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Abstract

This thesis presents a new approach for Visible Light Positioning (VLP) using common
Light-Emitting Diode (LED) that can be found at any o ce, industry or indoor public
space (hospital, airport...), and any camera from a mobile phone or from an Autonomous
Guided Vehicle (AGV).

This solution is based on the simple codes that a light could transmit if we modulate it
properly, and clustering of codes to form unique combinations. The user device detects
the lights (at least four are needed for a 6-dimension location), decodes the transmitted
code, and identi es the cluster. After that, the exact location of each light is obtained
from a database and the location of the user in relation of the 4 lights is computed.

The described procedure has been implemented considering di erent options, it has been
evaluated and a working solution has been built and tested. Results from the design phase
and nal testing are provided.



Resum del Projecte

Aquesta tesis presenta una nova manera de ferus del Posicionament per Llum Visible
(VLP) mitjarcant LEDs que podem trobar a qualsevol o cina, industria 0 en un espai
public interior (com un hospital o un aeroport) i fentus de qualsevol amera d'un tekfon
nmobil, o d'un Vehicle de Guiat Automatic (AGV).

Aquesta solucb esh basada el lus de codis simples que una llum pot transmetre si la
modulem d'una certa manera, i en lus d'agrupacions de codis per formar combinacions
uniques. El dispositiu de l'usuari detectaa les llums (almenys es necessita que detecti
guatre llums per una localitzaco de 6 dimensions), descodi caa el codi transnes i iden-
ti cam l'agrupacp. Aleshores, la localitzacb exacta de cada llum es poda obtenir de
la base de dades, i, per tant, la localitzaco de l'usuari amb relaco a les quatre llums es
poda calcular.

El procediment descrit s'ha implementat considerant diverses opcions, tamte s'ha avaluat
I s'ha construdt una soluco que ha estat provada mitjarcant diferents testos.



Resumen del Proyecto

Esta tesis presenta una nueva manera de hacer uso del Posicionamiento por Luz Visible
(VLP) mediante LEDs que podemos encontrar en cualquier o cina o industria 0 en un
espacio publico interior (como un hospital 0 un aeropuerto) y haciendo uso de cualquier
@mara de un tekfono novil, o de un Vehculo de Guiado Automatico (AGYV).

Esta solucon est basada en el uso de @mdigos simples que una luz puede transmitir si
la modulamos de un cierto modo, y en el uso de agrupaciones de @digos para formar
combinacionesunicas. El dispositivo del usuario detectaa las luces (al menos se necesita
gue detecte cuatro luces por una localizacon de 6 dimensiones), descodi caa el mdigo
transmitido e identi cala la agrupacon. Entonces, la localizacon exacta de cada luz se
poda obtener de la base de datos, y por tanto, la localizacon del usuario en relacon a
las cuatro luces se poda calcular.

El procedimiento descrito se ha implementado condiderando varias opciones, tamben se
ha evaluado y construido una solucon que ha sido probada mediante diferentes test.
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1 Introduction

The idea of using light for location is not new. It has been used by animals for orientation
at night and by sailors to navigate using the stars. Lights in the sky are small and x,
o ering a perfect reference solution to determine the position (X,Y,Z) and orientation
(pitch, roll, yaw), o ering a 6 dimensions location.

Moving to an indoor scenario, arti cial light could be used in a similar way than stars
for navigation. The bulbs will be completely xed (they will not move), and they will
always be available (there will not be clouds that can hide the reference). The problem
that appears in this scenario is the identi cation of lights on the ceiling. In large spaces
lights tend to be identical and located in a regular basis, it is needed to have a way to
identify lights to locate them.

1.1 Motivation

Wireless indoor positioning systems have become very popular in recent years. These
systems have been successfully used in many applications such as asset tracking and
inventory management.

Wireless technologies have entered the realms of consumer applications, as well as medical,
industrial, public safety, logistics, and transport system along with many other applica-
tions. Self-organizing sensor networks, location sensitive billing, ubiquitous computing,
context-dependent information services, tracking, and guiding are some of the numer-
ous possible application areas. Since wireless information access is now widely available,
there is a high demand for accurate positioning in wireless networks, including indoor and
outdoor environments [1].

There are many technologies that are used for indoor positioning. In gure 1, we see a
rough outline of the current wireless-based positioning systems.

Figure 1. Outline of current wireless-based positioning systems [1].
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In gure 1 we observe that some of the popular solutions are Bluetooth, WiFi, ZigBee
or Ultra Wide Band (UWB), besides the Global Positioning System (GPS). However,
the GPS does not work indoors, requiring alternative ways of localizing devices. Among
the alternatives, WiFi-based indoor localization has proven to be most attractive where
existing WiFi Access Point (AP) deployment is leveraged to identify client's location.
Although low-cost, WiFi-based indoor localization o ers lower accuracy, and complex
multi-path cancellation techniques are required to improve the accuracy [2].

What we propose, is to make use of another technology. A technology that does not require
hardware may be unfeasible, but a technology that uses a hardware that is already there
can be feasible. WiFi is also possible, since nowadays, almost every indoor place is full of
WiFi APs, but they will not give us good results in terms of accuracy.

Light is a hardware that is already installed in the indoor places, so modulating this light

is another possibility to get the position of an object indoors. The advantage of using
lights over WiFi for localization is that typically there are many more LED luminaires in

a building compared to the number of WiFi APs. There has been some work on VLP,
for example Epsilon [3]: the mobile device performs receiver side localization by receiving
the light beacons from LED sources. Each LED source broadcasts a beacon with identity
and location information. To avoid collisions between the beacons of uncoordinated LED
sources, a distributed channel hopping is utilized. The receiver (a photodiode) on a mobile
device receives the beacon from multiple sources. It achieved a precision of the order of
40cm. Another example could be Luxapose [4]: Dierent from Epsilon, in Luxapose,
the receiver is considered to an imaging sensor such as the smartphone camera. The user
takes an image of LED luminaires using the camera. The image is then analyzed to detect
the beacon information broadcast by the luminaires and the Angle of Arrival (AOA) of
the beacon. Based on the orientation of the smartphone camera, angle-of-arrival from
the luminaires is then used for triangulation to localize the receiver device. Luxapose to
shown to achieve localization accuracy of 0.1 meters.

What we purpose in this thesis, is a di erent method to use the light as a transmitter
in a cheap and easy manner, so we can re-use the infrastructure, and locate with a good
precision a certain object with a camera, as we will see in section 5.
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1.2 Requirements & Speci cations

This section will describe the hardware we have used to build this project, and some
alternatives that can be used instead of the ones we have used.

Processing Unit

A microprocessor is the controlling unit of a micro-computer wrapped in a small chip, and
it contains all the functions of a Central Processing Unit (CPU) of a computer (Figure
2). The CPU is the electronic circuitry that executes instructions comprising a computer
program.

Figure 2. A CPU.

For this thesis, we do not need that much process, but we need a hardware that allows
to run multiple threads at the same time. The RPi (Figure 3) is a low cost, credit-card
sized computer that plugs into a computer monitor or TV, or it can be used remotely, for
instance, via Virtual Network Computing (VNC) or Secure Shell (SSH).

It is capable of doing everything you would expect a desktop computer to do, from
browsing the Internet and playing high-de nition video, to making spreadsheets, word-
processing, and playing games. The RPi has the ability to interact with the outside world,
and has been used in a wide array of digital maker projects, from music machines and
parent detectors to weather stations and tweeting birdhouses with Infrared (IR) cameras.

Figure 3. A Raspberry Pi 4 Model B.
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On RPi we can install multiple Operating System (OS), so it can run the program faster
than more complex OS. The RPi also has the possibility of multi-threading, it has multiple
cores, so we can run a part of the program on each of the cores and have a higher
performance.

In this project, we will use the RPi 4B (Figure 3), with Raspbian OS, which is a Linux-
based environment speci cally designed by Raspberry Pi Foundation to use all the re-
sources that the RPi can o er in an optimal way. Running another real-time OS may
lead to a higher performance, but Raspbian OS has an environment and tools to program
it in a easier way.

The RPi 4B has the speci cations seen in the table I.

Table I. Speci cations of the RPi 4B

Processor Clock RAM Memory Connectivity
Frequency
Quad core Bluetooth 5.0,
Cortex-A72 (ARM 1.5GHz 4G§$:E,3R4 WiFi 802.11ac,
v8) 64-bit Gigabit Ethernet

We think that using the RPi is the best option, due to its power, the ease to program
it remotely, the possibility on connecting a camera or accelerometer and its four cores to
use the multi-threading.

Camera

Since we are using a RPi, the camera that best suits is the RPi Camera that Raspberry
Pi Foundation manufactures. We will concretely use the RPi camera v2.1 (Figure 4).

This camera must satisfy some requirements:

1. Exposure: It is the amount of light which reaches the camera sensor or Im. It
determines bright or dark your pictures appear. Our camera must allow us to
modify this parameter.

2. Image Acquisition Frame Rate: The higher the framerate (sample frequency), the
higher the number of frequencies that we can use, and the higher number of clusters
we will have. For most applications, it is good to have at least & = 90 Frames
per Second (FPS), so following the Nyquist criteria (equation 1.1), we can have a
range of 45 frequencies to use.

2 I:signal I:sampling (1- 1)

3. Objective Aperture: We have to do object detection, so the larger the image is, the
larger separation between LEDs we can have. If we have a wide objective aperture,
the image that the camera will capture will be big. We have to take into account
that if we want to use a sh eye e ect, we have to do the proper corrections of
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the image to remove all the distortion. It is fundamental not to have any e ect
that distorts the image, because it can lead to error of measurement, if we have a
distortion, we must remove it before starting the process.

4. Image Resolution: It is the detail an image holds. If we have a higher detail, we
may get more precision on detecting the image, since a pixel error would correspond
to less centimeters. On the other hand, more image resolution would led us to a
longer computing time, because we will have more pixels to analyze.

Figure 4. Raspberry Pi Camera v2.1.

Lights

The main idea of this project, is to use lights that are already installed, so we do not have
to buy and replace the infrastructure of the working area.

For this thesis, we will use white LEDs, because they are cheaper than other kind of
lights, and it is more practical to set an infrastructure for testing with small cheap LEDs
than with larger lights, light bulbs or uorescent lights. Having LEDs also have a lower
rate on causing icker because the surface of a LED is smaller than other kind of light
(further explanation in section 2.5), but in a real deployment, a small LED can bring us
some technical issues.

Controller Board

We need a controller that allows the LED to blink. Ideally we would like to use directly a
switch and a current source. But again, for simplicity, we will use a hardware that makes
the LED blink.

What we need for this project is a processor that does not have interruptions, the CPU
should not do OS tasks nor having more processes. This way we can ensure that the
instructions will be executed at the exact moment they should be executed (we need that
they blink exactly in the frequency we will set).

Arduino is an open-source electronics platform based on easy-to-use hardware and soft-
ware. It has controller boards, like Arduino UNO (Figure 5a), that are able to read inputs,
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and turn it into an output. The Arduino UNO, is a controller board that has a single
processor, and only one core, which meets the requirements we need.

Arduino comes with a software where the user can program in a C++ based language,
and enable/disable outputs following the code, along many other functionalities.

For this project, we do not require speci cally the Arduino board. We can use another
controller, for example the Elegoo UNO (Figure 5b), that is an imitation of Arduino
board, but it is half of the cost. It may be not that powerful, but we do not need complex
computations to perform this project. We can also use the ESP32 (Figure 5c¢), which is a
chip with Bluetooth and WiFi integrated, that can be programmed through the Arduino
software.

(a) Arduino UNO R3. (b) Elegoo UNO R3.

(c) ESP32.

Figure 5. Examples of Controller Boards.

For this project, we will use the Elegoo UNO R3 (Figure 5b).
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Gyroscope/Magnetometer/Accelerometer

This three devices are useful for determining position and orientation, but they measure
di erent things:

" Gyroscope: It measures either changes in orientation or changes in angular velocity.
Nevertheless it will not maintain the angular velocity.

" Magnetometer: It is a device that measures magnetic eld or magnetic dipole mo-
ment. It is useful to determine absolute orientation in the North-East-South-West
(NESW) plane.

" Accelerometer: It measures measures accelerations. This is useful to measure
changes in velocity and changes in position.

The idea of the thesis is to locate an object that is moving all the time and over any
direction, like an AGV. These sensors allow us to know if the camera has turned, and
how many degrees has turned. Depending on the scenario we are using, we should use
one or another. For indoor scenarios, in case that there is not a factory or a place with

a high magnetic eld that can distort the measure, the best alternative is probably the
magnetometer. But if it can be elements like magnets that could distort the measure of
the magnetometer, using an accelerometer is also a good alternative.

For this thesis we will use the magnetometer HMC5883, since it is cheap and popular,
and has supported libraries for RPI.

It is not fully required to use one of them to reproduce the solution deployed in this
thesis, but as we will see in section 3.3, using a one of these sensors enables to use a larger
number of clusters.
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2 Visible Light Communications

Humans have used over their history light as a mean of communications.

The rst light they used to communicate was through re. Since re was discovered,
by creating beacon res, they could detect where there was a certain group of people,
but when human evolved, they could use these beacon res to make communications by
Morse Code. Around 400BC, during the Battle of Marathon, Spartans used their shield
to re ect the sunlight [5], thus creating a signal to communicate with their comrades. In
1821, German professor Carl Friedrich Gauss created a modern heliograph (Figure 6a) as
means of telegraphic communications, and in 1880, Alexander Graham Bell invented the
photophone (Figure 6b), which was the rst instrument that allowed to transmit sound

by means of light (in this case, sunlight).

(a) Heliograph. (b) Photophone.

Figure 6. Two of the most relevant inventions in light communications of the XIX
century.

When the lamp was invented, they did modern lighthouses, ship-to-ship communications,
tra c lights, etc... And in the recent years, we can use LED as a new mean of light
communication, thus Visible Light Communications (VLC) was born.

2.1 Optical Wireless Communications

We can divide the frequency spectrum in the Radio Spectrum and the Optical Spectrum.
It is divided as seen in Figure 7. The most part of communications are below the 300GHz,
but in our case, we are targeting the Optical Spectrum.

OWC, which uses an ultra-wide range of unregulated spectrum, has emerged as a promis-
ing solution to overcome the Radio Frequency (RF) spectrum crisis. It has attracted
growing research interest worldwide in the last decade for indoor and outdoor applica-
tions. OWC o oads huge data tra ¢ applications from RF networks. A 100 Gb/s data

rate has already been demonstrated through OWC. It o ers services indoors as well as
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Figure 7. Frequency Spectrum [7].

outdoors, and communication distances range from several nm to more than 10 000 km

[6].

Although the Optical Spectrum is constituted by several elements, as seen in Figure 7,
we consider that OWC encompasses the IR, Visible Light (VL) and Ultraviolet (UV)
Spectrum. In table Il, we can see the main di erences between them.

Table Il. Comparison between OWC technologies [6].

- Limited low data rate
NLOS communication us-
ing the re ection of IR.

Issue Infrared Visible Light Ultraviolet
Wavelength 760nm - 1mm 360nm - 760nm 10-400nm
- Safe for human - Not visible for human eye
Advantages - Not visible for human eye _ Can be used for illumi- - High data rate Non Line
nation and communication of Sight (NLOS) communi-
purposes simultaneously  cation is possible
- Mot always safe for MU= visipility of light even
- Line of Sight (LOS) com- when it is not r_equ!red
s o - LOS communication
Limitations munication - Not safe for human

- Limited low data rate
NLOS communication us-
ing the re ection of light.

Communication
Technologies

- IRC

- LiFi

- 0CC
- FSO

- LIiDAR

-VLC

- LiFi

- 0CC
- FSO

- LIiDAR

- UvC
- LiFi
- FSO

The IR and VL spectral regions o er a virtually unlimited bandwidth that is unregulated

worldwide. IR and VL are close together in wavelength, and they exhibit qualitatively
similar behavior. Both are absorbed by dark objects, di usely re ected by light-colored
objects, and directionally re ected from shiny surfaces. Both types of light penetrate
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through glass, but not through walls or other opaque barriers, so their transmissions are
con ned to the room in which they originate [8].

Given that there is a widespread deployment of LED lighting in homes, o ces and street-
lights because of the energy-e ciency of LEDs, there is an added bene t for VL deploy-
ment in that it can build on existing lighting infrastructures.

2.1.1 Visible Light Communications

VLC is an emerging eld in OWC, de ned in the IEEE 802.15.7, which utilizes the
superior modulation bandwidth of LEDs to transmit data. In modern day communication
systems, the most popular frequency band is RF mainly due to little interference and good
coverage. However, the rapidly dwindling RF spectrum along with increasing wireless
network tra ¢ has substantiated the need for greater bandwidth and spectral relief. By
combining illumination and communication, VLC provides ubiquitous communication
while addressing the shortfalls and limitations of RF communication [9].

2.1.2 LiFi

Light Fidelity (LiFi) uses LEDs for high speed wireless communication, and speeds of
over 3 Gb/s from a single micro-LED.

The cell sizes can be reduced further compared with mm-wave communication leading
to the concept of LiFi attocells [10], that are an additional network layer within the
existing heterogeneous wireless networks, and they have zero interference from, and add
zero interference to, the RF counterparts such as femtocell networks.

Di erent from VLC, LiFi uses IR signals for uplink, but it describes a complete wireless
networking system. Figure 8 illustrates the principal techniques that are needed to create
optical attocell LiFi network.

Figure 8. The principal building blocks of LiFi and its application areas [11].
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2.1.3 Optical Camera Communication

A system employing an Image Sensor (IS), i.e., a camera, is known as Optical Camera
Communication (OCC), which requires no hardware modi cations. The IS in a camera
can be used to provide an imaging Multiple Input Multiple Output (MIMO) system,
I.e., enabling spatial separation of light sources on the IS. In addition, the camera IS-
based Receiver (RX) is capable of capturing information not only from multiple TX
(i.e., LEDs) but also from digital displays such as Liquid Crystal Display (LCD) and
organic LED (OLED)-based screens. Furthermore, an OCC image capturing increases
the communication range in outdoor environments up to a kilometer, due to the use of
image processing, long sampling duration and lenses [13].

Nevertheless, most OCC schemes reported in the literature are intended for indoor ap-
plications because of smart-devices availability and a lower intensity of ambient light in
indoor environment. It is important to note that OCC-based systems are mainly targeted
for a low-rate transmission, due to the reception-sampling rate, which is determined by
the camera framerate, which is typically in the range of 30 to 60 FPS at a common res-
olution of 19200 1080 pixels. However, with current advances made in cameras, for the
same resolution, framerate of new smartphone cameras can reach up to 960 FPS. Di er-
ent from VLC, that uses a photodetector to process the received optical intensity, OCC
Is based on capturing the source using the IS, i.e., a two-dimension (2D) RX containing
millions of pixels, and carrying out a signi cant amount of image processing to acquire
the information. Therefore, the data transmission rate of OCC is mostly limited to either
kilobits or megabits per second (kbps or Mbps) in contrast to multi-gigabit per second
(Gbps) transmission rates in VLC systems [13].

OCC predominantly relies on the directional LOS transmission mode. In addition, OCC
conveniently o ers a MIMO capability by extracting the data from captured multiple light
sources. Therefore, for these reasons, OCC can be considered as a subset of VLC. It is
interesting to note that the imaging MIMO capability of the camera can also be exploited

for other applications, such as range estimation, shape detection, scene detection, etc..
[13].

2.2 Modulations

We call modulation the process of modifying one of more properties of a periodic waveform,
in a wave that we call carrier signal.

In VLC, the modulating signals can be used to switch LEDs at desired frequencies which
contains information to be transmitted. Single carrier modulations include On{O Key-
ing (OOK), Pulse-Position Modulation (PPM), Pulse-Amplitude Modulation (PAM) etc.
which have been widely used in IR communications [8]. In table Il we see the some
di erences between modulation schemes.

These modulation methods incorporate Run Length Limited (RLL) sequences to avoid
long strings of the 1s or Os which could potentially cause icker, and to aid clock and data
recovery. Forward Error Correction (FEC) methods such as Reed Solomon (RS) may be
used for error correction.
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Table Ill. Comparison of popular modulation schemes in VLC [9]

Modulation Spectral P.ower SVStem Comment
E ciency E ciency Complexity
OOK High Low Low Prone to Flickering
Non-linearity in
PAM Moderate Low Low LED's luminosity
PPM Low High Moderate Complex transceiver
structure
Non-linearity for high
OFDM High Moderate High Peak-to-Average
Power Ratio (PAPR)
Manchester Reduces by two the
. Moderate Moderate Moderate data transmission
Coding rate

2.2.1 On{O Keying (OOK)

OOK is one of the simplest modulation techniques used to switch a LED between a high
(bit 1) and low (bit 0) to modulate data. RLL codes such as Manchester coding may
be used for DC balance. In OOK-Non-Return-to-Zero (NRZ), Os and 1s are represented
by positive and negative voltages. This technique had been widely used in VLC and can
carry more information since there is no rest state [9]. We can see an example of OOK in
gure 9, where brown signal represents the original, and blue signal, the OOK-Modulated.

Figure 9. On-O Keying Example.

2.2.2 Pulse-Amplitude Modulation (PAM)

PAM is a very basic modulation scheme which is bandwidth e cient. Data is modulated

into the amplitude of the signal pulse. Modulation schemes employing multiple intensity
levels such as PAM may undergo nonlinearity in LEDs luminous e cacy. Due to the

dependence of the color of LED emission on input current and temperature, multiple
symbol levels of PAM are subject to shifts in color temperature due to variation in drive

current [9].

In gure 10, we see the principle of PAM, where in blue is the original signal and in red,
the PAM signal, in function of the amplitude and the time.
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Figure 10. Pulse-Amplitude Modulation Example [16].

2.2.3 Pulse-Position Modulation (PPM)

PPM is a modulation in which the temporal position of the pulses are varied in accor-
dance with some characteristic of the information signal. They have amplitude and width
constant. M message bits are encoded by transmitting a single pulse in one %f @ossible
required time shifts. This is repeated everyf seconds, such that the transmitted bit rate
is M=T bits per second [15].

In gure 11, we see the di erence between PAM and PPM modulations.

Figure 11. Pulse-Position Modulation Example

System complexity is increased on PPM compared with OOK, as it requires stricter bit
and symbol synchronization at the receiver. The average power requirement for PPM is
lower than OOK since it avoids the Direct Current (DC) and lower frequency component
of the spectrum, but it is less bandwidth e cient [9].

2.2.4 Orthogonal Frequency-Division Multiplexing (OFDM)

Orthogonal Frequency-Division Multiplexing (OFDM) is a particular form of Multi-carrier

transmission and is suited for frequency selective channels and high data rates. This
technique transforms a frequency-selective wide-band channel into a group of non-selective
narrowband channels, which makes it robust against large delay spreads by preserving
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orthogonality in the frequency domain. Moreover, the ingenious introduction of cyclic
redundancy at the transmitter reduces the complexity to only Fast Fourier Transform
(FFT) processing and one tap scalar equalization at the receiver [14].

High data rates are realized by utilizing multiple orthogonal sub-carriers to transmit
parallel data streams simultaneously, reducing (ISI) and the need for complex equalizers.
OFDM is spectrally e cient, and is robust against channel dispersion [9].

Although with OFDM we can achieve a high data rate, we will need sophisticated LEDs
in order to get these rates.

2.2.5 Manchester Code

Manchester encoding is a form of Binary Phase-Shift Keying (BPSK) that has gained
wide acceptance as the modulation scheme for low-cost RF transmission of digital data.
Manchester is a simple method for encoding digital serial data of arbitrary bit patterns
without having any long strings of continuous zeros or ones, and having the encoding clock
rate embedded within the transmitted data. These two characteristics enable low-cost
data-recovery circuits to be constructed that can decode transmitted data with variable
signal strengths from transmitters with imprecise, low-cost, data-rate clocks [17].

The encoding of digital data in Manchester format de nes the binary states of "1" and
"0" to be transitions rather than static values. Figure 12, depicts how the de nition of
Manchester is.

Figure 12. Manchester de nition (de ning logical binary data as edge transitions) [17].

Manchester-encoded data bit, is a transition, thus, it requires two chips. A sample serial
data stream is shown in Figure 13. We can also observe, that statically, 50% of the time
we have zeros, and the other 50% of the time, we have ones.

Recently, the authors of [12] used a smartphone camera for indoor position with an OCC
system that employed Manchester coding to guarantee an average intensity level of 50%
of the maximum output power. The accuracy of their approach was con rmed in an OCC
link of 2.7m.
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Figure 13. Example of Manchester encoding of a serial data stream using the de nition
shown in Figure 12 [17] .

2.3 Rolling Shutter

In a camera sensor, there is a large number of photodetectors, and because of this, it is
not possible to read the output of each pixel in parallel. Instead modern camera sensors
employ row scanning where photodetectors of one row of the matrix is read at a time.
This procedure of reading photodetector output row by row (or column-by-column) is
referred as rolling shutter [9].

Figure 14. The rolling shutter e ect observed when receiving data using an image sensor

[9].

Figure 14 shows how the rolling shutter process can be leveraged to increase the data
rate. For illustration purposes, we assume that the transmitter uses OOK modulation.
The transmitter can change its state (transmit the next symbol) in a time shorter than
the time required to scan a row of pixels. As shown in Figure 14, the transmitter is in ON
state rst which results in higher intensity output for pixels of the rst column. At the

next time instance, it changes its state by switching to OFF state. This can be recorded
as low intensity output for pixels of the second column. Once all the columns are scanned,
all the columns of the resultant image can be converted to binary data [9].

Rolling shutter is the most popular solution to identify patterns in the image that can
be used to identify the transmitted signal. Nevertheless, the main problem it has, is that
it requires the LED to have a wide area in order to get the code correctly. For certain
applications, using the rolling-shutter e ect may not be the proper option.

25






	List of Figures
	List of Tables
	Introduction
	Motivation
	Requirements & Specifications

	Visible Light Communications
	Optical Wireless Communications
	Visible Light Communications
	LiFi
	Optical Camera Communication

	Modulations
	On–Off Keying (OOK)
	Pulse-Amplitude Modulation (PAM)
	Pulse-Position Modulation (PPM)
	Orthogonal Frequency-Division Multiplexing (OFDM)
	Manchester Code

	Rolling Shutter
	Visible Light Positioning
	Positioning Techniques
	LED Transmission Techniques

	Temporal Light Artefacts
	Percent Flicker


	System Design
	Transmitter
	Receiver
	Code Allocation

	Implementation
	LED Detection
	Frequency Computation
	Position Computation
	Positioning the RX


	Results
	Conclusions & Future Work
	Abbreviations
	References
	Appendices
	Demonstration: AR Formula
	FFTs using different Blinking Frequencies

