 (11.24 V, 0.64 A) (b) Solar panel 2 (5.88V, 60 mA)

Figure 5.7: Time-domain response with analog circuitry: (a) Solar Panel 1, (b) Solar Panel 2.
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With the inclusion of the designed analog circuitry, the effective 3-dB bandwidth of both
solar panels is significantly enhanced. To evaluate the corresponding signal conditioning
performance, a 1 MHz square waveform was transmitted, and the received responses are
shown in Fig. 5.7. The results clearly indicate that bandwidth enhancement alone does not
guarantee improved time-domain signal fidelity. Due to the inherently high capacitive nature
of large-area solar cells, nonlinear distortion remains prominent in Solar Panel 1, as observed
in Fig. 5.7a. In comparison, Solar Panel 2 exhibits a substantially cleaner waveform, as shown
in Fig. 5.7b. Importantly, the designed analog circuitry effectively suppresses the DC level
shift in both cases, ensuring that the received signal remains within the linear operating range

of the amplification stages.

5.6.3 Data Rate and Energy Harvested

Solar panels functioning as simultaneous information and power receivers are a key enabler for
future energy-efficient communication networks. However, the performance of such systems
is strongly influenced by intrinsic solar panel characteristics, including active area, number
of cells, and panel material, which jointly determine both the communication quality and the
energy harvesting capability. As shown in Fig. 5.8, Solar Panel 1, with a larger cell area,
collects a higher amount of incident optical power and consequently harvests 38.4 mW of
electrical power. Nevertheless, the high capacitive effect associated with the larger area leads
to poor signal conditioning, resulting in information loss and limiting the achievable data
rate to 1.84 Mbps. In contrast, Solar Panel 2 exhibits superior signal conditioning due to its
smaller cell area, enabling a significantly higher data rate of 12.4 Mbps. However, the reduced
active area limits the collected optical energy, yielding a harvested power of only 4.5 mW.
These results clearly illustrate the fundamental trade-off between communication performance
and energy harvesting in solar-panel-based simultaneous light information and power transfer

systems.
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Figure 5.8: Data rate and harvested energy for solar panel 1 (11.24 V, 0.64 A) and solar panel
2 (5.88V, 60 mA).

5.7 Summary

This chapter investigated the feasibility of using solar panels as simultaneous information
and power receivers for optical wireless communication systems. A modified analog front-
end was developed to enable concurrent extraction of communication signals and harvested
energy, while mitigating the effects of ambient light and limited intrinsic bandwidth. Through
frequency- and time-domain analyses, the impact of solar panel cell size on bandwidth, signal
conditioning, and nonlinear distortion was systematically evaluated.

Experimental results demonstrated that larger-area solar panels harvest higher electrical
power but suffer from increased capacitive effects that degrade signal quality and limit achiev-
able data rates. In contrast, smaller-area solar panels provide improved signal conditioning
and support significantly higher data rates at the cost of reduced harvested power. These
findings highlight the fundamental trade-off between communication performance and energy
harvesting capability, and establish design guidelines for selecting solar panel characteristics in

sustainable SLIPT systems.






Chapter

Comparative Evaluation of Solar Panel
Configurations and Their Impact on

Communication Performance

6.1 Motivation

Despite growing interest in solar panels as optical wireless communication receivers, existing
studies have largely focused on validating feasibility rather than examining how different
electrical configurations influence receiver performance. In particular, the impact of solar
module interconnection configuration schemes on key communication metrics remains un-
explored. The effects of configurations on bandwidth, achievable data rate, communication
range, and simultaneous energy harvesting have not been systematically investigated. This
lack of comparative analysis limits the ability to optimize solar panel-based receivers for
practical communication systems. Motivated by this gap, this chapter presents an experimental
evaluation of different solar panel configurations, providing quantitative insights into their

influence on communication performance and energy harvesting efficiency.
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6.2 Chapter Contribution

The major contribution of this chapter is summarized as follows:

* Different solar panel configurations are used in the real world based on the applications.
To examine the impact of the same on the communication performance, this chapter
experimentally compares the communication performance of a single solar panel and a

parallel-connected solar panel.

6.3 Impact of Configuration

At the receiver side, off-the-shelf solar panels provide a low-cost and environmentally sustain-
able alternative to conventional photodiodes for optical wireless communication. However, due
to their inherently low responsivity and large junction capacitance, the generated photocurrent
under LED illumination is weak, which fundamentally limits the achievable communication
range and data rate. Consequently, the electrical interconnection configuration of multiple solar
modules plays a critical role in determining the overall receiver performance.

Among the possible interconnection schemes, the parallel configuration is of particular
interest from a communication perspective, as it directly enhances the detected photocurrent
without increasing the operating voltage. By summing the individual photocurrent of multiple
modules, a higher received signal amplitude can be achieved, leading to improved signal

strength and extended communication distance.

6.4 Solar Panel as Communication Receiver

This section examines the effects of parallel configurations, parameter extraction, and the

impact of the proposed analog circuitry through analytical modeling.
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6.4.1 Extension of AC Small-Signal Model for Parallel Solar Panel Con-

figurations

To enhance the output photocurrent, multiple solar modules can be connected in a parallel

configuration as shown in Fig. 6.1. Total output current across the resistive load is given by:

IParallel = IParalleh +1Parallell + ... +1ParallelN- (6 1)

Effective output current increases, although this will impact the communication bandwidth.
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Figure 6.1: Parallel configuration of solar modules.

Starting from the AC small-signal model of a solar panel given in (??), the voltage-to-current

transfer function can be expressed as

Rload

_ V(f) _ (Rload“'Rsr)

The conductance term G in (6.2) is defined as:

11 1
G=-+—+

e, (6.3)
r Ry (Rsr + Rload)

which accounts for the combined contribution of the diode dynamic resistance, shunt leakage
path, and the load-dependent branch. From (6.2), the —3 dB cutoff frequency of the system is

obtained as:

fe=5_—7= (6.4)

indicating that the receiver bandwidth is fundamentally governed by the ratio between the

effective conductance and the junction capacitance.
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6.4.1.1 Parallel Solar Panel Configuration

For N identical solar panels connected in parallel, the effective junction capacitance increases

linearly with N, while the resistive parameters scale inversely with N, yielding

r
Cparallel = NC, Tparallel =

N (6.5)
Rsr sh
Rsr,parallel = W’ Rsh,parallel = N

=

Substituting these equivalent parameters into the conductance expression leads to the

parallel configuration conductance

N N 1
Gparallel = — + 55—+ : (6.6)
PR "Ry, (Re/N+Ripaa)

Accordingly, the cutoff frequency for the parallel-connected solar panels is given by

Gparallel . Gparallel
2717Cparallel 277:(N C)

fc.,parallel = (6.7)

For the practical case where the load resistance is much larger than the scaled series

resistance (R qq > %) the (6.7) simplifies to:

1
fc,parallel ~ me (68)

which highlights that increasing the number of parallel-connected panels reduces the bandwidth
due to the linear growth of junction capacitance.
6.4.1.2 Asymptotic Saturation Behavior

Substituting (6.6) into (6.7), the cutoff frequency can be expressed explicitly as

1 1 1 1
2nC ;+E+N(Rsr/N+Rload) ‘

f c,parallel — (6.9)
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As the number of parallel-connected panels increases, the term (Ry, /N + Rj,q4) becomes

increasingly dominated by R;,,;. Consequently,

1 1
lim ~
N—reo N(Rsr/N+Rl()ad) NRl()ad

— 0. (6.10)

Therefore, the cutoff frequency approaches a finite upper bound given by

1 1 1
fcsfgarallel = 27C (; + R_sh) . (6.11)

This result demonstrates that beyond a certain number of parallel-connected solar panels,
further increase in N does not yield a proportional bandwidth improvement. Instead, the system
bandwidth becomes limited by the intrinsic diode resistance and shunt leakage paths of the
solar panel, leading to the experimentally observed saturation behavior. This result indicates
that increasing the number of parallel solar panels beyond a threshold does not further improve
the bandwidth, since the dominant limitation arises from the intrinsic diode resistance and
shunt leakage paths rather than the load resistance. Similarly, the output voltage in the parallel

configuration is given by:

Rload i (f )
Vour (f) = . : . (6.12)
Out( ) (Rload + Rsr,parallel) Gparallel + ]27rfcparallel

As N increases, Ry, paraitet = Rsr/N — 0, and hence

Rioaq
(Rload + Rsr,parallel)

— 1. (6.13)

Moreover, since G purqairer grows linearly with N while Cpp41101 also grows linearly with N,
their ratio approaches a constant value. Consequently, the output voltage magnitude converges
to

lim |vy, (f)| = constant. (6.14)
N—soo



Comparative Evaluation of Solar Panel Configurations and Their Impact on Communication
Performance 92

Therefore, both the cutoff frequency and output voltage exhibit saturation behavior beyond a
critical number of parallel-connected solar panels. This effect is experimentally illustrated in
Fig. 6.2, where the response of the receiver is shown for different numbers of parallel-connected

modules.
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Figure 6.2: Response of parallel solar modules.

The results indicate that increasing the number of parallel-connected modules leads to a
higher peak output voltage due to the increased photocurrent. However, this improvement is
accompanied by a reduction in the 3-dB bandwidth of the receiver. A pronounced bandwidth
degradation is observed up to eight parallel modules, beyond which the rate of deterioration
becomes more gradual. This behavior reveals a fundamental trade-off between signal amplitude
and bandwidth when scaling the receiver using parallel-connected solar modules.

Based on these observations, this study focuses on a comparative analysis between a
single-module receiver and an eight-module parallel configuration, which represents a practical
operating point that balances signal enhancement and bandwidth reduction. The experimentally
measured frequency responses of the single-module and parallel configurations are presented
in Fig. 6.3.

The results demonstrate that the single solar module achieves a 3-dB bandwidth approx-
imately three times higher than that of the parallel configuration. In contrast, the parallel
configuration provides a voltage gain exceeding five times that of the single-module receiver

within its 3-dB bandwidth region. These findings clearly highlight the configuration-dependent
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Figure 6.3: Frequency response of single solar module and parallel configuration.

trade-off between bandwidth and received signal strength, which is a key design consideration
for solar panel-based optical communication receivers. The experimental setup used to evaluate

the impact of receiver configuration is shown in Fig. 6.4.

= Function Generator

LED Panel

Figure 6.4: Experimental setup.

6.5 Performance Analysis

This section presents an experimental comparison between a single standalone solar module
and a multi-module parallel configuration from both communication and energy harvesting
perspectives. Although the parallel configuration increases the harvested electrical power by
summing the photocurrent contributions of multiple modules, it also introduces a reduction in
the effective communication bandwidth due to the increased junction capacitance. To mitigate

this limitation, a dedicated analog front-end circuit was designed and integrated at the receiver
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to enhance the 3-dB bandwidth and support higher data rates over extended transmission
distances. A comprehensive performance evaluation is carried out by jointly analyzing the

frequency response, achievable data rate, and harvested energy for both configurations.

6.5.1 Experimental Outcomes of Frequency Response Analysis

Conventional solar panels inherently exhibit limited frequency response, typically restricted to
the order of tens of kilohertz due to their large junction capacitance, as observed in Fig. 6.3.
This characteristic severely constrains their direct applicability as high-speed optical commu-

nication receivers. To overcome this limitation, an analog front-end circuit was developed
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Figure 6.5: Modified receiver’s frequency response.

to simultaneously suppress near-DC components and enhance the effective 3-dB bandwidth
of the received signal. As illustrated in Fig. 6.5, the proposed circuit significantly attenuates
low-frequency components while extending the usable bandwidth for both the single-module
and parallel configurations.

The single-module configuration achieves a higher bandwidth compared to the parallel
configuration, primarily due to its lower equivalent junction capacitance. In contrast, the
parallel interconnection of multiple solar modules increases the total capacitance seen at the

receiver input, which results in a more pronounced roll-off in the high-frequency response. To
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ensure a fair and consistent comparison, all circuit parameters, including load resistance and

amplifier settings, were maintained identically for both configurations.

6.5.2 Data Rate and Energy Harvested

The combined performance in terms of achievable data rate and harvested electrical energy as

a function of transmission distance is presented in Fig. 6.6. At a transmission distance of 1 m,
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Figure 6.6: Data rate and harvested energy with distance.

the received optical intensity is sufficiently high to enable substantial energy harvesting in both
configurations. Owing to the cumulative photocurrent contribution from multiple modules, the
parallel configuration consistently achieves higher harvested energy than the single-module
receiver. However, despite its superior energy harvesting capability, the parallel configuration
yields lower achievable data rates when compared to the single-module case. This behavior is
attributed to its reduced communication bandwidth, which limits the maximum symbol rate
that can be reliably supported. The single-module receiver, benefiting from a wider bandwidth,
is therefore able to sustain higher data rates across most transmission distances.

The variation of data rate with distance exhibits a non-monotonic trend for both configu-
rations. For the single-module receiver, saturation occurs at short distances due to excessive
photocurrent, which results in signal clipping and constrains the achievable throughput. As

the distance increases and the received optical power decreases, the system transitions out of
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the saturation region, reaching a peak data rate of approximately 11.8 Mbps at around 3.5 m.
Beyond this point, the data rate gradually declines as optical path loss dominates.

A similar trend is observed for the parallel configuration; however, the peak data rate
occurs at a larger distance of approximately 6.5 m. This shift is a consequence of the higher
photocurrent generated by the parallel modules, which extends the saturation region over
a longer distance range. Consequently, while the parallel configuration supports improved
energy harvesting and longer operational range, it experiences a trade-off in terms of reduced

bandwidth and lower peak data rate compared to the single-module configuration.

6.6 Summary

This study experimentally investigates two receiver configurations: a single standalone solar
module and an array of eight solar modules connected in parallel. To overcome the intrinsic
bandwidth limitations of solar panels, a dedicated analog front-end circuit is employed in
both configurations to enhance the effective 3-dB bandwidth. The single-module receiver
achieves a bandwidth of 3.1 MHz and supports a maximum data rate of 11.8 Mbps, making
it well suited for short-range, high-speed VLC applications. In contrast, the parallel config-
uration significantly increases the generated photocurrent, thereby extending the achievable
communication distance to 9.5 m. This characteristic makes the parallel receiver particularly
attractive for long-range and energy-constrained communication scenarios, such as intelli-
gent transportation systems and rural connectivity networks. The investigations presented in
Chapters 3—6 were intentionally conducted under controlled indoor laboratory conditions to
systematically characterize the communication performance of commercial solar panels and
to develop the underlying receiver architecture, bandwidth enhancement techniques, SLIPT
framework, and comparative performance analysis. These controlled experiments enabled the
isolation of key system parameters and provided a rigorous understanding of the factors influ-

encing optical wireless communication performance. Building upon these validated findings,
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the subsequent chapter extends the proposed communication system to real-world outdoor
environments, where practical challenges such as ambient sunlight, environmental noise, and
long-distance transmission are addressed through infrared-based communication and ambient-
light suppression techniques. This progression from controlled laboratory validation to outdoor
field deployment demonstrates the practical applicability and scalability of the proposed solar

panel-based optical wireless communication system.






Chapter 7

Outdoor Optical Communication Using

Solar Panels with Ambient Light

Suppression

7.1 Motivation

Solar panels employed as optical receivers represent a promising paradigm for OWC, enabling
simultaneous high-speed data transmission and self-sustainable operation through energy
harvesting. This work primarily investigates the communication capabilities of solar panels
to address critical limitations of conventional photodiode-based receivers, including signal
misalignment, dead zones, and performance degradation due to partial shading caused by
lateral vehicular motion during sharp turns.

Experimental evaluations are conducted over a communication distance of 2 m, corre-
sponding to typical short inter-vehicular spacing in platooning scenarios. Maintaining reliable
communication at such distances is essential for improving road throughput and reducing
traffic congestion [92]. However, the inherently low bandwidth of solar panels, mainly due to

their large junction capacitance, restricts their direct use in high-speed communication systems.
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To address this limitation, the analog front-end circuit is specifically optimized for outdoor
operation and infrared LED transmitters, which simultaneously enhance the receiver bandwidth
and suppress strong ambient light interference, thereby enabling reliable data transmission in
the Mbps regime.

Previous studies on LC have predominantly employed white LEDs as optical transmitters.
In contrast, the IR spectrum remains largely unexplored for solar-based communication systems.
IR LEDs offer important advantages for vehicular environments, as they are invisible to the
human eye and therefore do not introduce glare for vehicles in the same or adjacent lanes. This
work proposes the integration of a compact IR LED transmitter panel that maintains uniform
brightness, ensuring stable inter-vehicular communication links. Furthermore, the proposed
approach mitigates the adverse effects of automatic headlamp brightness control, which can
otherwise introduce asymmetric beam patterns and degrade communication performance.

PV modules exhibit a broad spectral responsivity range, typically spanning from the visible
to the near-infrared region (approximately 300—1100 nm), depending on the semiconductor
material [93]. The IR spectrum aligns well with the high-responsivity region of silicon-based
PV cells, thereby enhancing detection efficiency while reducing interference from ambient
visible light. In addition, compared to shorter visible wavelengths, IR wavelengths around
850 nm exhibit improved propagation characteristics under scattering conditions such as fog,
dust, and smoke [94, 95].

Motivated by these advantages and the growing demands of ITS, this work presents an IR
LED-based optical communication link utilizing solar panels as optical receivers. Furthermore,
the large active area of solar panels effectively mitigates the dead-zone problem associated

with conventional small-area photodiodes, as validated through experimental results.
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7.2 Chapter Contributions

The major contributions of this work are summarized as follows:

1. First Demonstration of Infrared Solar-Based Receiver with Bandwidth Enhancement:
Unlike prior work using white LEDs with solar panels, this study demonstrates IR LEDs for
vehicular optical communication due to their invisibility and reduced glare. The narrow band-
width of solar panels is overcome using a custom bandwidth enhancement circuit, extending
the receiver bandwidth from 160 kHz to 4.18 MHz and enabling OFDM transmission.

2. Quantitative Dead-Zone and Mobility-Constrained Performance Analysis:

A comprehensive evaluation of link performance under realistic vehicular dynamics is carried

out, including:

* Receiver misalignment: Reliable communication is maintained for lateral displacements

up to £40 cm, achieving data rates up to 17.9 Mbps and not falling below 2.4 Mbps.

* Partial blockage: The solar panel receiver sustains a communication link even under

90% shading, whereas a silicon photodiode fails beyond 60—70% blockage.

* Receiver tilt: Operation is supported up to +50° tilt with a throughput of 4.01 Mbps,
significantly exceeding the +-10° tolerance of conventional photodiodes. These results

are consistent with reported vehicular roll and yaw dynamics.

3. Integrated Prototype under Realistic Outdoor Conditions:

The proposed system is validated using an integrated prototype operating under bright outdoor
illumination over a 2 m vehicular link. The experimental setup emulates real-world vehicular
challenges, including misalignment, motion, and partial shading. The system achieves key
link-layer performance metrics, including latency below 20 ms, link reliability of 99.99%,
and negligible packet loss for packet sizes up to 1518 bytes. These results satisfy real-time

vehicular communication requirements outlined in [96] and [97].
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7.3 Experimental Setup

The frequency response and communication performance of the proposed system are evaluated
using the setup shown in Fig. 7.1. The transmitter consists of an AWG, RIGOL DG4202, a bias
tee, and four 850 nm IR LEDs. The bias tee combines the modulating signal with a DC bias to
ensure linear LED operation. A TIR lens is used to narrow the LED beam for long-distance
transmission. At the receiver, a solar module integrated with a BEC captures the optical signal,
and the output is observed using a DSO, DS1102E. The receiver also interfaces with a digital
signal processing board for data recovery. After characterizing the frequency response of the
solar module, real-time communication experiments are conducted in an outdoor vehicular
scenario, as shown in Fig. 7.2. Data transmission is performed using 16-QAM OFDM over an
optical wireless link of up to 3.5 m under ambient illumination of approximately 94,800 lux.
The system employs four IR LEDs at the transmitter and a solar module rated at 5.88 V and

60 mA at the receiver.

AWG DC Power Supply
Rigol DG 4202 Keysight E3631A

Bandwidth Enhancement Circuit]

Non Inverting
Amplifier

VDC,SoIar
+v, (w)

[l J\
T
TIA High Pass Filter

Vout (w) DSO
BEC r—" Rigol DS1102E

BEC Input

Direct Current

+ e ™
Information Signal Titeemittion

Carrying Current'

Figure 7.1: Block diagram of communication setup.
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Figure 7.2: Outdoor testing setup considering vehicle 1 as the leading vehicle transmitting
information and vehicle 2 as the following vehicle receiving information over a solar panel.

7.3.1 Frequency Response of Raw Solar Module

To characterize the frequency response of the solar module without the BEC, both simulation
and experimental measurements are performed using the LTspice circuit simulator and the ex-
perimental setup described earlier. The results in Fig. 7.3 confirm that a raw solar panel exhibits

inherently low bandwidth when used as an optical communication receiver. A minimum output
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Figure 7.3: Frequency response of raw solar receiver.

voltage of approximately 100 mV is required for reliable signal recovery. Although selecting

a low load resistance (R;,q,q = 50 Q) increases the bandwidth, the received signal amplitude



Outdoor Optical Communication Using Solar Panels with Ambient Light Suppression 104

becomes insufficient for data detection. This limitation can be partially addressed by increasing
the transmitted optical power; however, this approach leads to higher power consumption
and increased noise due to additional amplification stages. Alternatively, increasing R;,qq
improves the output voltage at low frequencies and enhances energy harvesting capability, but
significantly reduces the 3-dB bandwidth. This inverse relationship highlights the fundamental
trade-off between harvested energy and communication bandwidth. Consequently, high-speed
data transmission using a raw solar panel is not feasible. To mitigate this bandwidth constraint
and suppress low-frequency components, BEC is designed and experimentally evaluated in an

outdoor environment.

7.3.2 Frequency Response of Modified Solar Receiver

The frequency response of the solar receiver integrated with the BEC is shown in Fig. 7.4.
The corresponding lower (f7) and upper (fz) 3-dB cutoff frequencies are indicated. For
comparison, the experimentally measured 3-dB bandwidth of the raw solar receiver is 160 kHz,

spanning from 1 kHz to 161 kHz. The BEC consists of a TIA stage, followed by a high-pass
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Figure 7.4: Frequency response of modified solar receiver.

filter with a cutoff frequency of 60 kHz to suppress low-frequency and DC components, and a

non-inverting amplifier to provide sufficient gain for high-frequency signals. With the proposed
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BEC, the receiver achieves an enhanced 3-dB bandwidth of 3.57 MHz, extending from 25 kHz
to 3.6 MHz, with an output amplitude of approximately 460 mV at the 3-dB frequency points.
These results demonstrate that the designed BEC significantly improves the bandwidth of the

solar receiver while effectively mitigating the DC offset caused by ambient illumination.

7.4 Effect of Ambient Illumination on Solar Panel Optical

Receiver

The influence of diurnal solar illumination on the performance of the proposed solar panel opti-
cal receiver is experimentally investigated in an uncontrolled outdoor environment. Ambient
light introduces strong low-frequency and DC components that can distort the received signal
and degrade demodulation accuracy. Hence, robust receiver design and appropriate parameter
selection are essential for reliable outdoor optical communication. To address this challenge,
the proposed receiver with optimized BEC parameters is evaluated under varying illumination
conditions throughout the day.

The solar module orientation and corresponding sun profile are illustrated in Fig. 7.5a.
Experiments are conducted at different times of the day under varying atmospheric temperatures

and solar illuminance levels. Solar illuminance is measured using an HTC LX-101A digital lux
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Figure 7.5: Impact of ambient illumination on BEC performance.
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meter. During the early morning hours, the ambient lux level is relatively low and gradually
increases with solar elevation. The corresponding DC voltage generated by the solar module
follows this trend, as shown in Fig. 7.5b. At 09:00 hours, the measured DC voltage is
approximately 550 mV and increases until midday.

The power output of the solar panel depends strongly on its orientation with respect to
the sun, with maximum efficiency achieved under near-normal incidence. Although peak
illuminance occurs around 13:00 hours, the non-perpendicular angle of incidence limits the
generated voltage. As the sun moves toward the horizon, the incidence angle becomes more
favorable, resulting in nearly constant DC voltage between 13:00 and 17:00 hours despite
a gradual reduction in flux intensity. Environmental factors such as cloud cover, wind, and
temperature variations further contribute to fluctuations in the measured output voltage. Beyond
17:00 hours, the decrease in daylight intensity leads to a corresponding reduction in DC voltage.
These time-varying DC levels introduce baseline shifts in the received signal and may cause
clipping in the amplifier stages. The designed BEC effectively suppresses the DC and low-
frequency components, achieving approximately 99% ambient light rejection with only minor
residual fluctuations of 5-9 mV.

Fig. 7.6 presents the data rate (left Y-axis) and received optical power (right Y-axis)
measured as functions of transmission distance using iperf-2.0.14a. The non-monotonic data
rate behavior observed in Fig. 7.6 results from receiver saturation at short distances (< 2 m) and
signal attenuation at longer distances. At close proximity, the received optical power exceeds
the maximum allowable limit (Prx nqx = 6.1 mW), causing amplifier saturation and signal
clipping, which reduces the achievable data rate. At an optimal distance of approximately 2 m,
the system achieves a peak data rate of 17.9 Mbps.

Beyond this point, the received optical power decreases due to beam divergence and
atmospheric propagation losses, leading to a gradual reduction in data rate. When the received
signal falls below the required peak-to-peak threshold beyond 3.2 m, reliable demodulation

becomes challenging. The communication range can be further extended by employing optical
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lenses for beam collimation, increasing the number of transmitting LEDs, or using solar panels

with higher responsivity.

7.5 Dead Zone

The previous sections demonstrated the outdoor performance of the proposed solar receiver

and the effectiveness of the designed circuitry in suppressing ambient light interference. This

section highlights the advantage of such a communication link in vehicular applications,

particularly for short-range scenarios such as vehicular platooning. Prior studies have shown

that automated vehicles operating with inter-vehicle distances of approximately 2 m can

significantly improve road throughput and reduce traffic congestion [92]. Platooning, therefore,

represents a key application requiring reliable short-range vehicle-to-vehicle communication.

In vehicular environments, conventional photodiode-based receivers suffer from the dead-

zone problem due to their limited active area. Dead zones arise when the receiver becomes

misaligned or when its orientation exceeds the acceptable field-of-view during steering maneu-

vers, lane changes, road slopes, or curved paths, as illustrated in Fig. 7.7. These orientation

variations lead to intermittent signal loss and reduced link reliability.
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In contrast, solar panels provide a substantially larger optical collection area, making them
more tolerant to angular misalignment and orientation changes. This characteristic significantly
mitigates the dead-zone effect and enables more robust communication under realistic driving
conditions. Consequently, solar panel-based optical receivers offer a promising solution for

maintaining reliable links in short-range vehicular platooning scenarios.

Receiver misalignment Receiver orientations

-

v,
~’~-—_._—

DEAD ZONE REGION

Figure 7.7: Dead-zone caused due to receiver misalignment and receiver orientation.

7.5.1 Receiver Misalignment

Receiver misalignment in LC systems commonly arises due to road banking and curved
trajectories, which disrupt the line-of-sight alignment between the transmitter and receiver and
create dead-zone regions. In vehicular platooning scenarios, such link interruptions during
sharp turns may lead to unsafe operating conditions. The use of a solar panel receiver with a
substantially larger effective collection area mitigates this limitation by increasing tolerance to
lateral displacement.

Fig. 7.8 illustrates the dead-zone condition caused by lateral misalignment. The LED
transmitter is assumed to be mounted near the tail lamp of the leading vehicle (LV), while the

solar panel receiver is positioned at the center of the bumper of the following vehicle (FV). The
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Figure 7.8: Impact of the horizontal shift of solar module.

communication link is governed by the LED semi-half angle, the receiver field-of-view (FOV),
and the relative lateral displacement between the LV and FV.

When the lateral displacement exceeds a threshold value L;;, the receiver moves outside the
illuminated footprint, and a dead zone occurs due to insufficient optical power. The geometric

relationship defining this threshold is expressed as

Lth - (drx/z)

7 ; (7.1)

tan(min (6, 5, Yroy)) =

. dyx
Ly, = dtan(mm(@l/z, Ilfpov)) + (7.2)

>
Here, L;, denotes the maximum allowable lateral displacement, d,, is the lateral width of
the receiver, d represents the distance between the transmitter and the center of the illuminated
footprint, 6y, is the LED semi-angle, and yroy is the receiver field-of-view.
The outdoor LC channel is further affected by atmospheric absorption and scattering, which

can be modeled using the Beer-Lambert law. The differential received power over an elemental

area dA, assuming Lambertian radiation, is given by [98]

(m+1)

dP=-~—
21D

cos”(0) cos(Y)T(Dy) Pemir dA, (7.3)
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where 7(D,) denotes the atmospheric transmittance at distance D4, m is the Lambertian
order of the LED, P,,;; is the emitted optical power, 0 is the radiation angle, and v is the
incidence angle at the receiver.

For fixed P,,ir, 0, and y, the total received power is obtained as

1
P= %COSm(Q)COS(W)T(Dd)Pgmit/dA, (7.4)
1 Lth a
P= @Cosm(e)COS(W)T(Dd)Pemit / /dXdy7 (75)
2nD;
Ltthd;x 0

where Kk denotes the fractional overlap between the receiver area and the illuminated
footprint, ranging from zero (no overlap) to unity (full overlap). The parameter d., represents
the lateral width of the solar panel, and a denotes the horizontal extent of the illuminated region.
Accordingly, the received optical power becomes
(m+1)

P= 2D cos™(0) cos(Y)T(Dy) Pomir Kad. (7.6)

Since the effective collection area of a solar panel is significantly larger than that of
a conventional photodiode (d, > d,,,), the solar receiver captures higher optical power,
particularly near the boundary of the illuminated footprint. This property provides increased
tolerance to lateral displacement and enhances link robustness compared with photodiode-based

receivers.

7.5.2 Orientation Impact

Receiver orientation represents a critical limitation in photodiode-based LC systems due to
their narrow aperture. Even small angular deviations may result in link outage. In contrast,
the large collection area of solar panels enables sustained communication under substantial

orientation variations.
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According to Euler’s rotation theorem, the three-dimensional orientation of a rigid body can
be described by yaw (), pitch (), and roll (B) angles [99, 100], as illustrated in Fig. 7.9. Yaw
corresponds to rotation about the vertical axis during turning or lane changes, pitch describes
rotation about the lateral axis during acceleration and braking, and roll denotes rotation about

the longitudinal axis due to road inclination and vehicle dynamics. In this study, the combined

.‘[) y
//\\j - \Lateral

Figure 7.9: Vehicular orientation system

effects of yaw and roll are considered, as these dominate orientation variations during normal
vehicle operation. Reported vehicular dynamics indicate that yaw and roll angles may vary up

to £50° and £17°, respectively [101, 102]. The corresponding rotation matrices are defined

as [99]
cosa sina O
R(a) = | —sina cosar O, (1.7)
0 0 1
1 0 0
R(B)=1{0 cosB sinf|, (7.8)
0 —sinf cosp
cosy 0 —siny
Ry=(0 1 0 | (7.9)

siny 0 cosy
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The overall rotation matrix is expressed as R(¢t, 3,7) = R(a)R(B)R(y). If n; denotes the
initial unit normal vector of the receiver, the rotated normal vector n, is given by
n,=R(a,B,7)n;. (7.10)

Accordingly, the incidence angle v is obtained as

nr-Dd

cos(y) = Dy (7.11)

where D, and ||D,|| denote the distance vector and Euclidean distance between the trans-

mitter and receiver, respectively.

7.6 Experimental Observations and Insights

This work investigates the communication capability of solar panels when employed as optical
receivers. A series of experiments is conducted to demonstrate that solar panel-based receivers
effectively address key challenges encountered in vehicular LC systems. An IR LED operating

at a wavelength of 850 nm is used as the optical transmitter.

7.6.1 Optical Link Reliability

The reliability of the proposed solar panel-based optical link is experimentally evaluated using
the outdoor testbed shown in Fig. 7.2. Key performance metrics, including packet loss, average
round-trip time (RTT), lateral misalignment tolerance, and receiver orientation sensitivity, are
investigated. Two IR LED panels are positioned 40 cm apart to emulate the spatial separation
of vehicular tail lamps.

Link reliability is first assessed by analyzing the effect of packet size on packet loss and
average RTT, as shown in Fig. 7.10. The iperf network tool is employed to transmit 10°

packets for each packet size configuration. The minimum average RTT of 16 ms is observed



Outdoor Optical Communication Using Solar Panels with Ambient Light Suppression 113

22 p=er 0
L _1Packet loss for solar module
20 |:|Packet loss for PIN photodiode 420
I Average round trip time with solar module
'EuT 1g | Average round trip time with PIN photodiode {18
qE) 16 [ §
= —
= 14+ 5
2 X
E12f 8
° o
c
510 S
2 @
o 8 Qo
s E
<)
S 6r 2
° =
>
< 4t
oL
0 i i i
64 128 256 512 1024 1518
Packet Size (Bytes)

Figure 7.10: Packet loss and average round-trip time versus packet size.

for 64-byte packets, while the maximum RTT of 18 ms occurs for 1518-byte packets. Packet
loss remains negligible for packet sizes up to 512 bytes. For 1518-byte packets, a maximum
loss of only three packets is recorded, demonstrating stable link performance.

To further evaluate reliability over different inter-vehicular distances, packet error measure-
ments are conducted using 107 packets of 1518 bytes at each distance. At a separation of 1 m,
a maximum of seven packet losses is observed. Between 2 m and 4 m, packet loss remains
extremely low, with only three lost packets, corresponding to a link reliability exceeding
99.99%. Beyond 4 m, the received optical power drops below 0.01 mW, resulting in a rapid
increase in packet loss. These results confirm robust communication up to 4 m and indicate
that the operating range can be extended through higher optical transmit power or solar panels
with improved responsivity.

The impact of lateral displacement of the solar receiver is examined in the experiment
shown in Fig. 7.11. The LED transmitters are placed symmetrically at £20 cm from the
centerline. At these positions, the maximum data rate of 17.9 Mbps is achieved with a received
optical intensity of 0.86 mW. As the receiver moves toward the center position, the received

intensity decreases, resulting in a reduced data rate of 10.8 Mbps.
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Figure 7.11: Impact of the horizontal shift of the solar module.

At the extreme lateral edges, the received optical intensity drops to approximately 0.1 mW,
yielding a data rate of 2.4 Mbps. These observations demonstrate that the solar receiver
maintains functional communication over a wide lateral displacement range, highlighting its

suitability for vehicular platooning scenarios where relative alignment continuously varies.

7.6.2 Dead Zone Impact

The impact of the dead zone on communication performance is presented in this section.

7.6.2.1 Receiver Misalignment

The effect of receiver misalignment and partial optical blockage on data rate performance
is experimentally investigated and illustrated in Fig. 7.12. The shaded region represents the
portion of the receiver area that does not receive incident optical power. Performance is
compared between a conventional silicon photodiode and the proposed solar panel receiver.
When the receivers are positioned at the center of the illumination cone, both devices
experience maximum received optical intensity. Under zero shading, the solar panel achieves a
data rate of 17.9 Mbps, while the silicon photodiode attains 23.2 Mbps. As the shaded area

increases, the data rate decreases for both receivers. However, the photodiode exhibits a sharp
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Figure 7.12: Data rate versus shaded area of the optical receiver.

degradation beyond 50% shading and experiences complete outage at approximately 70%
shading. In contrast, the solar panel maintains an active link up to nearly 90% shaded area due
to its substantially larger collection surface.

A second experiment places the receivers at the edge of the illumination cone, where
the initial received optical power is inherently lower. In this configuration, both receivers
exhibit reduced peak data rates even under zero shading. The silicon photodiode undergoes
rapid performance degradation beyond 30% shading and reaches complete outage at 60%
shading. Conversely, the solar panel shows gradual performance degradation and continues
to outperform the photodiode beyond 30% shaded area, sustaining communication up to 90%
shading.

This performance difference is primarily attributed to the inherent limitations of photodi-
odes, namely their small active area and narrow FOV. With an active area of approximately
100 mm?, photodiodes collect significantly less optical power and are highly sensitive to
misalignment and partial blockage. Additionally, their restricted angular acceptance limits
off-axis reception. Solar panels, with their substantially larger surface area, effectively op-
erate as wide-FOV receivers, providing improved tolerance to angular deviations and partial

shading. This property makes them well-suited for dynamic vehicular environments where
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relative orientation continuously changes. The achieved data rates are sufficient to support
video transmission at 1280x 720 resolution along with safety messages and vehicle trajectory

information [97, 103].
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Figure 7.13: Receiver orientation versus data rate.

7.6.2.2 Orientation Impact

Receiver orientation varies significantly during vehicle maneuvers such as sharp turns, lane
changes, and road banking, potentially causing dead-zone conditions. Experimental validation
is therefore performed to quantify the angular tolerance of the proposed solar receiver and
compare it with a silicon photodiode, as shown in Fig. 7.13.

To emulate vehicular roll and yaw motions, a custom-designed mechanical pan—tilt servo
gimbal is employed. The fixture enables yaw rotation from —60° to +60° and roll (vertical
tilt) from —60° to +60° in steps of 5°.

Under perfect alignment, the silicon photodiode achieves a higher peak data rate than
the solar receiver. However, even small angular deviations result in a rapid performance
decline for the photodiode, leading to link outage beyond 10° of misorientation. In contrast,

the solar receiver exhibits stable performance up to 10° of rotation and maintains an active
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communication link even at extreme angular deviations of £50°, achieving a data rate of
4.01 Mbps. These results confirm the superior robustness of solar panel receivers against
orientation-induced dead zones, making them highly suitable for vehicular platooning and

short-range vehicle-to-vehicle optical communication.

7.7 Summary

This chapter experimentally demonstrates high-speed optical communication using a solar
panel as a vehicular receiver, addressing the dead-zone problem associated with conventional
photodiode-based systems. Owing to its large collection area, the solar receiver maintains link
connectivity under severe misalignment, partial shading (up to 90%), and extreme orientation
variations (up to +50°). To overcome the intrinsic bandwidth limitation of solar panels
(160 kHz), an analog circuit is designed, extending the receiver bandwidth to 3.57 MHz and
enabling data rates up to 17.9 Mbps. These results confirm the suitability of solar panel-based
receivers for robust short-range vehicular communication and highlight their potential for

future intelligent transportation systems.






Chapter

Conclusion and Future Work

This dissertation presented a comprehensive investigation into the design, modeling, and exper-
imental validation of solar panel-based optical wireless communication receiver. Motivated
by the limitations of conventional photodiode-based receivers, particularly their susceptibil-
ity to dead zones caused by misalignment, orientation variations, and partial blockage, this
research aimed to develop a robust and practical optical receiver architecture suitable for dy-
namic environments. Through analytical modeling, circuit-level design, and extensive outdoor
experimentation, this thesis establishes solar panels as viable and reliable optical receivers for

simultaneous communication and energy harvesting.

8.1 Summary of Contributions

The main contributions of this dissertation are summarized as follows:

* This research demonstrated through systematic experimentation that commercial solar
panels can be effectively utilized as optical communication receivers. Unlike conven-
tional photodiodes with limited active area, solar panels provide a significantly larger
optical collection surface, enabling improved tolerance to receiver misalignment, ori-
entation changes, and partial shading. This directly addresses the dead-zone problem

commonly observed in VLC systems.
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* A key technical challenge associated with solar panels is their inherently low electrical
bandwidth (approximately 160 kHz), which restricts achievable data rates. To overcome
this limitation, custom analog circuits were designed and implemented. The proposed
BEC extends the effective receiver bandwidth to 3.57 MHz while suppressing low-
frequency and DC components induced by ambient light. This enabled reliable high-
speed data transmission with data rates up to 17.9 Mbps using an IR LED in an outdoor

environment and 18.8 Mbps using indoor white LED with 16-QAM OFDM modulation.

* The outdoor performance of the proposed solar receiver was extensively evaluated under
varying ambient illumination conditions throughout the day. Experimental results demon-
strated that the designed BEC suppresses more than 99% of the ambient light-induced
DC component, ensuring stable communication even under high solar lux levels. These
findings confirm the robustness of the receiver architecture in uncontrolled outdoor

environments.

* The impact of lateral displacement and partial blockage on link reliability was experi-
mentally investigated to quantify the dead-zone mitigation capability of solar receivers.
Results showed that the communication link remains operational even when up to 90%
of the receiver area is shaded. Compared with silicon photodiodes, solar panels exhibited
significantly higher resilience to misalignment and maintained connectivity at the edges

of the illumination footprint.

* Receiver orientation effects were studied using controlled roll and yaw rotations to
emulate real vehicular motion. While conventional photodiodes experienced link outage
beyond small angular deviations (approximately 10°), the solar receiver maintained
active communication even at extreme orientations of up to £50°, achieving data rates of
4.01 Mbps. This highlights the suitability of solar panel receivers for vehicular platooning

and short-range vehicle-to-vehicle optical links.
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* Overall, the experimental and analytical results demonstrate that solar panel-based
optical receivers provide a low-cost, lens-free, and bias-free alternative to conventional
photodiode receivers. By simultaneously offering large-area optical collection and
communication capability, the proposed approach simplifies receiver design and improves

robustness in dynamic vehicular scenarios.

8.2 Future Research Directions

Building upon the foundations established in this dissertation, several promising research

directions can be pursued:

8.2.1 Advanced Modulation and Receiver Architectures

Although the experimental validation presented in this thesis employs OOK due to the inherent
bandwidth limitations and non-ideal characteristics of commercial photovoltaic receivers,
the proposed bandwidth enhancement techniques significantly improve the communication
capability of solar-panel-based optical receivers. These advancements establish a practical
pathway toward supporting higher-order modulation schemes, which demand greater bandwidth
and signal quality. The scalability of the proposed receiver architecture has been validated in
our subsequent studies, where OFDM with 16-QAM was successfully demonstrated using the
bandwidth-enhanced solar-panel receiver. These results confirm that the proposed analog front-
end design is not restricted to low-order modulation but provides a foundation for implementing
spectrally efficient modulation schemes, thereby enabling higher data rates and facilitating the
evolution of solar-panel-based optical wireless communication systems toward future high-
capacity LiFi and intelligent transportation applications. The current system can be extended
to support higher-order modulation schemes and wider bandwidths through improved analog

front-end design and adaptive filtering. Future research may explore adaptive gain control,
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digital equalization, and multi-band reception techniques to further increase achievable data

rates and link reliability.

8.2.2 Environmental Robustness and Weather-Aware Communication

Extensive field trials under diverse weather conditions, such as rain, fog, dust, and fluctuating
sunlight intensity, will be conducted to evaluate long-term reliability. Incorporating atmospheric
attenuation and scattering models into system design will enable weather-aware adaptive

communication strategies for vehicular optical links.

8.2.3 Angle-Diversity and Multi-Panel Reception

The spatial and angular response characteristics of solar panels offer the potential for angle-
diversity reception. Future work will investigate multi-panel receiver configurations to exploit
spatial diversity and further mitigate dead zones caused by extreme misalignment and shadow-

ing in dynamic vehicular environments.

8.2.4 Dynamic Vehicular Experiments and Channel Modeling

The proposed solar-panel-based optical receiver architecture provides a strong foundation
for next-generation Intelligent Transportation Systems (ITS). Future research will focus on
extending the communication range using higher-power optical transmitters, optimized optics,
adaptive beam steering, receiver diversity, and MIMO-based optical communication techniques.
Large-scale dynamic vehicle-to-vehicle (V2V) experiments will be conducted to characterize
path loss, mobility-induced fading, and vehicular light distributions, enabling the development
of realistic channel models for platooning and cooperative driving applications. Furthermore,
the proposed receiver can be extended beyond vehicle platooning to support broader ITS appli-
cations, including V2I communication, intelligent traffic intersections, and smart transportation

infrastructure. Additional validation under diverse outdoor conditions will further enhance
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the robustness and scalability of the proposed system for practical vehicular optical wireless

communication.

8.3 Concluding Remarks

In conclusion, this dissertation demonstrates that solar panel-based optical receivers consti-
tute a promising alternative to conventional photodiode-based LC systems. By overcoming
dead-zone limitations through large-area reception and bandwidth enhancement, the proposed
architecture enables robust, high-speed, and alignment-tolerant optical links suitable for in-
telligent transportation systems. The analytical insights, circuit designs, and experimental
validations presented in this work provide a strong foundation for future research on sustainable,

affordable, resilient, and high-performance optical wireless communication networks.
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