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Abstract

With an ever-growing network of billions of interconnected smart
devices in the era of the Internet of Things, high-speed communication has
inspired research into the use of low energy and high-speed free-space optical
(FSO) communication systems. In FSO communication, light-emitting diodes
(LEDs) and lasers are used for wireless data transmission in indoor and
outdoor environments and photodiodes are used as data receivers. But these
receivers have two main disadvantages — they require an external power
source to operate, and their small active area makes alignment challenging. A
promising solution to these problems is the use of solar panels as data
receivers. As photovoltaic (PV) panels have a larger active area compared to
that of conventional photodiodes, they relax the strict alignment requirements

and can also simultaneously harvest energy from sunlight.

The current work investigates the use of Si-based off-the-shelf PV
panels as FSO receivers to build an energy-neutral and high-speed FSO
system. As solar panels were never built as optical data communication
receivers, they have a very small communication bandwidth compared to
photodiodes. In this work, a theoretical model of the solar panel is provided
and, using analogue equalization, the usable communication bandwidth of a
solar panel is extended. PV panels were primarily designed to harvest energy
from sunlight. Using the analytical model, simultaneous energy harvesting,
and data communication performances are evaluated. Moreover, the trade-off
between the energy harvesting and data communication capability of the solar
panel is shown. Furthermore, the use of different spectrally efficient
modulation techniques such as direct current optical orthogonal frequency
division multiplexing (DCO-OFDM) and discrete multitone pulse-amplitude

modulation (DMT-PAM) are compared when used with a solar panel as an




optical receiver. It has been found that each modulation scheme is usable

under different applications.

Using the simulated results from the analytical model an FSO prototype
was designed and developed, demonstrating the use of solar panels as the
receivers. A receiver circuit to interface the solar panel with the FSO system
was designed and developed to demonstrate the data communication and
energy harvesting performance. Data rates as high as 75 Mb/s is
demonstrated using DCO-OFDM and offline processing using an off-the-shelf
Si-based solar panel. The PV panel-based FSO system was used to provide
internet access to two residential properties on a remote island in the northern
part of Scotland. The performance of the prototype was carefully studied
under various weather conditions. Furthermore, the maximum user throughput
achieved by the prototype is 28.3 Mb/s with the simultaneous energy
harvesting capability of up to 4.5 W. Lastly, the design of a custom-built solar
panel is proposed which doubles the data rates shown in this work and can be
implemented alongside a small-scale to large-scale solar energy harvesting

infrastructure.




Lay Summary

Wireless data access has become a necessity in today’s digital data-
driven world, which plays a significant role in all aspects of modern societies,
including healthcare, commerce, politics, and education. The demand for
easily accessible high-speed internet has been growing exponentially. This
growth inspired research into using solar panels as optical wireless
communication receivers. The solar panels could simultaneously harvest
energy from the sunlight and receive optical data. This proposed solution
offers multiple advantages over existing systems. Mainly, the proposed
system can harvest energy and is self-sustainable. Therefore, it can be
deployed easily in the most challenging geographical locations to provide data

connectivity and power.

Current literature focuses primarily on the research and development of
electronic circuits and techniques which allow the solar panels to be used as
high-speed optical data receivers, while harvesting power from sunlight.
Moreover, different popularly used optical modulation techniques are also
reviewed when used with the solar panel as a receiver. It was found that the
highest data rates could be achieved using direct current optical orthogonal
frequency division multiplexing (DCO-OFDM). The theoretical maximum data
rate that could be achieved using an off the shelf 5 W silicon solar panel was

estimated to be 75 Mb/s.

A free-space optical communication prototype was designed and
developed using a solar panel as a receiver. The prototype demonstrated a
maximum user available data rate of 28.3 Mb/s while simultaneously
harvesting a peak power of 4.5 W. The data rate and energy harvesting
capability of the system was enhanced further by proposing a new design of

the solar panel.
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Chapter 1 Introduction

In recent years, the commercial, industrial, and scientific communities
have shown an increase in interest towards wireless communication
technologies. However, the present radio frequency (RF) based wireless
network infrastructure is not able to fully satisfy these traffic demands.
Therefore, the wireless communication community has started adopting the
use of millimetre wave (mmWave) radiation of the electromagnetic (EM)
spectrum. This part of the spectrum is undergoing significant research,
development, and nascent adoption in commercial mobile internet. In the
telecommunication industry, this is the fifth generation (5G) technology [1]
standard for broadband cellular networks. The 5G mobile network is
envisioned to exploit the enormous amount of spectrum in the millimetre wave
bands to greatly increase communication capacity. The potential applications
of mmWave communications in the 5G network includes the small cell access,
the cellular access, and the wireless backhaul. Although, the rapidly growing
technologies such as self-driving vehicular technology [2], virtual reality and
artificial intelligence powered |oT devices [3] is increasing the demand for the
communication bandwidth. Therefore, soon there will be a sixth-generation
standard for wireless communication technologies supporting cellular data

networks.

In the sixth generation, the data rates will be expected to be significantly
faster than their predecessor. Hence, the research, development and adoption
will move to the optical spectrum of EM radiations. Free Space Optical
communication (FSO) and its variant of the visible light communication (VLC)
are promising new approaches towards mitigating the looming radio

frequency (RF) spectrum crisis in the upcoming generations of wireless
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communication technologies [4]. The optical spectrum is 2600 times larger
than the entire 300 GHz radio frequency (RF) spectrum, including the mmWave
[5]. It has been shown that terabit per second (Tb/s) wireless access network
could be built using the optical spectrum [5]. Moreover, mmWave and optical
spectrum behave similarly while interacting with solid surfaces [6]. Whereas
optical wavelengths, especially in infrared region, have lower attenuation
compared to mmWave when propagating through free space or air [6]. Hence,
to future-proof wireless communication optical wireless communication

should be the way forward.

Simultaneously, mankind is shifting from fossil fuel to other renewable
sources of energy, such as solar power, to reduce the carbon footprint left by
the human race. An energy-neutral optical wireless communication (OWC)
system is the need of the hour. A system that can simultaneously harvest
energy from a renewable source and enable high-speed wireless
communication can solve a lot of problems at present. This work presents a
potential candidate for the energy neutral OWC system, which uses solar
panels as wireless optical data receivers and simultaneously harvests energy

from the sunlight.

1.1 Motivation

In this era of the Internet of Things (loT) [7], high-speed wireless
communication faces many challenges. One of these is the rapidly growing
digital divide between urban and rural areas. In many rural parts of the world,
the internet-based transformation of healthcare education and commerce is
slowed by poor network infrastructure. This, coupled with an ever-rising
demand for network capacity in urban areas, effective solutions to improve
rural connectivity is urgently needed. Furthermore, the inadequate
electrification in remote areas makes the installation of wireless base stations

in rural areas challenging. Laying optical fibre cables for broadband internet
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connectivity can be a solution to the problem but not economically feasible.
Installing and maintaining fibre optic cables from the data centres to remote
locations with challenging terrains can be challenging and expensive.
Therefore, using off-the-shelf solar panels as wireless optical data receivers to

provide connectivity to these remote locations can be an ideal solution.

The solar panels are capable of harvesting energy from sunlight, making
the FSO link self-sustainable. Also, the surplus harvested energy from the
sunlight can be used for other domestic or commercial use, enabling 100%
electrification in remote locations. Furthermore, solar cell technology is rapidly
developing. The efficiency of solar cell is continuously increasing by the efforts
of many researchers. Also, due to the green technology issue, solar cells have
been widely used in many devices such as smartwatches and other portable
consumer electronic devices, to gather optical energy from the environment
(usually from the Sun). Currently, solar cells are commonly used to obtain
optical energy. However, if the solar cells can also receive a wireless optical
signal, those portable consumer electronic devices can use the solar cells for
communication and simultaneous energy harvesting, making them eco-

friendly.

1.2 Contributions

For the first time, in this thesis an 80 m outdoor FSO prototype with an
off-the-shelf 5 W silicon (Si) solar panel as a data receiver is developed and
deployed as shown in Figure 1-1. The data is transmitted by varying the
intensity of optical power output of a laser and received using an off-the-shelf
5 W Si-based solar panel. The solar panel is capable of harvesting power from
sunlight while simultaneously receiving optical data. This FSO system was
used to provide connectivity in remote locations. The solar panel is used to
harvest energy from the sunlight and simultaneously receive optical data

signal. The developed system is classified to be class 1M as per the British
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laser safety standards [8]. The class 1M classification is considered to be eye-
safe unless and until an optical aid, such as a binocular or telescope, is used
to observe the output beam directly in front of the transmitter enclosure

opening within a non-ocular hazard distance.

Figure 1-1: Solar panel as an FSO receiver

As part of the system development, a receiver circuit is designed and
developed to enhance the inherent low communication bandwidth of a solar
panel. The different methods of interfacing the solar panel with the receiver

circuit are investigated.

Furthermore, to enable real-time communication, field-programmable
gate array (FPGA) and application-specific integrated circuit (ASIC) based
digital signal processing (DSP) platforms are used. These platforms provided
the physical (PHY) layer and medium access control (MAC) layer which is
based on the IEEE 802.3 ethernet standards and IEEE 802.11 wireless local
area network (WLAN) standards. This enables the system to be easily
interfaced with the existing networking infrastructure and provide wireless

connectivity while being energy neutral.
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The system was further tested in the laboratory with offline digital signal
processing on MATLAB using two different spectrally efficient modulation
techniques i.e., orthogonal frequency division multiplexing (OFDM) [9] and
pulse amplitude modulation with discrete multitone (PAM-DMT) [9]. The
application of OFDM and PAM are compared, and the benefits are shown for
different use cases of the system. The highest ever data rate was achieved
using off-the-shelf large Si-based solar panels with the OFDM modulation
technique. Furthermore, using an analytical model, the electrical
characteristics of a solar panel as an optical data receiver is studied in depth.
This analytical study is further verified experimentally by developing an end-to-
end prototype in the laboratory. The effects of varying sunlight on the data
communication performance of the solar panel are studied thoroughly. It is
shown that there is a trade-off between energy harvesting capability and data
communication performance when an off-the-shelf solar panel is used. To
overcome this trade-off, a custom solar panel design is proposed which is built
out of off-the-shelf PV modules. This design doubles the overall
communication performance of the system and enhances the energy
harvesting capabilities. The maximum raw throughput achievable, over two
wavelengths, with this receiver was estimated to be over 100 Mb/s with a

simultaneous power harvesting functionality of up to 9.1 W.

1.3 Thesis layout

The rest of the thesis is organised as follows. Chapter 2 introduces the
previous work on using solar panels as data receivers. This chapter also
includes the introduction to the fundamental concepts used in building a high-
speed FSO link. Chapter 3 describes the analytical model of the solar panel
used to study the electrical characteristics which are relevant for data
communication and energy harvesting performance. In Chapter 4, an
experimental setup is developed to verify the estimations obtained from the

analytical model in Chapter 3. Using the knowledge from Chapters 2-4, in
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Chapter 5 a receiver circuit is designed to enhance the communication
bandwidth of the solar panel using analogue equalisation. Also, the different
methods of interfacing the solar panel with the receiver circuit are mentioned
and compared extensively. In chapter 6, the FSO prototype design, architecture
and integration are shown. This FSO prototype is deployed at two locations
and the results obtained from these deployments are presented and discussed
in this chapter as well. The limitations found in the prototype developed in
Chapter 6 are solved in Chapter 7 by building a custom solar panel. The design
process and the simulated results obtained for this custom solar panel are
presented in Chapter 7. In Chapter 8, the key findings of this thesis are provided
with concluding remarks. Finally, the limitations of using solar panels as an

FSO receiver are discussed along with possible future work.

1.4 Summary

Solar panels have the capability of harvesting energy and simultaneously
receiving an optical data signal which is expected to solve the rural digital
divide. The FSO system, with an off-the-shelf Si-based solar panel as a data
receiver, has been studied in detail and a deep understanding of the underlying
issues has been obtained. Despite the in-depth research efforts in the field, a
lot of the questions remain unanswered. The current work provides a further
understanding of analogue electronics techniques which are used to enhance
the usable communication bandwidth of a solar panel. This chapter presents
the motivation behind this problem statement, the major contributions of this

thesis and provides an outline of the subsequently presented work.
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Chapter2 Background

The photovoltaic (PV) effect was first observed by French physicist
Alexandre Emond Becquerel in 1839 while he was experimenting with metal
electrodes and electrolytes [10]. While experimenting, he discovered that
conductance increases with illumination. In 1904, Wilhelm Hallwachs made a
semiconductor-junction solar cell with copper and copper oxide. The first
silicon solar cells were used to power the Telstar communication satellite
launched in 1962 and were developed further for use in terrestrial installations.
Modern manufacturing techniques have made low-cost silicon solar cells
readily available. This has prompted an investigation into their application in
areas other than direct sunlight to electrical energy conversion. Solar cells can
harvest electrical energy from electromagnetic radiation generated by lasers
and light-emitting diodes (LEDs) as well as sunlight. This prompted the
investigations into using solar cells for wireless optical power transfer (WOPT)

and as optical receivers in OWC systems.

2.1 Introduction

Since their invention, solar panels have already undergone three
generations of development to optimize their power efficiency. The first
generation consists of solar panels made of monocrystalline or polycrystalline
silicon (Si) which is still the most commonly used type in conventional
applications. Monocrystalline panels have a higher power output, better
temperature stability and last longer than polycrystalline panels [11]. These
solar panels are also low-cost, easily available and, are commonly deployed
for large-scale solar energy harvesting. The second generation of solar panels
consists of different types of thin-film solar cells and are mainly integrated into

building’s solar windowpanes, solar car windshields, smartwatches, etc. The
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increment in optical-to-electrical energy conversion efficiency is minimal
compared to that of first-generation solar panels. Among the many benefits
achieved in second-generation solar panels was their availability in different
form factors. The third-generation solar panels are based on solar cells that
use organic and inorganic materials to harvest energy. Third-generation solar
panels refer to a variety of thin-film technologies which are mostly still in
research and development. Some inorganic semi-conductor compounds
commonly used are cadmium telluride (CdTe), gallium arsenide (GaAs), and
gallium indium phosphide (GalnP). They harvest energy in the same way as
conventional solar panels but have a smaller active area. An additional optical
element, such as a Fresnel lens, is required to concentrate the optical energy
onto the small active area. Therefore, they are also commonly referred to as
concentrated photovoltaic (CPV) cells. These solar cells have recorded
efficiencies as high as 47.1% under illumination density that corresponds to
the equivalent of 143 suns concentration [12]. There are solar cells that use
hybrid organic-inorganic substances, such as the perovskite solar cell.
Perovskite solar cells have a perovskite structured compound of tin or lead
halide-based material as the light-harvesting layer [13]. The main advantage of
perovskite solar cells over Si-based cells is that they are cheaper to
manufacture [13]. All the above-mentioned generations of solar cell
technologies are capable of simultaneous energy harvesting and data
communication, as the fundamental principle of optical-to-electrical
conversion of these cells is based on the same photovoltaic effect discovered

two centuries ago.

2.2 Free space optical communication systems

A free-space optical (FSO) communication system is an optical
communication technology that uses the visible or infrared part of the EM
spectrum propagating in free space to wirelessly transmit data for

telecommunications and computer networks [14]. Here “Free space” can refer
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to air, outer space, vacuum, or media with similar properties. This is contrary
to using solids such as optical fibre cable or an optical transmission line, but
analogous to wireless RF communication. An advantage of using FSO is that
there is no license required from the Federal Communications Commission
(FCC) to install the FSO system [15]. Apart from that, the cost of installation is
primarily low because there is no extra cost of digging the street to lay fibre.
In terms of communication security, FSO uses a narrow beam which makes
detection, interpretation and jamming very difficult which is opposite in the
case of RF communication. Moreover, FSO hardware is also portable and
quickly deployable [16]. Therefore, FSO communication is the most practical
alternative to RF and optical fibore communication to solve the bottleneck
broadband connectivity problem. Both point-to-point, point-to-multipoint,
multipoint-to-point and multipoint-to-multipoint FSO communications are

possible, depending on different established optical link scenarios [16].

In FSO systems, the characteristics of the channel or the media
determine the transmission and reception of optical signals for designing
reliable and efficient communication systems. In Figure 2-1, the block diagram
of an FSO communication system is shown. The digital data fed by the user to
the system is first encoded into symbols, in a form that is suitable for
transmission over the free space, by the microprocessor. Then the Field
Programmable Gate Arrays (FPGAs) or Application Specific Integrated Circuit
(ASIC) modulates the encoded data to generate a digital baseband signal. The
digital signal is then converted to analogue signal by the digital-to-analogue
converter (DAC). The generated analogue baseband signal is then converted
to optical signal by the transmitter block for transmission. On the receiver end,
the same process happens in the reverse order. The analogue-to-digital
converter (ADC) converts the analogue signals to digital baseband signal,
which can be then demodulated by the FPGA/ASIC. Then the processor

decodes the data from the received symbols for the user. The transmitter and
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receiver constitute the analogue front ends (AFEs) of the FSO system, while
the processor, FPGA/ASIC, ADC, and DAC constitute the Digital signal
processing (DSP) platform.
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Figure 2-1: Block diagram of an FSO communication system

In this thesis, the idea of using an off-the-shelf Si-based solar panel as an
FSO receiver has been introduced. Traditional FSO systems use Photodiodes
(PDs) as receivers. PDs have a small area and can be very difficult to align
when used for long-distance communication. They require additional optical
elements to focus the optical signal on to the active area. With added optical
elements, complex alignment systems are required. Using solar panels, these
complexities can be avoided. Furthermore, the optical energy harvested by a
solar panel can be used to offset the energy consumed by the rest of the
components of the communication system. Also, the large active area of the
solar panel eases the system alignment. Using a solar panel as an FSO inherits
all the advantages of using an FSO system i.e., ease of deployment, security,
cost of installation. As a matter of fact, using solar panels as receivers

simplifies the overall system by eliminating the need for complex alignment
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systems and the need for external power source. As there is no external power

source required, it makes deploying the system easily in remote locations.

2.3 OWC systems using photovoltaics as receivers

The concept to use a Si-based solar cell as a data detector was
demonstrated for the first time in 1976 [17]. However, the concept of
simultaneous wireless information and power transfer in the optical spectrum
was studied in this decade in [18] and [19] using white LEDs and first-
generation Si-based solar cells. The data rate of 3 kb/s achieved with on-off
keying in [20] is considered insufficient for high-speed data communication. A
significant data speed of 7 Mb/s and harvested power of 2.1 mW are reported
in [19] by using a polycrystalline Si PV panel and OFDM. Going forward from
these initial demonstrations, a 12 Mb/s wireless data link with a distance of 1
m was created in [18] using a white LED and the same solar panel receiver with
that in [19]. The third-generation solar cells are designed and developed
considering the dual usage of energy harvesting and communication. The
third-generation PV technologies used for data detection include organic [21]
and GaAs PV cells [22]. Those devices offer lower capacitances than Si-made
solar panels due to their reduced sizes and their electrical bandwidth is much
higher, i.e., of the MHz order. In [21], a data rate of 34.2 Mb/s is reported for a
1T m OWC link using an organic solar cell. The highest data rate reported using
organic PV cells is 363 Mb/s, using 4-by-4 multiple-input multiple-output
(MIMO), with a simultaneous harvested power of 10.9 mW in [23]. Using a
GaAs PV cell as a data detector a data rate of 522 Mb/s has been achieved in
[22] at a 2 m link distance. In [22] it was found that using a single variable
resistor as load, simultaneous energy harvesting, and communication was not
possible. Hence, a follow-up study was carried out in [24] with an AC-DC
coupled receiver circuit which achieved a record data rate of 1 Gb/s under
short circuit conditions. However, the additional advantage of high efficiency

and data rate increases system complexity adding several disadvantages.
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Such as, requiring a cooling system to avoid damaging the PV cells from highly
concentrated solar irradiation. Additional optical elements are required to
concentrate the sunlight and optical signal onto the small active area of the
PV cell. Furthermore, complex systems are needed to align the optical

elements and track the optical signal [25] and sun.

In the above-mentioned solar panel based OWC systems, only the
concept of using the different generations of solar panels has been explored.
The pathway to enhancing the communication bandwidth of existing solar cell
technology is missing. The simultaneous energy harvesting performance and

data communication performance of a solar panel has not been studied.

In the last five decades the application of photovoltaic (PV) panels in a
wide variety of scenarios such as space technology, military applications,
domestic usage, and self-powered pocket devices has been driving the
research and development of PV technology. Therefore, in this work, a first-
generation solar panel as a high-speed optical data detector is considered for
studying the simultaneous energy harvesting and data communication
capability, as it mitigates the issues faced by the third-generation PV cell
technologies, discussed previously. Furthermore, a receiver circuit design is
proposed to maximise the communication bandwidth of a solar panel while
simultaneously harvesting power from sunlight. Such that this knowledge can
be used to upgrade the existing solar energy harvesting systems, which are
mostly based on first-generation solar panels due to the ease of availability of
Si and the low manufacturing cost of Si wafers. Furthermore, this study can be
extended to later generations of solar panels to enhance their energy
harvesting and data communication capabilities as they are developed with

the same underlying photovoltaic effect principles.
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2.4 Analogue front-end elements

2.4.1 Transmitter

FSO systems generally use semiconductor based optical sources,
namely LEDs and lasers, in the visible or infrared (IR) part of the optical
spectrum [26]. The encoded data is transmitted as a variation in the intensity
of the light emitted by the source. The LED is envisioned to serve the dual
purpose of illumination and communication in indoor environments. Although,
for long-distance optical communication using LEDs becomes challenging as
the radiation is spatially and temporally non-coherent. On the contrary, the
radiation from lasers is coherent and can have a significantly higher coherence
length than LEDs. Coherence length can be defined as the space over which
the phase of a wave of beam can be predicted [27]. If the centre of the range
of wavelengths emitted by an optical source is A and the range of wavelengths
emitted is AA, then the coherence length of the optical source equals A2/2AA

[28]. Additionally, lasers are more efficient than LEDs.

Lasers are commonly used in long-distance wireless optical
communication systems because coherent light can be transmitted over
much greater distances than incoherent light. With the appropriate optical
setup, coherent laser light can be transmitted in the order of kilometres in free
space. LEDs on the other hand, tend to distribute their power over a larger area,
but without being spatially coherent and disperse easily over a short distance.
In telecommunication, there are two laser structures that are commonly used:
edge-emitting lasers and vertical-cavity surface-emitting lasers (VCSEL). In an
edge-emitting laser, the light propagates in a direction along the wafer surface
of the semiconductor chip and is reflected or coupled out at a cleaved edge
[29]. In VCSEL, the laser beam is emitted perpendicular to the top surface, in
contrast to conventional edge-emitting semiconductor lasers which emit from

surfaces formed by cleaving the individual chip out of a wafer [30]. VCSELs are
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used in various laser products, includingcomputer mice, fibre optic
communications, laser printers, face recognition, and smart glasses. Two
important aspects of VCSEL are the low beam divergence compared to that of
edge-emitting lasers and the symmetric beam profile. This makes it easy to
collimate the output beam with a simple optical element. Also, VCSELs have
3-dB communication bandwidth as large as 20 GHz [30]. These advantages
make VCSEL an ideal choice as the optical signal source for long-distance
transmission. The selection of wavelength is important in order to reduce the
scattering coefficient and atmospheric attenuation. The infrared spectrum

produces less effect in scattering coefficient and attenuation [31].

2.4.2 Receiver

On the receiver side, typically photodiodes (PD) are used due to their high
bandwidth and linear response [32]. The most common types of PD used in
FSO technology are positive-intrinsic-negative (PIN) PDs and avalanche
photodiodes (APDs). The bandwidth of a PD is enhanced by increasing the
width of the depletion region. This is achieved in PIN photodiodes with the
insertion of the intrinsic region. The construction of an APD is similar to that
of a PIN PD, but the reverse voltage applied across an APD is very large which
causes impact ionization [33]. This increases the number of carriers and
increases the sensitivity of an APD compared to that of a PIN PD. This
increased sensitivity helps to detect optical signals with very low power. APDs
are highly susceptible to noise if the background irradiance is high [34]. These
devices require additional power to generate high voltage. Therefore, solar
cells can be a good energy-neutral alternative to photodiodes (PDs) as they
can convert variations in the intensity of the light to electrical signals without
the application of reverse bias voltage. Furthermore, solar panels are by
default manufactured with multiple solar cells connected in series and parallel
configuration. This results in the communication receiver having a large active

area and increases the energy harvesting capability. The amount of light that
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is collected by a PD is proportional to its active area. Therefore, the larger the
area of the device is, the more light it can collect, and the higher is its tolerance
to misalignment. At the same time, the larger the area, the slower is the

switching speed of the device and the worse the communication bandwidth is.

2.5 Modulation techniques

In an FSO system, the maximum usable communication bandwidth
limitation is generally set by the analogue front ends i.e.,, the transmitter and
receiver. By using the appropriate modulation techniques, the utilisation of the
communication bandwidth can be maximised to achieve very high data rates.
In FSO, intensity modulation and direct detection (IM/DD) is used, i.e., the
intensity of the optical source is modulated with the desired signal to be
transmitted, the change in the intensity is detected by a receiver and the signal
is demodulated. Furthermore, multicarrier modulation techniques use the
frequency spectrum efficiently to transmit data [9]. The two most widely used,
spectrally efficient, modulation schemes with IM/DD are direct current optical
orthogonal frequency division multiplexing (DCO-OFDM) [35] and pulse
amplitude modulation with discrete multitone (PAM-DMT) [36].

2.5.1 Orthogonal frequency division multiplexing

OFDM [37] belongs to a broader class of multicarrier modulation (MCM)
in which data is carried over many lower rate subcarriers. The structure of a
generic implementation of an OFDM system is shown in Figure 2-2. In Figure
2-2, Cn is the information symbol to be transmitted and C'y is the information
symbol received. Typically, the digital data is encoded using quadrature
amplitude modulation (QAM) on multiple carrier frequencies that are

orthogonal to each other [38].
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Figure 2-2: Conceptual diagram for a generic OFDM system [38]

In OFDM systems, cyclic prefix is used to primarily act as a guard band
between successive symbols to overcome inter-symbol interference (ISI). Use
of cyclic prefix is a key element of enabling the OFDM signal to operate reliably.
In conventional wireless and wired communication, OFDM is used because of
its robustness against inter-symbol interference (ISI) caused by a dispersive
channel [38]. The use of OFDM can be commonly seen in mobile
communications. For optical communication, OFDM has an advantage over
on-off-keying (OOK) and pulse position modulation (PPM) because of its
spectral and power efficiency [36]. In conventional OFDM, the generated signal
is bipolar and complex. Bipolar and complex signals cannot be used in optical
communication as the intensity of light cannot be negative and phase
modulation and detection in incoherent systems are not possible [36].
Therefore, real signals in OFDM are generated using Hermitian symmetry. This
is achieved by mapping N/2 complex symbols to subcarriers 0 to N/2-1 and
then assigning the respective complex conjugate value to the respective
subcarrier with a negative index, where N is the total number of subcarriers.
The discrete Fourier transform (DFT) of this symbol set results in a real-valued

time-domain signal. This is normally performed after symbol mapping. When
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this signal is superimposed over the DC bias of the light source it becomes
unipolar and is termed as DC-Optical OFDM. In DCO-OFDM after the channel
estimation, if the channel response is not flat then additional power could be
added to the attenuated sub-carriers. The spectral efficiency of an OFDM,
when all the subcarriers are loaded with the same constellation of size M, is

defined as shown in equation (1) [38]. N, is the length of the cyclic prefix.

_log,(M)(N=2)
Npco = 2(N _ Ncp) (1)

In practical systems, pre-distortion or pre-emphasis is useful due to the
low pass filter response introduced by the transmitter, receiver, and channel.
This process is known as adaptive power loading [39]. Similarly, based on the
SNR of each subcarrier, the appropriate modulation scheme is selected; this is
known as adaptive bit-loading [40]. The spectral efficiency of an OFDM system

with adaptive bit-loading is:

N
3211 - 6[M)log, (M) 2
Mpeo = (N+Ngp)

Where the factor log2 (Mk) indicates the number of bits that are encoded in the
M-QAM constellation at subcarrier k; and 8[ -] denotes the Kronecker delta

function.
2.5.2 Pulse amplitude modulation

PAM is a signal modulation technique where the data is encoded onto
the amplitude of a series of pulses [9]. It can be visualised as a switch that
closes every Ts seconds for T seconds and remains open otherwise. The PAM
signal is thus multiplication of the continuous-time signal s(t) by a periodic
signal h(t) consisting of pulses of width 1, amplitude 1/t and period Ts. This

whole process of generating PAM signal is depicted in Figure 2-3.
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Figure 2-3: Generating a PAM signal [9]

PAM is used in many systems, including Ethernet communication and
digital television transmission. In optical systems, the channel can be
accurately estimated since there is no fading, and the channel varies slowly.
Thus, pulse shapes are not distorted as easily as in RF communication. The
generated digital PAM samples have real bipolar values. To avoid signal
clipping, the analogue time-domain PAM signal needs to be scaled and biased
to fit the dynamic range of the laser transmitter. Hence, this makes it an ideal
choice for optical communication and the implementation is straightforward.
Also, to use the bandwidth efficiently, multiple subcarriers are used, similar to
that in OFDM, and this type of PAM is referred to as Pulse Amplitude
Modulated Discrete Multitone (PAM-DMT) [36]. The spectral efficiency of
PAM-DMT with adaptive bit loading can be calculated using (1) [9], where M
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denotes the M-PAM modulation order. When all subcarriers are loaded with

the same constellation of size M, (1) reduces to:

_log,(M)(N —2)
Team = 2N+ Nep)

(3)

It can be seen that OFDM has better spectral efficiency as ny., > Npuy

for the same number of subcarriers and constellation size.

2.6 Digital Signal Processing Platform

The digital signal processing (DSP) platform is a system built around
state-of-the-art Field Programmable Gate Arrays (FPGAs) and Application
Specific Integrated Circuit (ASIC). The platform allows almost any logical or
signal processing function to be configured within the hardware simply by
reprogramming the processor integrated circuits (ICs). In an FSO system, the
DSP platform carries out all the logical and signal processing functions to
encode and decode the digital data onto and from the analogue waveforms.
In this work, two DSP platforms have been used to demonstrate an FSO
system with the solar panel as a receiver. The first one is a highly re-
configurable ARM9, and FPGA based System on Module (SoM) i.e., MityDSP-
L138F [41]. Due to its highly configurable design, the Transfer Control Protocol
and Internet Protocol (TCP/IP) network stack can be implemented on this
platform along with the physical (PHY) layer and medium access control
(MAC) layer. This platform design is based on IEEE 802.3 ethernet standard
[42]. The MAC and higher network layers were based on the IEEE 802.3
ethernet standard, but the lower PHY layer was modified. In the PHY layer,
OFDM and PAM could be used for modulation. The supported baseband
bandwidth for this platform is 2.5 MHz and 5 MHz. The second one is an ASIC
from pureLiFi which has been designed and manufactured for DSP application
in LiFi systems [43]. The ASIC is based on the IEEE 802.11 wireless local area
network (WLAN) standard [44]. The ASIC provides only the functionality of the
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PHY layer and lower MAC layer, a host processor is needed to implement the
remaining layers of the TCP/IP network stack. In this platform, the supported
baseband bandwidth could be varied depending on the clock divider inputs.

The lowest supported bandwidth is 1 MHz and the highest being 32 MHz.

2.7 Summary

In this chapter, the prior experiments and demonstrations of using Si-
based and other solar cells technology as data receivers are discussed in
detail. Furthermore, the building blocks of an FSO system is described. The
different types of AFEs used with FSO systems are introduced. Additionally,
two spectrally efficient MCM schemes, DCO-OFDM and PAM-DMT are
discussed, which are used in this work at a later stage. Moreover, two types of
DSP platforms are discussed and introduced which are used later to build a

fully functional FSO system.

20 Background



Chapter 3  Analytical model of a solar panel
as an FSO receiver

Solar panels were never designed to function as OWC receivers. Until
now, PV solar systems were used in various configurations to harvest energy
from the sun. Hence, there have been several analytical models proposed for
the energy harvesting functionality of the solar panel, as the commercial
demand for solar panels has been driven by the energy harvesting capability
of the panels. Therefore, the communication bandwidth of a solar panel was
never considered during its design and manufacturing process. In order to use
a solar panel as a data receiver, the electrical characteristics of the solar cells
must be studied in detail. This investigation will show the limitations and

capabilities of the solar panel as an OWC receiver.

3.1 Introduction

In this chapter, two electrical circuit equivalent models of a solar cell are
discussed and used to estimate the data communication parameters.
Photovoltaic energy conversion in solar cells consists of two essential steps.
First, the absorption of light generates an electron-hole pair. The electron and
hole pair is then separated by the structure of the device; electrons to the
negative terminal and holes to the positive terminal, thus generating electrical
power. An ideal solar cell can be represented by a current source connected in
parallel with a rectifying diode. This equivalent circuit model is commonly
referred to as the single diode model [45]. Using this single diode model of a
solar cell the communication parameters have been studied. Furthermore, a
double diode model [45] has been considered to estimate the simultaneous

energy harvesting and communication parameters. Also, the effects of
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simultaneous energy harvesting on the data communication performance are

investigated.
3.2 Communication model

I=1 (t)+] ¢
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Figure 3-1: Circuit model of a solar panel as a data receiver

The single diode model has been considered as shown in Figure 3-1 to
study the modes of operation, optical sensitivity, speed of response, linearity,
temperature stability and noise performance which determines the
communication performance of a solar cell. This model has been selected as
it is simple, provides accurate simulation results for high solar insolation and
reveals deficiencies when subjected to temperature variations. The series
resistance, Rs, in the model represents the resistance offered to the current
flow due to Ohmic contact and resistance due to impurity concentrations
along with junction depth. The leakage current across the junction is modelled
by the shunt resistance Rsh connected parallel to the diode. The diode D
represents the semiconductor PN junction of the solar cell and Ipn represents

the current generated due to optical power incident on the solar panel.

3.2.1 Optical sensitivity

The solar panel can be modelled as a PN diode structure as shown in
Figure 3-2, where W, and W, are the widths of p-doped and n-doped regions

respectively, V is the voltage generated, I is the current flowing through the

22 Analytical model of a solar panel as an FSO receiver



load resistance R.. An important specification of a solar cell that needs to be
considered is quantum efficiency. The quantum efficiency of a solar panel n
quantifies the capability of converting optical energy in different wavelengths
to electrical energy, i.e., sensitivity to the incident light. It can be calculated
using [46]:

N =(1- )[1- e %*%)] (4)

where ¢ is the responsivity, a is the absorption coefficient and x, + xp denotes
the thickness of the depletion zone as shown in Figure 3-2. The responsivity of
a solar cell can be defined as a ratio of generated photocurrent to the incident

optical power at a given wavelength, as shown in equation (5).
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Figure 3-2: PN junction of a solar cell

3.2.2 Speed of response

The bandwidth of a solar cell is critical, which affects the maximum
data rate of the communication system. The bandwidth of a solar cell is
dependent on intrinsic bandwidth and extrinsic bandwidth. The intrinsic
bandwidth is determined by the doping level which determines the transit
times of the charge carriers through the depletion region. When light is incident

on the depletion region, an exciton (i.e., an electron-hole pair) is generated,
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resulting in a potential difference across the terminals. As the electric field is
directly proportional to the potential difference for a given distance, assuming
the doping level across the substrate is homogenous, the electric field through
the semiconductor will be homogenous. The time taken by these charge
carriers to traverse through the depletion region will determine the intrinsic
bandwidth of this semiconductor device. Let the time taken by an electron be
Te and for a hole be 1h. The velocity at which these charges will be moving will
be given by peE and pnE, where p is the mobility factor and E is the electric field
across the semiconductor. Hence, the time can be simply expressed by the

distance divided by velocity:

_XntXp
Th= U E (6)
and
T _XotXp (7)
e [JeE

From (6) and (7), it can be observed that the thinner the depletion region, the
lower the electric field will be which will increase the transit time. This transit
time of the charge carriers is inversely proportional to the bandwidth of the

solar cell.
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Figure 3-3: Equivalent circuit model of a diode with current source

As can be seen from (5)—(7), the optical to electrical conversion efficiency and
the speed of the response is dependent on the doping level. The higher the

doping level, the higher is the conversion efficiency, however, the solar cell will
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have a lower bandwidth as the doping level is high to maximise the optical to
electrical conversion. Therefore, during the manufacturing of a solar cell, there
will always be a trade-off between the energy harvesting capability and
bandwidth.

The second factor which determines the bandwidth of a solar panel is
the extrinsic bandwidth. The extrinsic bandwidth is dependent on the parasitic
and junction capacitance between the interconnection of each solar cell in a
PV module. In a semiconductor device, the capacitance associated with the
charge variation in the depletion layer is called the junction capacitance. The
capacitance associated with the excess carriers in the quasi-neutral region is

called diffusion capacitance.

The solar cell can be represented as a current source with the
equivalent electrical circuit of a diode [46] as shown in Figure 3-3. In the Figure
3-3, h(f) is the parameter that is dependent on the intrinsic bandwidth and is
further defined in equation (8), ¢ is the responsivity of the solar panel, and P(f)
is the time-varying optical signal as a function of frequency which is expressed
as f [46]. The responsivity of the panel depends on the wavelength of the
incident light and the material used. In the case of Si, the responsivity peaks at

the wavelength window between 900 and 1000 nm.

h(f)=-< /s ¥ /s ) ®

1+j2nf,.  1+2nfy,

Ry (9)
Ry+R_+j21tf(Ci+Cy)RyRL

I(N=ph(HP()

Where fwe = 1/7e, fin = 1/Th, RL is the external load resistance, R4 the diode
resistance, Cq and Cj the diffusion and junction capacitance of the solar cell. It

can be observed that if the solar cells are connected in series, the effective
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diffusion capacitance reduces. The junction capacitance will completely

depend on how each solar cell is connected.

3.2.3 Linearity

The linearity of the solar panel can be verified by considering its two
different modes of operation, commonly referred to as the PV mode and the
short-circuit mode. In the PV mode, the load resistance RL is very low

compared to the effective cell shunt resistance Rsh.

For an open circuit, /=0, hence the generated photocurrent /pn can be expressed

as:

Iph=ID+Ish
(10)

As the solar cell has been modelled as a PN diode we can use the diode

equation:
qV
Ip=ly (eK—Pq) (1)

where Ip is the current through the diode, I, is the saturation current, g is the
charge of an electron, Vo is the voltage across the diode, K is the Boltzmann's
constant and T is temperature. For a constant temperature y=(q/KT) can be

considered as a constant.

Substituting equation (11) in equation (10) and solving for Vp we have:

1 [l —1 12
o () 12
y l

Assuming I >> Ish and I >> I,
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_ 1 lon (13)
VD_ V In (E)

Using the small-signal approach, it can be assumed that:

Ve dVp 1 (14)

—_ =

where Vs is the output voltage signal of the detector and Iis is the portion of /pn
related to the incident optical signal. Here it is seen that the signal voltage gain
is inversely related to the total radiant energy incident to the detector, which is
composed of both the carrier and background illumination. In many
applications, the detector will operate under conditions of widely varying signal
strength and background illumination, which would make this mode of

operation undesirable.

If we consider the short-circuit mode, in which Rs + R, is very small, as

compared to the diode effective shunt resistance, then:

lon = | (15
and the small-signal gain is given by:
dig (16)
_=1
dlpn

Equation (16) indicates a perfectly linear response with no dependence on the

signal strength and background illumination, which is highly desirable.

3.2.4 Modes of operation

A solar cell can operate in two modes, photoconductive (reverse-bias)
or photovoltaic mode (zero bias). In photoconductive mode, when light falls

on the PN junction, an electron and hole pair is generated. These move toward
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opposite directions due to applied bias voltage. Applying a reverse bias
increases the width of the depletion junction. The increase in the width of the
depletion junction translates to an increased responsivity with a decrease in
junction capacitance. As seen previously in section 3.2.1 and 3.2.2, decreased
junction capacitance enhances the communication bandwidth. In the
photovoltaic mode, the solar cell is zero biased. The flow of current out of the

device is restricted and a voltage builds up.
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Figure 3-4: Modes of operation of a solar cell

Figure 3-4 depicts the |-V curve of a solar cell for different modes of
operation. The I-V curve represents the operation of a solar cell summarising
the relationship between the current and voltage at different conditions of
irradiance at a constant temperature. The light has the effect of shifting the I-
V curve down. It can be seen that the internal resistance decreases in the
photoconductive mode and increases in the photovoltaic mode. Furthermore,
from the figure it can be inferred that in photoconductive mode the solar cell
dissipates power rather than generating power from the incident optical

power.

28 Analytical model of a solar panel as an FSO receiver



3.2.5 Temperature stability

Temperature affects the characteristics of Si cells in two ways. Firstly,
the diode saturation current depends strongly on temperature. Secondly, the
photogenerated current varies because the spectral response of the cell shifts
towards the infrared region as the temperature is increased. This impact is
reflected through the voltage temperature coefficient, which is expressed as

the output voltage decrease for every 1 K increase in temperature from 298 K.

Differentiating equation (12) with respect to temperature T we get,

dVp 1/ 1 dlp, 14, Lo (17)
dT y\lpn dT 1,dT) T
Since Iph >> o
dvo_Vo_ 1. (18)
dT T vyl dT

For Si, at T=298 K, y=(q/KT) [17]

1dl, (19)
V_IOF_O'OS /K
Typically, for Si Vp = 0.7 V. Hence, the voltage temperature coefficient obtained

is -0.078 V/K per solar cell. The voltage

3.2.6 Noise analysis

Solar panels convert an incident optical power P, into an electric current
I using the photovoltaic effect. In the photovoltaic effect, P, o I which implies
I=pPs where ¢ is a constant at a given wavelength and is defined as the
responsivity of the material the solar cell is made of. The relation I=¢Ps is valid
only if I is interpreted as the average current generated. However, this is not

the case for an ideal optical receiver. The four noise mechanisms (thermal
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noise, shot noise, dark current noise, and input noise) must be considered to
understand the effects of simultaneous energy harvesting and communication

performance.

Thermal noise [47], also known as Johnson noise, is generated by the
random motion of the charge carriers inside the load on the solar panel at a
given temperature equilibrium. Thermal noise increases with temperature and
zero thermal noise can only be achieved at an absolute zero temperature.
Thermal noise is independent of the voltage across the load and the frequency
of the signal. Therefore, it can be referred to as white noise. Hence, the spectral
density of the thermal noise follows a Gaussian distribution and can be
characterized by its constant power spectral density given in (20), where Ry is
the load resistance, K is the Boltzmann’s constant, and T is the absolute
temperature. The unit of o3, is W/Hz. For the solar panel as a receiver with

communication bandwidth B, the mean-square noise current representing the

total thermal noise power can be expressed as (itzh) and is defined in (21).

_4KT (20)
0= R
(if)=0%B (21)

Shot noise [48], also known as quantum noise, is generated from the
quantum nature of photodetection. For example, assume P optical power is
received at A wavelength by the solar panel. Hence, P can be expressed as P =
Nhc/A where h is Planck’s constant, c is the speed of light in a vacuum and N
is the number of photons. The N photons hit the solar panel in an
unsynchronized, random way. Therefore, the generated photocurrent will
fluctuate as a result of the random nature of the photon arrival. Thus, the shot
noise will be directly proportional to the photocurrent generated. Shot noise is
also white, therefore a Gaussian distribution can be used to define the shot

noise statistics. The shot noise power spectral density osh? can be expressed
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as in (22), where I is the photocurrent and q is the electron charge. As I=RP,

osh? can alternatively be defined by the responsivity and total optical power

received as shown in (22). The mean-square noise current (igh) for the

interested bandwidth is shown in (23).
0%,=2q1=2q P, (22)

(i3h)=02,B (23)

Dark current noise [49] is the constant current that exists when no light
is incident on the solar panel. The dark current noise can also be treated as
white noise with Gaussian distribution because the statistical nature of the
charge carrier generation process is similar to that discussed for the shot

noise. For Ip from (29), the noise power spectral density o3 is defined in (24).

The dark current noise power (i%) for the selected bandwidth B can be

expressed as shown in (25).
03=2qlp (24)
(ip)=0%B (25)

The optical signal is converted into current by a solar panel, but for
further processing in the communication chain, the time-varying photocurrent
signal needs to be converted to electrical voltage. An electrical
transimpedance amplifier is used to amplify the photocurrent signal and
convert it to voltage. Noise generated by the first stage of the amplifier must
also be considered in the receiver Signal-to-Noise Ratio (SNR) analysis
because the amplifier noise power is comparable to the electrical signal power
fed to the amplifier. The transimpedance gain Zamp = Vouw/iac, Where iac is the
input signal current and vout is the output signal voltage from the amplifier. The

output voltage error vamp is the output voltage from the amplifier when the
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input signal current is zero. This parameter is generally provided by the
manufacturer of the operational amplifier in the datasheet. Henceforth, the

output noise power from the amplifier is defined as (vgmp) and the input noise

power (igmp) can be calculated using (26).

2
<i§mp>=<;2—m"> (26)

amp

Under real-world conditions, many communication devices are
transmitting and receiving signals simultaneously and every wire connecting
an optical receiver to the subsequent stages can be considered as an antenna.
These radio frequency (RF) signals can be picked up unintentionally by the
wires and terminals which creates interference with the signal of interest. This
problem is solved by creating a Faraday cage [50] around the exposed
terminals and wires. Therefore, for noise estimation purposes, the interference

and noise due to RF can be approximated as zero.

3.3 Energy harvesting and simultaneous communication

model

A double diode model [51] has been considered to understand the effects
of simultaneous energy harvesting on the data communication performance
of a solar cell. Generally, a single diode model is used to represent a solar cell
as used previously in [19] and [20]. The single diode model structure is
identical to the structure shown in Figure 3-1. For simultaneous energy
harvesting and communication, the single diode model is not considered
because the single diode equation assumes a constant value for the ideality
factor n as studied previously in [19] and [20]. The ideality factor is a function
of the voltage across the device [52]. At high voltages, when the recombination
at the junction in the device is dominated by the surfaces and the bulk regions,

the ideality factor is close to one, which is represented by the diode Ds.
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Figure 3-5: Double diode model of a solar cell for energy harvesting

However, at lower voltages, recombination in the junction dominates
and the ideality factor approaches two. As in this study, the communication
performance will be evaluated under the varying condition of solar irradiation
and the voltage across the PN-junction will vary drastically. Therefore, the
ideality factor needs to be considered for accurate modelling and estimation.
The recombination current in the space charge region is modelled by adding a
second diode, which is depicted as D2 in Figure 3-5. The ideality factor for the
second diode is set typically to two [52]. The ideality factor is multiplied with
the temperature in the exponential term, in the diode equation, for the second
diode. Therefore, the total current generated by the solar cell is represented as
| and defined by using Schottky’s diode equation as shown in (27), where /4 is
the diode saturation current for D1 and I, is the diode saturation current for
D2. and | is the sum of alternating current (AC) generated due to the received

optical signal and the direct current (DC) generated due to the solar irradiation.

Therefore I=Is(t)+Ipc, where Is(t) is the AC signal component and Inc is the DC

signal component.

q(V+IRgp)
I=Iph'lo'| [e KT -1] -I02 [e

a0+Rs) 1 V4R
2KT -1] -

Rsh (27)
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In (27) the -1 terms with exponentials can be ignored for the approximation
which makes the analysis easy. This is because the exponential terms give
values typically much larger than 1 [52]. Therefore, (27) can be further
simplified to (28).

q(V+IRgp) qV+Rs)1 V+IR
[z e 77

1=lgnloq [e KT (28)

Rsh

As Ipn in (28) represents the generated photocurrent, but when there is no
photocurrent generation Iph=0 and the solar panel will act as a passive load.
Therefore, the dark current for the panel can be denoted as /4, shown in (29)
[52].

[ [ q(VleRsh)] I [ Q(\;'lg'-\_;_sh):l V-IRg
=/ . |e +., e +
d~ o1 02 Rsh (29)

Hence, using equations (24) and (25) the total current generated by the solar

panel under different illumination conditions can be modelled.

3.3.1 Effects of sunlight on the solar panel

Using the equations (6)-(9) and (28)-(32) and the equivalent circuit
models discussed previously, the frequency response of the panel was
simulated using TINA-TI [53], which is a simulation program with integrated
circuit emphasis (SPICE). The simulation was carried out with the circuit
structure as shown in Figure 3-5. In the simulation, the temperature was kept
constant at 298 K. The diffusion capacitance, series, and shunt resistances
were defined by the equations as shown in (30)-(32). In equation (30) Cq is the
diffusion capacitance [54], K is the Boltzmann's constant, Ip is the current
through the diode, T, is the minority carrier lifetime, which is defined in detail
in section 3.2.2 and T is the temperature. The diffusion capacitance for D1 and

D2 is estimated separately for each diode using this equation. Furthermore, the

34 Analytical model of a solar panel as an FSO receiver



series resistance is defined in equation (31) [55] where P, is the power
harvested for the incident optical power, Pwvp is the maximum power that can
be harvested by the panel, Vo is the open-circuit voltage across the panel and
Isc is the short-circuit current. The open-circuit voltage and short-circuit current
of the solar panel can be found in the datasheet of the solar panel [56].

Similarly, the shunt resistance Rsh is defined in equation (32).

KTnID
= 30
Co=— (30)
P V

Re= (52+1) = 31
s PMP Isc ( )

PMP Voc
R =( )— 32
sh P0+PMP Isc ( )

The simulated frequency response of the solar cell model was plotted
for various solar irradiation as shown in Figure 3-6. In Figure 3-6, the frequency
of the solar cell model varies for different solar irradiation. This variation in
frequency response occurs due to the variation in the intrinsic bandwidth of
the solar cell. As seen previously in section 3.2.2, the electric field E is
dependent on the number of photogenerated charge carriers and this affects
the transit time of the electron and hole through the depletion region as seen

in equations (6) and (7).

Furthermore, the received signal power variation is plotted against the
varying solar irradiation as shown in Figure 3-7. This is simulated in TINA-TI
with a constant signal frequency of 1 MHz, as that is the crossover point in
Figure 3-6. It can be seen that the received signal power reduces with the
increase in the solar irradiation up to 100 W/m? and then stays constant, as

expected from the frequency versus solar irradiation plot.
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Figure 3-6: Variation in the frequency response of a solar panel due to variation in sunlight
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Figure 3-7: Variation in received signal power due to variation in sunlight

The next important parameter, which determines the performance of
the solar panel as a communication receiver, is SNR. The magnitude of the
SNR of the frequency subcarriers determines the modulation order that could
be used over the selected communication bandwidth for a given bit error rate.
The SNR for the received signal was calculated using the simulation results

and equation (33) obtained from TI-TINA in MATLAB for the solar panel model.

In equation (33), (I2(1)) is the incident optical signal power. The SNR for the

received signal was plotted for different values of emulated solar irradiance
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incident on the panel in Figure 3-8. The SNR estimated in Figure 3-8 depicts
the degradation introduced by the solar panel during the optical to electrical

signal conversion.
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Figure 3-8: Variation in SNR due to variation in sunlight
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In Figure 3-8, the SNR increases at lower frequencies with the increase
in emulated solar irradiance on the solar panel. The increase in SNR at the
lower frequencies can be explained by the reduction of the diode resistances
of D1 and D2 due to an increase in the photogenerated current. At higher
frequencies, the depreciation in SNR with an increase in optical intensity can
be explained by the increase in shot noise and thermal noise. As seen in
equations (22) and (23), the shot noise increases with the increase in the total
optical incident power P. In the case of thermal noise, the solar spectrum
consists of both long and short IR radiation. This IR can generate heat in most
of the materials as the molecules resonate with the IR wavelength. Therefore,

an increase in temperature T in equation (20) results in an increase in the
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thermal noise. On the contrary, the dark current noise and the amplifier input
noise are constant for the varying optical intensity as they are independent of
the optical power incident and the temperature of the solar panel. Therefore,
the estimations in this section show that there will be a decrement in
communication performance when the solar panel is simultaneously

harvesting solar energy.

3.4 Summary

Solar panels were never designed as wireless optical communication
receivers; therefore, the intrinsic bandwidth is very small, and it alters with the
variation in sunlight. However, a Si-based solar panel inherently has a similar
responsivity, linearity, and temperature stability with respect to that of a
conventional OWC Si-based high speed photoreceiver as they are constructed
from the same material i.e., Si, and use similar dopants. Furthermore, a double
diode model of a solar cell has been used for the first time in this thesis to
estimate the simultaneous energy harvesting and data communication
performance. It is shown that variations in the incident solar power on the
panel encumbers the frequency response. Moreover, the SNR of the received
signal deteriorates with the increase in solar irradiation, therefore the
communication performance of a solar panel will certainly deteriorate at its
peak energy harvesting capabilities compared to the communication
performance under dark conditions. This effect can be explained using the
effect of the voltage across the panel on the depletion region. The higher the
voltage across the panel, the thinner depletion region is, which reduces the

overall sensitivity and speed of response of the solar panel.
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Chapter 4 Experimental analysis of a solar
panel as an FSO receiver

A solar panel also referred to as a Photovoltaic (PV) module, comprises
of photovoltaic sub-modules which are made up of PV elements, commonly
known as solar cells. These cells or elements are connected in a desired
configuration i.e., series or parallel, to obtain high voltage or high current.
When using a solar panel as an OWC receiver it is important to understand that
the different sizes of the panel will have different data communication
performances. Similarly, the communication performance of a solar panel will
depend on its mode of operation, i.e., photovoltaic or photodiode mode.
Furthermore, the choice of the transmitter wavelength and the optical signal
beam shape can affect the bandwidth of a solar panel. In this chapter, the solar
panels are tested under different conditions to see how it affects the

communication bandwidth.

4.1 Introduction

As discussed in the previous chapter, the communication bandwidth of
a Si-based solar panel is influenced by several factors such as the doping level
of the semiconductor, temperature coefficient and responsivity of silicon.
However, these factors are intrinsic to the solar panel and cannot be mitigated
easily to optimise the bandwidth of a solar panel. Nevertheless, there are
extrinsic factors that can be controlled to maximise the frequency response of
a solar panel. The choice of the optical signal transmitter can play a significant
role in the data communication performance of a solar panel. Also, the beam
shape of the optical signal can play a significant role in the communication
bandwidth. Additionally, the electric field across the terminals of a solar panel

can be modified externally to affect the bandwidth. Likewise, the active area
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of the solar panel plays a significant role in using a solar panel as an OWC

receiver.
Laser Diode
X
‘Y W
AWG —” T >I — — Oscilloscope
C Solar Panel
Amplifier
L
Power
Supply

Figure 4-1: Experimental setup

To investigate the effects on the solar panel under different conditions,
an experimental setup was built as shown in Figure 4-1. A 650 nm laser diode
with a maximum optical output power of 130 mW was used as the optical
signal source. The signal from an arbitrary waveform generator (AWG) and the
laser bias current was fed to the laser through a Bias-Tee. In order to meet the
laser safety standards and illuminate the panel uniformly, an engineered
optical diffuser with an output angle of 20° full angle beamwidth in a circular
shape was used. An engineered optical diffuser scatters the incident beam in
a controlled fashion i.e.,, it provides non-Gaussian intensity distribution in
various patterns such as a square, circle and line. The output beam divergence
angle is also constant, irrespective of the distance between the optical source
and the diffuser. The signal output from the solar panel was in the order of a
few mV peak-to-peak, therefore an amplifier stage with 10 dB of gain was used
as shown in the setup. The frequency response of a 5 W solar panel was
measured using the experimental setup. Furthermore, using the analytical
models discussed in the previous chapter, the frequency response of a 5 W
solar panel was simulated and compared as shown in Figure 4-2. The

measured frequency response aligns with the simulated frequency response.
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This validates the accuracy of the experimental measurements and the
analytical model. Henceforth, using this setup as a baseline reference further
experiments were carried out to investigate the various effects on the
communication bandwidth of a solar panel due to the different extrinsic

factors.
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Figure 4-2: Frequency response of a solar panel

4.2 Effects due to different wavelength

Normally in FSO systems, any wavelength in the optical spectrum can be
used. However, because of the atmospheric conditions and the laser safety
regulations, longer wavelengths are the preferred option. FSO links in the
troposphere are mainly influenced by weather conditions. Rain does not
influence optical transmissions drastically, because the size of a raindrop is a
few millimetres, which is much larger than the operating optical wavelength,
thus causing minimal scattering of the laser beam [57]. The optical attenuation
faced by such long-wavelength lasers during a clear day is 3 dB/km [57].
However, FSO links are affected radically by heavy fog because the fog
droplets have comparable size, as the used wavelengths, causes much

scattering of the laser beam. The attenuation under such heavy fog conditions
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is 30 dB/km [57]. On the other hand, the electric current signal generated by a

solar cell due to the incident optical signal depends on its quantum efficiency.

The quantum efficiency of a solar cell is defined as the ratio of the
number of electrons in the external circuit produced by an incident photon of
a given wavelength. Thus, one can define the external and internal quantum as
EQE(A) and IQE(A) respectively. They differ in the treatment of photons
reflected from the cell: all photons impinging on the cell surface are taken into
account in the value of EQE(A) but only photons that are not reflected are
considered in the value of IQE(A). The EQE(A) can be defined in terms of
spectral response. The spectral response is defined as the ratio of the
photocurrent generated by a solar cell under monochromatic illumination of a
given wavelength to the value of the spectral irradiance at the same
wavelength. It is denoted by ¢. The relationship between EQE(A) and ¢ is

formulated:
_hc (34)
EQEA)= a?

where h is Plank’s constant, ¢ is the speed of light, g is the charge of an
electron, and A is the wavelength. Therefore, from equation (34) it can be
concluded that the external quantum efficiency is directly proportional to the
spectral response. The spectral response of Si solar cells peaks between 850
nm and 950 nm [58], and the precise values are influenced by the cell
manufacturing process, especially the Anti-Reflective (AR) coating. When the
cells are embedded in the panel, the top layer refractive index changes from 1
(air) to a value in the range of 1.4-1.5, which is typical for common encapsulant
materials. This optical coupling to the AR coating changes the spectral
response of the encapsulated cell by changing the reflective properties of the
cell surface. Therefore, an experiment was conducted with three wavelengths
of laser device with the same output optical power in a dark room. There have

been experiments conducted with Si-based photodiodes with different
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wavelengths [59], but there have been no experiments showing the effect of

different wavelengths on the communication bandwidth of a solar panel.
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Figure 4-3: Frequency Response of solar panel with different wavelength

The frequency response of the solar panel was measured with 450 nm,
650 nm, and 940 nm laser devices and the normalised response was plotted
as shown in Figure 4-3. These three wavelengths were chosen as the spectral
response of a Si-based optical detector is limited within 350 nm to 1100 nm

[60].

In Figure 4-3, it can be seen that the frequency responses remain similar,
but the signal gain varies. This variation in signal gain will affect the SNR of
the received signal. The gain is the highest at 940 nm amongst the three
chosen wavelengths, therefore the choice of the optical signal transmitter
should be a 940 nm laser device. Furthermore, the 940 nm wavelength has
three times higher maximum permissible exposure (MPE) than the visible
spectrum of light in terms of laser safety [8]. Moreover, this wavelength is part
of the near-infrared spectrum, hence it has a lower scattering coefficient [31]

compared to that of the visible spectrum of light.

Experimental analysis of a solar panel as an FSO receiver 43



4.3 Effects due to different signal beam patterns

The solar panel as an FSO receiver is envisioned to be used as a long-
distance wireless communication link. The optical signal beam launched from
the transmitter is affected by various factors before arriving at the receiver.
The physics and transmission properties of the beam penetrating the
atmosphere are similar in the visible and near-IR spectrum. Therefore, visibility
can be used to characterise particles that absorb or scatter light for near-IR
radiations as well. Under clear atmosphere conditions, the atmospheric loss
associated with visibility is mitigated by the choice of wavelength as
discussed in the previous sub-section. However, there is another adverse

effect that the signal beam faces, known as scintillation or fading [57].

Scintillation is the rapid fluctuation in the amplitude and phase of the
signal as observed from a receiver. Tropospheric scintillation is caused by
small-scale inhomogeneities of the refractive index appearing in the path of
the propagating wave. The atmosphere refractive index in the troposphere
decreases gradually with altitude. However, this is true for calm and clear sky
conditions, but the troposphere is very prone to dynamics. The presence of
thermal gradients and pressure differences cause motions in the atmosphere,
which leads to the mixing of the different layers. However, this mixing is slow
and uneven. Typically, strong turbulence in vertical winds results in
inhomogeneous mixtures of constituents. The wet components of the air, like
the water vapour, are not uniformly distributed over the atmospheric regions.
This uneven mixing and irregular distribution of wet components of the air
cause random smaller and larger regions of variations in the refractive index,
both spatially and temporally. These regions of different random densities, and
hence different refractive indices, move with the wind and intersect the line of
sight from the transmitter to the receiver. Furthermore, due to the strong wind,

the transmitter and receiver are prone to mechanical vibrations leading to
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misalignment. The scintillation effect and misalignment due to mechanical

vibrations can be mitigated by the receiver aperture averaging.

In receiver aperture averaging a direct detection receiver collects the
irradiance flux over a large area. The large active area of the solar panel
alleviates this issue. However, due to the atmospheric turbulence and
misalignment, all the cells of the solar panel may not be illuminated uniformly.
Furthermore, this raises the question if the size of the optical beam should be
comparable to the size of the active area of the solar panel. There has been no
experimental study on the effect of varying optical signal beam pattern on the

communication bandwidth of a solar panel.
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Figure 4-4: Optical setup for the transmitter

Therefore, to investigate further the effects of different beam patterns
on a solar panel, an experiment was carried out. A 650 nm laser device was
chosen as the transmitter so that the beam shape could be visualised, also it
has been verified in the sub-section 4.2 that the different wavelengths do not
affect the frequency response of the solar panel, rather it affects the gain of
the signal. To control the beam size, a plano-convex lens with the engineered
optical diffuser is used as shown in Figure 4-4. By changing the distance

between the diffuser and the lens i.e., do, the divergence of the beam changes.
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Hence, this results in the variation of beam size incident on the solar panel.
The frequency response of the solar panel for three cases was measured. The
first case, where the signal beam is highly concentrated on a few cells of the
solar panel, as shown in Figure 4-5 (a). Secondly, Figure 4-5 (b) shows the
signal beam is partially illuminating the panel and the optical power is not
uniformly distributed over the active area of the solar panel. In the third case,
the whole panel is uniformly illuminated by the signal beam. In all cases, the

total optical power transmitted from the laser was kept constant at 130 mW.

(a) (b) (c)

Figure 4-5: Optical signal illumination on a solar panel (a) highly concentrated (b) partially

illuminated (c) uniformly illuminated
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Figure 4-6: Variation in received signal power due to varying optical signal intensity
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The measured frequency response of the solar panel for the three cases
is shown in Figure 4-7. Furthermore, the optical power intensity and the
received electrical signal power for each case is shown in Figure 4-6. From
Figure 4-6 and Figure 4-7, it can be concluded that when the whole solar panel
is uniformly illuminated by the signal beam, the frequency response has a
lower roll-off rate compared to the other two cases even though the received
signal power is lower than the other two cases. Whereas, in the case when only
a few cells are illuminated by the highly concentrated signal beam, the
frequency response rolls off quickly. The solar cells which are not illuminated
by the signal beam act as a capacitive load on the cells which are illuminated
by the optical signal. This results in a degradation in the communication
bandwidth of the overall solar panel. Therefore, to achieve an optimal
communication performance, all the cells of the solar panel need to be
uniformly illuminated by the optical signal beam. Hence, the transmitter optics
needs to be designed in such a way that the signal covers the whole panel to
achieve the best communication performance. This will also ensure that the
system will be insusceptible to fading or scintillation. Moreover, in the case (c),
the optical power intensity is lower than the other two cases which is beneficial

to meet eye safety regulations according to [8].
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Figure 4-7: Frequency response of solar panel with different optical signal illumination
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4.4 Effects due to different size of solar panels

Commercially, solar panels are manufactured in various shapes and
sizes, depending upon the application and the energy harvesting capability.
With the increase in energy harvesting capability, the number of solar cells per
panel and the active area of each solar cell increases. The increase in the
active area plays a major advantage in using a solar panel as an FSO receiver
as it significantly eases the challenges faced during the alignment and helps
to mitigate the effects due to the atmospheric turbulence. With reference to
section 3.2.2, it is evident that the communication bandwidth of a solar panel
is dependent on the junction capacitance and diffusion capacitance. The
junction capacitance depends on the configuration of the interconnections of
the solar cells. Therefore, the increase in the number of solar cells
interconnects will increase the junction capacitance, resulting in a decrease in
the bandwidth of the solar panel. Study has been carried out on the variation
of communication bandwidth due to different array size of photodiodes and
different active area [61]. Although, there have been no published data on the

effect of different sizes of solar panel on its communication bandwidth.

Table 4-1: Variation in -3 dB bandwidth due to different sizes of solar panels

Maximum F;ower Harvested (under Active Area -3 dB Bandwidth
1 kW/m? of solar irradiance) (in cm?) (in kHz)
(in W)
1 57.85 450
5 667.08 270
10 1111.6 150
30 3531 110

An experiment was conducted to verify that an increase in the active
area of the solar panel will result in a decrease in the bandwidth of the solar

panel. A1 W, 5W, 10 W, and a 30 W solar panel were chosen for the
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experiment. The experiment was conducted in a dark room to ensure that
there was no external lighting source to affect the bandwidth of the solar
panels. The distance between the optical signal source and the solar panel
under test were kept constant for all four cases. Then, the frequency response
of each solar panel was measured using the same setup as shown in Figure
4-1.
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Figure 4-8: Frequency response for different sizes of solar panel

Table 4-1 shows the different wattages of solar panels with their
corresponding active area and the measured -3 dB bandwidth. The measured
frequency responses of the four solar panels have been shown in Figure 4-8.
From the measurements, it is evident that an increase in the active area of the
solar panel reduces the communication bandwidth. On the contrary, an
increase in the active area increases the energy harvesting capability,
mitigates the atmospheric turbulence issues, and eases the transmitter and

receiver alignment.

4.5 Effects under the reverse-bias condition

Until now the solar panel was investigated under the forward bias

condition, which also can be referred to as the photovoltaic mode. In the
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photovoltaic mode, when the photons strike the silicon, they either travel
through the material by transmission, if its energy is lower than the bandgap
energy of the silicon semiconductor or get absorbed by the silicon, if its energy
is higher than the bandgap energy. With high enough energy, an electron-
hole pair is produced. The electron and hole are separated by the depletion
region of the p-n junction and a current is generated through a connected
circuit. This occurs because the positive carriers prefer the p-type material and
the negative carriers prefer the n-type material, thereby increasing
the conductivity of the material. When no light or photons are incident on the
solar cell, a balance exists between drift and diffusion. In this case, there is no
net current flow as the number of electrons and holes are equal between the
two regions. The solar cell is in fact a photodiode that readily conducts a large
amount of current in one direction and hardly any in the other. With solar cells,
there is a need to apply a reverse bias to increase the effectiveness of an
internal electric field in the junction, thus causing an imbalance of drift and
diffusion across the depletion region. For the solar cell, the holes tend to stay
preferentially in the p-region and the electrons in the n-region, with reverse
biasing this tendency is enhanced. When a stream of photons is absorbed into
the silicon and localised within the transition region, then electron-hole pairs
are formed. These photons generated charge carriers prefer the n/p type
material, respectively. This creates an additional reverse current through the
junction that should result in better conditions for the purpose of

communication.

An experimental setup was built to reverse bias a 5 W solar panel as
shown in Figure 4-9. The solar panel under test was connected to a DC power
supply and the reverse bias voltage was gradually increased until the received
signal peak-to-peak voltage was maximised. The reverse bias voltage was
measured to be -7.22 V. The experiment conducted here was first time

demonstrated in [62]. In [62], the authors have self-reverse-biased the solar cell
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to enhance the communication bandwidth. Also, they have demonstrated that
self-reverse biasing the solar panel enhances the energy harvesting
performance of the solar panel as well. In this sub-section, the experiment is
conducted to quantify the increment in communication performance with

solar panel being reverse biased compared to its operation under photovoltaic

mode.
\\N ’ lif
A(Ti;PcLilter Oscilloscope
Solar Panel |-
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DC Power
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Figure 4-9: Reverse biasing a solar panel

The frequency response of the solar panel was measured under the
reverse bias condition and was compared with the frequency response of the
solar panel when operated in the photovoltaic mode, as shown in Figure 4-10.
From the plot, it can be seen that the -10 dB bandwidth of the solar panel has
been increased by 500 kHz which was previously 1.5 MHz. Furthermore, to
verify the signal quality, a sinusoidal wave of 1 MHz was transmitted from the
transmitter with the solar panel as receiver under the reverse bias condition.
On the oscilloscope, the signal was captured in the time domain and the FFT

of the captured signal was also calculated and captured.
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Figure 4-10: Frequency response of solar under the reverse-bias condition

The same experiment was repeated with the solar panel under photovoltaic

mode. The signal captures are shown in Figure 4-11.

sn23.28-AB(SNR)

(a) (b)

Figure 4-11: Captures from oscilloscope (a) reverse-biased (7.22V) (b) unbiased
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From the signal capture, it can be inferred that the received signal under
the reverse bias condition has approximately four times more power than the
signal received under the photovoltaic mode. This additional power translates
into approximately 6 dB gain in SNR as shown in the FFT captures in Figure
4-11. Although in the case of reverse biased panel, the received signal power
has 3 dB additional power over the unbiased panel, the increment in SNR
shows that there is a reduction of 3 dB in the noise power. This also aligns
with the frequency response measurement. Therefore, upon reverse biasing,
the solar panel enhances the communication capability of the solar panel as

an optical receiver.

4.6 Summary

Using a solar panel as an FSO receiver inherits several advantages, such
as the ability to use any transmitter wavelength between 400-1100 nm, the
large active area palliates fading or scintillation effects, self-powering the FSO
system, and the adeptness to use the panel in photovoltaic or photodiode
mode. On the contrary, the advantage of having a large active area is traded-
off with the communication bandwidth of the solar panel. Furthermore, from
the experiments, it was also found that the beam shape of the optical signal
incident on the solar panel affects the communication bandwidth of the solar
panel. Therefore, it can be summarised that to maximize the communication
performance of a solar panel, the following design considerations must be
included in the FSO system: the transmitter wavelength should be between
800-1000 nm, the transmitted optical signal beam should cover the whole
active area of the panel uniformly, and the smallest size panel available should
be considered. However, the choice of the receiver will completely depend on
the energy harvesting requirement and the link distance. Moreover, depending
on the application and the link reliability conditions, the solar panel can be
designed to operate in an adaptive mode between photovoltaic and

photodiode modes.
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Chapter 5 Designing and developing a
receiver circuit

A solar panel is envisaged to be used as an FSO receiver, to
simultaneously harvest power from sunlight and receive wireless optical data.
Therefore, a receiver circuit is required to separate the harvested power and
the communication signal components of the photocurrent generated by the
panel. Furthermore, the received communication signal needs to be
conditioned appropriately before feeding it to the DSP. This sub-system is
analogous to the receiver circuits used in conventional RF and FSO systems.
In such systems, the receiver circuit uses electronic filters to separate the
desired frequency band of the signal from the received signal. Moreover, using
an electronic amplifier, the power of the signal is increased for further
processing. In this chapter, the design methods and functionality of the

receiver circuit are described.

5.1 Introduction

As discussed previously in Chapters 3 and 4, solar cells have a complex
relationship with their operating environment, communication performance
and the maximum power they can harvest. For any given set of operational
conditions, solar cells have a single operating point where the values of the
current and voltage of the cell result in maximum power output. These values
correspond to a particular load resistance, which is equal to the voltage divided
by current, as specified by Ohm'’s law. Similarly, for a given solar panel, the
communication performance is dependent on the ambient light, mode of
operation, wavelength of the transmitter, and beam shape of the optical signal
incident on the panel. To use the solar panel as a high-speed optical receiver

under such varying conditions a specialised receiver circuit is required. The
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receiver circuit should be able to do the following: separate the harvested
energy from the sunlight and the received communication signal, ensure
maximum AC and DC power transfer, store the harvested power, filter out the
unwanted frequency components from the received signal, and increase the

power of the signal.
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Figure 5-1: Receiver circuit functional block diagram

The functional block diagram of the envisioned receiver circuit is shown
in Figure 5-1. In the figure, the solar panel interfacing circuit separates the AC
and DC component of the photogenerated current. This circuit also ensures
the mode of operation of the solar panel i.e., photodiode or photovoltaic mode.
The analogue signal conditioning circuit performs all the essential unwanted
signal filtering and increases the desired signal’'s power before the signal is
fed to the DSP. This block of the circuit also performs analogue equalization
on the signal, which helps to extend the usable -3 dB communication
bandwidth of the solar panel. The power harvesting and management circuit
ensure the maximum power is harvested from the solar panel and the

harvested power is stored in a battery for further use.
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5.2 Designing the equalizer circuit

Solar panels inherently have a very low communication bandwidth
compared to conventional photodiodes. Therefore, an equalization technique
could be used to extend the usable communication bandwidth of the solar
panel. Equalization is the reversal of distortion incurred by the signal through

the channel. The equalization could be analogue or digital.

In the previous chapters, the frequency response of the solar panel under
all possible operating conditions has been studied in detail. Normally, the
frequency response of a 5 W Si-based solar panel has the shape of a low-pass
filter (LPF), rolling off at 40 dB/decade. This quick roll off makes digital
equalization and pre-distortion challenging as the higher frequency

subcarriers have very low signal power, which results in poor SNR.

ANV
Signal In Signal Out

Gain Block 1 Gain Block 2

Figure 5-2: Equalizer circuit structure

This is because the quantization noise of the digital-to-analogue and analogue-
to-digital converters (DAC and ADC) is dominant over the low signal power. If
the signal power is increased, the lower frequency subcarriers are clipped due

to the limited dynamic range of the DAC and ADC. Therefore, equalization is
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the preferred approach. A passive filter within two amplifier stages has been
designed, as shown in Figure 5-2, to perform the analogue equalization. The
frequency response of such a structure has a 40 dB/decade gain and hence
this will perform the reverse distortion of the signal, i.e.,, equalization. To
perform the equalization, a second-order filter was designed based on a
modified version of a notch filter and a bandpass filter. The modified notch
filter provides the reverse distortion to compensate for the 40dB/octave roll-
off and the bandpass filter is used to attenuate the undesired low and high
frequencies. The resulting filter structure can be mathematically expressed as
shown in equation (49), in Appendix A. The values of Ry, Cy, L1, Ry, Lo, and C2
determines the filter’s stability and peak gain at the desired frequency. This is
simulated in TINA-TI and the values of the passive components for different
equalization bandwidths are provided in Table 5-1. The equalizer was designed
such that it could be used with different DSP platforms with different
communication bandwidth. Furthermore, the derivation of the transfer

function of the filter is provided in Appendix A.

Table 5-1: Values of the Passives for different bandwidths of the equalizer

Bandwidth Values of the Passive electronic devices
(MHz) R1 C1 L R2 C2 )
2.5 1.5kQ | 470pF | 4.7uH 51 470pF | 4.7uH
5 1.5kQ | 750pF | 680 nH 0 750 pF | 680 nH
12 51kQ | 220pF | 150 nH 51 680 pF | 150 nH
16 51kQ | 100pF | 100 nH 10 470 pF | 100 nH
18 7 kQ 100 pF | 220 nH 0 470 pF | 100 nH

Table 5-1 shows the equalization bandwidth only up to 18 MHz as
equalization is not possible over infinite bandwidth. During the process of

equalization, the gain of the signal is traded-off for additional bandwidth.
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Figure 5-3: Equalizer response

Therefore, it was found that for this 5 W solar panel, the equalization beyond
18 MHz was not possible as the SNR of the signal deteriorates massively at
the higher frequencies and the additionally gained frequency sub-carriers were
unusable. Furthermore, the choice of communication bandwidth is dependent
on the DSP platform. The five values of the communication bandwidth

depicted here are supported by the DSP platforms, as described in section 2.6.
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Figure 5-4: Equalizer response with the frequency response of the solar panel
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The overall AC transfer characteristics of the equalizer circuit for the
overall response of -3dB, 5 MHz communication bandwidth is shown in Figure
5-3. Furthermore, the functioning of the equalizer circuit is shown in Figure 5-4.
It can be seen that the overall response of the solar panel with the equaliser
circuit is flattened. The figure shown here is for -3 dB, 5 MHz bandwidth of the
equalizer circuit. Similarly, the equalisation is done for 2.5 MHz, 12 MHz, 16

MHz, and 18 MHz of communication bandwidth.
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Figure 5-5: Input noise performance of the equalizer circuit
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Figure 5-6: Output noise performance of the equalizer circuit
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These communication bandwidths were chosen based on the supported
baseband bandwidth supported by the DSP platforms mentioned in section
2.6. The overall noise performance of the circuit was simulated in TI-TINA and
the plots are shown in Figure 5-5, Figure 5-6, Figure 5-7, and Figure 5-8. In the

circuit design, the input noise degrades with an increase in frequency and has

been minimised by the choice of amplifiers.
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Figure 5-7: Total noise introduced by equalizer circuit
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Figure 5-8: SNR performance of the equalizer circuit
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The detailed schematic of the circuit is provided in Appendix B. The
output noise shape follows the shape of the equalizer response which in turn
explains the shape of total noise added by the circuit to the received signal.
Therefore, the SNR of the overall circuit decreases with the increase in
frequency and the minimum SNR achieved is 40 dB, which is still higher than
the estimated optical signal SNR as discussed in Chapter 3. Hence, the SNR
of the received signal will always be limited by the performance of the solar

panel as an optical data receiver.

5.3 Different methods of interfacing with solar panel

Normally, the conventional photoreceivers are AC coupled with the rest
of the stages of the receiver circuit in an FSO system, as the DC signals are of
no interest. The DC signals make designing the amplifier and filter stages
challenging, as they can easily saturate the operational amplifiers. When using
the solar panel, the AC and DC signals must be extracted with maximum power
transfer efficiency. In the past, in [18]- [21], a bias-tee structure has been used
to separate the AC and DC components of the signal. In the bias-tee, an
inductor was used to block the AC component and extract the DC, and a
capacitor was used to block the DC component and extract the AC. On both
the branches, the signal was drawn as a voltage signal across a resistor as
shown in Figure 5-9. In the DC branch, a potentiometer was used as the optimal
value of this resistance would vary for different lighting conditions as the
internal resistance of the solar panel varies, which was studied in Chapter 3.
Furthermore, as shown in [18] the values of the resistor, inductor and capacitor
have an impact on the communication performance of the solar panel. The
effects of the DC and AC load resistances, P1 and R4, as shown in Figure 5-9,
were investigated using the analytical model of the solar panel as discussed
in Chapter 3. For different values of AC load resistance, the circuit was
simulated in TINA-SPICE and the frequency response for three different

resistor values was plotted as shown in Figure 5-10. In the figure, the highest -
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3 dB bandwidth is obtained with the lowest resistance 7.3 Q which is 300 kHz.

On the other hand, the gain is also the lowest.

WA 2 Out
L1 150n R3 5.1k -
3
NN § 5 9C| ‘Cf’. C31u Ul OPA847
St TIs Is
Solar Panel [—_ = - 3

e,
=
o
~

I
|

Figure 5-9: PV interfacing circuit with bias-tee

Therefore, the 50 Q resistance was chosen as the measured gain and
bandwidth are optimised at this point. The normalised gain with the 50 Q
resistance is -8 dB and -3dB bandwidth is 280 kHz. Furthermore, keeping the
AC load resistance constant, the DC load resistance was varied. The variation
in the frequency response for three different DC load resistor values is shown

in Figure 5-11.

The frequency response of the interfacing circuit with 6.8 kQ has the
least -3 dB bandwidth, although the energy harvested is highest as the voltage
across the resistor will be the highest and the power dissipated by the resistor
will be the least. On the contrary, with 7.3 Q resistance, the frequency response
roll-off rate is lower compared to the other resistor values, but at this resistor
value, the energy harvesting performance will be adversely affected.
Therefore, 781 Q was chosen as the optimal DC load resistor value as the gain
and bandwidth are optimised at this value. This simulation was carried out

with the assumption that there was 100 W/m? of sunlight irradiation incident
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on the panel. Upon varying the sunlight irradiance, the optimal resistor values

were changed.
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Figure 5-10: Variation in the frequency response due to the varying AC load resistor
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Figure 5-11: Variation in the frequency response due to the varying DC load resistor

The other disadvantage with this circuit design is that there is no control
on the voltage across the PV panel for different lighting conditions, which will
result in a change in the electric field across the diffusion region, resulting in

the frequency response of the solar panel being affected, as seen previously
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in section 3.3.1. Therefore, another solar panel interfacing circuit design was

proposed as shown in Figure 5-12.
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Figure 5-12: PV interfacing circuit with MOSFET

In this design, a Power-over-Ethernet (PoE) transformer has been used
to AC couple the panel with the rest of the receiver circuit. A PoE transformer
was chosen because these transformers are specifically designed for
separating DC and AC signals in the |IEEE 802.3 standard for ethernet [42].
These transformers are capable of handling DC as high as 300 mA and the

coupling frequency lies in the region of 0.1-100 MHz.
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Figure 5-13: Variation in frequency response with MOSFET interfacing circuit
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Furthermore, a Metal-oxide-semiconductor Field-effect transistor (MOSFET)

has been used to hold the voltage across the panel constant.

In a MOSFET, the voltage at the gate terminal controls the flow of
current between the source and drain terminal. In this circuit, the gate voltage
is set by a voltage divider, which is built using a potentiometer. The end
terminals of the potentiometer were connected to the panel. Using the
potentiometer, the gate voltage was set such that the minimum voltage is fixed
across the panel, i.e., around 1-1.5 V. The panel voltage cannot be set below
the minimum source-drain voltage of the transistor, which sets the transistor
in saturation mode of operation. When the voltage generated across the panel
varies, the gate voltage also varies, which results in a change in the electrical
conductivity across the drain and source terminal of the transistor. This way
the current through the transistor would vary, but the voltage across the solar
panel remains constant. This circuit was designed and manufactured for
testing. Using the transmitter setup as mentioned in Chapter 4 and a spectrum
analyser, the channel response was captured for conditions both with no
illumination and 1000 W/m? solar irradiance, as shown in Figure 5-13. In the
figure, it can be seen that, at the lower end of the baseband frequency
spectrum, the response varies by -7 dB for different illumination conditions.
This variation could be attributed to a variation in the operating regions of the
transistor. When there is no solar irradiance, the voltage across the panel is
below the threshold voltage of the gate of the transistor, which results in
different frequency response. To eliminate this issue, the solar panel
interfacing circuit was modified. In this circuit, the solar panel was directly
connected to the PoE transformer with a 3Q resistor in series, as shown in
Figure 5-14. As the DC load across the panel was very low, the panel voltage
was also very low. The short-circuit current for the selected solar panel is 300
mA, therefore the maximum voltage that can be measured across the panel is

0.9 V. Hence, the variation in frequency response due to different illumination
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conditions will be minimal as the maximum variation in panel voltage will be
0-0.9V.
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Figure 5-14: PV interfacing circuit with PoE transformer
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Figure 5-15: Variation in the frequency response of solar panel with PoE transformer

Furthermore, the overall channel response under no solar irradiance and 1000
W/m? is measured and shown in Figure 5-15. From the figure, it can be
concluded that there is no variation in the shape of the frequency response.
Although, the gain under 1000 W/m? solar irradiance is 4 dB less than the gain

under no illumination conditions. This circuit enables the use of a solar panel
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as a high-speed optical communication receiver under various illumination

conditions without trading off the communication bandwidth.

5.4 Energy harvesting and storage

Solar energy harvesting by no means a new idea. An elementary solar
energy harvesting consists of a solar panel, DC-DC converter, rechargeable
battery, a battery charge protection circuit called a battery management
system (BMS) and a DC-DC converter control unit [63]. Typically, there are two
methods used for DC-DC converter control methods: Pulse Width Modulation
(PWM) and Maximum Power Point Tracking (MPPT). MPPT has been proven
to be the best, as it operates at the maximum power point of the panel [64]
[65]. A solar panel has a unique point on the I-V curve, at which the entire
photovoltaic system operates with maximum efficiency and produces its
maximum output power; this is the point defined as the maximum power point.
Figure 5-16 shows a block diagram of an MPPT controlled charger circuit. The
incident solar irradiance is harvested using the solar panel and converted into
electrical energy. The DC-DC converter steps down and regulates the
magnitude of the voltage generated by the solar panel and supplies it to the
rechargeable battery. The MPPT controller tracks the voltage and current from
the solar panel and adjusts the duty cycle for the DC-DC converter. Finally, the
BMS controls the charge and discharge rate to avoid over-heating and over-
charging of the battery. As the FSO system with a solar panel as the optical
receiver is envisioned to be an energy-neutral system, therefore, the choice of
battery is important to enable the operation of the system at night, when there
is no solar energy harvesting. Two types of batteries are widely used with PV
standalone systems: Lead-Acid batteries and Lithium-ion (Li-ion) batteries. Li-
ion batteries have many advantages for PV energy harvesting systems in

comparison to lead-acid batteries [66].
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Figure 5-16: Block diagram of a PV energy harvesting system

Li-ion batteries have high energy capacity, low maintenance and a
higher life cycle than a lead-acid battery. A comparison between the

specifications of the lead-acid battery and Li-ion battery is shown in Table 5-2.

Table 5-2: Battery specifications [66]

Characteristics Lead-acid Lithium-ion
Energy Density (Wh/L) 54-95 250-360
Specific energy (Wh/kg) 30-40 110-175
Depth of discharge 50% 80%
Temperature range of charge -40°C-27°C -20°C-55°C
Efficiency 75% 97%
Replacement timeframe (year) 1.5-2 5-7

Therefore, a 38 Wh (7.4 V/5.2 A) Li-ion battery will be used to store the
harvested energy. Based on the battery type, a battery management circuit is
needed to charge and discharge the battery. Hence, an integrated battery
charger BQ24650 [64] from Texas Instruments Inc. was chosen. This device

has the capability of MPPT by +0.6% input voltage regulation, the maximum
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power point can be set and can charge the battery with £0.5% charge voltage
and +3% charge current regulation. The charge controller supports charging
Li-ion/Polymer, LiFeP0O4 and lead-acid batteries [64]. It uses a constant voltage
algorithm which is the simplest MPPT method, which is also desirable for the
communication circuitry. The device can be set to a charging voltage
threshold, at which the voltage is held constant with only the charging current
varying depending upon the power generated. Depending on the battery

chosen, the charging current and voltage can be set.
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Figure 5-17: Receiver circuit with battery charge controller

The battery charger circuit was designed based on the reference design
shown in [64]. The input voltage from the PV panel was set to 8.22 V at the
maximum charging current of 2 A, which is the nominal charging voltage and
maximum charging current respectively, of the selected Li-ion battery. The
battery charging circuit was then integrated with the rest of the receiver circuit
as shown in Figure 5-17. The PV panel interfacing circuit of the receiver had to
be modified to accommodate the battery charging circuit. An additional bias-
tee was introduced in between the PoE transformer and the solar panel to
separate the DC and AC signals, as shown in Figure 5-18. In the circuit, the
battery charger circuit is connected across Rs. The battery charger circuit
holds the panel voltage constant at 8.22 V. When the photogenerated voltage

is below the threshold input voltage, the charging circuit is switched off.
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Furthermore, when the battery is fully charged, the charging circuit is switched
off to avoid overcharging the battery. The overall frequency of the receiver
circuit was measured, and it was found that there is no variation in
performance compared to the plot shown in Figure 5-15. Therefore, the whole
receiver was designed and developed with all the blocks integrated on a single
printed circuit board (PCB). Further details on the schematic design and

implementation of the receiver are depicted in Appendix B.
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Figure 5-18: Modified PV panel interfacing circuit

To test the operation of the energy harvesting capability of the system,
a sunlight simulator was developed. The sunlight simulator consisted of a 1.8
kW halogen lamp, with a parabolic reflector. The colour temperature of the
halogen lamp is 3200 K and the colour temperature of the daylight on the
surface of the earth is around 5700-6000 K [67]. Therefore, an appropriate
colour filter [68] was used in front of the halogen lamp to produce a light
spectrum equivalent to the spectrum of sunlight. A dimmer with the lamp was
used to control the light output from the halogen lamp. The sunlight simulator
was placed at a distance of 1 m from the PV panel and the maximum intensity
measured on the surface of the PV panel, using a lux meter, which was around

57,785 lux. Using the solar irradiance to lux illuminance conversion factor of
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0.079 W/Ilux [69], it was estimated that 456.5 W/m? was incident on the panel.
Hence, the total optical power captured by the PV panel with an active area of
667 cm?is 30.45 W. Then, the power generated by the PV panel and the power

delivered to the battery is measured, which is shown in Table 5-3.

Table 5-3: Power generated from the solar panel & power delivered to the battery

Incident light on the
PV panel (W)

30.45 411 3.81

Power generated (W) Power delivered (W)

From the table, it can be seen 92.7 % of the electrical power generated
by the solar panel was delivered to the battery, using MPPT. The efficiency of
the 5 W polycrystalline solar panel under test, is calculated to be 13.5 % and

the efficiency of the overall system is 12.5 %.

5.5 Summary

A receiver circuit for the solar panel was designed to extend its
communication bandwidth, enable simultaneous energy harvesting and
interface it with the DSP platform. Using analogue equalization, the -3 dB
communication bandwidth of the solar panel was extended up to 18 MHz. The
design for 2.5 MHz, 5 MHz, 12 MHz, 16 MHz and 18 MHz equalizer circuit is
provided with the transfer function of the equalizer circuit network. Moreover,
the different methods of interfacing the receiver circuit with the solar panel are
proposed and compared with their respective advantages and disadvantages.
Furthermore, the efficiency of the energy harvesting, and storage system was
measured to be 92.7%. The harvested energy is stored in a 38 Wh Li-ion
battery. The power consumed by the receiver circuit board is 1 W. Therefore,
the whole receiver system can function without requiring any external power
input. The proposed receiver design was developed, tested and verified with
the theoretical studies. Finally, the overall receiver circuit schematic layout and

implementation are provided in Appendix B.
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Chapter6 Demonstration of FSO links using
solar panels as receivers

The digital divide is the gap between people in society who have full
access to digital technologies, such as the internet and computers, and those
who do not. Access to the internet has revamped economies, education, and
healthcare around the globe. However, there are still sections of society that
do not have reliable access to the internet or have access at all. To bridge this
gap, an FSO system with an off-the-shelf Si solar panel was designed and
deployed to provide the last mile connectivity to residents on aremote Scottish
Island. Meanwhile, the system also had potential applications in military
deployment. The demand for bandwidth on the battlefield has increased
significantly over the past 20 years. Fibre-optic cable technology is more than
capable of meeting this bandwidth demand. However, in most tactical
situations, it is not feasible to run cables from one node to another. Moreover,
the use of RF links is not desirable in such situations as there is always a
possibility of eavesdropping and RF signal jamming. The requirement for such
scenarios is a quick deployment, point-to-point link, energy neutral, robust
against challenging weather conditions and highly secured. All these
characteristics were considered in the design process of the PV receiver FSO

system.

6.1 Introduction

The concept of using a Si-based solar panel as an OWC receiver is almost
five decades old. All the previously developed experiments and prototypes
have been deployed and tested in an indoor laboratory environment only. In
this chapter, the design of a state-of-the-art FSO system deployed with an off-

the-shelf Si solar panel as the receiver under outdoor conditions is discussed.
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The prototype was developed in multiple iterations. In the first iteration, the
maximum communication distance was achieved as the research was mainly
focused on optical design and implementation. In subsequent iterations, the
electronics and the DSP platform of the prototype were enhanced to achieve
higher data rates. The system design used in each iteration of the prototypes
and the results obtained from each prototype is discussed in this chapter.
Furthermore, issues are raised regarding RF interference from FM radio

stations and the solutions to these issues are discussed in this chapter.

6.2 Demonstration |

The prototype was developed as a solution for backhaul communication
over a short-range distance to distribute internet connectivity to two residential
properties from a lighthouse, on a remote island as depicted in Figure 6-1. The
system was used as a replacement for a fibre optic or copper cable installation

as it had the advantage of rapid and cost-effective deployment.

Figure 6-1: Deployment concept [70]
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Furthermore, the deployment aimed to upgrade the internet accessibility
of the residents over the existing asymmetric digital subscribers’ line (ADSL)
broadband connection, which had several disadvantages. The existing ADSL
broadband connection had very low download speeds and extremely poor
upload speeds. ADSL broadband connection uses two copper wires, which are
used for telephone lines, to transmit and receive data using PAM-DMT. The
maximum achievable speed on an ADSL line is 10 Mbps, out of which 9 Mbps
is generally allocated for downlink and 1 Mbps for uplink by the internet service
provider (ISP), as the system is half-duplexed over the two copper wires [71].
Moreover, the data rate decreases with the increase in cable length. Therefore,
the farther away the property is from the telephone exchange, the slower the
internet connection is. This was the only medium of communication available
on theisland to provide an internet connection to the residents. Due to the poor
internet connection, the residents were not able to get the full user experience
of modern age internet services such as high-definition (HD) video streaming

services, video calls, online gaming etc.

RF (2.4 GH2z) link from the mainland
(=N -N-F-]

~5 kilometres

Lighthouse

Residence Property 1

Residence Property 2

Figure 6-2: Deployment architecture
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As a pilot project, the PV FSO prototype was meant to enable the
residents to access all the high-speed internet services by aggregating both
the FSO link connection and the ADSL broadband connection. The architecture
of the system installation is shown in Figure 6-2. The focus of this project was
to demonstrate the usage of solar panel as FSO receivers. Therefore, the

development was mainly focused on the communication performance.

A high-speed internet connection was provided using an RF link from
the mainland to the lighthouse on the remote island. The connection was then
distributed to each resident’s property using the PV FSO link, as shown in
Figure 6-2. The PV FSO internet link was aggregated with the existing ADSL
broadband link using a load balancing router installed at the resident’s
property. The internet connection was made accessible to the residents
through Wi-Fi or ethernet connection. The detailed network architecture,

design and configuration of the deployment is shown in detail in Appendix B.

6.2.1 System design

This section describes the flow of information from the transmitter to
the receiver as well as the energy harvesting and storage capability of the
system. Figure 6-3 depicts the working of the transmitter on one end and the
receiver unit on the other end. The whole system is designed to be a fully
functional bidirectional link with full networking capability. The data flow path
through the system shown in Figure 6-3. The data is first fed to the processor
to generate the packet with the information to be transmitted as the payload.
Then this whole packet is passed on to the FPGA where this is converted to a
time-based digital samples using the suitable modulation technique. The DAC
then converts the time-based samples to an analogue waveform. Then the
signal is modulated onto the output optical intensity of the laser, which is
transmitted over the air. Then the solar panel receives the optically modulated

data and converts it into electrical signal. The receiver circuit performs
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analogue signal processing and equalization as described previously in
chapter 5. The data is then fed to the ADC which converts the analogue
waveform back to digital samples. The FPGA then demodulates the digital
samples to retrieve the information in bits. The processor then reconstructs

the packet which is passed on to the end-user device.
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Figure 6-3: Version 1 prototype system architecture

6.2.1.1 Transmitter

A voltage-controlled current-driven laser driver circuit was designed. An
off-the-shelf 2x2 VCSEL array [72] was used as the optical source. A
temperature sensor and digitally controlled attenuator were added to the
design in order to control the signal input to the laser to maximise the link
performance, as mentioned previously. The control circuit varies the voltage
at the gate of the MOSFET to control the bias current of the laser. The signal
power is varied by the digitally controlled attenuator, which can provide
attenuation from 0 dB to 31.5 dB.

The frequency response of the laser driver was measured using a 1 GHz
PIN PD optical receiver. From Figure 6-4, it can be inferred that the -3 dB
bandwidth of the driver is 100 MHz, which is much higher than the bandwidth
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of the receiver. One of the most important limitations in the design of an FSO
communication system is eye safety [73]. The majority of FSO transmitters
operate at a wavelength of 1550 nm due to their high maximum permissible
exposure (MPE), which is 100 mW/cm? [8]. However, the laser wavelength in
this research is selected to be 940 nm because of the peak responsivity of Si
cells in the region between 940 nm and 1000 nm. The MPE of 940 nm lasers
is 3.1 mW/cm? and the laser system is certified to be classified as Class TM.
Another requirement in the optical domain is the transmission of a divergent
laser beam that can overfill the solar panel. This is not only to project a uniform
beam covering the entire solar panel but also to tackle any misalignment due

to unfavourable weather conditions such as strong winds.
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Figure 6-4: Frequency response of the laser driver

The optical design software Zemax was used for ray tracing and a
calculation of the power budget of the link. A 2x2 vertical-cavity surface-
emitting laser (VCSEL) array [72] is used with a diffuser on top of the package.
The maximum DC optical power of the laser is 0.5 W. The VCSEL generates a
rectangular beam pattern with four hot spots as shown in Figure 6-5. The laser
beam has a wide horizontal and vertical divergence of 65° and 78°,

respectively. In order to increase the directivity of the diffused laser beam and
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overfill the solar panel at a link distance of 30 m (designated for the installation
in Orkney), an off-axis parabolic mirror Edmund Optics 35-533 [74] with a

diameter of 76.2 mm is used.
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Figure 6-5: Incoherent irradiance of the VCSEL array on a square detector at 1 cm

Figure 6-6: Optical setup at the transmitter
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To ensure that no user can open the enclosure of the prototype and be
exposed to any radiation above the MPE limit, the enclosure is locked with
bolts as recommended by the laser safety agency. The transmitter’s optical
setup and the illumination pattern of the laser beam at the enclosure aperture
are given in Figure 6-6. It was observed that only two of the four initial hotspots
are transmitted in free space. This is because the rays of the bottom two
hotspots of the rectangular VCSEL pattern travel a shorter distance than those
of the top two hotspots towards the mirror; thus, they are getting reflected with
higher power from the mirror. In practice, to make sure that the laser source
was placed at the focal point of the off-axis parabolic mirror; a pitch, yaw, x, y,
and z translation stage [75] is used as shown in Figure 6-7. The optical source
is attached to the printed circuit board (PCB) of the laser driver and the PCB is
mounted on the translation stage. Thus, the beam shape and size can be
controlled by modifying any of the five degrees of freedom of the translation
stage. In order to ensure that the beam covers the entire area of the solar panel
at the 30m link distance, the beam shape and size were optimized at a 20 m

distance.

Figure 6-9 gives the simulated irradiance distribution of the beam, and
the beam observed at a 20 m distance through a camera with an infrared
bandpass filter. As the beam is not uniform, it is analysed along the vertical x
and y axes and not along a single axis in Zemax. The system was then
classified by Lasermet, which is a laser safety solution provider company, as
class 1 M and the non-ocular hazard (NHZ) distance was estimated to be 56
m. The NHZ distance is defined as the minimum distance within which the
beam is not eye-safe if observed with an optical aid being in the line of sight
of the optical transmission. Furthermore, it was inferred from the testing that
the maximum optical output of laser could be increased to 1.5 W still being

classified as class 1M, although the NHZ distance needs to re-estimated.
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Figure 6-7: Optomechanical setup
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Figure 6-8: Laser beam at the enclosure's aperture
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Figure 6-9: Beam profile at 20 m (a) simulated using Zemax (b) captured using an infrared

camera
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6.2.1.2 Receiver

The receiver circuit discussed in Chapter 5 was used in the prototype
with the 2.5 MHz and 5 MHz variants, as the maximum supported bandwidth
of the DSP platform is 5 MHz. The detailed schematics of the receiver design
of these variants are provided in Appendix B. Furthermore, during the testing,
it was found that the strips on the solar panel which connect the solar cells act
as RF antennae. This hampered the communication performance as the RF
signal picked up by the strips interfered with the optical signal. This problem
was solved by creating a faraday cage [50] around the solar panel using a
mesh made of stainless-steel wire, which was then connected to the circuit

ground of the system.

6.2.1.3 Modulation techniques

In section 2.2, it was shown that with on-off keying the maximum data
rate was 3 kb/s. Most of the systems researched and developed previously, as
mentioned in chapter 2, used OFDM or PAM demonstrating data rates in the
order of Mb/s, as they are the most spectrally efficient. The maximum data
rate achieved with an off-the-shelf 5 W Si-based solar panel was 11.34 Mb/s
[18] which was using OFDM. The maximum data rate achieved with PAM was
17.05 Mb/s, although the size of solar panel was smaller than a 5 W panel and
the solar panel was used in reverse-biased mode [62]. Therefore, OFDM or
PAM should be the preferred modulation techniques instead of on-off keying.
Furthermore, the two mentioned modulation techniques have been widely

researched to be used in optical wireless communication [14].

In this section, an experiment was conducted to investigate the
performance of OFDM and PAM modulation techniques when used with a
solar panel as an optical receiver for an FSO system. The modulation
techniques were implemented in MATLAB [76]. The experimental setup is

shown in Figure 6-10.
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Figure 6-10: Communication test setup

The detailed design and description of the transmitter are given in
section 6.2.1.1 and the design and description of the receiver circuit are

provided in Chapter 5.
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Figure 6-11: Acquired OFDM packet with synchronisation pulse

The OFDM and PAM packets are generated on a computer and then fed
to an arbitrary waveform generator (AWG) over Ethernet. The signal is then fed
to the transmitter circuit over a coaxial cable, type RG-18. The transmitter and
receiver circuits are powered using benchtop power supplies. Ferrite cores are
used on the power supply cables to ensure external powerline and RF noise is

not added to the transmitter and receiver circuits. Powerline noise can affect
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the SNR of the transmitted or received signals significantly. The signal output
of the receiver circuit is connected to an oscilloscope using an RG-18 coaxial
cable. The signal on the oscilloscope is then captured and transferred to the
computer over USB for processing. For data rate and BER measurement with
OFDM, the signal is generated with 250 MSa/s and 5 Sa/symbol. Hence, the
resulting symbol rate is 50 MBd and the bandwidth of the signal is 25 MHz.
This generated signal was passed through the analogue frontends and
captured on the oscilloscope. A synchronization pulse as shown in Figure 6-11

is used to trigger the oscilloscope.
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Figure 6-12: Comparison of data rate & BER for OFDM and PAM

The captured signal was then processed in MATLAB and the
experiment was repeated for different targeted BERs. The data rate is
estimated and plotted against the respective BER. Similarly, the experiment
was repeated for PAM-DMT with 5 MHz, 10 MHz, 15 MHz and 25 MHz signal
bandwidths for different modulation orders. The highest modulation order
achieved is 4-PAM. 8-PAM or higher-order modulation could not be used due
to the lack of sufficient SNR for the selected bandwidths. The measured data
rate and BER for all the cases are tabulated in Table 6-1. Also, the data

measurements are plotted in Figure 6-12 for comparison. Upon successful

Demonstration of FSO links using solar panels as receivers 85



completion of the experiment, the highest data rate achieved within the
forward-error correction (FEC) limit is 74.03 Mb/s with a BER of 3.3x10%. The
highest data rate that is achieved in the experiment is 100 Mb/s with 4-PAM,
but the BER is 1.9x102, which is over the FEC limit of 3.8x1072 [77] and the
erroneous data may not be recoverable. The additional results obtained from
the experiment are the overall channel response and the estimated SNR as

depicted in Figure 6-13 and Figure 6-14 respectively.
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Figure 6-14: Channel response

Figure 6-15 and Figure 6-16 show that the adaptive bit and power loading has
used the bandwidth efficiently. The subcarriers with an SNR below 10 dB are
modulated with binary phase-shift keying (BPSK) while the subcarriers with
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SNR higher than 10 dB are modulated using constellations from 4-QAM to
256-QAM based on the SNR thresholds for the respective modulation orders.
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Figure 6-17 shows the received signal’s constellation diagrams for 256-QAM
and 128-QAM. From the received signal’s constellation diagrams, it can be
qualitatively inferred that most of the signal bits were decoded. Further
investigating Figure 6-13 and Figure 6-16, it can be seen that the high-
frequency subcarriers between 15 MHz — 22 MHz have a gradual increment in
power which is comparable to the roll-off in channel gain. The intermittent

peaks in power allocation could be attributed to compensation for signal

Demonstration of FSO links using solar panels as receivers 87



harmonics. These harmonics could be generated by non-linearities in the

signal chain amplifiers.
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Figure 6-17: Constellation diagrams (a) 256-QAM (b) 128-QAM

For PAM-DMT upon investigating Figure 6-13 and Table 6-1 it is
noticeable that the BER is comparatively lower than OFDM. The performance
of 2-PAM is highly robust over the whole bandwidth of 25 MHz achieving
50 Mb/s with a BER of 5.7x104 which is 6.6 times below the FEC limit [77]. On
the other hand, for 4-PAM the maximum usable bandwidth is 15 MHz as the
BER of 4x1073 is on the limits of FEC [77]. From this, it can be concluded that
PAM-DMT is favourable over QAM-OFDM when the system design is desired

to be uncomplicated and link reliability takes priority over a high data rate.

Table 6-1: Data rate and BER measurements for PAM

Modulation Order
Bandwidth | 2-PAM 4-PAM
(MHz) Data rate BER Data rate BER
(Mb/s) (Mb/s)
5 10 1.5x10* 20 1.4x10°3
10 20 2.2x10* 40 1.8x103
15 30 3.5x10% 60 4x103
25 50 5.7x10* 100 1.9x102
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From Figure 6-12 it is clear that OFDM achieves significantly higher data
rates than PAM-DMT. The lowest data rate achieved with QAM-OFDM is
63.89 Mb/s with a BER of 9.39x10* while the highest usable data rate with
PAM-DMT is 60 Mb/s with a BER of 4x1073. This difference in data rate can be
attributed to the added benefit of adaptive bit and power loading in OFDM. The
pre-distortion introduced by adaptive power loading and the efficient use of
subcarriers with high SNR enhances the data rate achieved. In PAM-DMT, the
modulation depth is fixed for the whole bandwidth, even if the subcarriers
between 500 kHz - 5 MHz have an SNR above 20 dB. As the PAM levels are
not adaptively loaded. Thus, the maximum modulation depth that could be
used is 4-PAM which is dictated by the subcarriers beyond 10 MHz that have
SNR below 13 dB.

Hence, it can be concluded that to achieve high data rates with a BER
that is lower than the FEC limit using a solar panel receiver, OFDM with
adaptive bit and power loading is desirable, at the cost of system complexity.
However, the use of PAM-DMT can be helpful in cases where link reliability and
simple system design are the major requirements and high data rates are not

so important.

6.2.1.4 Digital Signal Processing Platform

MityDSP-L138F was used as the DSP platform for the prototype. The
firmware built for this platform was developed by pureLiFi. As the firmware
was for a product that was designed to be used indoors, the firmware needed
modification to adapt it for the point-to-point and outdoor link use case. In the
firmware, DCO-OFDM was used for modulating the digital information and the
QAM modulation order switching was dependent on the number of received
packets decoded and dropped. Therefore, it was necessary to set the optimum
threshold values for the number of successfully received packets to switch to

the higher modulation level and the number of received packets dropped to
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switch to the lower modulation level, to stabilize the link performance. By
Brute-force, it was determined that for every 5 continuous successfully
decoded received packets the modulation level had to switch to the higher
modulation order. Similarly, for every 3 continuous received packets dropped,
the modulation level had to be switched to the lower order. The link was
stabilised using these threshold values. The DSP platform was capable of
maximum 64-QAM at % code-rate, and the lowest modulation level was BPSK
over the maximum supported baseband bandwidth of 5 MHz. The maximum

achievable data rate of the platform is 13 Mb/s over the cable.

6.2.1.5 Signal gain control algorithm

The channel varies continuously due to changes in ambient light,
weather, wind and visibility, the laser driver circuit needs to precondition this
analogue waveform. Hence, the control unit becomes crucial in order to
maintain the link throughout varying weather conditions including cloud cover,

rain and fog.

In long distance backhaul links, FSO systems use RF control channels
or vice-versa to optimise the communication channel. The transmitter and
receiver need to set appropriate gain settings with regards to the varying
atmospheric conditions [78]. Although, the system described in this thesis,
instead of using a separate channel for link optimisation, a link optimisation
algorithm has been developed which maintains the link performance during its
operation. The implementation of this link optimisation algorithm avoids the
use of additional control channels and reducing the system complexity at the
hardware level. The optimisation of the link is based on the feedback of the
channel conditions, which is determined by the number of received packets
dropped and ping time interval. When these two factors go above a given
threshold, the optimum signal power search algorithm is triggered which is
shown in Figure 6-18. In the Figure 6-18, variables RX_packets and TX_packets

denote the number of packets received and transmitted respectively. Variables
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deltaRX and deltaTX store the difference between the packets received and
transmit before and after altering the signal power. The variable ping_state is
a Boolean which depicts the availability of a bidirectional link. The signal power
is varied in a cyclic order of low-high-low on both the transmitters at each end.
There is a random back-off time between the transmitted signal power
variation. This random back-off time is denoted as variable wait_time in the
flow diagram. The transmitted signal is varied in steps of 0.5 dB from 0 dB to
-31.5 dB. The transmitted signal power is stored as the variable counter. The
random back-off time avoids the probability of varying the transmitted signal

power on both ends simultaneously.

(read R¥_packets and TX_packets from Lifi device )

Y

(calculate deltaRx and deltaTx )

deltaRX=0 && deltaTX=0

true

counter = wait_time

Wipe 2 times

< ping_state frue

alse (Perform sweep ogtimizationl)

deltaRx=0 && deltaTX=0

true

Reboot Lifi device

Increase counter

[Perform sweep optimization] )

Reset counter

o N

Figure 6-18: Link optimisation algorithm
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Meanwhile, on both communication nodes, the received packets dropped, and
the ping time interval is monitored. The final goal of the algorithm is to
maximise the deltaRX and deltaTX while the ping_state is true, on both the

transceivers.

Furthermore, due to the variation in temperature, the output optical
power of the laser varies. Under cold weather conditions, the optical output
power of the laser increases which may violate the maximum laser radiation
recommended for eye safety. To control the optical output power of the laser,
a temperature sensor was added to the design of the laser driver circuit. A
temperature monitor and laser current bias control loop were added into the
control software as shown in Figure 6-19. In the figure, variable T stores the
temperature of the laser, and the variable Param-T is 25°C. The optical output
power of the laser is measured at 25°C, under controlled laboratory conditions.
This measurement is used as reference to set the laser bias current such that
the system can track the laser's output optical current at different
temperature. The software loop monitors the temperature and sets the

corresponding bias current for the laser for the set optical output power.

Log temperature (T)
with Timestamp

False

True
———( if (T>Param-T) Bias_Cntrl=0

Figure 6-19: Temperature & laser bias control loop
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6.2.2 Results and discussion

The developed FSO system was first deployed on the premises of the
University of Edinburgh to test the communication performance under
different daylight and weather conditions. The maximum distance achieved
with this system was 80 metres with a maximum data rate of 6.5 Mbps.
Although for the given application, the link distance was 30 m, the link was left
unattended for two weeks to gather data for further investigation. Figure 6-20
shows the variation of the data rate of the link against varying wind speeds,

visibility, daylight and weather conditions on a day.
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Figure 6-20: Data rate measurements plot against the daylight and varying weather

conditions

The weather data were collected from [79] for 7t May 2019 in Edinburgh. The
throughput measurement was done using iPerf [80] and the traffic was forced

to TCP/IP to emulate real-world bandwidth usage. The data rate peaks at 8
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Mbps at night-time with cloudy conditions. But during the sunnier parts of the
day, the data rate dropped to 6.5 Mbps. This can be attributed to the additional
thermal noise and shot noise generated in the solar panel when the sunlight
hits the panel directly. In this scenario, the generation of exciton would be at
its peak which increases the thermal and shot noise. The added noise induces
a fall in the signal-to-noise ratio leading to a noticeable drop in the data rate.

This aligns with the investigations performed previously in Chapters 3 and 4.

The next noticeable drop is during periods of rain, where the data rate
dropped to the lowest level of 4.5 Mbps. This fall in data rate can be attributed
to the bad channel condition due to the presence of rain droplets that
attenuate the signal power received [57]. After the testing phase, the system
was deployed in Graemsay, one of the Orkney Islands in northern Scotland.
Figure 6-21 shows the installation of the units on the properties. A comparison
between the installed optical link and the existing broadband connection
shows that the upload speed increased by 8 times and the download speed

increased by 20% (see Figure 6-25).

(@) (b)

Figure 6-21: Installation at the location (a) residence property (b) lighthouse to the

residence property

The two links were aggregated and provided to the residents, thereby
doubling the user download experience and enabling them to use higher

bandwidth-demanding services such as streaming multiple high-definition
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videos, high-definition video calls, etc. Furthermore, the installed link on one of
the properties was monitored for four weeks to evaluate the system
performance. The bandwidth usage and peak uplink-downlink speeds were
measured along with the corresponding variation in transmitted signal power
every 2 hours in a day. The CDF plots of accumulated data points are shown
in Figure 6-22 and Figure 6-23.
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Figure 6-22: CDF of data rate variation

The peak download data rate measured is 10 Mb/s and 90 % of the
operating hours the download data rate was around 8 Mb/s, while the upload
speed being 5 Mb/s. From the CDF plot of TX signal power attenuation, it can
be concluded that the control algorithm is successfully controlling the signal
power to maintain the link and optimise the data rate. During most of the
operating hours, the TX signal power was attenuated between 15t0 20 dB. The
system was certified to be eye-safe (Class 1M) for the maximum operating
optical signal power output i.e., at 0dB. Hence, this shows that the operating
the distance of the system could be increased. Furthermore, the system can
still operate under fog or rain conditions. Moreover, the temperature of the
CPU and laser driver was also logged over the same duration, as shown in

Figure 6-24. Furthermore, it can be seen that the communication performance
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is independent of the temperature, which confirms the successful operation
of the temperature and laser bias current control loop. The temperature of the
laser was maintained around 33°C and the temperature of the CPU was

maintained around 40°C.
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Figure 6-23: CDF of TX signal power variation
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Figure 6-24: CDF of CPU & laser driver temperature variation

The data obtained shows no dropouts in the installed link and 90% of

the time the data throughput was in excess of the existing landline-based

96 Demonstration of FSO links using solar panels as receivers



broadband connection. Figure 6-25 shows a snapshot of internet speed tests

comparing the speeds through the optical link and the landline broadband.

(» SPEEDTEST

© DOWNLOAD

R

Aspire Technology
Solutions

(? SPEEDTEST

RESULTS

9 DOWNLOAD UPLOAD

6.6/ 0.36

Aspire Technology
Solutions

(b)

Figure 6-25: Internet speed test measurements (a) through the optical link (b) through

landline broadband

6.3 Demonstration Il

The second demonstration was developed based on a military
application. The system was envisaged to have a higher data rate and energy
harvesting capability. It was designed for quick deployment, to be able to
establish a node-to-node communication link, to be self-sufficient in terms of
energy requirements and highly secured. Most of the objectives were already
achieved in the first demonstration, such as an FSO link is inherently more
secure than an RF link, as the likelihood for eavesdropping and signal jamming

is not possible without being in the line of sight of the optical link. Furthermore,
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the system was already designed mechanically in such a way that it was rapid
deployment ready. Therefore, the main objective of this demonstration was to
enhance the data rate throughput and demonstrate the simultaneous energy

harvesting and communication capability.

6.3.1 System design

<]V <][>
Data In
Raspberry Laser DN
—> Pi4 > ASIC > DAC —>> Driver —i Y
Optical Wireless Link | |
Data Out . N
<] FosPbey lg | Asic led  ADC e RECEVEr N
Pi 4 Circuit
Solar Panel
7.4V,5200 BQ24650
mAh Battery
Li-ion il Charge
Battery Controller

Figure 6-26: Version 2 prototype system architecture

This section explains the overall system architecture of the developed
prototype, which is illustrated in Figure 6-26. In the previous prototype, the data
rate throughput was limited by the supported baseband bandwidth of the DSP
platform. Therefore, in this system, the DSP platform was upgraded to an ASIC
based platform [43]. This ASIC was specifically designed by pureLiFi for the
implementation of a DSP platform in LiFi systems, as previously mentioned in
section 2.5. As the lower MAC layer and PHY layer functions were performed
by the ASIC, the rest of the networking stack was implemented on the
RaspberryPi 4 [81]. RaspberryPi 4 is a system on chip (SoC) that is based on
an ARMS8 processor. All the control algorithms and higher-level networking

stack were implemented on this SoC. The ASIC supported a maximum
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baseband bandwidth of 32 MHz; therefore the 18 MHz bandwidth variant of
the receiver circuit along with the battery charge controller circuit and the Li-
ion battery described in section 5.4, was chosen for this prototype. The
schematics of the 18 MHz variants of the receiver circuit are provided in
Appendix B. The rest of the transmitter design was carried forward from the

previous version of the prototype as described in section 6.2.1.
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Figure 6-28: Magnitude response of the FIR filter

As shown earlier in section 6.2.1.3, adding pre-distortion helps to
achieve a better performance in data communication. A direct form discrete-

time Finite Impulse Response (FIR) filter was implemented to improve the

Demonstration of FSO links using solar panels as receivers 99



signal gain at the higher frequencies. The structure of a direct form discrete-
time FIR filter is shown in Figure 6-27. The firmware for the ASIC could support
only a 16-tap filter. Therefore, using MATLAB, the coefficients of a 16-degree
polynomial were calculated, such that the slope of the resulting filter is 6
dB/decade [82]. The FIR filter consists of 16 taps with the following tap
coefficients:[-5000-44 00025500 0-44 00 0]. Furthermore, the magnitude
response of the filter is shown in Figure 6-28. The magnitude response is
plotted for a sampling frequency of 80 MSa/s, as this is the sampling

frequency used in the DSP platform.
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Figure 6-29: Lab test setup

Before deploying the system outdoors, the system performance was
evaluated in the lab with a link distance of 4 m. The sunlight emulator
developed in Chapter 5 was used to simulate the variation in sunlight and test
the communication performance of the system while harvesting energy from
the sunlight emulator. The lab setup for the system performance evaluation is

shown in Figure 6-29.

6.3.2 Results and discussions

The second version of the prototype, after testing was deployed on the
roof of the James Maxwell Clerk’s Building, at the King’s Building campus of

the University of Edinburgh for further outdoor testing and system evaluation.
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The evaluation was done with a link distance of 30 m, as shown in Figure 6-30.

The main objective of this prototype development was to enhance data

throughput and enable simultaneous energy harvesting and storage. Hence,

Figure 6-31 shows the variation in the maximum TCP/IP throughput of the

system against the variation in solar irradiation. The highest data rate achieved

between the two end-user devices is 28.3 Mb/s while harvesting no power.

Alternatively, the peak power harvested with a 5 W solar panel during a bright

sunny day i.e., with 1000 W/m? of solar irradiance is 4.5 W with a data rate of

6.34 Mb/s

between the two end-user devices.

(a) (b)

Figure 6-30: Installation at the JCMB, King's Building, University of Edinburgh
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These results align with the results obtained in section 3.3. The

decrement in data rate with the increase in solar irradiance follows the same

trend as the frequency response and SNR plot shown in Figure 3-6 and Figure
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3-8, in Chapter 3. From this plot, it can be deduced that there is a trade-off
between communication and solar energy harvesting when a solar panel is
used simultaneously for both. At 240 W/m? solar irradiance, there is an
intersection of the data rate achieved and energy harvested. At this point, the
achieved datarateis 13.7 Mb/s, and 1.6 W of power is harvested. Furthermore,
it was measured that the peak power delivered to the 38 Wh Li-ion battery is
4.14 W, which aligns with the experimental measurements carried out in

section 5.4.

6.4 Power consumption of the system

The PV-based FSO system is envisioned to be self-powered as it is
capable of harvesting power from the sunlight and store in a Li-ion battery.
Therefore, the power consumption of each sub-system needs to be considered
carefully and optimised. The current prototype was designed with the intention
to demonstrate the concept and enable further research and development.
Therefore, the system consists of lot of test and logging features which makes

the system power inefficient.

Table 6-2, depicts the peak power consumption of each sub-system in
the prototype. The receiver circuit comprises of the solar panel interfacing
circuit, analogue signal processing and equalization. In future, the power
consumption could be optimised by using ultra low power amplifiers to design
the circuit. The transmitter circuit consists mainly of the laser driver circuit.
Out of the 3.75 W consumed by the transmitter circuit, the laser alone
consumes 3.7 W. The only way to improve the efficiency of this sub-system is
by reducing optical signal transmission losses, so that the optical power
output of the laser could be reduced. The maximum power consumption
depends on the clock rate and bandwidth usage. Therefore, without changing
the part, the power consumption cannot be reduced at this stage. In the CPU,

the power consumption could be drastically optimised by reducing the data
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logging and measurement intervals. These features were implemented to

gather study for further research.

Table 6-2: PV-based FSO system power consumption

Sr. No. Sub-system Power consumption
1. Receiver Circuit TAW
2. Transmitter Circuit 3.75W
3. ASIC 275W
4, CPU SW
5. Heater 25W
6. Cooling Fan 2W
7. Alignment Laser 0.5W
Total peak power consumption 17.6 W

Heater, cooling fan and alignment laser are the accessories used in the
prototype to enable its operation outdoors under extreme weather conditions.
The alignment laser is a 50 mW optical power output 535 nm laser. This laser
is used during the installation to align the prototypes. These lasers are not
required during the normal operation of the FSO system. The total peak power
consumption of the prototype adds up to 17.6 W. Out of which 12.6 W is
consumed by the core functional system of the prototype. Currently, the
system is capable of harvesting a maximum power of 4.5 W. Hence, in the
future generations of the system with improved energy harvesting capability
and more power efficient sub-systems the PV-based FSO system could be

self-powered.
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6.5 Summary

A state-of-the-art FSO system with a solar panel as a receiver was
successfully demonstrated in this chapter. It was seen that the maximum data
rate achieved with an off the shelf Si-based solar panel, under laboratory
conditions, prior to this work was 15.03 Mb/s. In this chapter, it is shown that
the maximum data rate that can be achieved under laboratory conditions is 74
Mb/s. Furthermore, it can be concluded that to utilize a solar panel as a
receiver in an FSO system, OFDM should be the choice of modulation
technique to achieve the highest possible data rates. However, where link
reliability and system complexity are prioritised over data rate, PAM should be
considered for such applications. Additionally, the design methodology of a
fully functional FSO system using a PV as the receiver is provided. The
maximum link demonstrated by the prototype was 80 m, with a user
throughput of 7.5 Mb/s. Furthermore, the maximum user throughput achieved
was 28 Mb/s with a link distance of 30 m, with the capability of harvesting a
maximum power of 4.5 W and storing 4.14 W. The prototypes were IEEE 802.3
and IEEE 802.11 standard compliant which allowed interfacing with the end-
user devices easily. The system performances were evaluated under real-
world conditions and one of the prototype iterations was used to solve the
issue of the digital divide between urban and rural places. Moreover, the
prototypes exhibited a technology readiness level (TRL) of 6, which means the
system adequacy has been validated in the relevant environment. A link
optimisation algorithm was developed and implemented which could maintain
the link performance throughout the prototype operation under varying
weather and atmospheric conditions. With the help of this algorithm, the
requirement of an additional control channel was avoided. Moreover, it was
shown that the FSO system consumes 17.6 W and can harvest a maximum of

4.5 W. Therefore, the net power consumption of the system is 13.1 W.
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Chapter7 Building a high-speed solar panel
data receiver

The application of PV panels in a wide variety of scenarios such as space
technology, military applications, domestic usage, and self-powered pocket
devices has been driving the research and development of PV technology. The
research trend has primarily focused on lowering the manufacturing cost of
solar cells, increasing efficiency and performance, and improving the reliability
of PV technologies, in order to support the widespread deployment of
electricity produced directly from sunlight. There has been very limited
research on the building of customised solar panel from off-the-shelf solar

cells to enhance the optical communication performance of a solar panel.

7.1 Introduction

The active area of the Si-based off-the-shelf PV panel plays a major role
in both the communication bandwidth and the energy harvesting capability.
The smaller the active area is, the larger the communication bandwidth is. On
the contrary, the larger the active area is, the higher the energy harvesting
capability is. In this chapter, the design of building a customised solar panel
built from off-the-shelf PV sub-modules will enhance the overall system
performance in terms of data throughput and power harvesting. The concept
of wavelength division multiplexing (WDM) [83] is five decades old. This
technique has consistently been used to enhance the data throughput of
optical communication systems. The proposed design is based on WDM and
the design has been tailored to maximise the energy harvesting function of a
PV panel. Furthermore, a transmitter design has been proposed to
complement the new receiver architecture. The transmitter design is again

based on the concept of WDM, which is used in fibre optic communication.
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7.2 Design of the custom-built PV receiver

As discussed in previous chapters, a solar panel constitutes of several
PV sub-modules which are in turn built out of individual Si-based solar cells.
The solar cells and PV sub-modules are interconnected using metal strips.
These PV sub-modules can be separated and used individually for power
harvesting and optical communication. A solar panel mainly comprises of
solar cells, a back plate, frame and an optical window made out of glass. In
this case, the interconnect of the PV sub-modules and the optical window are

modified to enhance the communication performance of the solar panel.

€ ———— — —— Laser Transmitter

Figure 7-1: Construction of a custom solar panel [84]

Here, three 5 W PV sub-modules are used to construct a single solar
panel and the optical window is modified as shown in Figure 7-1. One of the 5
W sub-modules is covered by an optical notch filter with a band blocking
response at Aa. The second sub-module is covered by another notch filter with
a band blocking response at Ag. The third sub-module is covered with plain
glass. The PV sub-module, which is covered by a Aa notch filter, can receive
optical wavelengths from the entire spectrum, with the exception of Ax.

Similarly, the sub-module covered with Ag cannot receive any optical power at
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As wavelength. The third PV sub-module can receive optical power from the
entire optical spectrum just as a conventional solar panel normally does. In
this way, the solar panel has been enabled for WDM at Aa and Ag, without
significantly compromising the energy harvesting capability of the two sub-
modules which are covered by the notch filter. The two PV sub-modules can
harvest energy from the entire solar spectrum except at the wavelengths
centred around Aa or Ag. The third PV sub-module is used for the sole purpose
of energy harvesting and will not contribute to the data communication
function. This way the solar panel-based receiver design is scalable in terms
of energy harvesting and communication performance. The communication
performance of the system could be increased by increasing the number of
wavelengths used in the system. Similarly, the more the number of solar panel

sub-modules, the higher the total power harvested by the system.

An optical notch filter is designed to block a pre-selected wavelength
region or bandwidth while transmitting all other wavelengths within the design
range of the filer. There are different methods to design and manufacture
optical notch filters, however, the two most common methods widely used in
the optics industry are the dielectric stack method and the Rugate method [85].
In the dielectric stack method, simple filters are stacked using a series of thin
discrete layers of dielectric materials, of alternating refractive indices. This
method is very economical but suffers from the presence of harmonic
structures, which can severely limit the transmission band. In the Rugate
method, the notch filter is constructed using a single thin layer of film in which
the refractive index varies continuously with the position in a direction
perpendicular to the substrate plane. This design eliminates the issue of
harmonic structures caused by the dielectric stack method. Therefore, the
filters manufactured using the Rugate method yield a high transmission range
free from harmonics. Furthermore, the process allows the filters to have deep

blocking bands as well as a high degree of reflectivity at wavelengths within

Building a high-speed solar panel data receiver 107



the notch [85] [86]. Furthermore, these optical coatings can be done on Indium
Tin Oxide (ITO) coated glass [85]. ITO is a good conductor of electricity and
typically used for RFI shielding in electronics with displays [85]. As discussed
previously, the metal strips connecting the solar cells act as an antenna and
can receive Amplitude Modulated (AM) radio signals. Using the metal frame
and the ITO optical window a Faraday cage can be constructed to block the RF
signals. These custom-designed filters with an ITO coating can be

manufactured to the dimension of the PV sub-module’s active area.

As the optical data signals have been separated optically, now each
sub-module needs to be interconnected through an electronic circuit such that
the AC signal generated by the individual sub-modules can be processed

separately. The interconnection of the sub-modules is shown in Figure 7-2.

MPPT
Circuit

Lero]

3

PV sub-module 3

Figure 7-2: Design of a high-speed solar panel-based optical receiver

The PV sub-module 1 receives Ag and sub-module 2 receives Aa. The rest of
the electronics and DSP stages remain the same, as developed in the previous

chapter for data communication. As sub-module 3 is not used for
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communication, therefore only its DC branch is connected to the MPPT circuit.
The MPPT circuit used here is the same as discussed in Chapter 5. Due to the
optical coatings, each sub-module would receive different solar spectral

irradiance, which would affect the energy harvesting performance.

The energy harvesting and data communication performance of the custom
PV panel was estimated using some experimental data and simulations in
MATLAB. The Aa was chosen to 785 nm and Ag was chosen to be 980 nm.

These wavelengths were chosen for the following reasons:

a. These are typical values of wavelengths available for off-the-shelf lasers.

b. The responsivity of Si-based solar cells peaks between around 800-1000
nm, as discussed in Chapters 3 & 4.

c. The eye safety limitation of NIR wavelengths is relaxed compared to the
visible wavelengths of the optical spectrum [8].

d. These are the typical values of optical notch filters available readily in the
market [87].

The optical transmission of 785 nm and 980 nm were obtained from an
optical component manufacturer and supplier [87]. The AM 1.5 Global solar
spectrum data was obtained from the National Renewable Energy Laboratory
[88]. The AM 1.5 G is the standard solar spectra defined by the American
Society for Testing and Materials. This solar spectra data is predominantly
used for commercial terrestrial PV applications. The optical transmission and
the AM 1.5 G solar spectral irradiance are shown in Figure 7-3. Using the
optical transmission data of the notch filters, the solar spectral irradiance
received by each PV sub-module was estimated and shown in Figure 7-4.
Furthermore, the typical spectral response of a Si-based polycrystalline solar
cell is also shown in Figure 7-4 [13]. The responsivity of the solar cell
determines the part of the solar spectra responsible for the photo-current

generation.
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Figure 7-4: Solar irradiance received by the PV panel and spectral response of Si-PV cell

The area under the curves of the solar spectral irradiance is the
maximum optical power that will be received by each PV sub-module. The
maximum solar power that can be captured by each PV sub-module was
calculated and shown in Table 7-1. The maximum solar power received by PV
sub-module 1 and PV sub-module 2 are limited by the currently available

designs of notch filters.
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Table 7-1: Total solar power received by each PV sub-module

Solar power incident (in W)

PV sub-module 1 581.74
PV sub-module 2 451.98
PV sub-module 3 1000

A simulation was carried out based on the data obtained from the
experiment conducted in section 6.3. The data rates were estimated for the
varying solar irradiance for the proposed design of the solar panel. The data
rate variation was estimated according to the DC current generated by the
solar panel. The relation between the solar irradiance emulated by the sun
simulator and the photo-generated current is shown in Figure 7-5. Using this
plot and the spectral response of a typical Si-solar cell, the power harvested by
each PV sub-module was estimated. Furthermore, in the experiment, the
optical transmitter used 940 nm, therefore for 785 nm and 980 nm, the optical

power was adjusted according to the responsivity of the solar cell.
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Figure 7-5: Relation between photo-generated current and solar irradiance
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Figure 7-6: Aggregated data rate for two links and total power harvested by the custom PV

panel

It was shown in section 4.2 that there is no variation in the
communication bandwidth of the panel due to a change in wavelength. Hence,
a similar performance could be expected with different wavelengths. The
individual and aggregated data rate of the 980 nm and 785 nm links were
plotted against the varying solar irradiance as shown in Figure 7-6. The
simultaneous energy harvesting performance of the system is also depicted
in Figure 7-6. Also, it can be seen that the communication performance for the
PV sub-module 2 is slightly better than the sub-module 1 because the solar
power incident on the sub-module is lower than the sub-module 1. The peak
user throughput achieved by PV sub-module 1 and 2 are 29 Mb/s and 31 Mb/s
respectively. The peak power harvested by PV sub-module 1, 2 and 3 are 2.7
W, 2.1 W and 4.5 W respectively. As discussed previously in chapter 3, the
higher solar power incident affects the frequency response and SNR of the
sub-module. From the figure, it can be concluded that with the new design of
the PV panel the maximum data rate and the maximum power harvesting has
been doubled, compared to the previously developed PV based FSO system,
discussed in Chapter 6. Also, the user data rate was estimated based on an
IEEE 802.11 based DSP platform. In IEEE 802.11 systems, the MAC layer
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overheads are estimated to be 45 % of the total packet length [89]. Therefore,
the raw throughput of the proposed system is 1.818 times the data rate shown
in Figure 7-6. In order to achieve this increment in the performance, the total
active area of the receiver has been increased to three times the PV receiver
used in the FSO prototypes. Moreover, the way the PV sub-module 3 has been
connected, more solar panels or sub-modules could be connected in the same
manner to increase the energy harvesting capability without affecting the data
communication performance. The only limitation of adding more panels would
be the electrical power input handling capacity of the MPPT circuit, which is a
maximum of 280 W [64].

7.3 Proposed modifications in the transmitter

The estimations given in the previous section were based on the choice
of wavelengths available for an off-the-shelf laser. Those wavelengths were
chosen so that a single transmitter optics could be used for optical signal
transmission over long distances. The easiest method to achieve WDM over a
single optics is by mixing the two wavelengths using a wideband multimode
circulator (WMC) fibre as shown in Figure 7-7. The optical circulators function
in the same way as an RF circulator. The technical specification of an off-the-
shelf WMC is provided in [90]. Furthermore, the use of WMC opens up the
possibility to use butterfly packaged lasers, which are inherently designed for
high bandwidth [91] and high optical power output as they are meant to be

used in long-distance and ultra-high-speed fibre optic communication.
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Figure 7-7: Wideband multimode circulators for wavelength division multiplexing
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The second advantage of using a fibre-coupled laser source is that the beam
profile from the aperture of a laser could be a flat top or Gaussian distribution
[92] [93]. The main advantages of a Gaussian beam distribution are the

following:

a) Gaussian beams have a Gaussian intensity profile at any location along
the beam axis; only the beam radius varies.
b) A Gaussian beam remains Gaussian also after passing simple kinds of

optical elements such as lenses with optical aberration [94].
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Figure 7-8: Gaussian beam

Additionally, having a uniformly distributed and large beam profile is
desired for eye safety regulations [8] and optimum for data communication
performance as described previously in section 4.2. Also, the optical output
from a multimode (MM) fibre is circular [92]. When a circular beam is focused,
the spot size is larger than the spot size of a focused elliptical beam [95].
Larger spot sizes have lower irradiances. Hence, relaxing the eye-safety

requirements. Therefore, higher total optical power could be transmitted.

Gaussian circular irradiance profiles are symmetric around the centre

of the beam and decrease as the distance from the centre of the beam
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perpendicular to the direction of propagation increases [95], as shown in
Figure 7-8. However, this irradiance profile does not stay constant as the beam
propagates through space [94]. Hence, the waist of the Gaussian beam is
dependent on the distance from source. The waist of a Gaussian beam is
defined as the location where the irradiance is 1/€? (13.5 %) of it's maximum
value. In Figure 7-8, the waist of the Gaussian beam is depicted by w. Due to
diffraction, a Gaussian beam will converge and diverge from an area called
beam waist (wo) [95], which is where the beam diameter reaches minimum
value. The beam converges and diverges equally on both sides of the beam
waist the divergence angle 8. The beam waist and divergence angle are both
measured from the axis. The relationship between beam waist and divergence

can be seen in (35).

Wo=T0 (35)

The divergence half-angle of a MM fibre can be calculated from the numerical
aperture (NA) using the relationship (36), where n is the refractive index of the
medium. The MM fibre circulator proposed here has a NA of 0.22 [90].

Therefore, the divergence half-angle is calculated to be 0.2218 rad.
NA=nsin8 (36)

Using (35), for 980 nm and 785 nm, the beam waist radius is estimated to be
1.42 ymand 1.14 ym.

To further increase the directivity of the beam the on-axis parabolic
(OnAP) mirror Edmund Optics 32-065-522 [96] with a diameter of 108 mm is
selected for collimating the optical beam from the aperture of the MM fibre.
The MM fibre aperture needs to be placed at the focus of the OAP mirror. The
effective focal length of the mirror is 444.5 mm [74]. From the beam

divergence angle the beam radius at 444.5 mm is estimated to be 97.6 mm.
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As the mirror is 108 mm, the beam will almost fill the aperture of the mirror.
Using Zemax, the beam profile at 1 km from the source was simulated as
shown in Figure 7-9. In the beam profile, it can be seen that there is obscuration
at the centre of the beam due to the MM fibre connector being placed in the

optical path, as this is an on axis parabolic mirror.
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Figure 7-9: Beam profile at 1 km simulated using Zemax

In the simulation, 200 mW was transmitted, and 143.1 mW was received.
The peak irradiance was estimated to be 3.46 mW/cm?. This is calculated for
a single wavelength. For both 980 nm and 785 nm the power will be doubled.
Therefore, the total peak irradiance will be 6.92 mW/cm?, which is more than
3.2 mW/cm?[8]. Hence, the proposed system fails to be classified as class 1
but can be classified as class 1M as the total power is less than 500 mW and
the source is an extended optical source with an aperture greater than 100 mm
[8]. Therefore, the system is eye safe unless until the beam is directly observed

through optical aids such as telescopes, binoculars, etc.
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7.4 Summary

A novel design for a custom-built solar panel has been proposed in this
chapter. The design exploits the advantages of WDM to enhance data
communication performance and energy harvesting capability. Using
previously generated experimental data sets and simulations, it was estimated
that, with the proposed PV receiver design, a maximum raw throughput of
109.1 Mb/s could be achieved. The maximum power harvested with this
design was estimated to be 9.1 W, additionally with the option to expand the
energy harvesting capability by attaching more PV panels or sub-modules to
the MPPT circuit up to 280 W of input power from the solar panels. This
improvement in power harvesting capability of the system bridges the gap in
self-powering the whole system, as the peak power consumption of the
system was calculated to be 17.6 W. Previously, with a 5 W Si-based solar
panel the maximum data rate achieved was 74 Mb/s while harvesting zero
power. With the new design the same 74 Mb/s can be achieved while
harvesting 2.1 W of solar power. Moreover, a potential design roadway has
been proposed for the transmitter which would complement the custom-built
PV panel. The main advantage of this optical transmitter is that multiple
wavelengths can be transmitted using single collimation optics up to a
distance of 1 km. The maximum number of wavelengths that can be used with
this setup will be limited by the eye safety restrictions. Furthermore, the optical
setup is more efficient in optical power transmission over long distances

compared to the previously used optical setup by 20%.
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Chapter 8 Conclusions, limitations and future
work

In this thesis, the main objective was to explore the use of Si-based off-
the-shelf solar panels as high-speed FSO receivers. However, the research
focused on using solar panels as optical data receivers. Therefore, the latest
generation of solar cells was not considered in the study. The investigation
was primarily focused on enabling the use of cheap and readily available PV
panels as optical data receivers with simultaneous solar energy harvesting
using analogue electronics. Using an analytical model of a solar cell and
experimenting with the solar cell under various scenarios, the optimum
configurations are shown in this work to achieve the maximum possible data
throughput. Furthermore, the trade-off between the data communication
performance and energy harvesting capability of a panel was studied in detail.
With the help of the results obtained from the analytical model and
experiments, a prototype was developed and demonstrated to solve a real-life
problem in our society. The application was not limited to only a backhaul link
for remote residential properties, the potential of the application of the
technology was also demonstrated in military communication. During these
demonstrations, several engineering challenges were faced. Thus, the design
of a custom-built solar panel is provided which mitigates these issues and
enhances the overall communication and energy harvesting capability of the
system. The research outcomes in this study can be extended to recent
generations of solar cells to achieve comparatively higher data throughputs
and better solar power harvested numbers. As the solutions proposed in this
work address the issues faced with any optical receiver when operated under

the photovoltaic mode, i.e., forward-biased mode.
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8.1 Conclusions

Chapter 2 in this thesis, describes the prior state-of-the-art
demonstrations of Si-based and other solar cell technologies as FSO
communication receiver. Additionally, the relevant background information
that the rest of this thesis is based on is provided in this chapter. The main
objective is to lay the foundation for free space optical communication

systems and their technical details.

In the third chapter, an analytical model of the solar panel is discussed.
Using this model, the characteristics of a solar panel, when used as an optical
data receiver, are estimated. The model helped to study the following
characteristics of the PV panel: optical sensitivity, speed of response, linearity,
modes of operation, temperature stability, and noise performance. Moreover,
a double diode model was used, for the first time, to estimate the trade-off
between solar energy harvesting and data communication performance. It is
shown that the estimations using a double model are more accurate and
closer to the practical results. The analytical study also highlights the basic
issue of every optical receiver when used under the forward biased condition
i.e., the relation between the diffusion capacitance and the voltage across the
device. In addition to this, it was also found that the noise performance of the
receiver deteriorates when subjected to high solar irradiance for energy
harvesting. Ultimately, these factors explain the trade-off between peak power

harvesting and peak data throughput numbers.

The theoretical study carried out in Chapter 3 was verified experimentally
in Chapter 4 by subjecting the solar panel under varying conditions.
Furthermore, the operation of a solar panel was studied and compared under
photovoltaic and photodiode mode. Furthermore, it is shown that if a higher

data rate is prioritised over energy harvesting, then the solar panel could
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operate under the reverse-bias condition to improve the responsivity and

communication bandwidth.

Besides, verifying the analytical study, the experiments with PV panels
paved the design pathway for extracting the maximum possible
communication bandwidth out of an off-the-shelf solar panel. The following
design considerations must be included in a PV-based FSO system to achieve
the best possible data rate: the transmitter wavelength should be considered
around the peak responsivity of the material of the solar cell; the transmitted
optical beam should cover the whole active area of the panel uniformly; the

panel with the smallest size of solar cells should be considered.

In the fifth chapter, a receiver circuit was designed for the solar panel
to extend its communication bandwidth, enable simultaneous energy
harvesting and storage, and interface it with the DSP platform. Using analogue
equalization, the -3 dB communication of the solar panel was stretched to 18
MHz from the inherent -3 dB bandwidth of 270 kHz. Additionally, different
methods of interfacing the solar panel with the receiver circuits are proposed.
The advantages and disadvantages of each method are also discussed. In the
receiver circuit, the design of an MPPT circuit was included to achieve
maximum solar power harvesting efficiency. The efficiency of the energy
harvesting, and storage circuitry was measured to be 92.7%. The harvested
power was stored in a 38 Wh Li-ion battery. Finally, some additional analogue
signal conditioning was incorporated into the receiver circuit design to filter

out the noise and prepare the signal for the DSP platform.

The world's first PV-based FSO system'’s design methodology and test
results are discussed in the sixth chapter. The FSO system demonstrated a
user throughput of 7.5 Mb/s over a distance of 80 m. With subsequent
improvements, the maximum user throughput was increased to 28.3 Mb/s

with simultaneous power harvesting of up to 4.5 W. Compared to the previous
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state-of-the-art experiments, the maximum data rate that could be achieved
using an off-the-shelf Si-solar panel was demonstrated in this chapter. The
maximum data rate that was measured with this system under laboratory
conditions was 74 Mb/s. The prototype was also used to provide internet
connectivity to the residents of a remote island in the northern part of
Scotland. Moreover, a link optimisation algorithm was developed and
implemented which could maintain the communication link performance at its

peak throughout its operation under varying weather conditions.

The idea of building a high-speed solar panel data receiver is proposed
in the seventh chapter. The idea relies on the concept of WDM to increase the
maximum data rate and the maximum power harvested. Also, the added notch
filters on the PV sub-modules do not allow the sub-modules to be saturated by
the solar irradiance. Therefore, they perform better as data communication
receivers, while the energy harvesting performance is affected. Simulations
show that the maximum data rate that can achieved with this panel is 109.1
Mb/s. Previously, it was shown that with a 5 W off-the-shelf solar panel the
maximum data rate that can be achieved under-short circuit condition is 74
Mb/s. Using the new solar panel 74 Mb/s can be achieved while harvesting 2.1
W of solar power. Also, the architecture allows more solar panels to be
attached to the MPPT circuit to increase the power harvesting capability up to
280 W. The estimations carried out in this chapter rely on experimental data
sets and mathematical calculations. Furthermore, a fibre-coupled laser-based
transmitter architecture is proposed to complement the receiver design. The
proposed transmitter can transmit multiple wavelengths using a single

collimation optics.

8.2 Limitations and future work

A major limitation in the design of a PV receiver based FSO system is

that there will always be trade-off between energy harvesting and data

122 Conclusions, limitations and future work



communication, when performed simultaneously. When the solar panel is
harvesting electrical energy from optical energy, its operating in the
photovoltaic mode (forward biased), as a result of this, the depletion region
will be thinner. As the incident optical power increases, the voltage across the
panel increases and the depletion region gets thinner, which increases the
junction capacitance and negatively impacts the frequency response and
responsivity of the solar panel. This limitation is also applicable to the recent

generation of PV cells.

The second major limitation in this research was the maximum optical
power that could be transmitted. In order to meet eye safety requirements, the
maximum optical power from the transmitter was restricted. Increasing the
transmitted optical power further will result in an increase in the received SNR,
which will help in achieving higher data rates. However, if the solar panel is
already saturated with very high solar irradiance, the additional transmitted
optical will not be able to contribute to the additional SNR. As shown in
Chapters 3 and 4, with an increase in solar power harvesting the number of

free charge carriers are reduced.

In chapter 7, for the proposed design of a solar panel, the energy
harvesting performance of the PV sub-modules covered were limited by the
notch filters. As a future work, further investigation can be carried out into the
optimal notch filter designs which will have flatter spectral response and sharp

a notch only at the band of interest.

There has been significant research in the field of wireless optical power
transfer (WOPT) using PVs [97]. In this thesis, the work was kept limited to
solar energy harvesting and the main focus was to achieve the maximum data
rate using an off-the-shelf Si solar panel with simultaneous energy harvesting
from sunlight. Therefore, as future work, this research could be extended to

explore the possibilities of the WOPT, as the system developed in this work
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has the capability. Furthermore, the research could be extended to other
generations of solar cell technologies such as GaAs, GalnP, InGaAs, etc. As
the underlying principle of all the optical receiver when forward biased remains
similar, the analytical work discussed in Chapter 3 could be parametrically
modified and extended to other PV technologies. Using the future generations
of solar cell technologies, the receiver technology could be highly miniaturised.
The GaAs solar cell discussed in [24] has 0.8 mm? active area and could
harvest 3.2 mW. Such solar cell technologies could be used in mobile
applications to power smart devices such as smart watch, smart lenses, etc.
Furthermore, these solar cells could be used as LiFi receivers enabling high-
speed wireless communication to such devices while simultaneously charging
them using WOPT.

Lastly, only one aspect of the application of this technology was
exploited i.e., as a backhaul link. The study can be extended to applications in
space technology such as satellite-to-satellite communication. Satellites
already possess the most advanced PV technologies and the ability of free-
space optical communication. Hence, the advancements in PV technology can
be majorly credited to space research. Furthermore, the application of solar
cells for the dual purpose of communication and energy harvesting can
undoubtedly be expanded to several other fields such as vehicle-to-vehicle
communication or ship-to-ship communication where the requirement of
optical alignment is very stringent and a receiver with a large active area can

potentially solve a lot of first-hand issues.
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Appendix A Transfer function of equalizer
structure

The derivation of the transfer function of the filter structure, shown in Figure
5-2, is provided here. As it is a complex structure, star-delta transformation is

used to simplify the structure in steps.

R,
AW
A B
—_— C1 L1 —
R,
L, c,

Figure A-1: Equalizer filter structure

The impedances offered by the reactive elements is denoted by X. The

impedance offered by each reactive element is shown below:

Xu1= sl (37)
X2 = sL, (38)
1 (39)
Xc1= sC,
_ ] (40)
Xco= G,
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Using Kirchhoff’s circuit law, the circuit was simplified as shown in Figure A-2,

where:
XX
A= ﬂ{.Rz (41)

X2t Xc2
R,
A

A B
N Y C‘] L_I ~—
| (388 |

Figure A-2: Simplified equalizer structure

The structure can be further simplified using star-delta transformation as

shown in Figure A-3.

Figure A-3: Simplified equalizer structure after star-delta transformation

The resultant reactive elements are defined as shown in equations in (36), (37)
and (38).
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Xi= X Xc1 X0 Xa+ X1 XA (42)

X1
Xom X 1 X1 ¥ X1 Xa+ X1 Xa (43)
)=
Xci
X,= X1 Xc1+ X1 Xat X1 Xa (44)
2= Xa

In Figure A-3, R1 and Xj are connected parallelly, therefore the resulting reactive

element can be defined as X11,and

X1R, (45)

The equalizer structure was simplified further using delta-star transformation

on the network. The resulting network is shown in Figure A-4.

A XAA XBB

Figure A-4: Simplified equalizer structure after delta-star transformation

In Figure A-4, the dashed line depicts the virtual ground connection as the
potential across B is measured with respect to the ground. Therefore, to obtain
the transfer function short-circuit analysis method has been adopted.
Moreover, the reactive elements Xaa, Xss, and Xcc are defined in equations (40),
(41), and (42).

X11X2 (46)

Xaa= o———
M XXX
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X11X3 (47)
X2X3 (48)

The transfer function of the equalizer structure can now be defined as a

function of frequency as H(s), where s is jw. In jw, jis v—1 and w is 2nf, where

mis 3.142 and f is the frequency of the signal.
Therefore,

_ XgeXce (49)
7 R o
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Abstract: In this work, we have designed, developed and deployed the world’s first optical wireless
communication (OWC) system using off-the-shelf lasers and solar photovoltaics. Four bidirectional
OWC prototypes have been installed on the Orkney Islands of Scotland at a 30 m link distance for
the provision of high-speed internet access to two residential properties. The silicon-made solar
panels can harvest power up to 5 W from sunlight and they offer data rates as high as 8 Mb/s. Using
additional analogue processing, data rates higher than the existing landline broadband connection are
achieved. This breakthrough opens the development path to low cost, self-powered and plug-and-play
free-space optical (FSO) systems.

Keywords: solar energy; energy harvesting; communication systems; optical wireless communications;
free-space optical communication; light communication

1. Introduction

Optical wireless communications (OWC) have been widely accepted as a technology with the
potential to meet the ever-increasing demand in network capacity [1]. Light fidelity (LiFi) is an optical
wireless networking technology that typically uses light-emitting diodes (LEDs) for data transmission
and photodiodes (PDs) for data reception in indoor environments [2]. LiFi is considered as the dominant
networking technology in OWC and a lot of work has been carried out towards its convergence into the
next generation of wireless networking [3]. While LEDs and PDs have traditionally been considered
as the main communication devices in LiFi, other types of light sources and detectors such as lasers
and photovoltaic (PV) panels can also be used [4]. Currently, the most common type of receivers
used are positive-intrinsic-negative (PIN) and avalanche PDs due to their high-bandwidth and linear
photodetection. However, these photodetectors require an external power source in order to operate.
As mankind is shifting from fossil fuel to other renewable resources of energy, such as solar power.
A solar panel can directly convert the optical signal to an electrical signal without the application of
any external power source.

Since their invention, solar panels have already undergone three generations of development for
optimizing their power efficiency. The first generation consists of solar panels made of monocrystalline
or polycrystalline silicon (Si) [5] which is still the most commonly used type in conventional applications.
Monocrystalline panels have a higher power output, better temperature stability and last longer than
polycrystalline panels [6]. The second generation of solar panels consists of different types of thin-film
solar cells and are mainly integrated into buildings or used in power stations or smaller solar power
systems. Third-generation solar panels include a variety of thin-film technologies but many of them
are still in the phase of research and development. Some of them generate electricity by using
organic materials, while others use inorganic substances [6]. There are solar cells that use hybrid
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organic-inorganic substances such as the perovskite solar cell. Perovskite solar cells have perovskite
structured compound of tin or lead halide-based material as the light-harvesting layer [7]. The main
advantage of perovskite solar cells over silicon-based cells is that they are cheaper to manufacture [7].
This study focuses mainly on the first generation of solar panels, as they are inexpensive and readily
available for deployment.

The idea of using a Si solar cell as a data detector was demonstrated for the first time in 1977 [8].
However, the concept of simultaneous wireless information and power transfer in the optical spectrum
was only recently studied in [9] and [10] using white LEDs and ordinary Si solar cells. The data rate
of 3 kb/s achieved in [9] is considered insufficient for high-speed data communication. A significant
data speed of 7 Mb/s and harvested power of 2.1 mW are reported in [10] by using a polycrystalline Si
PV panel and OFDM. Going forward from these initial demonstrations, a 12 Mb/s wireless data link
with a distance of 1 m was created in [11] using a white LED and the same solar panel receiver with
that in [10]. Alternative PV technologies used for data detection include organic [12] and GaAs PV
cells [13]. Those devices offer lower capacitances than Si-made solar panels due to their reduced sizes
and their electrical bandwidth is much higher, i.e., of the MHz order. In [12], a data rate of 34.2 Mb/s
is reported for a 1 m OWC link using an organic solar cell. A record data rate of 522 Mb/s has been
achieved using a GaAs PV cell as a data detector in [13] at a 2 m link distance. However, there are strict
alignment requirements for organic and GaAs PV cells due to their reduced areas.

All the experimental prototypes in [8-13] have only been tested in an indoor laboratory
environment. In this paper, a world’s first FSO system with solar panels as data detectors is
shown to be deployed and tested under real-world conditions. The prototype was used as a solution
for backhaul communication over a 30 m distance to provide internet connectivity to two residential
properties on a remote island as depicted in Figure 1.

RF (2.4 GH2) link from the mainland
ammm

~5 kilometres

Lighthouse

Residence Property 1

Residence Property 2

Figure 1. Deployment architecture.

A key advantage of using a solar panel as a data communication receiver over a conventual PD is
the minimal requirement for beam tracking and alignment [11]. A conventional FSO system requires a
highly complex system for beam tracking and alignment owing to the very small receiver dimensions.
This leads to the need for highly precise alignment between the transmitter and receiver. As solar panels
are significantly bigger than FSO receivers, the required mechanical control is much simpler. Although
the large area of the detector reveals the potential for signal jamming and eavesdropping, the system
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carries over all the physical and network layer security features which have already been deployed
and tested for its robustness in 802.11 IEEE Wireless Local Area Network (WLAN) standards [14],
making it similar to Radio Frequency (RF) based links.

The rest of this paper is organized as follows: Section 2 discusses how a solar panel can be used
to harvest energy and receive data simultaneously; Section 3 presents an overview of the system
and its main characteristics and in Section 4 results obtained after deployment are discussed. Finally,
conclusions are presented in Section 5.

2. Background

Solar PV panels are not designed to function as OWC receivers. Therefore, the communication
bandwidth of a solar panel was never considered during its manufacturing process. In order to use a
solar panel as a data receiver, two aspects need to be considered: The electrical characteristics of the
solar cells and the profile of the beam incident on the panel.

2.1. Electrical Characteristics

In order to design a suitable receiver with the silicon solar panel, it is necessary to determine
important optical detector characteristics and choose the right type of solar panel. The performance of
an optical detector may be defined by the following characteristics:

e Sensitivity to an incident optical signal
e Speed of response

e  Linearity

e  Temperature stability

2.1.1. Optical Sensitivity

The solar panel can be modelled as a PN diode structure as shown in Figure 2 where Wy, and W,
are the widths of p-doped and n-doped regions respectively, V is voltage generated, I is the current
flowing through the load resistance R.

tght { |

- o+ o+
1(pdoped) |. _ |+ + 2 (n doped) | f——
- o+ o+
!
T
-w, x, 0 x, w, .
VAVAVAVAN
R.

+E— vy —> -
Figure 2. PN junction of a solar cell [15].

An important specification of a solar cell that needs to be considered is the quantum efficiency.

The quantum efficiency of a solar panel 1 quantifies the capability of converting optical energy in

different wavelengths to electrical energy, i.e., sensitivity to the incident light. It can be calculated
using [15]:

n=(1-R)[1-e®F)], o

where R is the responsivity, o is the absorption coefficient and x;, + x, denotes the thickness of the
depletion zone, as shown in Figure 2.
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2.1.2. Speed of Response

The bandwidth of a solar cell is critical to understand which affects the maximum data rate of the
communication system. The bandwidth of a solar cell is dependent on the intrinsic bandwidth and
extrinsic bandwidth. The intrinsic bandwidth is determined by the doping level which determines
the thickness of the depletion region. When light is incident on the depletion region, an exciton
(i.e., an electron-hole pair) is generated, resulting in potential difference across the terminals. As the
electric field is directly proportional to the potential difference for a given distance, assuming the
doping level across the substrate is homogenous the electric field through the semiconductor will be
homogenous. The time taken by these charge carriers to traverse through the depletion region will
determine the intrinsic bandwidth of this semiconductor device. Let the time taken by an electron be
7, and for a hole be 7j,. The velocity at which these charges will be moving will be given by y.E and
upE, where i is the mobility factor and E is the electric field across the semiconductor. Hence, the time
can be simply expressed by the distance divided by velocity, which is expressed using:

Xn + Xp

=t @
and Xp + X
X

Te = 11.E 3

From Equations (2) and (3), it can be observed that the thinner the depletion region, the larger
bandwidth of the solar cell will be.

As can be seen from Equations (1)—(3), the quantum efficiency and the speed of response are
dependent on the thickness of the depletion region. The thicker the depletion region the higher
the quantum efficiency, however, the solar cell will have a lower bandwidth. Therefore, during the
manufacturing of a solar cell, there will always be a tradeoff between the energy harvesting capability
and bandwidth.

The second factor which determines the bandwidth of a solar panel is the extrinsic bandwidth. The
extrinsic bandwidth is dependent on the parasitic and junction capacitance between the interconnection
of each solar cell in a PV module. In a semiconductor device, the capacitance associated with the
charge variation in the depletion layer is called the junction capacitance and the capacitance associated
with the excess carriers in the quasi-neutral region is called the diffusion capacitance.

The solar cell can be represented as a current source. Figure 3 gives an equivalent electrical circuit
to a solar cell used as a data receiver [15]. Parameter /i(f) is the parameter which is dependent on the
intrinsic bandwidth, and P(f) is the time-varying optical signal as a function of frequency which is
expressed as f [15]. The responsivity of the panel depends on the wavelength of the incident light and
the material used. In the case of Si, the responsivity peaks at the wavelength window between 900 and

1000 nm [15]. . .
_ 2 2
"D =\ T P T g ) @
R4

1(f) = Rh(f)P(f) ®)

Rd + Rext + ]an(c] + Cd)Rdcht
where fre = 1/, fon = 1/ti, Rext is the external load resistance, R, the diode resistance, C; and C; the
diffusion and junction capacitance of the solar cell.

It can be observed that if the solar cells are connected in series, the effective diffusion capacitance
reduces. The junction capacitance will completely depend on the process of how each solar cell
is connected.
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Ly

o % N % 7 <>Rh(f)P(f)

Figure 3. Circuit model of a solar cell as a data receiver [15].
2.1.3. Linearity

The linearity of the solar panel can be verified by considering its two different modes of operation
commonly referred to as the PV mode and the short-circuit mode. In the PV mode, the load resistance
Ry is very low compared to the effective cell shunt resistance Rg}, as shown in Figure 4.

R. 1

I D R, VZR

Figure 4. Single-diode model of a solar cell for energy harvesting.

For an open circuit, I = 0, hence the generated photocurrent I; can be expressed as:
I =Ip+ Iy, 6

As the solar cell has been modelled as a PN diode we can use the diode equation:
qv
Ip = (e -1}, @)

where I is the current through the diode, Iy is the saturation current, g is the charge of an electron,
K is the Boltzmann’s constant and T is temperature. For a constant temperature a = (¢/KT) can be
considered as a constant.

Substituting Equation (7) in Equation (6) and solving for Vp we have:

VD B 1 ln(@ + 1) (8)
a Iy
Assuming I} >> I, and Iy >> I,
1. (I
Vp==In|= 9
D=7 H(IO) ©
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Using the small-signal approach, it can be assumed that:

vV, dvp 1

I ak 1o
where Vs is the output voltage signal of the detector and Ij; is the portion of I} related to the incident
optical signal. Here it is seen that the signal voltage gain is inversely related to the total radiant
energy incident to the detector, which is composed of both the carrier and background illumination. In
many applications, the detector will operate under conditions of widely varying signal strength and
background illumination, which would make this mode of operation undesirable.

If we consider the short-circuit mode, in which Rg + Ry, is very small as compared to the diode

effective shunt resistance, then

IL=1, amn
and the small-signal gain is given by:

dly _

e 1 12)

Equation (12) indicates a perfectly linear response with no dependence on the signal strength and
background illumination which is highly desirable.

2.1.4. Temperature Stability

Temperature affects the characteristics of Si cells in two ways. Firstly, the diode saturation current
depends strongly on temperature. Secondly, the photogenerated current varies because the spectral
response of the cell shifts towards the infrared region as the temperature is increased.

Differentiating Equation (8) with respect to temperature T we get,

aT ~ «

Lar “nar)T T (13)

dVD_l(ldIL 11110) Vp
T

Since I} >> I,

dvp  Vp 1 dl

aT =T ahdr 9
For Si, at T = 298 K, a = (¢/KT) we have [8]
1 4l
——— =0.08 /K 15
OtIQ dT / ( )
Typically, for Si Vp = 0.7 V. Hence, the voltage temperature coefficient we get is —0.078 V/K per

solar cell.

Considering the theoretical voltage temperature coefficient from Equation (14), a 5 W
polycrystalline solar panel was chosen with a voltage temperature coefficient of —0.13 V/K [16]
for the whole panel. This was the solar panel with the closest voltage temperature coefficient
available off-the-shelf.

All the above derivations assumed that the solar panel is a time-varying current source. Hence,
a circuit that can hold the voltage across the solar panel constant would result in keeping the electric
field (E) across the PN junction of the cells in Equations (2) and (3) constant thereby implying in
Equation (6) that h(f) is constant. Therefore, the bandwidth of the solar panel will depend only on the
extrinsic bandwidth.

2.2. Beam Profile on the Solar Panel

In order to understand the effects of illumination of the laser beam on the frequency response
of a solar panel, an experiment was carried out to measure its electrical output. In the experiment,
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a 660 nm laser was used with a collimating lens, a plano-convex lens and a diffuser. The size of the
beam was varied by changing the distance between the plano-convex lens and the collimating lens.
Figure 5 shows the three different cases of illumination patterns: (a) Below 20% of the solar panel’s
area, (b) over 60% of the solar panel’s area and (c) 100% of the panel’s area.

(a) (©)

Figure 5. Illumination patterns on a solar panel (a) highly concentrated; (b) partially illuminated;
(c) completely illuminated.

Figure 6 gives the normalized magnitude as a function of frequency. It is observed that when
the solar panel is fully illuminated with the optical beam, it gives the best performance. This is in
agreement with the energy harvesting results presented in [17]. This is because all the solar cells
in the panel are connected in series and are illuminated with the most uniform pattern. Hence, the
electrical performance of the panel is determined from the least illuminated cell. In this experiment,
it was also found that a minimum of 6mW optical swing with a 660 nm laser source on the surface
(306 x 218 mm?) of the panel [16] is required to observe a corresponding electrical signal of ~1 mVpp.
Also, from Figure 6, it can be concluded that the solar panel has a low pass response.

0

—--Completely Illuminated
—--Partially Tlluminated
Highly Concentrated

20

60

80

-100

120

Normalised Magnitude (dB)

<140 — ‘\

-160

80

-200 L
10° 107
Frequency (Hz)

Figure 6. Frequency response of solar panel with different illumination levels.

3. System Design and Integration

3.1. Transmitter: Requirements and Limitations

One of the most important limitations in the design of an FSO communication system is eye
safety [18]. The majority of FSO transmitters operate at a wavelength of 1550 nm due to their high
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maximum permissible exposure (MPE), which is 100 mW/cm? [19]. However, the laser wavelength in
this research is selected to be 940 nm because of the peak responsivity of Si cells in the region between
940 nm and 1000 nm. The MPE of 940 nm lasers is 3.1 mW/cm? and the laser system is certified to be
classified as Class IM. Another requirement in the optical domain is the transmission of a divergent
laser beam that can overfill the solar panel. This is not only to project a uniform beam covering the
entire solar panel, but also to tackle any misalignment due to unfavourable weather conditions such as
strong winds. In addition, the transmitter should be able to dynamically control the signal’s power
based on the weather conditions. Hence, the control unit becomes crucial in order to maintain the link
throughout varying weather conditions including cloud cover, rain and fog.

3.1.1. Laser Driver and Control Circuit

A voltage-controlled current-driven laser driver circuit was designed. A temperature sensor and
digitally controlled attenuator were added to the design in order to control the signal input to the laser
for maximising the link performance. The frequency response of the laser driver was measured using

a1 GHz AC-coupled optical receiver. From Figure 7 it can be inferred that the —3 dB bandwidth of the
driver is 65 MHz, which was much higher than the bandwidth of the receiver.

Normalized Magnitude [dB]

Il
10° 107
Frequency [Hz]

10°

Figure 7. Frequency response of the laser driver.

3.1.2. Laser Beam and Optics

The optical design software Zemax was used for ray tracing and a calculation of the power budget
of the link. A 2 X 2 vertical-cavity surface-emitting laser (VCSEL) array [20] is used with a diffuser
on top of the package. The maximum DC optical power of the laser is 0.5 W. The VCSEL generates

a rectangular beam pattern with four hot spots as shown in Figure 8. The laser beam has a wide
horizontal and vertical divergence of 65° and 78°, respectively.
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Figure 8. Incoherent irradiance of the vertical-cavity surface-emitting laser (VCSEL) array on a square
detector at 1 ecm.

In order to increase the directivity of the diffused laser beam and overfill the solar panel at a
link distance of 30 m (designated for the installation in Orkney), an off-axis parabolic mirror Edmund
Optics 35-533 with a diameter of 76.2 mm is used. Also, to ensure that no user can open the enclosure
of the prototype and be exposed to any radiation above the MPE limit, the enclosure is locked with
bolts as recommended by the laser safety agency. The transmitter’s optical setup and the illumination
pattern of the laser beam at the enclosure aperture are given in Figure 9. It was observed that only two
of the four initial hotspots are transmitted in free space. This is because the rays of the bottom two
hotspots of the rectangular VCSEL pattern travel a shorter distance than those of the top two hotspots
towards the mirror; thus, they are getting reflected with higher power from the mirror.

In practice, to make sure that the laser source was placed at the focal point of the off-axis parabolic
mirror; a pitch, yaw, X, y and z translation stage is used. The optical source is attached to the printed
circuit board (PCB) of the laser driver and the PCB is mounted on the translation stage. Thus, the beam
shape and size can be controlled by modifying any of the five degrees of freedom of the translation
stage. In order to ensure that the beam covers the entire area of the solar panel at the 30 m link distance,
the beam shape and size were optimized at 20 m distance. Figure 10 gives the simulated irradiance
distribution of the beam and the beam observed through a camera and an infrared filter at 20 m. As the
beam is not uniform, the beam is analysed along the vertical axes x and y and not along a single axis in
Zemax. The Full Width at Half-Maximum (FWHM) intensity along the x-axis and y-axis is calculated
to be 135 and 124 mm, respectively. Therefore, an average FWHM intensity of 129.5 mm is determined
for the laser beam at 20 m from the transmitter. The beam diameter of the circle observed in practice
was measured to be 325 mm, while the size of the solar panel is 306 x 218 mm? [16]. Hence, the laser
beam was expected to cover the whole solar panel.
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Figure 9. (a) Basic optical setup at the transmitter (b) laser beam at the enclosure’s aperture.
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Figure 10. Beam profile at 20 m (a) simulated using Zemax; (b) captured using an infrared camera.

3.2. Receiver

As mentioned in Section 2, the solar panel has a low-pass frequency response. In order to achieve
the optimum bandwidth, the signal needs to be drawn as a current source by holding the voltage
constant across the cells. This function is performed by the solar-panel interfacing circuit; it holds the
voltage constant across the panel and separates the DC power from the AC signal for further usage as
shown in Figure 11.
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EEEEW - Solar Panel Analog
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Figure 11. Receiver functional block diagram.
3.2.1. Energy Harvesting and Storage

To harvest energy from solar cells there are two widely used methods: Pulse Width Modulation
(PWM) and Maximum Power Point Tracking (MPPT). MPPT has been proven to be the best, as it
operates at the maximum point of the panel [21]. A solar panel has a unique point on the I-V curve,
at which the entire photovoltaic system operates with maximum efficiency and produces its maximum
output power; this is the point defined as the maximum power point.

In order to implement MPPT and charge a battery, a charge controller BQ24650 from Texas
Instruments Inc. [21] was chosen. This device has the capability of MPPT by =+ 0.6% input voltage
regulation, the maximum power point can be set and can charge the battery with =+ 0.5% charge voltage
and + 3% charge current regulation. The charge controller supports charging Li-Ion/Polymer, LiFePOy,
and lead-acid batteries [21]. It uses a constant voltage algorithm which is the simplest MPPT method,
which is also desirable for the communication circuitry. The device can be set to a charging voltage
threshold at which the voltage is held constant with only the charging current varying depending upon
the power generated. Depending on the battery chosen, the charging current and voltage can be set.

A 300 W halogen lamp (OSRAM 64515) was used to illuminate the solar panel which was
connected to the charge controller circuit and battery. Using a lux meter, the optical power incident on
the panel was measured and at the same time voltmeters were used to measure the voltage across
the panel and battery. Ammeters were used to measure the current flowing from the panel to the
charge controller circuit and the current flowing from the circuit to the battery. Table 1 shows the data
gathered from the measurement and it was calculated that using MPPT 92.7% of the power generated
by the panel could be delivered to the battery. The efficiency of the panel was calculated to be 13.5%
and the efficiency of the overall system was 12.5%.

Table 1. Power generated from the solar panel and power delivered to the battery.

Incident Light (W) Power Generated (W) Power Delivered (W)
30.45 411 3.81

From the sun graph [22] for Edinburgh, UK it can be noted that the longest duration of darkness in
a year is 16 hours. Hence, a battery pack with a capacity to provide power back up for the unit through
the longest darkness hours should be chosen. But on the contrary, the battery should be small enough
such that it could be charged throughout the day. One of the two units face west directly, and the solar
panels are positioned vertically as they are used as OWC receivers simultaneously. While the other
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unit is facing eastwards, the average solar irradiance for vertical panel facing east is comparable to that
facing west [23]. Reference [23] shows that the month of January has the least solar irradiance of 0.94
kWh/m? on the panel. Hence, the total energy that can be stored using the chosen 5 W Si-based panel
with the MPPT charger circuit is calculated to be 7.05 Wh.

In June the solar irradiance is 2.55 kWh/m?, therefore the total maximum energy that can be stored
in a day is 19.13 Wh. As the system was being deployed in June, a battery of 38 Wh capacity was
chosen which meant that it would take an average of two days to charge the battery unloaded.

3.2.2. Analogue Equalisation for Communication

In order to have real-time high-speed communication, low complexity in the digital processing
chain is desired, which demands a flat channel response to avoid the need for digital filters. The
measured 3 dB bandwidth of the chosen solar panel was measured to be 270 kHz. Using analogue
equalisation, the bandwidth was increased to 5 MHz. Equalisation is the reversal of distortion incurred
by a signal through a channel. Equalisers are used to render the frequency response flat from end to
end. When a channel has been equalised, the frequency domain attributes of the signal at the input
are reproduced at the output. Analogue equalisation can be achieved by selective attenuation or
selective gain. In this system, both techniques were used with a higher weight given to selective gain.
The orange curve in Figure 12 depicts the measured response of the solar panel post equalisation.
The response was no longer a low pass within the 5 MHz bandwidth of interest. To ensure that
the maximum data rate can be obtained, the quality of the signal post-processing can be quantified
with Signal-to-Noise Ratio (SNR) i.e., the higher the better. Hence, the whole channel response was
measured using the transmitter described in Section 3.1 and the receiver. From Figure 13 it can be
inferred that the response is flat and the SNR peaks up to 30 dB, which enables 64-QAM, in other
words, a higher data rate.

0

-20

Normalised Gain[dB]
5 8

&
8

60 \
£ Modulated bandwidth Y
->-5W solar panel without equaliser

—-5W solar panel with equaliser
Equaliser response

70

10° 107
Frequency [Hz]

Figure 12. Frequency response of the solar panel with and without equalisation.
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Figure 13. Channel response on a spectrum analyser.
3.3. Overall System Architecture

This section describes the flow of information from the transmitter to the receiver as well as the
energy harvesting and storage capability of the system. Figure 14 depicts the working of the transmitter
on one end and the receiver unit on the other end. The whole system is designed to be a fully functional
bidirectional link with networking capability.

Data In Laser
Processor FPGA DAC Driver
Circuit

Laser

Data Out Analog
Processor FPGA ADC Receiver
Circuit

Solar Panel
BQ24650
7.4V, 5200mAh Q
S Battery Charge
Li-ion Battery
Controller

Figure 14. Overall system architecture.

As shown in Figure 14, the data is first fed to the processor to generate the packet with the
information to be transmitted as the payload. Then this whole packet is passed on to the FPGA where
this is converted to a time-based signal using an OFDM based modulation technique. The DAC then
converts the time-based bit symbols to an analogue waveform. As the channel varies due to the
change in ambient light, weather, wind and visibility, the laser driver circuit needs to precondition this
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analogue waveform. This is based on the feedback of the channel conditions which is determined by
the number of received packets dropped and ping time interval. When these two factors go above a
given threshold, the optimum signal power search algorithm is triggered. The signal power is varied
in a cyclic order of low-high-low on both the transmitters at each end. Meanwhile on both the receiver
ends the received packets dropped and ping time interval is monitored. The combination of AC and
DC signal power is chosen at each end at which the received packets dropped, and ping time interval
is least. Then the signal is modulated onto the output intensity of the laser.

On the receiver side, the solar panel is simultaneously performing two tasks in one, harvesting
energy from the sunlight and receiving the transmitted optical signal. As mentioned in Section 3.2, the
receiver circuit separates the DC harvested energy from the AC signal. The equalised AC signal is
then fed to the ADC which performs the inverse function of a DAC. Then the FPGA demodulates the
time-based signal to back digital packets and passes it to the processor. Meanwhile, the DC harvested
energy is fed to the charge controller circuit which charges a 3-cell 7.4 V Li-Ion battery with 5.2 Ah
capacity. The peak power consumption of the processor, FPGA, DAC, ADC, the laser driver circuit and
the receiver circuit is 6 W in total. The 38 Wh battery can, therefore, provide energy for the transceiver
unit for about 6.33 hours in the absence of power, making it a self-sustained communication system.

4. Results

The developed OWC system was first deployed on the premises of the University of Edinburgh to
test the communication performance under different daylight and weather conditions. The system
was left unattended, running for two weeks to gather data.

Figure 15 shows the variation of the data rate of the link against varying wind conditions, visibility,
daylight and weather conditions on a day. The weather data were collected from [24] for 7 May 2019
in Edinburgh. The throughput measurement was done using iPerf [25] and the traffic was forced to
TCP/IP to emulate real-world bandwidth usage. The data rate peaks at 8 Mbps during nighttime and
cloudy conditions. But during the sunnier parts of the day, the data rate dropped to 6.5 Mbps. This can
be attributed to the additional thermal noise and shot noise generated in the solar panel when sunlight
hits the panel directly. In this scenario, the generation of exciton would be at its peak which increases
the thermal and shot noise. The added noise induces fall in signal-to-noise ratio leading to a noticeable
drop in the data rate. The next noticeable drop is during periods of rain, where the data rate dropped
to the lowest level of 4.5 Mbps. This fall in data rate can be attributed to the bad channel condition due
to the presence of rain droplets that attenuate the signal power received [26].

After the testing phase, the system was deployed in Graemsay, Orkney Islands. Figure 16
shows the installation of the units on the properties. A comparison between the installed optical
link and the existing broadband connection shows that the upload speed increased by 8 times and
the download speed increased by 20% (see Figure 17). The two links were aggregated and provided
to the residents thereby doubling the user download experience and enabling them to use higher
bandwidth-demanding services such as streaming multiple high-definition videos, high-definition
video calls, etc.
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Figure 16. Installation at the location (a) residence property; (b) residence property to the lighthouse.
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Figure 17. Internet speed test measurements (a) through the optical link and (b) through
landline broadband.

5. Conclusions

This paper introduces an OWC system based on off-the-shelf lasers and solar cells. The solar
panel simultaneously harvests 5 W of power and communicates at a data rate of 8 Mb/s. The system
has been certified to be eye-safe (Class 1M) and has been installed on the Scottish island of Graemsay to
demonstrate achievable performance in the field, under varying weather conditions. The data obtained
shows no dropouts on the installed link, with data throughput in excess of existing landline-based
broadband connections during 90% of the time.

The use of solar panels shows the possibility of self-powered optical data hubs providing
long-distance communications at a much lower cost than exists presently. Cost reduction is achieved
through equipment reuse, reducing the need for accurate optical alignment and removing the need
for power delivery infrastructure without compromising on outcomes. This system is well suited to
rural communities, where the cost of provisioning communication services can be prohibitive, despite
strong demand from the scattered population.

The use of rooftop photovoltaic systems, consisting of large solar panel arrays, will enable the
implementation of communication techniques designed to multiply the capacity of the link by using
multiple independent receiver elements.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-to-Digital Converter

DAC Digital-to-Analog Converter

FWHM Full Width at Half-Maximum

FPGA Field-Programmable Gate Array

LASER Light Amplification by Stimulated Emission of Radiation

LED Light-Emitting Diode

MPE Maximum Permissible Exposure

MPPT Maximum Power Point Tracking

OFDM Orthogonal Frequency Division Multiplexing

OWC Optical Wireless Communication

PD Photodiode

RF Radio Frequency

SNR Signal-to-Noise Ratio

VCSEL Vertical-Cavity Surface-Emitting Laser
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Abstract— In this paper, a low cost optical wireless
communications link with a data rate of 74 Mb/s at a bit-error
ratio of 3,310 is demonstrated, The components are all low
cost, off-the-shelf parts, including the laser transmitter and
silicon solar panel receiver. This performance is achieved by
extending the usable bandwidth using analog equalization and
digital techniques such as adaptive bit and power loading. Also,
the performance of two spectrally efficient modulation schemes,
namely direct-current biased optical orthogonal frequency
division multiplexing (DCO-OFDM) and pulse amplitude
modulation discrete multitone (PAM-DMT) is evaluated and
compared. It is shown that DCO-OFDM outperforms PAM-
DMT because of efficient bandwidth usage with adaptive bit
loading and pre-distortion introduced by adaptive power
loading. Furthermore, it is shown that PAM-DMT can avoid
complex system designs and still achieve comparable data rates
to that of OFDM with higher link reliability.

Keywords—Free-space  Optical Communication, Optical
Wireless Communication, OFDM, PAM-DMT, Photovoltaics,
LiFi

[. INTRODUCTION

With an ever-growing network of billions of
interconnected smart devices in the era of the Internet of
Things high-speed communication faces many challenges.
One of these is the rapidly growing digital divide between
urban and rural areas. In many rural parts of the world, the
internet-based transformation of healthcare, education and
commerce is slowed by poor network infrastructure. This
coupled with an ever-rising demand for network capacity,
effective solutions to improve the availability and capacity of
rural connectivity are urgently needed.

Optical wireless communications (OWC) has been
widely considered to be a potential technology to bridge the
digital divide [1]. Light Fidelity (LiFi) [2] is a proven
technology within OWC which utilizes light to offer an
unprecedented amount of new communication spectrum — up
to 2600 times the 300 GHz bandwidth of the current radio
frequency (RF) spectrum. In OWC, light-emitting diodes
(LEDs) or lasers are used for wireless data transmission in
indoor or outdoor environments [3]. Typical p-type-intrinsic-
n-type (PIN) or avalanche photodiodes (APD) are used as
data receivers. These devices have two main disadvantages
they require an external power source to operate and their
small active area makes alignment challenging. A promising
solution to these problems is the use of solar panels as data

receivers [4]. Solar panels are designed to convert solar
energy to electrical energy. They can harvest electrical DC
power, not only from sunlight but also from irradiation
coming from lasers or LEDs. The active area of solar panels
is typically much larger than that of conventional
photodiodes. With the addition of electronic components,
solar panels can also be repurposed into OWC receivers [5].

Photovoltaic (PV) panels have become one of the most
inexpensive renewable sources of electrical energy. They are
employed in many applications both on earth and in space.
Choosing the appropriate panel technology can be difficult.
Distinguishing between different types of solar panels often
means differentiating between single-junction and multi-
junction solar panels as well as first, second or third-
generation devices [6]. Single-junction and multi-junctions
solar cells differ in the number of layers on the solar panel
that captures the sunlight, whereas the classification by
generation focusses on the materials and efficiency of the
different types of solar cells that make up a panel. The first
generation of solar panels includes silicon (Si) solar panels
that are widely installed due to their low manufacturing cost.
They are divided into two categories: monocrystalline and
polycrystalline. The former has higher efficiency and better
temperature stability than the latter [6]. Second-generation
solar panels refer to diverse types of thin-film solar cells and
are mainly used in photovoltaic power stations. Thin-film
solar cells are flexible and open up possibilities for alternative
applications, such as windowpanes with solar panels, solar-
powered car windshields and smartwatches. Third-generation
solar panels include a variety of thin-film technologies, but
most of these are still in the research and development phase.
Some generate electricity by using organic materials, others
use inorganic compound semiconductors such as cadmium
telluride (CdTe), gallium arsenide (GaAs) and gallium
indium phosphide (GaInP). These types of solar cells are also
referred to as concentration PV (CPV) cells. They generate
electricity in the same way as conventional PV systems, but
they have a small active area which requires them to have an
optical element such as a Fresnel lens to concentrate light on
to the active area. The efficiency of a CPV panel can be high
and results up to 47.1% has been reported under illumination
density that corresponds to the equivalent of 143 suns
concentration [7]. This efficiency gain comes with the
disadvantages of a requirement for cooling, optical elements
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to concentrate the light and complex systems to align the
optical elements and track the sun.

There are several experiments reported in the literature
that use solar panels or PV cells as data receivers in OWC
systems [5]. In [8], a data rate of 522 Mb/s is reported to be
achieved for a 2 m infrared wireless link by using a high-
speed vertical-cavity surface-emitting laser (VCSEL) and a
PV cell. The use of a single variable resistor in [8] has shown
that simultaneous energy harvesting and data communication
for the same value was not possible. Therefore, a follow-up
study shown in [9] with an AC-DC decoupling receiver
circuit achieved a record data rate of 1 Gb/s under short-
circuit conditions. In [10], a data rate of 34.2 Mb/s is
demonstrated by using a red laser diode and an organic solar
cell with a wireless link distance of 1 m. The communication
channel is optimally used in [8]- [10] by applying adaptive
bit and power loaded OFDM.

In this paper, a 2 m wireless link consisting of an off-the-
shelf VCSEL, off-axis parabolic mirror and a polycrystalline
solar panel is developed. A data rate of 74 Mb/s is achieved
with the use of OFDM adaptive bit and power loading, and
analog equalization. To the best of our knowledge, this is the
highest data rate reported in the literature for Si solar panels
used as OWC receivers. Also, the spectrally efficient schemes
of OFDM and PAM are compared. It is shown that OFDM
outperforms PAM due to the optimal use of bandwidth and
the pre-distortion induced by power loading.

The rest of the paper is structured as follows: In Section
11, previous work is reviewed and background information is
given. Section Il gives the methodology used. Results are
discussed in Section V and the concluding remarks are given
in Section VI

II. PHOTOVOLTAICS AS OWC RECEIVER

Solar panels were never developed or designed as an
optical communication receiver. Therefore, it is important to
consider the electrical characteristics of a solar panel which
are important to communications. These are linearity, speed
of response, sensitivity to incident optical signal and
temperature stability. As discussed in [11] the electrical AC
signal output power of a solar panel changes proportionately
with the incident optical power of the AC signal. The
wavelength sensitivity of the solar panel depends on its
material composition. For Si, the sensitivity peaks between
900 and 1000 nm [12]. Therefore, it is desirable to choose the
optical transmitter wavelength within this range. This will
result in improved signal output power from the receiver and
thus improved electrical signal-to-noise ratio (SNR). In terms
of temperature stability, it has been found that with an
increase in temperature the efficiency of the solar panel
decreases [6]. For the chosen solar panel, the temperature
coefficient was found to be -0.13V/K [11], this is constant
and the output deviation can be determined and compensated
with thermal solutions if needed. The speed of response of the
solar panel is one of the most important factors to be
considered when using it as an optical communication
receiver as this sets the link bandwidth. It is observed that the
larger the active area, the larger the diffusion capacitance, and
thus the intrinsic bandwidth of the solar cell is reduced [11].
The intrinsic bandwidth of a solar cell depends on the
thickness of the depletion region, which is determined by the
semiconductor doping levels. Other factors such as junction

TABLE L OWC LINKS USING SI PV CELLS AS DATA RECEIVERS
STATE OF THE ART
Active . . Data
Ref. Area l\.g::}?;?ctlfen Dl?ﬁ?ce Rate
(em?) (Mbps)
This | 06708 | QAM-OFDM 2 74.03
work
[15] - PAM-DMT 0.1 17.05
[14] 7.5 QAM-OFDM 2 15.03
[13] 432 QAM-OFDM 0.95 11.84
[11] | 667.08 | QAM-OFDM 30 8
[5] 432 QAM-OFDM 0.39 7.01
[16] 7.29 - 0.4 0.003

and parasitic capacitance affect the extrinsic bandwidth of a
solar cell. Therefore we can observe significantly higher data
rates in [10], [9] and [13] as the active area is comparatively
small compared to [14], [11] and [5]. Another factor which
plays a role in the achievable bandwidth of the solar panel is
the illumination pattern of the optical signal on the active
area. When all the cells in the panel are uniformly
illuminated, the best performance of the panel can be
expected [11]. With uneven illumination, darker cells act as
a resistive load on the output from the more brightly
illuminated cells, resulting in poor electrical output [11].

TABLE L. presents a comparison of the communication
link performance between several publications, where Si-
based solar panels are used. It can be seen that none of the
experiments has achieved data rates beyond 17 Mb/s, far
short of the 74 Mb/s reported here. Also, note that apart from
[15] all the studies use either OFDM or PAM. Furthermore,
in this work and in [11] a Si solar panel with a very large area
compared with the panels in [5], [11]-[16] is used. This makes
the proposed system more tolerant to vibrations,
misalignment, and weather disturbances. Moreover, it also
makes this particular system more suitable for simultaneous
data transmission and energy harvesting. However, in [11]
the longest communication distance has been achieved under
real-world conditions.

1II. METHODOLOGY

A. Transmitter

In this work, an off-the-shelf infrared (IR) 940 nm laser
(OSRAM PLPVQ-940A) is selected because its wavelength
of operation approaches the responsivity peak for Si solar
cells. The device consists of a 2x2 array of VCSELs and an
optical diffuser element on top of the package. An off-axis
parabolic mirror (Edmund Optics 35-533) is used to decrease
the divergence of the laser beam so that the solar cells —
connected in series — of the panel are illuminated uniformly.
The entire transmitter module is enclosed for safety [17].
Thus, the mirror placed at the aperture of the enclosure is seen
as an extended optical source at a 2 m distance and this helps
meet eye safety requirements. The laser-PV system is
classified to be Class 1M and is considered to be safe,
provided that the beam is not observed [17] through any
magnifying optical aid such as binoculars or telescopes. The
peak optical power of the laser is measured to be 420 mW.
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The laser is driven using a voltage-controlled current driver
and the -3 dB bandwidth of the laser driven by the driver is
measured to be 65 MHz [11].

B. Receiver

A readily available 5 W polycrystalline solar panel (RS
Pro 904-6128) is considered. This panel offers a large active
area ata very low cost and avoids the issues faced with CPVs.
It has previously been established that as the area of the panel
increases, so does its capacitance. Due to the high
capacitance, Si solar panels have very low -3dB
communication bandwidth compared to conventional
photodiodes [11]. The frequency response of the solar panel
has the shape of a low-pass filter (LPF), rolling off at
40 dB/decade between 100 kHz — 1 MHz and 80 dB/decade
between 1 MHz — 10 MHz. This quick roll off makes digital
equalization and pre-distortion challenging as the higher
frequency subcarriers have very low signal power, which
results in poor SNR. This is because the quantization noise of
the digital-to-analog and analog-to-digital converters (DAC
and ADC) is dominant over the low signal power. If the signal
power is increased, the lower frequency subcarriers are
clipped due to the limited dynamic range of the DAC and
ADC. Therefore, equalization is the preferred approach. To
equalize the frequency response of the solar panel, a
combination of digital and analog equalization is required.
The digital equalization is achieved by pre-distortion on the
transmitted signal with adaptive power loading and is
explained in Section ITI-C.

A passive filter within two amplifier stages has been
designed, as shown in Fig. 1, to perform the analog
equalization. The frequency response of such a structure has
a 40 dB/decade gain and hence this will perform the reverse
distortion of the signal, i.e. equalization. To perform the
equalization a second-order filter was designed based on a
modified version of a notch filter and a bandpass filter as
shown in Fig. 2 and Fig. 3 respectively. The modified notch
filter provides the reverse distortion to compensate the
40dB/octave roll-off and the bandpass filter is used to
attenuate the undesired low and high frequencies. The
resulting filter structure can be mathematically expressed as
shown in (1). The values of L, C;, C> and R determines the
filter’s stability and peak gain at the desired frequency. This
is simulated in TINA-TI [18] and the AC transfer
characteristic of the whole receiver circuit is shown in Fig. 4.
It is important that the design results in low noise so that the
signal quality does not deteriorate further; therefore, ultra-
low-noise operational amplifiers are selected.
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Furthermore, close attention needs to be paid on how the
panel is interfaced to the receiver circuit as there should be
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Fig. 4 Equalizer AC transfer characteristic

minimum reflection and attenuation at the solar panel and
receiver circuit interface. As found in [11] and [5] the
electrical load on the panel should be kept as low as possible
to maximize the electrical bandwidth. Hence, the interfacing
circuit ensures that the DC and AC from the solar panel are
separated effectively and the receiver circuit and solar panel
have no impedance mismatch.

C. Modulation Schemes

In OWC, intensity modulation and direct detection
(IM/DD) is used, i.e. the intensity of the optical source is
modulated with the desired signal to be transmitted, the
change in the intensity is detected by a receiver and the signal
is demodulated. The two most widely used, spectrally
efficient, modulation schemes with IM/DD are DCO-OFDM
and PAM [19].

OFDM is a digital modulation scheme where the digital
data is encoded on multiple carrier frequencies that are
orthogonal to each other. In conventional wireless and wired
communication, OFDM is used because of its robustness
against intersymbol interference (ISI) caused by a dispersive
channel. Use of OFDM can be commonly seen in mobile
communications. For optical communication, OFDM has an
advantage over on-off-keying and pulse position modulation
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because of its spectral and power efficiency [19]. In
conventional OFDM, the generated signal is bipolar and
complex. Bipolar and complex signals cannot be used in
optical communication as the intensity of light cannot be
negative and phase modulation and detection in incoherent
systems is not possible [19]. Real signals in OFDM are
generated using Hermitian symmetry. This is achieved by
mapping N/2 complex symbols to subcarriers 0 to N/2—/ and
then assigning the respective complex conjugate value to the
respective subcarrier with a negative index, where N is the
total number of subcarriers. In this experiment 1024
subcarriers were used, i.e. inverse fast Fourier transform
(IFFT) size was 1024. Hence, 511 subcarriers were loaded
with data and the rest were loaded with the complex
conjugate of the data. The discrete Fourier transform (DFT)
of this symbol set results in a real-valued time-domain signal.
This is normally performed after symbol mapping. When this
signal is superimposed over the DC bias of the light source it
becomes unipolar and is termed as DC-Optical OFDM. In
DCO-OFDM after the channel estimation, if the channel
response is not flat then additional power could be added to
the attenuated sub-carriers. In practical systems pre-distortion
and/or pre-emphasis is useful due to the LPF response. This
process is known as adaptive power loading. Similarly, based
on the SNR of each subcarrier, the appropriate modulation
scheme is selected; this is known as adaptive bit-loading. The
quadrature amplitude modulation (QAM) and demodulation
are implemented using the communication toolbox of
MATLAB [20]. The rest of the experimental OFDM stages
are implemented using the communication and RF toolbox
functions of MATLAB.

PAM is a signal modulation technique where the data is
encoded on to the amplitude of a series of pulses. PAM is
used in many systems, including Ethernet communication
and digital television transmission. In optical systems, the
channel can be accurately estimated since there is no fading
and the channel varies slowly. Thus, pulse shapes are not
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Fig. 7 Channel gain and phase response
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Fig. 8 SNR estimation

distorted as easily as in RF communication. The generated
digital PAM samples have real bipolar values. To avoid
signal clipping the analog time-domain PAM signal needs to
be scaled and biased to fit the dynamic range of the laser
transmitter. Hence, this makes it an ideal choice for optical
communication and the implementation is straight-forward.
Also, to use the bandwidth efficiently multiple subcarriers are
used similar to that in OFDM and this type of PAM is referred
to as Pulse Amplitude Modulated Discrete Multitone (PAM-
DMT) [19]. In this experiment, at the receiver, the signal is
sampled at least twice the Nyquist rate, digitally matched
filtered and down-sampled to the symbol rate. A minimum
mean square error filter is applied to further reduce the ISI
and noise. The PAM modulation and demodulation are
implemented in the communication toolbox of MATLAB
[21]. The subsequent stages were realized using RF toolbox
of MATLAB, similar to the OFDM implementation.

IV. EXPERIMENTAL SETUP

In this section, it is shown how the elements described in
Secs IILA, IIL.B and III.C have been put together to build a
complete communications link. The modulation techniques
discussed in Sec. IIL.C are implemented in MATLAB. The
OFDM and PAM packets are generated on a computer and
then fed to a Keysight 33522A arbitrary waveform generator
over Ethernet. The signal is then fed to the transmitter circuit
over a coaxial cable, type RG-18. The transmitter and
receiver circuits are powered using benchtop power supplies.
Ferrite cores are used on the power supply cables to ensure
external powerline and RF noise is not added to the
transmitter and receiver circuits. Powerline noise can affect
the SNR of the transmitted or received signals significantly.
The signal output of the receiver circuit is connected to an
Agilent MSO7000B oscilloscope using an RG-18 coaxial
cable. The signal on the oscilloscope is then captured and
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transferred to the computer over USB for processing. The
experiment is set up as shown in Fig. 5. For data rate and BER
measurement with OFDM, the signal is generated with
250 Msample/s and 5 sample/symbol. Hence, the resulting
symbol rate is 50 MBd and the bandwidth of the signal is 25
MHz. This generated signal was passed through the analog
frontends and captured on the oscilloscope. A
synchronization pulse as shown in Fig. 6 is used to trigger the
oscilloscope. The captured signal was then processed in
MATLAB and the experiment was repeated for different
targeted BERs. The data rate is estimated and plotted against
the respective BER and shown in Sec. V. Similarly, the
experiment was repeated for PAM-DMT with 5 MHz, 10
MHz, 15 MHz and 25 MHz signal bandwidths for different

TABLE IL DATA RATE & BER MEASUREMENT FOR PAM-DMT
Modulation Order
Bandwidth 2-PAM 4-PAM
(MHz) Data Data
rate BER rate BER
(Mb/s) (Mb/s)
5 10 1.5%10* 20 1.4%107°
10 20 2.2x10* 40 1.8x107
15 30 3.5%10* 60 4x107?
25 50 5.7x10* 100 1.9x10
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modulation orders. The highest modulation order achieved is
4-PAM. 8-PAM or higher-order modulation could not be
used due to the lack of sufficient SNR for the selected
bandwidths. The measured data rate and BER for all the cases
are tabulated in TABLE I1. Also, the results are plotted in Fig.
11 for comparison with the OFDM results.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Upon successful completion of the experiment, the
highest data rate achieved within the forward-error correction
(FEC) limit is 74.03 Mb/s with a BER of 3.3x107. The
highest data rate that is achieved in the experiment is
100 Mb/s with 4-PAM, but the BER is 1.9x10°2, which is over
the FEC limit of 3.8x10 [22] and the erroneous data may not
be recoverable. The additional results obtained from the
experiment are the overall channel response and the estimated
SNR as depicted in Fig. 7 and Fig. 8 respectively. Fig. 9 and
Fig. 10 show that the adaptive bit and power loading has used
the bandwidth efficiently. The subcarriers with an SNR
below 10 dB are modulated with binary phase-shift keying
(BPSK) while the subcarriers with SNR higher than 10 dB
are modulated using constellations from 4-QAM to
256-QAM based on the SNR thresholds for the respective
modulation orders. Fig. 12, Fig. 13 and Fig. 14 shows the
received signal’s constellation diagrams for 256-QAM, 128-
QAM and 32-QAM. From the received signal’s constellation
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diagrams, it can be qualitatively inferred that most of the
signal bits were decoded. Further investigating Fig. 8 and Fig.
10 it can be seen that the high-frequency subcarriers between
15 MHz - 22 MHz have a gradual increment in power which
is comparable to the roll-off in channel gain. The intermittent
peaks in power allocation could be attributed to compensation
for signal harmonics. These harmonics could be generated by
non-linearities in the signal chain amplifiers.

For PAM-DMT upon investigating Fig. 8 and TABLE II.
it is noticeable that the BER is comparatively lower than
OFDM. The performance of 2-PAM is highly robust over the
whole bandwidth of 25 MHz achieving 50 Mb/s with a BER
of 5.7%10* which is 6.6 times below the FEC limit [22]. On
the other hand for 4-PAM the maximum usable bandwidth is
15 MHz as the BER of 4107 is on the limits of FEC [22].
From this, it can be concluded that PAM-DMT is favourable
over QAM-OFDM when the system design is desired to be
uncomplicated and link reliability takes priority over a high
data rate.

From Fig. 11 it is clear that OFDM achieves significantly
higher data rates than PAM-DMT. The lowest data rate
achieved with QAM-OFDM is 63.89 Mb/s with a BER of
9.39x10* while the highest usable data rate with PAM-DMT
is 60 Mb/s with a BER of 4x10-. This difference in data rate
can be attributed to the added benefit of adaptive bit and
power loading in OFDM. The pre-distortion introduced by
adaptive power loading and the efficient use of subcarriers
with high SNR enhances the data rate achieved. In
PAM-DMT, the modulation depth is fixed for the whole
bandwidth, even if the subcarriers between 500 kHz — 5 MHz
have an SNR above 20 dB. As the PAM levels are not
adaptively loaded. Thus, the maximum modulation depth that
could be used is 4-PAM which is dictated by the subcarriers
beyond 10 MHz that have SNR below 13 dB.

Hence, it can be concluded that to achieve high data rates
with a BER that is lower than the FEC limit using a solar
panel receiver, OFDM with adaptive bit and power loading is
desirable, at the cost of system complexity, However, the use
of PAM-DMT can be helpful in cases where link reliability
and simple system design are the major requirements and
high data rates are not so important.

In this experiment, the optical frontends were not
calibrated for long distance transmission. The signal
processing techniques discussed in this paper can be
combined with the optical front-ends used in [11] to increase
the link distance to more than 2 m.

VI. CONCLUSIONS

In this paper, we have shown that analog equalization and
adaptive bit and power loading in OFDM offer high-speed
OWC links with solar panels as data detectors. Also, upon
comparing two spectrally efficient modulation schemes i.e.
PAM-DMT and DCO-OFDM for the same setup, it was
evident that DCO-OFDM achieves higher data rates but at the
cost of higher complexity. In addition, an analog equalizer
for the PV receiver circuit was designed to compensate for
the low pass response of the PV panel when used as an optical
detector.
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Effect of Sunlight on Photovoltaics as Optical

Wireless Communication Receivers
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Abstract— This paper explores the effects of sunlight on using a
low-cost off-the-shelf silicon solar panel as am optical wireless
communication (OWC) receiver. A receiver circuit structure has
been proposed to maximize simultaneous energy harvesting and
data communication performance. An equivalent cirenit model of
the solar panel for simultaneous energy harvesting and wireless
optical communication is discussed. By using the solar panel
maodel, the effects of varyving sunlight conditions om the
performance of the model as an OWC receiver are estimated.
Furthermore, an experimental setup is developed to study the
effects and verify the simulated estimations. The experimental
setup comsists of a 3.5 m wireless optical link with a full
Tranzmission Control Protocol and Internet Protocol (TCP/IF)
network stack. The system uses DC-biased optical orthogonal
frequency division multiplexing (DCO-OFDM) to use the available
communication bandwidth efficiently. A 940 nm low-cost off-the-
shelf laser device along with an off-the-shelf off-axis-parabolic
mirror is used as the transmitter. The maximum user throughput
achieved over the air is 28.3 Mb/s while simultaneously harvesting
energy using the maximum power point tracking (MPPT)
technigue. The peak power harvested with simultaneous
communication is 4.5 W. The harvested energy is stored in a 38
‘Wh lithium-ion (Li-ion) battery.

Index Terms— Optical Wireless Communication (OWC),
photovoltaies, LiFi, solar cell, energy harvesting, orthogonal
frequency division multiplexing (OFDM)

I INTRODUCTION

HE first semiconductor-junction solar cell was made with

copper and copper oxide by Wilhelm Hallwachs in 1904
[1]. Early silicon solar cells were used to power the Telstar
communication satellite launched in 1962 and were developed
further for wse in terrestrial installations. Modern
manufacturing techniques have made low-cost silicon solar
cells readily available. This has prompted an investigation into
their application in areas other than direct sunlight to electrical
energy conversion. Solar cells can harvest electrical energy
from electromagnetic radiation generated by lasers and light-
emitting diodes (LEDs) as well as sunlight. More recently, there
has been a growing interest in using solar cells that harvest
indoor light to power electronic devices for the Internet-of-
Things (IoT) [2]. Such photovoltaic (PV)-powered devices are
attractive for vze in =mart homes. smart offices, and zmart
buildings. Also, with recent advancements in the lighting
industry, indoor lighting iz shifting to semiconductor based
light sources such as LEDs and lasers. These are highly
efficient, have a long lifetime, can produce any color of light,
and can be used to simultanecusly transmit data. LiFi is the
bidirectional optical wireless communications (OWC)
technology which includes all the networking mechanisms for
transmitting data via LEDs and lasers in the visible or infrared

(IR part of the optical spectrum [3]. The encoded data is
transmitted as a variation in the intensity of the light emitted by
the source. The LED is envisioned to serve the dual purpoze of
illumination and communication. Long-distance optical
communication using LEDs becomes challenging as the
radiation iz spatially and temporally non-coherent. On the
contrary, the radiation from lasers iz coherent and haz a
significantly higher coherence length than LEDs. Therefore,
lasers are used in long-distance wireless optical communication
systems. In telecommunication, there are two laser structures
that are commonly vsed: edge-emitting lasers and vertical-
cavity surface-emitting lasers (VCSEL). Two important aspects
of VCSEL are the low beam divergence and the symmetric
beam profile compared to that of edge-emitting lasers. This
makes it easy to collimate the output beam with a simple optical
element. Alzo, VCSELsz have 3-dB communication bandwidth
as large as 20 GHz [4]. These advantages make VCSEL an ideal
choice as the optical signal source for long-distance
transmission.

In the receiver photodiodes (PD) are typically uzed due to
their high bandwidth and linear response. The most common
types of PD used in LiFi technology are positive-intrinsic-
negative (PIN) PDs and avalanche photodiodes (APDs).
However, PDs can require additional power to generate the
sometimes high bias voltage. Therefore, solar cells can be a
good energy-neutral alternative to photodiodes (PDs) as they
can convert variations in the intensity of the light to electrical
signals without the application of reverse bias voltage.
Furthermore, solar panels are by default manufactured with
multiple solar cells connected in series and paraliel
configuration. This results in a large active area as a
communication receiver and increases the energy harvesting
capability. The optical energy harvested by a solar panel can be
used to offset the energy consumed by the rest of the
components of the communication system. Also, the large
active area of the solar panel relaxes the procesz of alignment
between tranamitter and receiver (at long distances).
Conventional PDs have a small area and can be very difficult to
align when used for long-distance communication.

This paper discusses the effects and trade-offs when a solar
panel iz used simultaneously for energy harvesting and
communication. The simultaneous energy harvesting and
communication performance of a solar panel has been
maximized uvsing the proposed solar panel receiver circuit
structure. The effect of sunlight on the communication
performance of a solar panel as an OWC receiver is studied and
estimated using an equivalent circuit model of a solar panel.
The variation in frequency response and signal-to-noise ratio
(SNR) iz estimated for wvarying solar irradiance. An
experimental setup was developed to verify the estimations
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from the equivalent circuit model. In the experiment, the
maximum uvser available data rate with full networking
capabilities achieved by the system is 28.3 Mb/s over a distance
of 3.5 m, while it was able to simultaneously harvest energy
using the maximum power point tracking (MPPT) [3]
technique. The peak power that could be harvested from the
solar irradiation is 4.5 W with a 3 W silicon (81) solar panel,
and the harvested energy is stored in a 33 Wh lithium-ion (Li-
ion) battery. The variation in data rate and energy harvesting is
shown for different solar irradiances. The experiment was
conducted for a link of distance 3.5 m only because the main
goal of this paper is to study the effects of the sunlizht on the
communication performance of the solar panel rather than the
maximum link distance.

The rest of this paper is organized as follows: in section II
all the experiments and models of solar panels as OWC
receivers developed previously are discussed and reviewed.
Section ITI describes the equivalent circuit model of the solar
cell uzed in thiz paper and highlights the key parameters of the
model  that determines the energy harvesting and
communication performance of a solar cell. In section IV the
effects of varying sunlight conditions on the communication
performance of the solar cell model are studied. Section V
discusses the experimental setup and the system deployed in
order to verify the estimations and simulations. In section VI
the results are shown and discussed. And in section VII the
concluding remarks of the paper are presented.

II. BACKEGROUKND

Solar cells have traditionally been developed to harvest
energy directly from sunlight and relatively little investigation

has been carried out into their use as an optical data receiver
with simultaneous energy harvesting. There are several types of
solar cells and choosing the appropriate technology can be
difficult for  simultansous  energy  harvesting  and
communication applications. Sclar panels can be differentiated
based on the type of semiconductor junction and material used,
but they are commonly classified by generation. Single-
junction and multi-junction solar cells differ in the number of
layers that capture the sunlight, whereas the classification by
generation emphasizes the materials and efficiency of the
different types of selar cells that make up a panel The first
generation of solar panels iz based on 84 solar cells. They are
widely used for energy harvesting due to their low
manufacturing cost. They are further divided imto two
categories: polycrystalline and monocrystalline [6]. The latter
has higher efficiency and has better temperature stability than
the former. Using a first-generation solar panel as an OWC
receiver relaxes the strict alignment requirement and the need
for complex optical elements on the receiver side as they have
a large active area. These solar panels are also low-cost, easily
available, and are commeonly deployed for large-scale solar
energy harvesting.

In this work, we have considered a first-generation solar
panel as thiz knowledge can be used to upgrade the existing
solar energy harvesting systems. These are most commonly
based on first-generation solar panels, due to the easy
availability of silicon and itz low manufacturing cost
Furthermore, this study can be extended to later generations of
solar panels as they operate on the same underlying principles.
There have been several studies using solar panels as an OWC
receiver. TABLE I presents a comparizson of the published
figures for simultaneous data communication and energy
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constant at a given wavelength and iz defined a: the
responsivity of the material of which the solar cell is made. The
relation [ = RE, is valid only if the J iz interpreted as the
average current generated. However, this is not the case for an
ideal optical receiver. The four noise mechanisms (thermal
noise, shot neise, dark current noise, and input noise) need to
be considered to understand the effects of simultaneous energy
harvesting and communication performance.

Thermal noize, also lnown as Johnzon noize, follows a
Ganssian distribution and can be characterized by its constant
power spectral density given in (4), where ZL iz the load
impedance, and T is the absolute temperature. The unit of ou’ is
WiHz. For the solar panel as a receiver with communication
bandwidth B, the mean-square noise current representing the
total thermal noise power can be expressed as (i) and is
defined in (3).

. 4kT @
g5 = ——

A
(if} = of.B (&)

Shot noize iz white, therefore a Gaussian distribution can
be used to define the shot noise statistics. The shot nodse power
spectral density u’ can be expressed as in (6), where J is the
photocurrent as shown in Fig. 1 and g 1s the electron charge.
As] = RE, oy’ can alternatively be defined by the responsivity
and total optical power received as shown in (6). The mean-
square noise current (i3, ) for the interested bandwidth is shown
in (7).

o = 291 = 29RP, (6)

(i) = oL,B (7

Dark current noise is the constant current that exists when
no light is incident on the solar panel. The dark current noise
can also be treated as white noise with Gaussian distribution,
because the statistical nature of the charge carrier generation
process is similar to that discussed for the shot noize. For /p
from (3), the noise power spectral density o’ is defined in (8).
The dark current noise power (if} for the selected bandwidth B
can be expressed as ghown in (9).

of = 2qlp ®

)= o35 ©

The optical signal is converted to current by a solar panel,
‘but for further processing in the communication chain, the time-
varying photocurrent signal needs to be converted to electrical
voltage. An electrical trans-impedance amplifier iz used to
amplify the photocurrent signal and convert it to voltage. Noise
generated by the first stage of the amplifier must also be
considered in the receiver Signal-to-Noise Ratio (SNE) analysis
becanse the amplifier noise power is comparable to the
electrical signal power fed to the amplifier. The trans-
impedance gain Zayp = Vom'he, Where i i3 the input signal

current as depicted in Fig. 1 and vy i3 the output zignal voltage
from the amplifier. The cutput voltage error vanp is the output
voltage from the amplifier when the input signal curreat is zero.
This parameter is generally provided by the manufacturer of the
operational amplifier in the corresponding datasheet.
Henceforth, the output noise power from the amplifier is
defined as (vdpng) and the input noise power (imp) can be
calculated using (10).

2 )
(1fmp) = > (10)
Zimp
Under real-world conditions, many communication

devices are transmitting and receiving signals simultaneously
and every wire connecting an optical receiver to the subsequent
stages can be considered as an antenna. These radio frequency
(RF) signals can be picked up unintentionally by the wires and
terminals which create interference with the zignal of interest.
This problem iz solved by creating a Faraday cage around the
exposed terminals and wires. Therefore, for the noize
estimation purpose, the interference and noize due to RF can be
approximated to zero.

IV. ESTIMATION OF COMMUNICATION PARAMETERS

For an optical communication receiver, there are three
main factors on which the communication performance will
depend, namely spectral responsivity, frequency response, and
noise performance. As a first-generation Si-bazed solar panel is
uszed in thiz work, the optical to electrical energy conversion,
ie., spectral responsivity, of 8i peaks at around 1000 nm [6].
By choosing the appropriate optical siznal transmitter’s
wavelength the optical to electrical signal conversion at the
solar panel can be maximized. Next, the bandwidth and noise
performance of the solar panel will depend on how the panel is
interfaced with the subsequent stages of the communication
system. As it can be seen in section IILB. the thermal noise
power is inversely proportional to the load impedance Zr, and a
large load impedance magnitude helps reduce the thermal noize.
However, as investigated in [9] and [12] an increase in load
impedance would reduce the communication bandwidth. The
best communication bandwidth 1 achieved under a short-circuit
condition [9]. On the contrary, for energy harvesting purposes
short-cirenit conditions would generate no power as the voltage
iz zero. To overcome this issue the solar panel interfacing
circuit 1s designed as shown in Fig. | so that the inductor L and
capacitor C separate the DC and AC components of the signal.
The DC Out terminal is then connected to an MPPT circuit
which holds the voltage constant and non-zero across the panel
ensuring that the communication bandwidth achieved is as large
as possible. The MPPT circuit design is taken from the Texas
Instruments reference design for the battery charge controller
for golar power deseribed in [12]. The impedance network Z in
the interfacing circuit iz a resistor-inductor-capacitor resonant
cireuit whose bandwidth iz equal to the chosen communication
bandwidth B. In this case, Rpc iz 3.1 Q. Cis 100 oF and L i3
150 nH, as B iz 16 MHz. This ensures the undesired low and
high frequencies are filtered out and the effective impedance
across the panel is only resistive with a low value.
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harvesting performance in PV OWC systems. In such systems,
solar panels are meant for both power harvesting and data
communication. Therefore, the product of the harvested power
and the data communication rate has been used as a figure of
merit. In this work, this product of the simultaneous power
harvested and the data communication performance has been
maximized for a first-generation Si-PV panel. These first-
generation zolar panels were never developed or designed to be
uzed as OWC receivers. Therefore, the electrical characteristics
of the panel relevant to communication such as linearity, speed
of response, sensitivity to the incident optical signal, and
temperature stability have been investigated in [12]. In [13] a
data rate of 74 Mb/s has been demonstrated over a distance of
2 meters using a polyerystalline solar panel, and in [12] a
communication distance of 30 meters has been achieved with a
maximum data rate of 8 Mb/z with full networking capabilities.
These publications have not modelled the effects of
simultaneous energy harvesting and communication, and only
consider the communications performance of the solar panel
OWTC receiver. The following sections show how important it
is to understand the trade-off between data communication and
energy harvesting when both are carried out simultaneously.

III. PRINCIPLES OF OPERATIONS AND MODELLING

To understand the effects of simultanecus energy
harvesting on the data commumication performance, an
equivalent circuit model of a solar panel needs to be considered.
We aim to create a circuit model that is electrically equivalent
and iz based on discrete ideal electrical components, whose
behavior iz well defined analytically.

A, Ernergy Harvesting & simultanecus communication modsl

Generally, a single diode model is used to represent a solar
cell as used in [7] - [16]. The single dicde model structure is
identical to the structure shown in Fig. 1 without the dashed
line components. Furthermore, a solar panel interfacing circuit
iz also shown in Fig. 1. In this paper, the single diode model is
not considered because the single diode equation assumes a
constant value for the ideality factor n, as studied previcusly in
[7]1-[16]. In [17], both the single diode model and double diode
model of a PV was compared to study the energy harvesting
parameters. In this work, the double dicde model has been used
to study the both the communication characteristics and
simultaneously the energy harvesting performance of a solar
panel. Using an accurate equivalent circuit model for the PV
enables extending thiz work to other generations of PV cells
such as organic PV cells, GaAs-based PV cells, multi-junction
PV cells. sfc. The electrical circuit parameters such as diode

voltage. diode capacitance, internal resistance and current
density will vary for each type of PV cell used in the system,
based on the manufacturing technique and semi-conductor used
in the PV cell. In reality, the ideality factor is a function of the
voltage across the deviee [17]. At high voltages, when the
recombination at the junction in the device 1z dominated by the
surface and the bulk regions, the ideality factor iz close to one,
which is represented by the diode D). However, at lower
voltazges recombination in the junction dominates and the
ideality factor approaches two. In  this  paper, the
communication performance will be evaluated under varying
solar irradiation and this will cause the voltage across the PN-
junction to vary significantly. Therefore, the ideality factor
needs to be considered for accurate modeling. The junction
recombination is modeled by adding a second diode, which is
depicted with a dashed line in Fig. 1. The ideality factor for this
second diode is typically set to two [17]. Therefore, the total
current generated by the solar cell is represented as J and
defined by using Schottky’s diode equation as shown in (1),
where Ipy is the photogenerated current [y, 1= the diode
saturation current for D, I; is the diode saturation current for
Dy, I is the voltage across the solar panel, g is the charge of an
electron, Rp is the shunt resistance, Ry is the series resistance, &
iz the Boltzmann’s constant, and [ iz the sum of alternating
current (AC) generated due to the received optical signal and
the direct current (DC) generated due to the solar irradiation.
Therefore [ = L(t) + Ipc. where [(t) iz the AC signal
component and g is the DC signal component.

VIR,

a(v+iag)
f:f'ph—Im[g RT—1

— Iz [gﬂ—(}?"— - 1} (1

V+IR,

Ry

In (1) the subtraction by 1 in the square bracket terms can
be ignored for approximation, which makes the analysis easy.
This is because the exponential terms give values typically
much larger than 1 [17]. Therefore, (1) can be further simplified

to (2).

V+IRy q(V+IRy 4
:fph—fm [EQE KT }]—Inz I:Q-\ZKT )]——I -;”EB (2}
P
Ipp in (2) represents the generated photocurrent When
there iz no photocurrent generation Jp= 0 and the solar panel
will act as a passive load. Therefore, the dark current for the
panel can be denoted as shown in (3) [17].

qV-IRp) g(v-irp) V—1IR 3
Ip=1I, [GTL] +1g [e—ﬁ"‘n ] + H—‘ &
P

B. Noise Analysis

Solar panels convert an incident optical power F; into an
electric current [ using the photovoltaic effect. In the
photovoltaic effect, By o [ which implies | = RF, where R iz a
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A. Freguency Response of a solar pans]

Using the equations (2),(3), (11)-{14) and the egquivalent
circuit models discussed in section III, the frequency response
of the panel was simulated using TINA-TI [19], which iz a
simulation program with integrated circuit emphasis (SPICE).
The simulation was carried out with the receiver circuit
structure as shown in Fig. 2 without the components depicted
with dashed line. In the simulation, the temperature was kept
constant at 298 K.

ktplg
4= — an
P 1

Ry = (—+ l)E 12
: PMP ‘rsc ( )

Pup \ Vae
Ry = (—)— 13
F P+PMP fsn ( )

The diffusion capacitance, series and shunt resistances
were defined by the equations as shown in (11)-(13). In
equation (11) Cy is the diffusion capacitance [20], k is the
Boltzmann's constant, J3 is the current through the diode, 1, is
the minority carrier lifetime which is defined in detail in [12]
and T iz the temperature. The diffusion capacitance for D) and
D iz estimated zeparately for each diode using this equation.
Furthermore, the series resistance iz defined in equation (12)
[21] where P is the power harvested for the incident optical
power, Pyp is the maximum power that can be harvested by the
panel, which is 3 W in this case, Fyc is the open-circuit voltage
across the panel and Jic is the short-circuit current. The open-
circuit voltage and short-circuit current of the sclar panel used
it thiz case was 22 V and 330 mA, respectively [22]. Similarly,
the shunt resistance Rp is defined in equation (13).
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The receiver structure shown in Fig. 2 was implemented
in practice and the frequency response simulation was verified
experimentally. The simulated and measured frequency
rezponse of the solar panel is shown in Fig. 3. From Fig 3 it
can be inferred that the simulated double-diode model matches
the responze in terms of communication performance to the
solar panel chosen in practice. Henceforth, the short-circuit
current for the solar panel was measured by varying the incident
optical power. A 1 kW PARG4 halogen lamp [23] with a 0.2
EW halogen bult was used as a sunlizht emulater. The color
temperature of the halogen lamp was 3200 K., although the color
temperature of sunlight on the surface of the earth on a bright
suany day is around 3700-6000 K [24]. Therefore, a color filter
[25] was used in front of the halogen lamp set up to produce a
light spectrum equivalent to the spectrum of sunlizht The
halogen lamp was used with a parabolic reflector to concentrate
the beam onto the 667 cm?® active area of the solar panel and a
dimmer was vsed to control the light output from the halogen
lamp. The halogen lamp was placed at a distance of 60 cm from
the solar panel such that the maximum intensity measured with
a lux meter on the panel iz approximately 130,000 lux. Using
the solar irradiance to lux illuminance conversion factor of
0.007¢ Wilux [26] the emulated solar irradiance on the solar
panel was calculated, and the maximum value was 1000 W/im?.
Then the short-circuit solar panel current is measured while
varying the emulated solar irradiance using the dimmer and this
iz plotted in Fig. 3. The short-circuit current measured is
approximately equal to Iy, as R, iz less than 1 £ Furthermore,
using this short-circuit current as Jpn the frequency response for
different solar irradiance was simulated and verified
experimentally. Fiz. 4 shows the vanation in frequency
response due to the variation in solar irradiance with the
receiver circuit as depicted in Fig. 2. This variation in frequency
response occurs due to the coastant voltage held across the
panel by the MPPT circuit. As the voltage across the panel is
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constant, the generated photocurrent iz varying due to
variations in the incident optical intensity. The internal
effective resistance of the panel i3 varying due to changes in
the photocurrent, which results in the variation of the time-
constants of D1and Da. The time-constants of Dy and Dz are
directly related to the communications bandwidth of the solar
panel.
B. Estimation of SNR

The next important parameter which determines the
performance of the solar panel as a communication receiver is
SNE. When OFDM is used, the magnitude of the SNE. of the
frequency subcarriers determines the modulation order that
could be used over the selected communication bandwidth for
a given bit error rate. The SNE for the received signal was
calculated wsing the simulation results and equation (14)
obtained from TI-TINA in MATLAB for the solar panel model
discussed in section IIL In Fig. 6 the normalized SNE. for the
received signal is plotted for different values of emulated solar
irradiance incident on the panel. The SNR estimated in Fig. 6
depicts the degradation introduced by the solar panel during the
optical to electrical signal conversion.

{5)]
(i) + (%) + GEY + (idgp)

SNR = (14)

In Fig. 6 the SNR increases at the lower frequencies with
the increase in emulated solar irradiance on the solar panel. This
can be explained by the reduction of the diode resistances of Dy
and D: due to an increase in the photogenerated current At
higher frequencies, the reduction of SNE. with an increase in
optical intensity can be explained by the increaze in shot and
thermal noize. As seen in equations (6) and (7) the shot noize
increases with the increaze in total optical incident power Py In
the caze of thermal noize, the solar spectrum consists of both
long and short IR radiation. This IR radiation will generate heat
in most of the materials as the molecules resonate with the IR
wavelength. Therefore, an increase in temperature Tin equation
(4) results in an increase in the thermal noise. Furthermore, the
SNR plots for each solar irradiance follows the same trend as
the frequency response, shown in Fig. 4. On the contrary, the
dark current noizse and the amplifier input noise are constant for
the varying optical intensity as they are independent of the
optical power incident and the temperature of the solar panel.
Therefore, the estimations in thiz zection show that there iz a
trade-off in communication performance when the solar panel
iz used simultaneously for harvesting solar energy.

Sunlizht Emulator [

| Sclar Panel ez v ' F
owe 1 4
bl -‘,' End-user Device ®

Fiz. 7 Exparimental sstup

TAELEIL PHYSICAL LAYER SPECIFICATION
Channel bandwidth 16 MHz
Subcarrier Spacing (Af) | 250 KHz (16 MHz/64 PtFFT)
Modulation BPSE, QPSK, 160AM, 64QAM
Coding Rate Yo, %, %
FFT Period (Terr=1/Af) | 4 ps
Cyclic Prefix duration | 2 ps
{ Ten= Trrr'2)

V. EXPERIMENTAL SETUP

In order to verify the estimations obtained in section IV, it
is necessary to evaluate the trade-off between energy harvesting
and simultaneous communication. A real-time optical link with
full networking capability is developed as shown in Fig. 7. To
establish a real-time link with full networking capability a full-
duplex link is required. In this setup, the downlink is the optical
link, and the uplink iz realized using a coaxial cable. The
transmitter is bazed on the design developed in [12]. The
transmitter uses an off-the-shelf 240 nm VCSEL as the optical
source and the beam i3 collimated using a commercially
available off-axis parabolic mirror. The transmitter is classified
as class 1M and the VCSEL is driven by a current driver with a
3 dB communication bandwidth of 65 MHz [12]. The recetver
circuit consists of an analog equalizer which flattens the
frequency response of the solar panel up to 16 MHz, shown in
Fig. 3. The proposed solar panel interfacing circuit, as discussed
in sections IIT and IV, and the equalizer circuit are integrated
into the receiver circuit design in order to enable the energy
harvesting capability of the zolar panel The overall receiver
circuit structure iz shown in Fig. 2. As the receiver design
includes an analog equalizer stage this helped in increasing the
uzable communication bandwidth of the solar panel to 16 MHz.
In the MPPT circuit, the solar panel voltage needs to be
adjusted. In this work, the voltage was set to 7.22 V, which is
the nominal voltage ie, maximum power point as
recommended by the manufacturer [22]. The harvested energy
is stored in a Lithium (Li)-ion battery with a capacity of 38 Wh.
For digital signal processing (DSP) an application-specific
integrated circuit (ASIC) from pureliFi [27] is used, which is
based on the IEEE 802.11 wireless local area network (WLAN)
standard [28]. The specification of physical (PHY) layer used
in the experiment iz shown in TABLE I In IEEE 202.11
WLAN standard, OFDM is used primarily to utilize the channrl
bandwidth efficiently. There are several variants in OFDM
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employed in optical communication such as Asymmetrically
Clipped Optical OFDM (ACO-OFDM) [29], Enhanced
unipolar OFDM (eU-OFDM) [30], DC-biased optical OFDM
(DCO-QFDM) [31], ete. In this experiment, the system uvses
DCO-OFDM, az with lower gystem complexity higher
spectrally efficiency could be achieved compared to the other
mentioned OFDM variants. The functional block diagram and
the interconnection of each sub-system 15 shown in Fig. 8. As
the DSP platform, ie, the purelLiFi ASIC, provides only the
functionality of the PHY layer and lower medium access
control {MAC) layer, a host processor is needed to implement
the remaining three layers, fe, network, transport, and
application layer of the transport control protocol and internet
protocel (TCP/IP) network stack. Laptops on either end of the
communication nodes were used as the host processor as well
as the end-user device. To simulate real-time network traffic
and measure the network bandwidth, iPerf [32] is used on the
end-uzer devices. Using iPerf, the network bandwidth was
measured at a constant optical intensity incident on the panel
for 50 s and the average data rate was recorded. This process
was iterated with different emulated solar irradiance ranging
from 0 W/m? to 1000 W/m’ using the procedure as discussed in
section IIL B. The data rate was measured up to 1000 Wim® as
that is the nominal solar irradiation measured on the surface of
the earth during a bright sunny day. Simultaneously, the DC
voltage and current generated by the solar panel and the signal
power at the receiver circuit output is recorded for different
optical intensity incident on the solar panel. The recorded data
iz plotted and dizeussed further in section VI. Furthermore, a
tranzmitted data packet from the DSP platform was captured
uzing an oscilloscope. The captured data packet was vsed to
simulate the double-dicde model along with the whole recetver
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circuit in TI-TINA to estimate the signal power at the receiver
output against the varying optical power. These simulated
rezults are compared with the experiment results and dizeussed
further in the following section.

VI RESULTS & DISCUSSIONS

The experiment was svccessfully conducted, and the
obtained results are shown in Fig. 9 and Fig. 10. The highest
data rate achieved between the two end-user devices is
28.3 Mb/s while harvesting no power. Alternatively, the peak
power harvested with a 5 W solar panel at the equivalent
illumination of the sun on a bright sunny day iz 4.5 W
simultaneously with a data rate of 6.34 Mb/z between the two
end-user devices. Fig. 9 shows the received data signal power
variation against the varying solar irradiation for both the
simulated model and the experimental setup. The results from
the szimulated model align with the results from the
experimental setup. Therefore, it can be inferred that the
simulated model matches the experimental setup. The
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exponential decrease in the received signal power with the
increase in solar irradiance follows the trend shown by the
reduction in frequency bandwidth when the emulated solar
irradiance ig increased in Fig. 4. In Fiz. 10 the variation in data
rate along with the power harvested from the solar panel is
shown against the variation in solar irradiation. The decrement
in data rate with the increase in solar irradiance follows the
same trend as the frequency response and SNR as shown in Fig.
4 and Fig. 6. From this plot, it can be zeen that there is 3 trade-
off between communication and solar energy harvesting when
a solar panel is used simultaneously for both. At 240 Wm? solar
irradiance, there is an intersection of the data rate achieved and
energy harvested simulation. At this point, the achieved data
rate iz 13.7 Mb's and 1.6 W of power iz simultaneously
harvested. The achieved data rate iz not as high as that in [15]
ag the highest order of modulation used by the ASIC in this
experiment iz §4-quadrature amplitude moduolation (QAM) at ¥4
code-rate under ideal conditions, while in [15] the maximum
achieved modulation order was 512-QAM at ¥ code rate and
used offline processing on MATLAB. Also, the raw throughput
measured in [15] is 74 Mb/s which neglects the bits occupied
by the TCP/IP headers. The equivalent raw throughput for the
setup in this paper i3 37.63 Mb/s without the full networking
stack overheads. The aim of this study was to investizate the
effects of sunlight on a single Si-based PV when vsed as an
OWC receiver and maximize power harvesting and data
communication. Therefore, the product of two key parameters
needs to be maximized. In Fiz. 11, the product of power
harvested, and the data rate achieved for a given zolar irradiance
iz shown. It can be seen that with the increase in solar irradiance
the product also increases. Furthermors, depending on the
application, the data rate or energy harvesting capability can be
maximized by choosing the appropriate voltage setting in the
MPPT controller. Setting the voltage at a lower value will result
in better communication performance as seen previously in [15]
and a reduction in the energy harvested. Setting the voltage
equal to the nominal voltage of the solar panel will achieve
maximum energy harvesting, as shown in this paper. but
resulting in reduced communications performance.

VIL. CONCLUSION

In this paper. a trade-off between energy harvesting and
communication performance when an off-the-shelf Si-based
solar panel 15 vsed as an OWOC recetver is shown. Moreover, a
receiver circuit structure has been proposed which enables to
maximize the simultaneous energy harvesting and data
communication performance of a PV in an OWC system. The
product of solar power harvested, and data rate achieved has
been maximized up to 28.33 Whb/z. Using the receiver circuit,
the performance of a solar panel for power harvesting and data
communication in an OWC system has been enhanced 9 times
than the previously published state of the art. Additionally, the
proposed receiver structure could be used for other generation
of PV cells to maximize the performance as the design and
estimation is based on a more accurate PV circuit model
Additionally, the simulated estimations uvsing the PV circuit
model hag been verified experimentally to show the accuracy.
Furthermore, depending on the application’s requirements,
either communication or energy harvesting performance can be

maximized with the appropriate settings. Moreover, this invites
future work where smart software can be develeped, which
controls the settings continuously during the system operation
while monitoring the daylight conditions, energy requirements,
and user-throughput requirements to provide an optimal
experience for the end-user.
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