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ABSTRACT

Georgios Megas, M.Sc. in Data and Computer Systems Engineering, Department of
Computer Science and Engineering, School of Engineering, University of Ioannina,
Greece, 2022.

Visible Light Communications based on Color Shift Keying Scheme for Indoor Ap-
plications.

Advisor: Yiorgos Tsiatouhas, Professor.

Over the last years Light Emitting Diodes (LEDs) have become the most popular
solution in modern lighting infrastructures. Their longer lifetime and significant
lower consumption are the main reasons which gave them the lead in comparison
with incandescent bulbs. Moreover, LEDs due to their ability to switch on and oftf
at high frequencies can operate as transmitters while at the same time the human-
eye cannot understand this switching activity. This means that along with the illu-
mination of the space, there is also the possibility to create new optical wireless links.
The new era of lighting infrastructures created the margin for wireless communica-
tion links which are indicated as Visible Light Communication (VLC).

The new generation of wireless communications is characterized by high de-
mands on carrier frequency, bandwidth, and of course the immunity from electro-
magnetic interference, areas which put the Radio Frequency (RF) spectrum under
pressure. Satisfying these requirements with the present technology and infrastruc-
ture is a new technological challenge with VLC being considered as a very promising
area for filling some of the technological gaps and complementing of the RF tech-
nology.

The design of a VLC link for indoor applications is a complex task which requires

to take into consideration many parameters. For instance, the dimming level which

X



can be chosen by the user during the day, the color shift changes, and the flickering
are some of the restrictions which the designer should consider. Moreover, tech-
niques like Orthogonal Frequency Division Multiplexing (OFDM) with Wavelength
Division Multiplexing (WDM) cannot be applied for the indoor applications because
the above-mentioned requirements are not covered. To conclude, in order to achieve
high data rates, the designer should focus not only to the modulation formats but
also to hardware design of the transmitter and the receiver.

The main goal of the dissertation is the development of an optical wireless link
with a RGB LED in respect with the indoor lighting standards based on the IEEE
Std. 802.15.7. For this purpose, the first stage involves the design and implementa-
tion of a RGB transmitter and a photodiode receiver which will operate based on
Color Shift Keying (CSK) scheme. Furthermore, three channels were developed
which operate in different wavelengths in the area of red, green and blue colors i.e.,
around 680 nm, 510 nm and 475 nm respectively. The second stage involves the
implementation of a pseudorandom binary sequence (PRBS) for On-Off Keying
modulation schemes.

Approaching this topic from the receiver’s side the goal is to retrieve the incom-
ing signals from the three channels of the photodiode. Towards this direction, a
software-based algorithm in Matlab® was developed for the link characterization and
bit error rate (BER) calculation. Moreover, in order to achieve robustness to the
whole implementation clustering algorithms like K-Means and signal processing
techniques were used. Finally, in order to extract the measurements on the trans-

mitter and the receiver a printed circuit board (PCB) was constructed.



EXTETAMENH IIEPIAHYH

I'edpyrog Méyoac, AM.X. otn Mnyovixn Acdopévwy xot YTOAOYLOTIXWY ZUOTNUO-
Ty, Tunuoa Mnyovixoy H/Y xow [TAnpopoptxyg, [loAvteyvixn ZyoAn, [laveriotpLo
Iwovvivwy, 2022.

Emuxotvwvieg Opoatod Pwtdc Baotopéveg oe nébodo Colour Shift Keying yio E@op-
uwoyég Eowtepixod Xwpov.

EmpAéntoy: Twpyog Toratodyog, Kabnyntns.

To tedevtaion ypoviar ot Aiodot Exmounric ®wtdg (LED, light-emitting diode)
gxovv Yivel N TTLo SNUOPLANG AVOM OTLS OUYYPOVES LTTOJOUES PwTLopOV. H peyoAl-
TEEN OLAPXEL LWNG TOLG XOL V] CNUAVTLXE XUUNAOTEQN XATAVAAWOY ElVOL OL xVELOL
AdyoL TTOL TOLG ESWOOY TO TEOPRASLOUN OE GOYXPLON UE TOUG AAUTTTNPES TTUPAXTE-
oewe. EmmAéoy, T LED Adyw g txavdtnTag Toug vor avaBovy xon vou of3vouy oe
VPNAEG oLYYOTNTEG UTTOPOVY VO AELTOVPYNOOLY WG TTOUTOL EVE TAVLTOYPOV TO OLV-
Bpwmivo patt dev pmopel vo avttAngbel avt) ™ dpaoTELOTNTH EVOAAXYNG XOTA-
otaons. Autd onpaivel 4Tl TOPEAANAC UE TOV PWTLOUO TOL YWEOL, LTIAPYEL XOL T
duVaTdTNTOL SNULOLEYLOG VEWY OTTTLXWY OCVPUATWY (e¥Eewy. H véa emoyn twy v-
TOJ0OUKY PWTLOROV dNULoVEYNOE TO TTEPLHWELO YLaL AoVPUUTES CUVIETELS ETILYOLYW-
viag mov eivor yvwotés wg Emixowwvieg Opoatob Pwtdg (VLC, Visible Light
Communication).

H véo yevid acOpuatmy ETLXOLVOILOY XAEoxXTNELLETAL Ot LYNAEG ATTALTNOELS
TN CLYVOTYTOL TOV (PEPOVTOG ONUATOG, OTO EVPOS (WVNG XOL QUOLXA TNV KTEWOLO
OO NAEXTPOUOYYNTLXEG TTPEUPBOAES, amattioeLg Tov BETovy LTO Ttieoy To Paoua
Padroovyvotitwy (Radio Frequency - RF). H txavomoinon avtoy twv amottioewy

KE TNV Ttopovoo TeXVoAoYia oL LTTOOOUN ElVaL ULOL VEO TEXVOAOYLXY] TTOOXANOT WLE

xi



70 VLC va Bewpeitor wg €vog TOAG DTTOOYOUEVOS TORENS YLow TNY XEALYY] OPLOWE-
VYWV TEYVOAOYLXWY XEVWY OAAGL X0l WG €val ETILXOLELXO HECO Yo TNy TeXvoAoyia RF.

O oyedroopodg prtog (evEng VLC yLow eQoppoYES E0WTEPLXOD XWEOL ELVOL Lo
TOAOTTAOXY], drodixaoior Tov amottel var Anebody v TOAAEG TopdueToot. Mo
TOPAJELYULO, TO ETUTESO EVTOONG TO OTOLO UTTOPEL Yo ETULAEEEL O YOPNOTNG KATE TN
OL&EXELX TNG NUEPXS, N CAAXYY XOWUOTOG XOL TO TEEULOTTOLYUO Elval LEQELXOL auTtd
TOLG TEPLOPLOROVGS TTOL TEETEL var AdBel vTTOYY 0 oxediaotg. EmimAéoy, texvinég
omwg 1 OpbBoydvior TMolvmAeEion Awaipeong Zvyvétyrag (OFDM, Orthogonal
Frequency Division Multiplexing) pe IHoAvmAcEia Awaipeong Mrixovg Kodpartog
(WDM, Wavelength Division Multiplexing) 3ev pmopotdy va eELTMEeTicoLVY EQO-
LOYEG E0WTEPLXOV XWEOL ETELSN OV XaAVTTTOVTAL Ol TTPoavapepheioes amattroeLc.
ZoUTEQUOUOTLXA, Yo Voo eTiteLy oy vdnAol pvbuol dedouévwy, o oyedtaotrg Ho
TEETEL Vo eTUXEVTEWOEL Oyt novo oTig nEbodo Stapdppwang xal dLoyelpLlong onuo-
TOG OAAG XaL 0T OYESLOOT TOU XATAAANAOL LALXOD TOL TTOUTIOV XKOL TOL GEXTY.

Kbptog oté)06 ¢ SLTAWUATIXNG epyaoiag €lvol 1 avATTUEY] LLOG OTTTLXNG Of-
oVppatng (evkng pe LED mou Asttovpyodv ato opatd @daopo pe oefoopd Twyv mpo-
TOTTWY E0WTEPLXOD PWTLoUOL Ttov Baotilovtal oto IEEE Std. 802.15.7. I'ia To oxomd
OV TO, TO TTPWTO OTAOLO TEQLAOLBAVEL TN OXESLOLON XKoL XATAOXELY] EVOG TTopTTOL RGB
%o eVOg O€XTN PwTooLO30L Tov Hor Asttovpyovy Paaotouévol ato oyfua Color Shift
Keying (CSK). EmimAéov, 0o avamtuybody toior xovdhor tov Bor Aettovpyoly oe
OLOPOPETLXE UM% XOUOTOG GTNY TEPLOYYN TWV YOWUATWY XOXXLYOU, TTOAOLYOL XOL
WA, dnAady epimov 680 nm, 510 nm xot 475 nm avtiotorya. To dedTEPO O0TASLO
neptAopfaver v vAomoinon plag  Yevdotuvyaiog  Avadixric  AxoAovbiog
(pseudorandom binary sequence - PRBS) yto oyfpoto Stopdpewong Bactopévo e
On-Off Keying.

[Tpooeyyilovtog To BEpa amd TNy TASLEA ToL SEXTY, aTOYO0G Eival avaxTniovy
TOL ELOEPYOUEVO ONULATO TTOL AOULBAVOVTOL ATTO TA TELOL XOVAALOL TNG PWTOGLOGOV e
ovTioTolyy evoLcinoior oTo YPWUOTO XOXXLYO, TTPAOLYVO xaL UTAE. ['tor To Adyo avTd,
avortoydnxe évac adydptBuoc oto Matlab® yiow Tov yopoxtnELopd (edEewy kot Toy
LTTOAOYLOUO TWY CEUARATWY. ETLTAL0Y, Lo vo eTtitevybel evpwaotio 6T0 GHVOAO NG
vAoTtoinong yonotporobnxay arydptbuol opadomroinong 6mws K-Means ot teyvtL-

xég emekegpyooiog oNuatos. TéAog, yio vor btootELyHody oL LETPNOELS OTOY TTOUTIO
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%ol TO O€XTY] TEOYLOTOTTOLONXE OYESIOON XAl XATUOKEVY] TAAXETOS TUTTWUEVOL

xoxAspotog (PCB, Printed Circuit Board).
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CHAPTER 1

INTRODUCTION

1.1 Evolution of Wireless Communication

1.2 Visible Light Communication Approach

1.1 Evolution of Wireless Communication

The history of the wireless communication started from the early days of mankind
by the Chinese, Roman and Greek cultures. Optical signals with fires, flags or smoke
were the first wireless communications which transmitted the information over a
Line-of-Sight (LOS) distance [UCG16].

Over the years, telecommunications developed, and the approach changed with
the understanding of magnetic and electric properties through the experiments which
conducted in the 17th and 18th centuries. The first form of a modern telecommuni-
cation system was a wireless communication network which operated in radio waves
by Heinrich Hertz in 1888 [BB4].

The above-mentioned radio waves range from 30 Hz to 30 MHZ and belong to
the electromagnetic spectrum. Approaching the electromagnetic spectrum through
the lens of telecommunication two more areas are available for the modern wireless
networks: a) the microwave or radio frequency (RF) domain and b) the Visible Light

Communication (VLC) domain. In addition, the development of a RF link should be



done in compliance with the license restrictions by the International Telecommuni-
cation Union (ITU).

The emerging wireless communication technologies are dealing with the con-
stantly increasing data traffic and as a result the management of the available band-
width is critical. Moreover, the IoT applications have also put under pressure the
telecommunication networks. Some of the most important challenges that the RF

technologies are facing are listed below [UCG16]

¢ Bandwidth increase within the available RF telecommunication network:
The ITU standards are constantly changing, and it is very important that
the network follows the technological changes. Moreover, solutions such
as completely re-allocating the RF domain are not sustainable due to the

amount of the interconnected devices and the infrastructure EMWS].

* Better utilization of the available bandwidth: The more efficient band-
width utilization is an area of study which has been developed since the
first generation of wireless networks. However, the last years not made

significant progress is reported [HH15].

¢ Increase of access points (AP): This challenge aims to the evolution of the
network infrastructure and to create smaller cells. However, the cost of

such approach might not be a sustainable and a future proof solution.

The above-mentioned areas of studies pinpoint the increased popularity for im-
plementations based on the Optical Wireless Communication (OWC). The OWC cover
the visible light, infrared, and ultraviolent areas of the electromagnetic spectrum. In
comparison with the RF domain, the OWC provide unlicensed bandwidth of thou-
sands of THz. Furthermore, the immunity to the electromagnetic interference is an-
other important advantage of the OWC because not only adds robustness to the

network but also can be used along with the RF technology [UCG16].



1.2 Visible Light Communication Approach

Light Emitting Diodes (LEDs), and lasers are just a few examples of the many ways
visible light may be produced. The LED has a longer lifetime and uses less energy
than its forerunners, which has led to its widespread use in contemporary lighting
infrastructures. Additionally, LEDs have a large on/off switching rate that makes it
hard for the human eye to comprehend. This characteristic led to the development
of a lighting system that would not only offer illumination but also communication
capabilities. Today, indoor VLC applications either focuses on localization or high-
speed communication [UCG16].

Visible Light Positioning (VLP), which often functions at low data rates, is de-
scribed as indoor visible light localization [KV21]. The creation of VLP systems,
among other things, was prompted by the Global Positioning System’s (GPS) inability
to function inside buildings. A VLP system was shown to be able to localize objects
with a few centimeters of precision [KV21]. The RF spectrum crunch problem is the
driving force behind indoor high-speed VLC, hence VLC is seen as an aiding wireless
communication technique for RF. The use of VLC is not just restricted to indoor
settings; literature has also documented uses for vehicles and underwater environ-
ments [KV21].

A simplified block diagram of the VLC chain is shown in Figure 1.1. Depending
on the modulation method used in the "modulation signal block," digital data rep-
resenting, for example, a video file, is transformed into an electrical modulation sig-
nal. Before being sent to the LED or laser that emits visible light, this electrical signal
may be further conditioned. In this case, the supplied electrical signal is transformed
into its matching optical power output to produce the light signal that carries infor-
mation. The applied electrical signal must meet the same conditions since the optical
power is real-valued and unipolar. Contrastingly, RF signals are complex and bipo-
lar, necessitating a change of the RF modulation methods in order to make them
suitable for VLC. When indoor VLC is used, the emitted light travels through the
air to a visible light receiver, which is either a photodiode (PD) or imaging sensor.
In order to retrieve the sent digital data, the incident light signal is transformed back
into its electrical equivalent in this instance. It is then further conditioned before

being passed to the "signal demodulation block."

3
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Modulation
Digital Process Signal Visible Light
Data (OAM, F'SK, Conditioning Transmitter
ASK, efc.)
Visible Light
Channel
W
Estimated Demodulation Signal Visible Light
Digital Data Process Conditioning Receiver

Figure 1.1: A block diagram for a VLC chain.

1.3 Theoretical Background

In order to understand the basic principles behind the physics of a VLC link, a
brief introduction to photometry should be done. Photometry studies and measures
the emission, transport and effects of light energy incident on various surfaces, and
it is limited to the EM waves that stimulate our eye. In addition, the quantities it
measures are weighted by the response curve of the human eye at the various fre-
quencies. Furthermore, the measurements are based on the sensation created by the

light energy in the eye.
The amount of light from a light point source or the luminous flux (@) is quo-

tient of the light energy emitted by the source to the corresponding time weighted

by the sensitivity curve of the human eye as shown in Equation 1.1.

__dE

¢_ ’
dt

(1.1)

and is measured in lumen (Im). In case of a monochromatic frequency radiation the

Equation 1.1 is calculated by the Equation 1.2

_N-h-f
Tt

o) (1.2)

)



where N is the number of photons and the product of h - f the energy of the photon.
In addition, if the light source is not monochromatic the luminous flux is given by

the Equation 1.3

A2

o, = f 0. (1) da, (1.3)
A1

where 4 is the wavelength and ¢, spectral distribution of emitted light. For a VLC
link which is based on LOS it is important to know how a LED radiates in a specific

direction so the solid angle must be calculated as shown in Equation 1.4
ds

T2

dn (1.4)

where S is the spherical surface area and r? is the radius of the considered sphere
and is measured in steradian. The luminous intensity from a light point source is
the quotient of the luminous flux emitted by the source in a certain direction within
a solid angle df2 to that solid angle as shown in Equation 1.5 and is measured in

candela (cd).

_do

= (1.5)
dn

I

Approaching the VLC link from the receiver’s side the surface illuminance
should be calculated because the photodiode will transform the incoming photons
to photocurrent. The surface illuminance at point A, is the quotient of the vertically
incident luminous flux on the very small portion dS of the surface around A by the

area dS is given by the Equation 1.6 and is measured in lux (Im/m?).

_do

= (1.6)
ds

B

Furthermore, for a light point source the surface illuminance is given by the Equa-

tion 1.7



B = rI—zcos (o) (1.7)

where the surface illuminance is inversely proportional to the square of the distance.

1.4 Modulation Formats

1.4.1 Color Shift Keying

The third physical layer realization (PHYIII), described in the VLC standard when
the VLC link consists of LEDs and photodiodes is known as Color Shift Keying
(CSK) [IEEEstd]. The Commission International de I'Eclairage (CIE) 1931 chroma-
ticity diagram is used to transform data into xy color coordinates. Various studies
have been carried out which proposed 4, 8, and 16-point CSK [LYW17, SK15] and
there also studies based on machine learning [PW20].

Figure 1.2 shows the color space chromaticity diagram by the CIE. According to
the CSK scheme the amount of possible xy color coordinates indicate the intensity
of each individual LED. An optimization issue known as the set of xy color coordi-
nates seeks to maximize the distance between the pairs of xy color coordinates that
make up the set, while also taking into account the target illumination color and

total optical power output [PFHM15].
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Figure 1.2: The CIE 1931 color space chromaticity diagram with wavelengths in

nanometers.

1.4.2 On-Off Keying

On-Off Keying is the simplest form of amplitude shift keying modulation which the
digital data can be presented as the absence or presence of a carrier signal. However,
the design of a VLC links demands the mitigation of flickering, so an encoded process
should be added. Manchester encoding is selected and analyzed in Chapter 2. As a
result, the VLC standard mentions two distinct dimming techniques for OOK. To
achieve the required illumination level, the first method, known as Variable OOK,
adds compensation time to the data stream. The second method redefines the optical

power that is released both in the on and off states [[EEEstd].

1.5 Outline

The structure of this thesis is shown in Figure 1.3. In Chapter 2, the implementation
of the VLC link is presented including the implementation of the RGB LED trans-
mitter along with the photodiode receiver. This chapter also deals with the imple-

mentation of the waveform generation based on a FPGA platform and the



experimental set-up. Chapter 3, presents the photodiode characterization. In Chapter

4, the data retrieval scheme at the receiver based on the Euclidean distance is pre-

sented. Finally, in Chapter 5 the experimental results are presented.
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The VLC Link

Chapter 3
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Figure 1.3: The

— The Data Retrieval Scheme i: Effect of the Illuminance to SNR
Structure BER Analysis

— Voltage Normalization

— Quantization Error

Correction

I Digitization

— Pattern Search

structure of the thesis.



CHAPTER 2

THE VLC LINK

2.4 Circuit Design
2.2 Circuit Implementation
2.3 Waveform Generation

2.4 Experimental Set-up

This chapter is devoted to the implementation of the VLC link in order to highlight
all the general idea behind this topic and to understand each element. The first
section describes the circuits of both the RGB transmitter and the photodiode receiver
and their adaptation for supporting VLC. In addition, for the circuit of the RGB
transmitter a LED driver implementation is presented. Next the PCB circuit imple-
mentation is discussed. The third section describes the implementation of an arbi-
trary waveform generator (AWG) based on a field programmable gate array (FPGA)
platform. Finally, in the fourth section is presented the experimental set-up and the

devices that have been used are presented.

2.1 Circuit Design

In this section the hardware that supports this thesis is presented. Particularly, it is
divided in two parts, with the first one devoted to the circuit design of the transmitter

and the second dealing with the design of the receiver. Their functionality is also



presented and explained in order to fully understand the requirements of the VLC

which are made based on the indoor applications.

2.1.1 RGB Transmitter Circuit

The RGB transmitter implementation is based on On/Off LED drivers, aiming to
achieve high energy efficiency. Due to the nature of the RGB transmitter three cir-
cuits should be designed, one for each channel. Particularly, the circuits are almost
identical with their only difference the value of the resistor in series with the LED.
The proper selection of these resistances will determine the color temperature in the

final signal. Figure 2.1 shows the designed circuit.

RLED

I''s

Stage IV

(Jl

Stage Il

e

Stage Il

_——————— e e —

e

Figure 2.1: The circuit for each channel'. The Ripp is selected separately for the
three channels in order to achieve the proper color temperature. The examined color
temperature was 4000 K. The used BJTs were the Q2N2222 and the NMOS was the
A03406. Finally, the Rrep, .ep was 42.3 Q, the Rerern, Lep was 13 Q and the Rprug,
LED wWas 62.6 Q.

! The electronic circuit was a contribution of Dr. Yiorgos Sfikas, Laboratory Teaching Staff of University of
loannina, and member of VCAS Lab.
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The Stage I is a simple voltage divider, which passes a current in the order of 10
uA to the Stage II and its input is applied the transmitted signal which is an On-Off
Keying pulse. The Stage II operates as a current amplifier and its output current is
in the order of 1 mA. Moreover, the Stage III operates with similar way with the
Stage II and the output current which is applied to the gate of NMOS is in the order
of 100 mA. The final stage, Stage IV, increases the resistance to the input in order
to protect the BJTs. Furthermore, in order to decrease the rising time of the pulse
the R, = 47 Q was carefully selected. Finally, the Stage IV represents an approach
of a series configuration LED driver.

An important stage of the transmitter implementation is the LED which operates
around 12 V while the maximum forward current is 250 mA. The selected NMOS
is characterized by a low on-resistance with less than 70 mQ for V¢s = 4.5 V which
contributes to low power dissipation. Furthermore, the switching performance re-
quirements are covered by the selected topology due to its high driving strength.
Finally, the LED current is limited by the Ry rp and can be easily calculated by the

Equation 2.1.

I =122 2.1)

2.1.2 Photodiode Receiver Circuit

For the receiver circuit implementation, the photodiode Kingbright
APS5130PD7C-P22 was selected which consists of three channels, one channel for
each color, Red, Green, and Blue in one chip.

When photons reach the photodiode, a current is generated, so in order to meas-
ure the voltage, three resistors were added, one in each channel as shown in the

Figure 2.2.

1



+5V
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Figure 2.2: The receiver circuit using a triple photodiode topology where all photo-

diodes share a common cathode. The resistors Rrep, Rorerny and RerLug was 100 kQ.

2.2 Circuit Implementation

The PCB implementation of the analog circuits of the transmitter and the receiver
are also areas which are covered in this thesis. Finally, technical details are presented
in this section, as well as modifications and problems that occurred during the con-

struction process.

2.2.1 Transmitter Circuit Construction

After the circuit design, the next crucial step was the constructions of the transmitter.
Aiming to reduce noise and parasitic phenomena, to provide a miniaturized synthesis
and achieve a robust circuit, a PCB implementation was decided. The first step was
to design the analog circuit using the EasyEDA tool and then to extract the PCB

design. The schematics are shown in Figure 2.3.
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Figure 2.3: (a) The designed circuit in EasyEda and (b) the PCB. In order to achieve

the 5 V power supply, a DC converter was used. Finally, capacitors were added to

operate as low pass filters

For the purposes of this thesis a single layer PCB was chosen, and the result is

shown in Figure 2.3b. Furthermore, some adjustments were made to final circuit.
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Particularly, an inductor was added in series with the C2 capacitor and with the
collectors of the BJTs. To this point, it should be reminded that all the collectors of
the npn BJTs are supplied with 5 V and as consequence the C1 capacitor was not

needed. The capacitors are indicated in Figure 2.3a.

2.2.2 Photodiode Receiver Circuit Construction

The construction of the photodiode receiver circuit is a straightforward task due to
its simplicity. Moreover, for each channel a 100 KQ resistance was added. The Figure
2.4a presents the PCB design and the Figure 2.4b presents the board after the com-

pletion of the PCB process.

(b)

Figure 2.4: (a) The PCB design which was developed with the EasyEDA and (b)

the printed board before the components were added.
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2.3 Waveform Generation

The waveform generation is a very important block of the implementation of the
transmitter. Particularly, the modulation format of the transmitted signal depends
on the waveform generator. The proper choice of the modulation format is based on
parameters such as the available bandwidth and the power efficiency which reflect
the targeted VLC application demands. In this section, a brief discussion about the
available commercial devices is given, followed by an implementation approach that
exploits a field-programmable gate array (FPGA). The FPGA waveform generator is

based on pseudorandom binary sequences which are discussed in this section.

2.3.1 Available Solutions on Arbitrary Waveform Generators

Nowadays, a wide variety of arbitrary waveform generators (AWG) are provided by
the market, offering a great number of choices which can cover the constantly grow-
ing demands and needs. Some of the most important selection criteria include among
others the available resolution, the sampling rate, the price, and the number of chan-
nels. Through bird’s eye view the main selection criteria for buying an AWG might
be based on the available resources and the requirements of the implementation. For
instance, companies like the Keysight, Tektronix and National Instruments PXI Mod-
ules which invest on AWGs, provide products in a cost range from a few thousand
Euros to hundreds of Euros.

An alternative approach to reduce cost is to use a field-programmable gate array
(FPGA). Although there are two main companies in the industry the Xilinx (AMD)
and the Altera (Intel), the price range is smaller compared to the AWGs. On the
other hand, the developer needs to know how to operate a FPGA and to be familiar
with hardware description languages while the cost ranges few hundred of Euros
for our needs. Moreover, in order to minimize the cost single board computers (SBCs)
like Raspberry Pi and development boards like Nucleo by STMicroelectronics can be
exploited. Finally, the SBCs have shown a versatile functionality and huge processing
power improvement while the cost is very low (tens of Euros).

Designing a VLC link the requirements for the waveform generation must be

taken into consideration. Particularly, the sufficient sampling rate for high-speed
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signals often demands tens of Mega Samples per second (MS/s) and in some cases

such as real-time application the sampling rate demands increase.

2.3.2 FPGA: Altera DE2 Board

Various studies for AWGs based on FPGA implementations have been proposed
which have shown great capabilities in the sampling rate and the available band-
width [ XHG11, TA12]. In addition, studies on AWGs for VLC links based on FPGA
have been carried out which also focus on the Media Access Control (MAC) layer
[SZC17]. Finally, with achievable sampling rate in the order of Msps and available
bandwidth in the order of GHz, FPGAs cover all the requirements for a VLC link.
For this dissertation the Altera DE2 board was chosen, for the implementation
of the AWG. The transmitted signal is encoded using rectangular pulse amplitude
modulation with a non-return-to-zero (NRZ) line code with Manchester encoding
(IEEE 802.3). A pseudorandom binary sequence will be generated by the FPGA in
a specific frequency which will represent the data that will be transmitted by the
LEDs. This set up will support a RGB LED transmitter, meaning that three different

pseudorandom binary sequences, one of each LED, will be developed.

2.3.3 Pseudorandom binary sequence

A pseudorandom binary sequence (PRBS), also known as pseudorandom binary
code or pseudorandom bitstream is a binary sequence that is generated by a deter-
ministic algorithm. Particularly, PRBS generators are used in a wide variety of ap-
plications, such as telecommunications, cryptography, and statistics. In addition, the
repeatability of the sequence depends on the length of the PRBS with the most
common example the sequence generated by a linear feedback shift register (LFSR).
A typical implementation of a 7-stage LFSR is shown in the Figure 2.5 consisting of

a D flip-flop based shift register and a XOR gate in the feedback path.
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Figure 2.5: A 7-stage LFSR based on D flip-flops and an XOR gate.

The length of the PRBS pattern is determined by the number of the shift regis-
ters. For instance, the Table 2.1 shows the length of sequence in bits based on the
order of the PRBS. Furthermore, the PRBS can be described by polynomials as
shown above in Table 2.2. The exponents from the various PRBS polynomials shown

in Table 2.2, represent the feedback taps.

Table 2.1: Length of sequence in bits based on the order of the PRBS.

Sequence Length of Sequence Length of Sequence (bits)
PRBS4 24 1 15
PRBS5 2° -1 31
PRBS6 20 -1 63
PRBS9 29 -1 511
PRBS15 215 1 32,767
PRBS23 2723 1 8,388,607
PRBS31 231 1 2,147,483,647

During the last years various studies have been conducted for high data rates
PRBS can provide data rates in the order Gpbs [KPV12]. Furthermore, areas such

as low power consumption, footprint miniaturization and shorten of the critical delay
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path have been studied [JH20], making the PRBS a very competitive solution even
for WiMax or Bluetooth applications [SSMS21]. Finally, the PRBS has been cost
effective [PVT06] and easily available solution because they can achieve the above-

mentioned standard even when discrete logical components are used [JH20,
SSMS21].

Table 2.2: Monic polynomials based on the order of the PRBS.

Sequence Monic polynomial
PRBS4 x*+x3+1
PRBS5 xS+ x3+1
PRBS6 x®+x°+1
PRBS7 x7 +x%+1
PRBS9 x%+x5+1
PRBS11 x1+x%+1
PRBS13 xB+x2+x2+x+1
PRBS15 x5+ x4+ 1
PRBS20 x4+ x3+1
PRBS23 x23 +x18 +1
PRBS31 x31+ x84+ 1

The RGB transmitter requires three independent bit streams which will emulate
its behavior in real world conditions. For this purpose, three different PRBS have
been used, one for each color channel. PRBS4, PRBS5 and PRBS6 were used for the

Red, Green and Blue Channels respectively, as shown in Figure 2.6.
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(a)
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Blue Channel
(c)
Figure 2.6: The selected PRBS for each channel of the RGB transmitter which de-

veloped on the Altera DE2 Board with the Intel Quartus Prime Software.

2.3.4 Modulation format

The chosen modulation format for the VLC link was the On-Off Keying (OOK) with
Manchester encoding [IEEEStd]. The Manchester encoding was selected to control
the illumination and to prevent the flickering of the LED. The code expands each

bit into two bits as shown in Table 2.3. Particularly, the Manchester encoding is the
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output of an XOR gate where inputs are the clock and the bit stream, as show in

Figure 2.7.

Clock
Bit Stream

Manchester encoding

Figure 2.7: Manchester encoding scheme based on an exclusive OR gate.

Table 2.3: Manchester encoding data using XOR gate.

Original Manchester
Clock
Data encoding
0 0
0
XOR 1 1
@D 0 1
1
1 0

2.3.5 Clock frequency

Generating and controlling the proper clock frequency is also an important task
which determines the desired operation of both the transmitter circuit and the re-
ceiver. In addition, the maximum clock frequency of the Altera DE2 Board is 50
MHz which means that the achievable frequencies must be smaller sub-multiples of
this frequency. For this purpose, VHDL code for a counter was developed in order

to achieve the desirable frequencies. The count value was calculated as
Count Value = (Input Frequency) / (2 * Output Frequency).
For the completeness of this thesis, it is equally important to examine the VLC

link behavior for various clock frequencies. For this reason, three switches of the

Altera DE2 Board for choosing among 1.25, 5 and 20 kHz were used
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2.3.6 Schematic Diagram in Quartus Prime

The schematic diagram consists of two parts. The first part involves the clock fre-
quency generator and the second involves the PRBS generator for the three channels
as shown in Figures 2.8 and 2.9 respectively. Starting with the clock frequency
generator, four switches determine which frequency will be enabled. The second part
is controlled by another set of three switches which enable the PRBS4, PRBS5 and
PRBS6 respectively. These bit streams carry the data which are transmitted via the
RGB LED and through the switches is selected which channel or channels will be
enabled. Finally, a final switch is also used to enable one of the board outputs

through which the clock can be monitored.

Control Switches Altera Red LED Indicators

Figure 2.8: The clock frequency implementation in the Altera DE2 Board. For dif-

ferent clock frequencies can be selected.
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2.4 Experimental Set-up

The PRBS implementation for the three channels in the Altera DE2

In this section the experimental set-up is presented and analyzed. In addition, all

the stages are analyzed, and the utility of the chosen components is also highlighted.

The block diagram of the setup is shown in Figure 2.10 and the experimental set-

up is shown in Figure 2.11.

AWG
3-Channel

FPGA

Red

Green

DC Voltage |

Blue
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Figure 2.10: Block diagram of the VLC link.
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The AWG generates three pseudorandom bitstreams. Each PRBS is applied on
the transmitter RGB channels and finally the RGB LED transmits the dedicated
signal. The receiver side is composed of the photodiode which receives the signal,
which is observed through the through the PicoScope 2405A oscilloscope, the re-

ceived data are retrieved. Finally, the BER is calculated in Matlab®.

PicoScope Software

DC Powe:
1

Figure 2.11: The experimental set-up used in the measurements.

Next the components that have been used are presented:

TTi EL302 DUAL: The DC power supplier that provides linear regulated DC with
60 W power supply per output. Moreover, it is equipped with two independent

outputs with 4 digits resolution.

Altera DE2 Board: The maximum clock frequency of the FPGA is 50 MHz so that

OOK can generated at frequencies that are sub-multiple of this frequency.
PicoScope 2000 Series — 2405A: This is a four channel and 25 MHz bandwidth PC

USB oscilloscope which is equipped with digital triggering. The maximum sampling

rate is at 500 MS/s and the buffer memory at 48 kS.
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The RGB LED transmitter and the photodiode receiver are shown in Figure 2.12

and 2.13 respectively.

(a)

(b)

Figure 2.12: The (a) frontage and the (b) backside of the LED RGB transmitter

implementation.
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Figure 2.13: The photodiode receiver implementation.
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CHAPTER 3

CIRCUIT CHARACTERIZATION

3.1 Photodiode Characterization

3.1 Photodiode Characterization

The photodiode characterization is a very important step for applying the proposed
CSK scheme. In the conventional 3-CSK scheme the total intensity of the three LED
colors red, green, and blue, is controlled in order to constantly maintain the same
lighting performance. Therefore, the three colors intensity measured on the Tx can
be expressed as Py, Pg, and Pp, for the red, green, and blue LED respectively.

The receiver is equipped with a three-band photodiode (PD) which converts the
optical signal into electrical. Furthermore, the band areas are based on the relative
spectral responsivity of the PD in comparison with the wavelength. Due to the fact
that the band areas overlap with each other, cross-channel interference to the re-
ceived signals at the photodiode is observed. Figure 3.1 depicts the cross-channel
interference during the transmission based on the 3-CSK scheme.

The intensity of the received signals at the PD can be expressed as

P Pr
PC,; =H PG . (3.1)
Py Pg
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where Pg, Pg, and Py are the intensities of the received signals on the PD from red,

green, and blue channel respectively.

- r/ A\ S
Tx Circuit Rx Circuit
LED ), LEDgen
- 7”7
Tx Circuit Rx Circuit
Data —) N — Data
LED Grpr LED i
N 7
Tx Circuit Rx Circuit
— —>
LEDyp 17 LEDg; 1

RGB LD Photodiode

Figure 3.1: The cross-channel interference to received signal from the photodiode.

Note that, a single RGB LED is used in the transmitter of this link.

The channel matrix H given by

hrr hrg hrb
H= hgr hgg hgb s (31)
hbr hbg hbb
where the diagonal entries h,,, hy,, and hy, are the channel gain between each LED

color with the corresponding PD channel and the rest entries represent the crosstalk
between channels. Note that, the matrix in Equation 3.1 is asymmetric.

The photodiode response to cross-channel interference creates the concept of the
Photodiode Profile. Particularly the photodiode profile was examined in two differ-
ent cases on the VLC Tx-Rx system discussed in Chapter 2. Firstly, a DC voltage of
12 V with a current of 250 mA was applied directly to the RGB LED and the
response of the red, green, and blue photodiode channels was measured. In addition,
for this occasion the red, green, and blue LED color combinations were separately
examined as shown in Figure 3.2. This process was made in order to compare the
actual photocurrent output with the one been presented in the photodiode datasheet.
The results are shown in Figure 3.2. Moreover, the inversely proportional effect of
the square of the distance on the luminous flux per unit area is shown in Figure

3.3.
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RGB LED test vs Output Photocurrent

Red LED: 1314 lux
Green LED: 2828 lux
Blue LED: 337 lux

Output Current [uV]

RED GREEN BLUE
(a)

0.6

Red LED: 554 lux
Green LED: 1153 lux
Blue LED: 162 lux

Output Current [uV]

RED GREEN BLUE
(b)

Figure 3.2: The output photocurrent for illuminance of (a) 1943 Ix and (b) 840 Ix

without the presence of the Ryprp resistors discussed in Chapter 2.

Output Current vs Distance between RGB LED & PD
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Figure 3.3: The effect of the distance over the measured photocurrent.

For the second case the RGB LED operated based on the lighting standards for
indoor applications in the color temperature of 4000 K [IEEEstd]. The resistances
(Rpgp, see Figure 2.1) that have been used were 42.3 Q, 13 Q and 62.6 Q for the
red, green, and blue channels respectively. The presence of the above-mentioned
resistances has impact to the photodiode profile and as a result needs to be exam-
ined. The photodiode profile for this case is shown in Figure 3.4. When using three
different LED colors, eight possible combinations will come up. Furthermore, the

performance of the photodiode for these combinations will set the base for the data
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retrieval which is presented in Chapter 4. Figure 3.5 shows the performance of each

photodiode channel for the eight possible combinations.

RGB LED test vs Output Photocurrent

0.8

0.6

Output Current [uV]

0.4

0.2

RED GREEN BLUE

Figure 3.4: The output photocurrent for illuminance of 1943 Ix at 4000 K RGB LED

operation.

RGB LED test vs Output Photocurrent

Output Current [uV]

05 |

No Amb. R G B RG GB RB RGB

Figure 3.5: The output photocurrent for illuminance of 1943 Ix at 4000 K RGB LED

operation for the eight possible states. The first state is when no ambient light was

applied.
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CHAPTER 4

DATA RETRIEVAL AT THE RECEIVER

4.1 The Data Retrieval Scheme Structure
4.2 Voltage Normalization

4.3 Quantization Error Correction

4.4 Digitization

4.5 Pattern Search

One of the most important advantages of VLC is the use of the color domain to
transmit data. To be effective this strategy must be used with light sources that
combine several LEDs, such as a red, green, and blue. Particularly, when the LEDs
are used for space lighting, it is necessary to maintain the white light, or the color
shifts must be indiscernible. In this chapter the data retrieval process at the receiver
will be presented. The steps of the proposed scheme can be categorized into five
main areas. The area of Voltage Normalization, Quantization Error Correction, Dig-
itization, Pattern Search and finally the Bit Error Rate (BER) Calculation which is
analyzed in Chapter 5. The proposed scheme was designed to characterize the VLC
link in the Physical Layer and also to prove whether the method based on the
Euclidean distance is applicable or not. However, this scheme is exploited for the

link characterization and it is not targeting real-time applications.

30



4.1 The Data Retrieval Scheme Structure

The received data from the three photodiode channels are extracted through the
PicoScope 2000 Series, 2405A and processed in Matlab® environment. Further-
more, the three waveforms were saved in a *.mat file as tables and each table con-
sists of the captured samples. The main principle behind the Data Retrieval
Scheme is to extract one sample per half period from each of the three waveforms
(red, green, and blue channels) and try to compare them with the states of the
photodiode profile and convert them into bits [ManAt, VK17]. Figure 4.1 shows

the flowchart of the Data Retrieval Scheme.

(m 2 3
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Figure 4.1: Flowchart of the data retrieve scheme.
Whenever data was about to be extracted from PicoScope, the photodiode profile

was first measured and then the proposed scheme was applied. For applications

were the distance between the transmitter and the receiver was fixed the received
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waveforms were characterized by a specific amount of voltage thresholds. In addi-
tion, the number of thresholds was not the same for the three channels. The Voltage
Normalization stage calculates the thresholds based on the K-Means clustering algo-
rithm. Due to the fact that quantization errors may occur, the second stage tries to
correct them. Next, one sample per half period can be extracted and the Logic Ana-
lyzer stage can convert the extracted half period samples from the three waveforms
into bits. Finally, the Pattern Search stage can be applied in order to calculate the

BER and characterize the link.

4.2 Voltage Normalization

The Voltage Normalization is based on the K-Means clustering algorithm. The next
important question to answer is to determine the number of the groups which will
lead to the calculation of the centroids. In addition, the centroids will be the desired
thresholds. For this reason, the Elbow Curve method was used. Moreover, this
method runs the K-Means clustering from a range of values of k and for each run
the sum of squared distances is calculated. Next through the plot of the average
distance from centroids with the corresponding value of k the “elbow” is revealed.

The K-Means algorithm is shown in Algorithm 4.1.

Algorithm 4.1 K-Means
1: Input: D = (dq, dy, ..., d,,) // dataset

k // the numbers of clusters
2: C=(cy, ¢y, €;) « RandomlySelect({d, dy, ..., di}, k) // centroids

3: repeat until assignments G; convergence

4 Ge{dld—clP<|ld-gl'vi1<ij <k}

1
5: C; < Z d
G L

6: end repeat

7: returnC
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For each of the three channels the Elbow method was applied, and the results
are shown in the Figures 4.2-4.4. For the red channel two clusters needed while for

the green and blue six clusters needed.

K-means clustering SSE vs num. of clusters
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Figure 4.2: The elbow point for the red channel indicates two clusters.

K-means clustering SSE vs num. of clusters
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Figure 4.3: The elbow point for the green channel indicates four clusters. The pro-
posed scheme was examined for four, five and six clusters for the green channel,

however when used four or five clusters the scheme failed.
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K-means clustering SSE vs num. of clusters
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Figure 4.4: The elbow point for the blue channel indicates six clusters.

4.3 Quantization Error Correction

In this stage the signal is normalized based on the calculated thresholds from the
previous section. In addition, the normalized samples of the red, green, and blue
LED signals are stored in three different 1-D matrixes. During the access of each of
the three 1-D matrixes, the length of the consecutive identical samples is measured

and stored in a new matrix as shown in Figure 4.5.

Figure 4.5: The matrix which contains the length of consecutive identical samples.

The length of consecutive identical samples reveals whether they represent a

pulse width of one period or half period and also whether it is a quantization error.
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Particularly, the length of the consecutive identical samples for a pulse width of one
period is almost twice as of the half period case. In addition, the quantization error
samples tend to have significant smaller length in comparison with the samples
which depict a half period pulse width.

The above-mentioned three case are clustered in groups by using the K-Means
algorithm with k = 3. The consecutive identical samples which belong to the group
with the quantization error are removed from the matrix. In addition, if consecutive
identical samples belong to the group for the half period pulse width, then only one
sample is kept, and the rest are removed. Furthermore, for the one period pulse
width case, two samples are kept, and the rest are removed. The same process is
applied for all the photodiode channels. Finally, one sample has been extracted every

half period for every channel.

4.4 Digitization

At this point one sample for the red, green, and blue PD channels has been retrieved
for every half period. The samples are stored in three different matrixes as shown
in Figure 4.6. In addition, a point in the Cartesian plane results with coordinates the
above-mentioned retrieved samples for every half period. This point can be ex-
pressed as cf, ab (SampleR j» SampleGj, Samplij) which represents the jt" bit that is

about to be retrieved.

Redyairix = [SampleRy SampleR, ... SampleR,]
GreeNyqirix = |[SampleGy SampleG; ... SampleGy]

Blueyatriy = [SampleBy SampleB; ... SampleB,]

Cr,g,b

Figure 4.6: Retrieved samples from the PD channels for every half period.

As mentioned in Chapter 3, the photodiode profile is characterized by the eight
possible states. In addition, the i*"* photodiode state can be expressed as a point in

the Cartesian plane and can be presented as Si,g’b. At this point, it is necessary to
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mention that the distance between the Tx and the Rx is fixed and the corresponding
photodiode profile has been retrieved.

The signal digitization is done by calculating the Euclidean distance between each
half period color sample with the eight photodiode states [NFV15]. The Euclidean
distance between the j'™ received color sample ¢ with the i*" photodiode state is

given by

L,g,b = \/(Srl - Ci)z + (Sgi - Cé)z + (sl‘; - clf)z. (4.1)

In order to choose the closest possible state, all the distances between the other seven

states with the received color sample must be calculated. The chosen state would be
(0 ] 7
mln(dr‘g'b, vy g b ...,dr‘g,b). (4.2)

In case the minimum distance between the received color sample with the photodi-
ode states is equal to more than one states, then the state is chosen randomly among
them. Finally, each state indicates whether which of the red, green, and blue LEDs
are switched on or off and as a result the binary bits are retrieved. Figure 4.7 shows

the Euclidean distance between the received color sample with the photodiode states.

Blue

Figure 4.7: Euclidean distance between the received color ¢ and the eight different

possible states.
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4.5 Pattern Search

The Pattern Search step receives the digitized signal and stores every k digits in a
different line of a 2-D matrix where k is the length of the PRBS. The 2-D matrix
consists of [m/k] lines, where m is the length of the retrieved bits. The first approach
is to propose a pattern which calculates the most frequent value of each column of
the 2-D matrix. The block diagram for this process is shown in Figure 4.8.

If the proposed pattern fails to match with the PRBS then an alternative approach
is applied. Each line of the 2-D matrix is compared separately with the PRBS. The

scheme is applied as follows:

1. The PRBS rotates until as many values as possible match with those of
the compared line of the 2-D matrix in the corresponding positions.

2. The number of the applied rotations is stored.

3. The same process is applied for all the lines of the 2-D matrix.

4. The pattern is found if the same rotation value is applied for the majority

of the lines.

For this method a special case may arise. For instance, if the matching rate of a line
is the same for more than on rotation values then this line is not taken into consid-
eration. The block diagram for the alternative pattern retrieve method is shown in

Figure 4.9.
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Figure 4.8: Block diagram of the Pattern Search stage for the first attempt to retrieve

the PRBS pattern.

PRBS: |1]o|1|1]o|1]o]1]1]
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Figure 4.9: Block diagram of the Pattern Search stage for the alternative method to

retrieve the PRBS pattern.
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CHAPTER 5

RESULTS

5.1 Effect of the Illuminance to SNR

5.2 BER Analysis

5.1 Effect of the Illuminance to SNR

The experimental results in this section were taken in an environment where ambient
or any source of artificial light were off during the evening hours. The reason those
conditions were chosen was to avoid the interference of noise from the environment.
In this section the effect of the illuminance to Signal-to-Noise ratio (SNR) is exam-

ined. The SNR based on signal and noise voltages is calculated as follows

S
SNRyz = 20 - log (N—V) (5.1)
|4

where Sy, Ny are the signal and noise voltage respectively. In addition, the instanta-
neous noise amplitude is within +3c of the mean 99.7% of the time as shown in
Figure 5.1 [BC9]. The examined frequencies for the three channels, red, green, and
blue, were 1.25, 5 and 20 kHz. In Figures 5.2-5.4, the impact of the illuminance to
the Signal-to-Noise ratio (SNR) is presented for the above-mentioned frequencies.
The first observation from the Figures 5.2-5.4 is the logarithmic increase of the

SNR with the illuminance increase. This is due to the dependence of the surface
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illumination on the distance from the source as shown in Chapter 1. In other words,
this increase of BER is due to the fact that the photocurrent is inversely proportional
to the distance it has from the source. Furthermore, based on the indoor lighting
standards [IEEEStd] the intended illuminance must be around 500 Ix. The calcu-
lated SNR for this area is very low and this due to the fact that no amplifiers have

been added to the receiver in this study.

Mean
36 20 -1c Value 15 426 430

I\

Noise
Signal

rms
Value
[ I

Figure 5.1: Gaussian distribution of noise energy?.

Another observation is that the red channel shows the best performance while
the blue channel the worst. This is due to the sensitivity of the photodiode, as indi-
cated in the datasheet, but also to the fact that the temperature of the RGB LED was

4000 K. In order to achieve this color temperature, the illuminance of the blue

2 Reprinted from Bruce Carter, Chapter 12 - Op Amp Noise Theory and Applications, Editor(s): Ron Mancini,
Bruce Carter, Op Amps for Everyone (Third Edition), Newnes, 2009, Pages 163-188, ISBN 9781856175050,
https://doi.org/10.1016/B978-1-85617-505-0.00012-0.
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channel had to be reduced enough, as can be seen from the selection of the resistor
in Chapter 3.

The increase of the frequency has also impact on the SNR. Particularly, increasing
the frequency the photodiode does not have time to raise the voltage so that the
received signal is altered and cannot reach its peak. As a consequence, the total

signal power reduces as it can be seen in Figures 5.2-5.4.

SNR vs llluminance for Signal Frequency 1.25 kHz
22

20 | 4

SNR [dB]

+ Red Channel

6 L Green Channel
§=— Blue Channel

4 L L L 1 1
0 1000 2000 3000 4000 5000 6000

llluminance [Ix]

Figure 5.2: Curves of SNR versus illuminance for signal frequency 1.25 kHz.

SNR vs llluminance for Signal Frequency 5 kHz

SNR [dB]

Red Channel
2 L Green Channel 4
= Blue Channel
0 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000

Illuminance [Ix]

Figure 5.3: Curves of SNR versus illuminance for signal frequency 5 kHz.
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SNR vs llluminance for Signal Frequency 20 kHz
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+ Red Channel

2 L Green Channel
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Figure 5.4: Curves of SNR versus illuminance for signal frequency 20 kHz.

5.2 BER Analysis

In this section the BER for the VLC link will be examined. Firstly, for reasons of
completeness of this work, it was decided to calculate the BER for each channel

separately. The BER is calculated by the Equation 5.2.

BER — Errors (5.9)
" Total Number of Bits '

As seen from the Figure 5.5-5.7 the red channel shows the best performance while
the blue the worse. Furthermore, the SNR and the BER are closely linked and as a
result the lower illuminance of the blue channel gave a negative impact to the blue
channel BER. Note once again that the photodiode receiver is not equipped with

amplifiers and as a result the processed signal is very low.
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SNR vs BER for Signal Frequency 1.25 kHz
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Figure 5.5: Curves of SNR versus BER for signal frequency 1.25 kHz.

The impact of the frequency on the BER is also shown by the Figures 5.5-5.7
and as the frequency increases the BER is getting worse. Furthermore, the perfor-
mance of the green and the blue is comparable while the red shows a big lead. This
is due to the reasons explained in the previous section regarding the sensitivity of

the photodiode and the choice of color temperature.

SNR vs BER for Signal Frequency 5 kHz
10 - T T T T

BER
S
T

Red Channel <

Green Channel

Blue Channel

SNR [dB]

Figure 5.6: Curves of SNR versus BER for signal frequency 5 kHz.
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SNR vs BER for Signal Frequency 20 kHz
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Figure 5.7: Curves of SNR versus BER for signal frequency 20 kHz.

The impact of the frequency on the signal voltage swing and the distortions it
causes are shown in the Figures 5.8 and 5.9. Furthermore, by increasing the fre-
quency from 1.25 kHz to 20 kHz the electrical power of the red channel decreased

almost 20%, also 30% and 40% for the green and blue respectively.

Photodiode Received RGB Signals - 1160 Ix
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Figure 5.8: A 1.25 kHz received signal.
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Photodiode Received RGB Signals - 1160 Ix
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Figure 5.9: A 20 kHz received signal.

Figure 5.10 shows the correlation between of the illuminance and the total BER.
The total BER is calculated by the total number of errors from all the three channels
divided by the total number of the transmitted bits from all the three channels.
When the clock frequency is 1.25 kHz, the total BER around the 500 Ix is 10™ — 10°
3. This BER value is not the optimal, however the margin for further improvement
is big. Moreover, even though for 5 and 20 kHz the BER is around 10 and 10™
there is also the margin for improvement by amplifying the signals at the receiver.

The effect of the distance to the total BER is shown in Figure 5.11. Again, the
lower frequencies operate better in comparison with the higher. Furthermore, it is
shown that the upper limit for our test set-up is the distance of 40 cm or the illu-
minance of 370 Ix. In addition, for the clock frequency of 1.25 kHz the range where
the lowest total BER is 10 is x1.25 and x1.67 larger in comparison the 5 and 20

kHz clock frequencies respectively.
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Figure 5.10: Curves of illuminance versus BER for signal frequencies 1.25, 5 and 20

kHz.
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Figure 5.11: Curves of distance versus BER for signal frequencies 1.25, 5 and 20

kHz.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

6.2 Future Work

6.1 Conclusions

This work focused on the development of a VLC link based on a 3-CSK scheme for
indoor applications. Moreover, the thesis could be categorized in two large groups:
a) the hardware-oriented and b) the software-oriented implementations. The hard-
ware-oriented implementations are focused on the design and construction of the
VLC link. In addition, the soft-ware oriented implementations were focused on the
received signal at the photodiode. Both implementations are discussed briefly in the
next paragraph.

The first part was the design and the construction of the RGB LED transmitter
and the photodiode receiver which were the most important hardware implementa-
tions for the VLC link. Next, for the implementation of a pseudorandom binary
sequence generator that is required for the link evaluation, a FPGA platform was
used. The second part was dedicated to the signal retrieval from the three channels
of the photodiode. For the BER calculation the K-Means clustering algorithm was
used along with the proposed scheme. In addition, the proposed scheme used the
Euclidean distance for the digitization of the received signal. Finally, the link was

characterized based on the calculated BER, and SNR with respect to the illuminance.
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Designing and implementing robust links which will present tolerance to BER
while keeping the cost at low levels, is a very challenging task for the modern tele-
communication networks. This task becomes more difficult when the designer has
to deal the limited bandwidth and the electromagnetic interference. For these rea-
sons, VLC links tend be a solid, sustainable, and easily applicable solution which
will operate as an auxiliary for the telecommunication networks.

The components that have been used was carefully selected to fulfill the above-
mentioned requirements and to be easily adapted to the existing lighting infrastruc-
ture for minimizing the cost. Furthermore, the proposed CSK scheme can be easily
applicable and with some extra modifications to the receiver, the VLC link will be
capable to achieve acceptable performance levels.

OWC has been for many years an open research topic with great prospects but
with no practical use for commercial applications. Over the last years, the technology
of photodiodes along with the rise of optical networks and photonics due to their
high bandwidth, have brought the OWC in the foreground. Furthermore, the ability
to combine the worlds of electronics with the optical domain have set new capabilities
and possibilities to the tomorrow’s networks. So, will the OWC be the main wireless

network technology in the future?

6.2 Future Work

Although the proposed 3-CSK was used to characterize the photodiode channels the
need for increased bandwidth along with better BER performance is imperative.
Towards this direction, the use of signal amplifiers at the receiver side along with
the exploitation of dichroic filters should be examined. The combination of these two
issues might unlock the true capabilities of the RGB VLC link. The addition of the
amplifiers is a crucial step which is the first that should be done. Furthermore,
dichroic filters might better separate the channels and as a result contribute positively
to the cross-channel interference reduction.

Another challenging issue is the use of a CSK scheme with more than three
colors. Although, the complexity of the optical channel will be increased, the ad-

vantages with respect to the available bandwidth will also increase.
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The performance of the 3-CSK on real-time applications or devices with low
computational power, such as IoT devices, is also another area for further investiga-
tion. Another equally important study would be the examination of different mod-
ulation formats which utilize better the available bandwidth.

Finally, for applications with the presence of many transmitters in the same area
new problems must be examined. For instance, graph problems, handover policies
for moving users, overlapping areas, security issues are some of the topics of great

interest.
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