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Abstract

MODELING AND SIMULATION OF AN ADAPTIVE SPATIAL
MODULATION SCHEME FOR OPTIMIZATION OF EFFECTIVE
BANDWIDTH IN COMMUNICATIONS OVER VISIBLE LIGHT (VLC),
USING SOLID STATE DEVICES FOR LIGHTING (SSL).

This thesis presents an investigation of the di erent formats and modulation methods used
in Optical Wireless Communications (OWC), speci cally in Visible Light Communications
(VLC), using solid-state lighting devices (SSL). The nal objective is to propose, model
and validate an adaptive spatial (three-dimensional) modulation scheme that allows the
optimization of the e ective bandwidth through the use of power RGB LEDs.

Initially, a taxonomy of the di erent technologies and possible uses of OWC communications
is made in order to identify their functionalities and characteristics. From this classi cation,
the challenges presented by visible light communications for indoor use also called VLC
(which is within the OWC category), were identi ed, as well as the di erent modulation
formats used in it.

Once the above has been determined, a review of the state of the art for each of the identi ed
challenges is made, and the contribution that was made to solve this particular challenge (if
applicable) during the course of the Doctoral process and that made it possible to reach the
proposed solution.

In section 3, the underlying theory of LEDs is shown, which are a fundamental part of VLC
systems. Based on the electrical model, the equations that allow characterizing relevant
aspects such as electrical bandwidth, optical bandwidth, radiation patterns, and optical
power are determined. Finally, the experimental characterization (laboratory measurements)
of the RGB LED device used to implement the nal proposal of this thesis is presented.
Section 4 presents an overview of di erent baseband digital modulation formats used in VLC
systems. Some of these formats allow lighting control by themselves, or in conjunction with
techniques such as PWM or current injection (I-bias). In subsection 4.4, the work carried out
during the development of this research process is exposed in detail using some modulation
formats presented in the previous subsections and which allow solving the lighting control
problem by keeping constant the transmission speed of data.

The aforementioned works, achieved a constant transmission rate of 6 Kbps using a co-
di cation that combines in the same bit frame PWM modulation for brightness control
and M-PPM coding for the creation of data words, the transmitter was implemented with
two 10W RGB LEDs located 0:9 meters from the receiver (Texas Instruments OPT101
photo-detector), and a range of illumination was obtained between 25 % to 85 % of the pos-
sible light power of the LED sources. Similarly, a second work implements a Di erential
Manchester-PWM hybrid di erential encoding for data transmission and brightness control
in a real-time system, the proposed digital modulation allows simultaneous control of bright-
ness while maintaining data transmission with a constant rate of 50 Kbps using three 10 W



white LEDs at a distance of 0:9 meters, and a brightness range between 10 % and 90 % of the
maximum luminous ux of the LED sources. It should be noted that these proposed hybrid
encodings are self-authored and to the best of our knowledge, had not been presented prior
to publication and submission to IEEE Latin America and COLCOM 2020 respectively.

Given the good results obtained in the previously presented works, we focused on optimi-
zing the available bandwidth, taking into account that in an RGB LED, three transmission
sources are available (one for each color) similar to the WDM technique (wavelength division
multiplexing). In the rst instance, OFDM (Orthogonal Frequency Division Multiplexing)
multicarrier modulation was used and it was determined by means of simulations which were
the most e cient coding schemes taking the Bit Error Rate (BER) as a reference. Next, it
was explored which was the best way to segment the information in order to be transmitted
through each of the available channels. It was determined that the data bit stream should
be segmented into groups of 6 bits (4 M-QAM coded bits and 2 M-PAM coded bits) using
the Spatial Multiplexing (SM) transmission scheme, generating a three-dimensional conste-
llation and obtaining a speed of 27:3 Mbps through a 1:5 m VLC link (subsection 5.4.1).

Keywords: OWC, VLC, LED, RGB, Modulation, PWM, M-PPM, ManchesterWwWDM,
OFDM, Spatial Multiplexing .
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Resumen

MODELADO Y SIMULACION DE UN ESQUEMA DE MODULACION
ESPACIAL ADAPTATIVA PARA LA OPTIMIZACION DEL ANCHO DE
BANDA EFECTIVO SOBRE LUZ VISIBLE (VLC), UTILIZANDO
DISPOSITIVOS DE ESTADO SOLIDO PARA LA ILUMINACION (SSL)

Esta tesis presenta una investigacion sobre los diferentes formatos y metodos de modulacion
usados en comunicaciones opticas inalambricas (OWC - Optical Wireless Communications),
espec camente en las comunicaciones sobre luz visible (VLC - Visible Light Communica-
tions), utilizando dispositivos de estado solido para iluminacion (SSL). El objetivo nal es
proponer, modelar y validar un esquema de modulacion espacial (tridimensional) adaptativo,
que permita la optimizacion del ancho de banda efectivo mediante el uso de LED’s RGB de
potencia.

Inicialmente, se hace una taxonom a de las diferentes tecnolog as y posibles usos de las
comunicaciones OWC con el n de identi car sus funcionalidades y caracter sticas. A partir
de esta clasi cacion, se identi caron los desaf os que presentan las comunicaciones por luz
visible para uso en interiores tambien denominada VLC (la cual se encuentra dentro de la
categor a OWC), as como tambien los diferentes formatos de modulacion usados en ella.
Una vez se ha determinado lo anterior, se hace una revision sobre el estado del arte para
cada uno de los desaf os identi cados, y se indica la contribucion que se realizo para resolver
ese reto en particular (si es del caso) durante el transcurso del proceso Doctoral y que
permitieron llegar a la solucion propuesta.

En la siguiente seccion se presenta la teor a subyacente a los LED, los cuales son parte
fundamental de los sistemas VLC. En esta, a partir del modelo electrico, se determinan las
ecuaciones que permiten caracterizar aspectos relevantes tales como como el ancho de banda
electrico, ancho de banda optico, patrones de radiacion y potencia optica. Al nalizar, se
presenta la caracterizacion experimental (medidas tomadas en laboratorio) del dispositivo
LED RGB usado para implementar la propuesta nal de esta tesis.

A continuacion, se muestra una descripcion general de diferentes formatos de modulacion
digital en banda base usados en los sistemas VLC. Algunos de estos formatos permiten el
control de iluminacion por si solos, en union con tecnicas tales como PWM o inyeccion
de corriente (I-bias). En la subseccion 4.4, se exponen de manera detallada los trabajos
realizados durante el desarrollo de este proceso de investigacion usando algunos formatos de
modulacion presentados en las subsecciones anteriores, los cuales permiten dar solucion al
problema del control de iluminacion manteniendo constante la velocidad de transmision de
datos.

Los trabajos mencionados anteriormente, lograron una velocidad de transmision constante
de 6 Kbps usando una codi cacion que combina en una misma trama de bits la modulacion
PWM para control de brillo y la codi cacion M-PPM para la creacion de palabras de datos,



Xii

el transmisor se implemento con dos LEDs RGB de 10 W ubicados a 0:9 metros del receptor
(foto-detector OPT101 de Texas Instruments), y se obtuvo un rango de iluminacion entre
25 % al 85 % de la potencia luminosa posible de las fuentes LED. De igual forma, un segundo
trabajo implementa una codi cacion diferencial h brida Manchester-PWM para la transmi-
sion de datos y el control de luminosidad en un sistema en tiempo real, la modulacion digital
propuesta permite el control simultaneo de la luminosidad manteniendo la transmision de
datos con una velocidad constante de 50 Kbps utilizando tres LED’s blancos de 10 W a una
distancia de 0:9 metros, y un rango de luminosidad entre el 10% y el 90% del ujo lumi-
noso maximo de las fuentes LED. Cabe anotar que estas codi caciones hibridas propuestas,
son de autor a propia y segun nuestro mejor conocimiento, no hab an sido presentadas an-
tes de la publicacion y presentacion en la revista IEEE Latinoamerica y COLCOM 2020
respectivamente.

Dados los buenos resultados obtenidos en los trabajos presentados anteriormente, nos enfo-
camos en optimizar el ancho de banda disponible, teniendo en cuenta que en un LED RGB,
se tienen disponibles tres fuentes de transmision (una por cada color) similar a la tecnica
WDM (multiplicacion por division de longitud de onda). En una primera instancia, se hizo
uso de la modulacion multiportadora OFDM (Multiplexacion por Division de Frecuencias
Ortogonales) y se determino por medio de simulaciones cuales eran los esquemas de codi -
cacion mas e cientes, teniendo como referencia tasa de error de bit (BER). A continuacion,
se exploro cual era la mejor forma de segmentar la informacion con el n de ser transmitida
por cada uno de los canales disponibles, se determino que el ujo de bits de datos deb a ser
segmentado en grupos de 6 bits (4 bits codi cados M-QAM y 2 bits codi cados M-PAM)
usando en esquema de transmision por Multiplexacion Espacial (SM) generando una cons-
telacion tridimensional obteniendo una velocidad de 27:3 Mbps a traves de un enlace VLC
de 1:5 m (subseccion 5.4.1).

Palabras clave: OWC, VLC, LED, RGB, Modulacion, PWM, M-PPM, Manchester,
WDM, OFDM, Multiplexacion Espacial.



Content

Acknowledgments
Abstract
List of Abbreviations and Acronyms

1. Introduction
1.1. VLCChallenges . . . . . . . . . . e

2. State Of The Art
2.1. Integration with existing infrastructure . . . . . . .. .. ... ... ... ..
2.2. Equalization . . . . . . ..
2.3. Dimming control . . . .. ..
2.3.1. Contributions related to dimming control: . . . . ... ... ... ..
2.4. Spectral e CIeNCY INCrease . . . . . . . . v v v v i i i

2.5. Problemstatement. . . . . . ... ...
2.6. Objectives . . . . . . . . . e
2.6.1. General Objective. . . . . . ... .. . .. . .. ..
2.6.1.1. Speci cobjectives . .. .. ... ... ... .

3. Methodology
3.1. Thenatureoflight . . ... .. ... ... ... ... .. .. . .. ... ...
3.1.1. Photoelectrice ect . . . . . . . . ... ..
3.2. Photodetectors (Light Sensors) . . . . . . . . . . ... .. .. ..
3.2.1. Parametersof PIN . . . . .. .. .. .. . ... .. ...
3.3. LED circuit model and modulation characteristics . . . . .. ... ... ...
3.3.1. Bandwidthinthe LED . . .. .. .. ... ... ... ... ......
3.4. LED radiation pattern . . . . . . . . ...
3.5. Experimental characterization of the RGB LED used in this work. . . . . ..

4. Modulation techniques and Dimming control
4.1, Previous WOrks . . . . .
4.2. Dimming control . . . . . . ...

VII

11
11
13
15
18
20
23
23
24
24
24

25
25
26
28
29
32
34
39
41



Xiv Content

4.3. Modulation techniques for Dimming . . . . . . . . ... ... ... ...... 45
4.3.1. OOK (On-O Keying): . . . . . v v v i i e e e e e e 46
4.3.2. L-PAM (Level Pulse Amplitude Modulation): . . .. ... .. .. .. 47
4.3.3. PPM (Pulse Position Modulation): . . . . .. .. ... ........ 48
4.3.4. PPMVariants: . . . . . . . . . . e 48

4.3.4.1. M-PPM (Multi-Pulse Position Modulation).-. . . . . .. .. 49
4.3.4.2. Di erential Amplitude Pulse Position Modulation (DAPPM).-
................................. 49
4.3.4.3. V-PPM (Variable Pulse Position Modulation).- . . . .. .. 49
4.3.4.4. Digital Pulse Interval Modulation (D-PIM).- . . . . . . . .. 50
4.3.45. Overlapping PPM . . . ... . ... ... ... ... ..., 51

44. Relatedworks . . . . . . . 52

4.4.1. Experimental Validation of Inverse M-PPM Modulation for Dimming
Control and Data Transmission in Visible Light Communications . . 52
4.4.1.1. Coding And Luminosity Control . . . . ... ... ..... 52
4.4.1.2. Experimental framework . . . . .. ... ... ... ... .. 57
44.1.3. Results . .. ... .. . .. .. 60

4.4.2. Real Time Implementation of a Hybrid Di erential Manchester-PWM
Encoding for Constant Data Rate under Variable Brightness in VLC
SysStems . . . e e 63
4.4.2.1. Di erential Manchester as PWM for dimming control . . . . 64
4.4.2.2. System implementation on SoC-FPGA . . . . .. ... ... 65
44.2.3. Results . .. ... .. . .. ... 68

5. Multicarrier Modulation 72

5.1. Denition . . . . . . . e e e e 72

5.2. Relateds works . . . . . . . . e 72

5.3. IFFT and DHT-based OFDM Signals: . . . . ... ... .. ... ...... 73

5.4. The Proposal . . . . . . . . . . . . . e 77
5.4.1. Three Dimensional Modulation Format for Data Transmission in RGB

Visible Light Communication Systems . . . . ... ... ....... 77
5.4.1.1. The Proposed 3D Symbol Mapper . ... .. ... ..... 78
5.4.1.2. The VLC Channel Model . . ... ... ... ........ 79
54.1.3. SystemModel. . ... ... ... . ... ... . ... ... 80
5.4.1.4. Computational Complexity Analysis: . . . . . ... ... .. 81
5.4.1.5. Model Validation Through Numerical Simulations: . . . . . 82
5.4.1.6. Experimental Setup . .. ... ... .. ... ........ 83

5.4.1.7. Validation and Experimental Results . . . . . . ... .. .. 84



Content

XV

6. Conclusions and future work
6.1. Conclusions

6.3. Publications . . . ... ... .. .. ..
6.4. Presentations . .. ... ... .....

A. Annexed: Channel Modeling
A.1l. Channel model with Lambertian source

Bibliography

6.2. RFuture Works . . . . . ... ... .. ..

87
87
88
88
89

90
92

94



List of Abbreviations and Acronyms

Acronyms
Acronym Description
5G Fifth Generation
ACO-OFDM Asymmetrically Clipped Optical OFDM
AP Access Point
ASK Amplitude-shift keying
B-OFDM Biased-OFDM
BER Bit Error Rate
BMC Biphase Mark Code
BPSK Binary phase shift keying
CAP Carrierless Amplitude Phase
CE-OFDM Constant-Envelope OFDM
CCl Co-Channel Interference
CCR Constant Current Reduction
C-OFDM Clipped OFDM
CMOS Complimentary Metal Oxide Semiconductor
CSK Color Shift Keying
D Duty cycle
DAPPM Di erential Amplitude Pulse Position Modulation
DC Direct Current
DCO-OFDM DC-biased Optical OFDM
DFSOOK Dimming Frequency Shift On-O Keying



Content

XVil

DHT
DMT
D-PIM
DSP
FPGA
FSK
FSO
HS

ICI
IM/DD
loT

IrLED
ISI

ITS
LAN
LED
LiFi
L-PAM
LOS
MCM
MIMO
M-PPM
NRZ
ocCcC
OFDM
OOK
O-PPM

Discrete Hartley Transform

Discrete Multitone

Di erential Pulse Position Modulation
Digital Signal Processing

Field Programmable Gate Array
Frequency Shift Keying

Free-Space Optical communications
Hermitian Symmetry

Inter-Channel Interference
Direct Detection/Intensity Modulation
Internet of Things

Infrared

Infrared Light Emitting Diodes

Inter Symbol Interference

Intelligent Transportation Systems
Local Area Network

Light Emitting Diodes

Light-Fidelity

Level-Pulse Amplitude Modulation
Line Of Sight

Modulation by Multiple Carriers
Multiple Input Multiple Output
Multi-Pulse Position Modulation

Non Return to Zero

Optical Camera Communication
Orthogonal Frequency Division Multiplexing
On-O Keying

Overlapping PPM



owcC

PD
PLC
PPM
PSK
PWM
QAM
QPSK
RF
RRC
SCM
SE
SSL
SRRC
U-OFDM
UOWC
V2l
VA,
VLC
V-PPM
WDM
WiFi

Simbols

Xviii

Content

Optical Wireless Communications
Phase

Photodiode

Power Line Communication

Pulse Position Modulation

Phase Shift Keying

Pulse Width Modulation
Quadrature Amplitude Modulation
Quadrature Phase Shift Keying
Radio Frequency

Root Raised Cosine

Modulation by Single Carrier
Spectral E ciency

Solid-State lllumination
Square-Root Raised Cosine
Unipolar OFDM

Underwater Optical Wireless Communications
Vehicle-to-Infrastructure
Vehicle-to-Vehicle

Visible Light Communications
Variable Pulse Position Modulation
Wavelength Division Multiplexing

Wireless Fidelity



Content XiX

Simbol De nition Units in SI
I'p bias current mA
bps bits per second b=s
Gbps Giga bits per second b=s
Kbps Kilo bits per second b=s
Mbps Mega bits per second b=s
Ty Period of bit (or bit time) S

~ Planck's constant J=s



List of Figures

1-1. Electromagnetic radiation spectrum, ranging from long wavelength radio wa-

ves (low frequency) to short wavelength gamma rays (high frequency). . . . . 3
1-2. Block diagram of a VLC system. . . . . . . . . .. .. .. ... ... ... 4
1-3. OWC proposed classication. . . . . . . . . ... . . ... 6
1-4. (a) Global growth of Internet users, (b) Global growth of devices and connec-

tions (taken from [1]). . . . . . . . . .. 6
1-5. Proposed VLC modulationtree. . . . . . . . . . . . . .. ... .. ... ... 10
2-1. Diagram of LiFi/WiFi testbenchused at[2].. . . .. ... ... ....... 11
2-2. VLC-PLC diagramused in [2]. . . . . . . . . . . . 12
2-3. Ethernet-VLC Diagram, in[3].. . . . . . . . . . . .. . .. .. 12
2-4. Bidirectional VLC system based on white phosphor LED for data transmission

and LED illumination and IR up-link proposed in[4]. . . ... ... ..... 13
2-5. Amplitude equalizer constructed with a constant-resistance T-bridge shown

IN[S] . . o e e 14
2-6. (a) Simpli ed ANN-based block diagram for the MIMO-VLC system and (b)

ANN architecture, proposed in [6]. . . .. .. ... ... .. .. .. ... 15
2-7. Proposed OOK-4-FSK modulationenen [7]. . . . . ... .. .. ... .... 16
2-8. Model of the proposed systemin[8]. . .. .. .. ... ... .. ....... 17
2-9. Example of the FQSPAM signaling for 4 x 4 MIMO with M = 3 proposed in

[9]. . . 17
2-10.Proposed channel coding technique for dimmable VLC system proposed in [10]. 18
2-11.Model of the hybrid attenuation scheme proposed in [11]. . . . . ... .. .. 19
2-12 Waveform for a calculated brightness level of 5825%. . . . ... ... ... 19
2-13.Modi ed di erential Manchester coding proposal. . . . . .. ... ... ... 20
2-14 Block diagram of proposed scheme (DP-OOFDM) in [12]. . . . . . . .. . .. 21
2-15.Scheme APQ-SM transmitter in [13]. . . . . . . . . .. .. ... .. ... .. 22

2-16.The proposed three-dimensional signal mapping with sub-sequences 6f 6
bits, M = 2 (PAM surfaces design) andR = 4 (QAM conventional mapping).
(a) A top view, (b) a side view and (c) the overall 3D constellation. . . . . . 23

3-1. Light as an electromagnetic wave and as a particle. . . ... .. ... .. .. 26
3-2. Photoelectriceectinasold. . . ... ... .................. 27



List of Figures XXi

3-3. Spectrum of electromagnetic radiation, ranging from radio waves at long wa-
velength / low frequency to gamma rays at short wavelength / high frequency. 29

3-4. Layersof PIN diode. . . . . . . . . . . . . . 29
3-5. Creation of electron-hole pairs . . . . . ... ... ... ... ... ...... 30
3-6. Electrical model of the photodiode . . . . ... ... ... .......... 31
3-7. Energy diagram ofan LED. . . . .. ... ... ... oL 33
3-8. (a) Electron-Hole pair production. (b) Electron-Hole pair recombination with
photon emission. . . . . . . . .. 33
3-9. Curve Current vs Voltage inthe Diode. . . . . . . . ... ... ... ..... 34
3-10.Response of a linear RC System: (a) Step-function signal; (b) RC circuit
equivalent model; (c) Output response. . . . . . . .. .. .. ... ...... 35
3-11.Rise and fall time of a signal with an exponential time dependence and the
time constants ;1 and 5. . . . . . ... 35
3-12.Graphic comparison of the optical and electrical bandwidth. . . . . . .. .. 38
3-13P-lcurve of aLED. . . . . . . . . . 39
3-14 Lambertian intensity pattern distribution. . . . .. ... ... ... ... 40
3-15 Distribution of illuminance in case of one transmitter, with an half-power
angle of 48. . . . . .. 40
3-16.0-the-shelf RGBLED . ... ... ... . . . .. ... .. 41
3-17 .Parameters o -the-shelf RGB LED (a) Measured L-I curve, (b) Measured V-I
CUIVE. . . . o o e e e e e e e e 42
3-18 Wavelengths of R, G, BLED . . .. .. ... .. .. .. . ... ....... 42
3-19.Setup for Bandwidth measurement. . . . . . .. .. ... ... .. ... ... 42
3-20Bandwidth at-3dB. . . . . . . . . . .. . 43
4-1. (a) PWM in Mark Space Mode. (b) PWM in Balanced Mode. . . .. .. .. 45
4-2. Waveform of (a) OOK-NRZ and (b) OOK-RZwith D =0:5. . . ... .. .. 46
4-3. Manchester encoding. . . . . . . . . . .. a7
4-4. Manchester Diferential encoding. . . . . . . . .. ... . oL 47
4-5. 4-PAM scheme for 2 bits. . . . . . . . . .. 47
4-6. PPM scheme for2 bits. . . . . . . . . . ... 48
4-7. M-PPM scheme for 2 bits. . . . . . . . . . . ... . 49
4-8. DAPPMforA=2and L=2. . . . . . . . . . . .. 50
4-9. V-PPM scheme for 4 di erent lighting levels. . . . . .. ... ... ...... 50
4-10 Waveforms for (a) 4-PPM and (b) 4-D-PPM. . . . . . ... ... ... .... 50
4-11.0-PPM symbol with N=3, Q=2and S=4. . . ... ... ... ... ..... 51
4-12 Representation of ax; symbol in M-PPM (3-PPM) encoding. . . . . . . ... 53
4-13.(a) M-PPM with 3 slots (3-PPM) and (b) M-PPM with 5 slots (5-PPM). . . 53

4-14 Encoding-dimming scheme: (a) 25% of luminous intensity. (b) &5 % of
luminous intensity. . . . . . . ... 54



XXii List of Figures

4-15 Rise timet, and fall time t inan LED. . ... ... ... .......... 54
4-16.(a) Distance (d 1;d), (b) Distance = (di;di+1). . . . . . . . . . ... 55
4-17 Linear current regulator (Driver). . . . . . . . . . . ... ... 57
4-18.Transmitter Block Diagram (Ty). . . . . . . . . . . . . o i 58
4-19 Flow diagram showing the process of assembling the frame and sending it to

Pin D8 of the Arduino. . . . . . . . . . . . . . . 60
4-20.Frame format for data 10110:and 50 % of brightness. . . . .. ... ... .. 60
4-21 Block diagram of the receiverRy). . . . . . . . . . . . . ... .. ... 61
4-22 Waveforms for the data (10101) and calculated brightness levels of (a) 25 %,

(b) 50% and (€) 84375%. . . . . . . . 62
4-23 Measured luminous intensity. . . . . . ... 63
4-24 Theoretical Vs measured BER. . . . . . . . .. .. .. ... ... ...... 63
4-25 Proposal of modi ed di erential Manchester Encoding . . . ... ... ... 64
4-26 Experimental setup for VLC system using modi ed Di erential Manchester . 65
4-27 Transmitter system on ZedBoard . . . . .. ... .. .. ... ........ 66
4-28 Encoding using the modi ed di erential Manchester . . . . . . .. ... ... 67
4-29.Encoding using the modi ed di erential Manchester . . . . .. ... ... .. 67
4-30.Receiver systemon ZedBoard . . . . .. ... ... o 68
4-31.Modi ed di erential Manchester decoder . . . . . ... ... ... ...... 68
4-32 Photodetector circuit . . . . . . . . .. 69
4-33.Signal after theresholding . . . . .. .. .. ... ... .. ... L. 69
4-34 Modi ed di erential Manchester signal in implemented transmitter system

and bit stream inside the FPGA. . . . . . . . . .. .. ... ... ... ... 70
4-35 Bit stream, modi ed di erential Manchester, and photodetector circuit signals

before threshold application . . . ... ... .. ... ... ... ....... 70
4-36 .Encoding and decoding modi ed di erential Manchester . . . .. .. .. .. 71
5-1. OFDM transmission scheme implemented using IDFT/DFT . .. ... . .. 74
5-2. OFDM modulation/demodulation. . . . . . . ... .. ... ... ...... 75

5-3. The proposed three-dimensional signal mapping with subsequenced.of 6
bits, M = 2 (PAM surfaces design) andR = 4 (QAM conventional mapping).

(a) A top view, (b) a side view and (c) the overall 3D constellation. . . . . . 79
5-4. The proposed VLC system. D/A: Digital to analog; DC: Direct current; PD's:

photodetectors; A/D: analog to digital; EQ: equalizer. . . . . . ... ... .. 80
5-5. (a) Pilots inserted in the frames of OFDM signals and (b) a zoom in the

synchronization signals. . . . . . . . . . . . ... ... 81
5-6. BER versusEp=Nj for (a) 8-QAM and 4-PAM; (b) 16-QAM and 4-PAM; and

(c) 32-QAM and 4-PAM congurations. . . . . . . . . . ... . e 83

5-7. Experimental setup. USB: universal serial bus; EA: electrical ampli er; PD:
photodetector. Inset (I) shows a photo of the setup. . . . . ... ... .... 84



List of Figures Xxiii

5-8. Measured optical spectrum of the RGB LEDs. . . . . .. ... ........ 84
5-9. Received constellation (16-QAM in 4 surfaces obtained by 4-PAM mapping)
after propagation through 1 m of VLC channel. (a) The top view, (b) the side

view and (c) the overall 3D constellation. . . . . . .. .. ... ........ 85
5-10.EVM Vs. Distance between the LEDs and the PD. The inset constellation

were measured at the PAM surface 1 (b, =01). . . ... ... ... .... 85
A-1 . Linktypesin VLC . . . . . . . . e 91
A-2 . Equivalent model of a wireless optical system that usd8M=DD for signal

detection. . . . . . . . 91

A-3 . Basic geometry between light source and receiver. . . . . . .. ... .. ... 93



List of Tables

1-1.

3-1.
3-2.

4-1.

4-2.
4-3.
4-4.
4-5.

5-1.

VLC Challenges . . . . . . . . . . 9

Brightness in Luxes @ 350 mA . . . . . . . . . .. e 43
Color componentby color . . . . . ... ... .. .. ... 43

Examples of mappings between source bits and transmitted slots for 4-PPM

and 4-DPPM . . . . . e 51
Relationm, n, #ofbits . . . . . . . . . . . . . . . . . ... 53
Code-Symbol Equivalence Table . . . . . . .. .. ... ... ... ...... 56
Brightness-frame conversiontable . . . . . ... .. ... ... ........ 59
LED parameters . . . . . . . . e e e e e 66

The bit partitioning . . . . . . . . . . . . .. 78



1. Introduction

In general, the term \wireless" is synonymous with technologies that make use of radio
frequency (RF) for communication. This is a result of the dominance of RF devices and
systems. The RF band is between 30 KHz and 300 GHz of the electromagnetic spectrum
and its use is regulated by local and international authorities (In Colombia, since the politi-
cal constitution?, this function is delegated to the Ministry of Information Technology and
Communicationg and at the international level, the ITU, through the Radiocommunication
Sector (ITU-R)). In most cases, small parts of this band (sub-bands) are \leased" for use by
private individuals, such as cellular telephone operators, radio and television broadcasters,
point-to-point microwave links, etc.

As with RF systems, The term \wireless" is also used in communication systems that ma-
ke use of other regions of the electromagnetic spectrum, such as infrared (IR). or visible
light (VL) and ultraviolet (UV) (Fig. 1-1). The Communications that using this spectrum
band is known as Optical Wireless Communication (OWC), which o ers virtually unlimited
bandwidth (400 THz) [14, 15].

OWC communications are considered the most promising technology for very high speed
(in the order of Gbps) broadband wireless connections due to its unique characteristics in
relation to its counterpart (RF systems). The main di erentiating characteristics of OWC
systems in relation to RF systems are) extremely high bandwidth, on the order of THz,
that is, almost 1 times greater than that of a RF carrier. [16],i) ease of implementation
because demodulation is achieved by direct detection of the optical carrier and its conversion
to an electrical signal by means of a photo-detector [17]i) unlicensed (free) bandwidth,
iv) low power, approximately half that of radio frequency (RF) systems for the same link,
and v) small dimensions (about @l of the diameter of an RF antenna) [16].

OWC systems are not exclusively con ned for use in terrestrial links. Underwater optical
wireless links (UOWC) as a replacement for acoustic technologies are of great interest, es-
pecially in military applications, oil industry and scienti ¢ research [18].

The major problem to mitigate in UWOC is the attenuation of the optical power due to
the channel length, of the order of ® dB/m in the ocean and 11 dB/m in turbid waters

LArticle 75 of the Colombian Constitution establishes that the electromagnetic spectrum is an inalienable
and imprescriptible public asset subject to the management and control of the State.

2Article 4, paragraph 7 of Law 1341 of 2009 establishes that the purpose of State intervention in the
Information and Communications Technologies sector is to guarantee the adequate use of the radio electric
spectrum, as well as its reorganization, respecting the principle of investment protection associated with
the use of the spectrum.



Source: https://www.nasa.gov/directorates/heo/scan/spectrum/overview/index.html.

Figure 1-1 .: Electromagnetic radiation spectrum, ranging from long wavelength radio waves
(low frequency) to short wavelength gamma rays (high frequency).

[18]. Attenuation is mainly due to absorption, scattering and optical turbulence. Optical
signal absorption is due to water molecules, suspended particles and dissolved organic and
inorganic materials [19].

UOWC has emerged as a technology that facilitates high data rates and (moderate) distance
communication in underwater environments. Many applications, such as real-time video
transmission and control of remotely operated vehicles, could greatly bene t from UOWC
[20].

On the other hand, optical wireless communications for terrestrial or free space links, can
be divided into two main categoriesa) Free-Space Optical (FSO) communications ant)
optical wireless communications in indoor spaces (e.g. home, o ces or commercial establish-
ments).

Free-Space Optical Communications: FSO systems are used for high-speed communi-
cations between two xed points at distances of up to several kilometers (commercial systems
of the order of 10 Gbps have been on the market since 2008) [21].

This technology has also been explored in space optical communications such as ground-to-
satellite and satellite-to-satellite data links [22, 23], communication and tracking between
aerial vehicles [24], vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) in order to
provide intelligent transportation systems (ITS) [25, 26], as well as cooperative technologies
to reduce the number of accidents and associated fatalities (driving safety) and mitigate
tra c congestion [27, 28, 29].

In FSO communication systems, the modulated light beam passes through a collim&ttens

to obtain a parallel beam. Despite the use of the collimator, the propagation of light through

3A collimator is a system that from a divergent beam (of light, electrons, etc.) obtains a parallel \beam".
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the atmosphere has signi cant losses or penalties in terms of performance, speci cally, it
causes the e ective distance of the links to be limited. Depending on atmospheric conditions,
the maximum range is 2-3 km, but the typical range to meet the quality and availability
standards expected for stable communication is between 200 and 500 meters [30].

There are several factors that a ect the quality of transmission on FSO links, phenomena
such as rain (the signal is attenuated by about 3 dB/km), fog (attenuation between 10
and 100 dB/km), temperature or pollution, as well as physical processes inherent to the
atmosphere such as absorption (which depends of the light wavelength }, scattering,
turbulence and misalignment of the transmitter and receiver due to displacement (twisting
and rocking) of the structures on which the FSO equipment is installed [31]. In general, the
biggest problem in transmissions using FSO channels are uctuations and disturbances due
to atmospheric conditions, even in clear sky conditions [32].

Indoor Optical Communications: In the OWC for indoor use, two categories can be
distinguished:i) VLC (Visible Light Communication) (Fig. 1-2) andii) LiFi (Light-Fidelity).
VLC and LiFi and use Light Emitting Diodes (LEDs)* to transmit data wirelessly using
Intensity Modulation (IM). In the receiver, the signals are detected through Direct Detection
(DD), using a photo-detector which generates an electric current proportional to the light
intensity incident on it [33].

Figure 1-2 .: Block diagram of a VLC system.

Harald Haas et al, in [34] explain the di erence between VLC and LiFi. The former was
intended as a technique for point-to-point data communication, in contrast, LiFi describes
a wireless system that complements existing LAN (Local Area Network) systems, both wi-
red (Ethernet) and wireless (WiFi). This includes bi-directional multi-user communication
(point-to-multi-point and multi-point-to-point communication). This implies the con gura-
tion and implementation of multiple optical access points to allow full user mobility.

4An LED is a P-N junction diode that emits light when a current passes through it.



As mentioned above, VLC and LiFi use IM/DD techniques for the transmission and reception
of data carrier signals, in that order of ideas, both share the same modulation, transmission
and detection techniques. As VLC and LiFi also use electromagnetic radiation for information
transmission, the modulation techniques used in RF communications can be used taking into
account the intrinsic characteristics of both the transmitter (LED) and the receiver (photo-
diode) [34].

The use of a non-cohereptight sources (LEDs), modulation in intensity, and direct detection
(IM/DD), forces that the transmitted optical signal to have real values and non-negative
components. This is achieved by means of single carrier modulation techniques (On-O
or analog type), modulation by multiple carriers such as Orthogonal Frequency Division
Multiplexing (OFDM), Carrierless Amplitude and Phase modulation (CAP), and by carrier
multiplexing such as WDM (Wavelength Division Multiplexing) with variations that allow
obtaining signals with real and positive values.

VLC has potential applications in di erent areas. For example:

= Delivery of information on displays, signs or indicator boards (which are now manufac-
tured from LED arrays), can be modulated to transmit information to a mobile device
or handheld terminal. [35, 36].

= Dual functionality, lighting and communications. Due to their characteristics, LED's
can be used for both lighting and communications, so that information can be trans-
mitted within an enclosed space [37, 8] and provide the necessary illumination at the
same time.

= Applications for audio streaming, as MP3 format music [38, 39].

= |t can also be used to obtain the position of a user who is in motion and is in an interior
space. Several schemes have been proposed that use triangulation or proximity to a
beacon, or a combination for position estimation [40, 41]. An important application
of VLC systems for positioning and tracking in indoor environments are underground
mines that pose very demanding and limiting conditions for current technologies [42,
43].

According to the above, it can be seen that there are di erent uses for a VLC link, but in most
cases along with the transmission of information, there is a secondary function (information
can be the secondary function). This distinguishes VLC from most other wireless standards,
as this technology must be compatible with whatever standard it is interfacing with (e.g.,

SCoherent light is a form of light whose photons share the same frequency and whose wavelengths are in
phase with each other, for example, light from a laser. In non-coherent light, the photons do not have
the same frequency and their wavelengths are not in phase with each other, this type of light is di use,
like that of a ashlight.
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indoor lighting) [35]. This introduces a number of limitations and challenges that must be

considered.
The OWC system proposed classi cation is depicted in the tree diagram in Figute 3.

owcC
[
[ 1

Indoor system Outdoor system

[ [
( [ \ ( I \

VLC LiFi Tracked  Terrestrial Aerial or space Underwater

Figure 1-3 .. OWC proposed classi cation.

1.1. VLC Challenges

According to Cisco Annual Internet Report (2018 - 2023), globally, the total number of In-
ternet users is projected to grow from:3 billion in 2018 to 53 billion in 2023 at a Compound
Annual Growth Rate (CAGR) of 6% (Fig 1-4). In terms of population, this represents 51
percent of the world's population in 2018 and 66 percent of the world's population penetra-
tion by 2023 [1].

Figure 1-4 .. (a) Global growth of Internet users, (b) Global growth of devices and connec-
tions (taken from [1]).

In the wireless communications environment, Wi-Fi is the dominant Internet access techno-
logy (due to the rise of mobile devices, such as cell phones, tablets, and laptops). However,
factors such as the depletion of the Wi-Fi spectrum due to the high demand for data and
the number of users, make VLC projected as a complement to this technology in order to
meet the increasing demand for bandwidth in wireless networks [44, 45].

VLC presents challenges inherent to the characteristics of the transmitter (LED's) and re-
ceiver (photo-detectors). These characteristics make it necessary to take into account res-
trictions in relation to its RF counterpart.

The most relevant challenges to be taken into account are listed below:
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Integration with existing infrastructure: As mentioned earlier, the continued growth
in the use of mobile devices, including smartphones, tablets, laptops and devices in the
\Internet of Things" (loT), is driving an insatiable demand for wireless network data access
[46, 47].
Although one solution is to implement additional infrastructure through new access points,
one limitation is the excessive use of the existing RF spectrum. This limitation manifests
itself as contention and interference and results in increased latency and decreased network
performance (spectrum constraint) [48, 49].
A practical VLC communication system must allow up-link and down-linR, i.e. bidirectional
links. LED's can be used in both cases, as a VLC transmitter and as a light source. In the
receiver, a photo-diode is used to receive modulated light and generate a current proportional
to the received light intensity, which is then decoded.
On the other hand, sending data from a device to a VLC access point presents some additional
complications. For example, adding a light source to a mobile device powerful enough to be
detected and decoded e ciently at the transmitter would cause discomfort to the user's eyes
[50, 51].
Most of the proposals to solve the up-link problem are based on IR or RF for up-link
transmission [49]. Hybrid solutions have been proposed in which this challenge is solved by a
RF-VLC combination, where the up-link is WiFi and down-link VLC to increase the overall
capacity with multiple users [46].
The implementation of an infrared up-link provides some advantages by not being in the
visible light range. One of these advantages is that there is no light shining next to the user's
equipment [52], it can also provide high transmission rates similar to VLC systems and
potentially higher data rates (Speeds up to 10 Gbps can be achieved using OOK modulation
) [53, 54]. This is mainly because the modulation bandwidth of infrared LED's is much higher
than that of visible light LED's.

Attenuation control and constant data rate: Dimming is the control of the perceived
brightness of the light source according to the user's requirements. The use of LED's, in a
VLC system that ful lls the dual functionality of providing illumination and transmitting
data, means that the power of the communication signal is directly related to the intensity of
the light. Therefore, theoretically, the lower the light intensity, the lower the communication
range and data communication speed [8, 55]. The IEEE 802.15.7 standard indicates that
VLC systems must support dimming, and de nes a number of mechanisms for adapting
modulations to enable lighting control [56].

According to the IEEE standard, On-O Keying modulations are the most appropriate
to achieve this purpose. OOK is the simplest modulation scheme for VLC, where LED's
are turned On or O depending on whether the data bits are 1 or 0. Modulations such

5The up-link is the signal from the receiver to the transmitter, and the down-link is the signal sent from
the transmitter to the receiver.
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as Variable Pulse Position Modulation (VPPM) allow dimming control, as well as provide
icker 7 protection. VPPM modulation is the combination of two modulations: Pulse Position
Modulation (PPM) and Pulse Width Modulation (PWM) to ful ll this dual functionality

[57, 58].

In LED, brightness control by the current variation method (CCR - Continuous Current
Reduction) makes the change in intensity be exponential. While, PWM reduces the light
intensity in a linear way, because the LED is fed at the recommended operating point of
Voltage-Current and, therefore, reduces the chances of chromaticity changes favoring its use
in solutions where the quality of lighting is desirable [59].

Equalization: One of the main problems in digital communications is Inter-Symbol In-
terference (ISI), which is caused by signal distortion due to the limited bandwidth and the
e ect of the signal taking multiple paths. The ISl in visible light communication (VLC)
systems has been considered a major problem that a ects bit error rate (BER) performance
and limits system performance [60].

The pre-equalization (before inputting the signal to the VLC transmitter) is implemented
because LED's exhibit non-linear electro-optical (I-L) conversion characteristics, which cau-
ses clipping of the signal resulting in degraded system performance represented by a higher
bit error rate (BER) [61, 62]. It is also used to extend the available bandwidth of LED's, for
example, by extending the bandwidth of a white phosphor LED by up to a factor of 12 [4].
There are di erent equalization methods to mitigate these problems in visible light com-
munications. Hardware [5, 63] and software [64, 65] methods (that make use of arti cial
intelligence techniques), both in reception and transmission.

Spectral e ciency increase:  On-O modulation schemes (OOK), pulse position modu-
lation and its variants (M-PPM, VPPM), RZ and NRZ as well as Manchester and modi ed
Manchester, can be applied directly to VLC systems, without the need for additional con-
ditioning or processing. However, the e ect of inter-symbol interference limits the spectral
e ciency achieved [66]. An alternative to achieve better spectral e ciency and increase the
data rate in VLC systems is Optical Orthogonal Frequency Division Multiplexing (O-OFDM)
[67, 68, 69].

It is also possible to improve spectral e ciency (which results in increased transmission ra-
te) with illumination control. Several schemes have been proposed for this purpose, such as
Dimmable Hybrid Optical OFDM (DHO-OFDM) modulation based on PWM to simulta-
neously support lighting control and a spectrally e cient VLC link. Carrierless Amplitude
Phase Modulation (CAP) is another spectrally e cient scheme that has been proposed to
address the challenge of limited bandwidth in modulation for VLC communications [70].

"Flicker is de ned as the periodic or non-periodic uctuation of the power output (brightness) that human
eyes can perceive.
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In VLC implementations, Red-Green-Blue (RGB) LED arrays have been used to obtain high
data rates [71]. RGB LED's are preferred over white phosphor-based LED's because of the
higher bandwidth they o er for modulation [72]. White phosphor LED's have a bandwidth

of approximately 2 MHz, and RGB LED's have a bandwidth of about 10 MHz (in each of
their components) [35].

The use of wavelength division multiplexing (WDM) and sub-carrier multiplexing (SCM) to
achieve high-speed multi-user communication are also used in VLC. SCM tones (which are
unmodulated signals) are used to identify each light unit, in order to nd the optimal light
unit for each user and calculate the Co-Channel Interference (CCI) level [73].

Color shift keying (CSK), which is one of the modulations proposed in the IEEE 802.15.7
standard for high-speed VLC, is an optical spatial modulation (OSM), resulting in a hybrid
CSK-OSM-VLC scheme. This scheme separates the data bit stream into independent CSK
and OSM bit streams, the hybrid system avoids the use of single higher order modulation
to satisfy the data rate requirement [74].

The table 1-1, shows a summary of the challenges of VLC technology for indoor use.

Table 1-1 .: VLC Challenges

Integration with existing infrastructure | Uplink

(VLC Hybrid) Downlink
L Hardware
Equalization
Software
PWM

Dimming control

Variation of current (CCR)
Type On/O (OOK)
Analog

Single carrier

Spectral e ciency increase Multicarrier

WDM
CSK

Carrier by color

In the Figure 1-5, a classi cation of the modulation formats that can be used in VLC is
proposed.
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| VLC Modulations |
[

[

I

Single carriers ] Multicarrier \ Color Intensitly Modulation
I I
On-0 (0OK)  Analog OFI‘DM WDM csK
R‘Z FF‘,.K B-OFDM
PAM PSK C-OFDM
PPM M-QAM CAP
M-PPM
Manchester

Figure 1-5 .

Proposed VLC modulation tree.



2. State Of The Art

In this section, we will explore some previous work by other researchers which aims to
provide a solution to each of the challenges identi ed. It will also show the contribution of
this research to the challenges presented in VLC, speci cally in the challenges of dimming
control (page 18) and spectral e ciency (page 23).

2.1. Integration with existing infrastructure

Harald Haas et al. in [2], implements a hybrid LiFi/WiFi network (Fig. 2-1) in the real world
using a software-de ned network test-bed, where each LiFi Access Point (AP) supports a
circular coverage area with diameters ranging from:2 to 3:5 m. Each of the LiFi AP's
supports a maximum of eight users with a maximum data rate of 43 Mbps per user.

Figure 2-1 .. Diagram of LiFi/WiFi test bench used at [2].

In [75] integrate VLC with PLC (Power Line Communication) technology that makes possible
the use of domestic electrical networks for data transmission in the coverage area of the
circuit. The proposed VLC-PLC system, allows to meet the broadband access for home
networks, and to provide illumination. The PLC channel is simulated using a DMT-QAM
modulation scheme to obtain high data rates (in the order of MHz). For the PLC system,
DMT (Discrete multitone) modulation is used using a 16-QAM constellation, for the VLC
channel an On-O (OOK) modulation scheme is used, with direct detection (DD) taken to

a serial format for the RS-232 standard (Fig2-2).
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Figure 2-2 .: VLC-PLC diagram used in [2].

F. Delgado et al. in [3], present the design of an interface between an Ethernet network and
VLC. This proposal uses a DPPM scheme with some modi cations to maintain a constant
duty cycle and ensure its dual functionality for lighting use. The prototype is tested and
validated over a 2 Mbps VLC link, at a maximum distance of 3 m. The up-link of the
system (Fig. 2-3) is composed of an infrared link between the optical node (receiver) and
the VLC access point, for down link broadcast transmissions. The main limitation of this
link is determined by its low transmission power, the coverage area, so a low data rate link
(125 Kbps) was selected.

Figure 2-3 .: Ethernet-VLC Diagram, in [3].

In [4], a real-time VLC system is proposed using white phosphor LED's for the down-link
and an infrared (IR) system for the up-link with a total throughput of 37 Mbps at a distance
of 1:5 m (Fig. 2-4). In this proposal, pre-equalization using digital signal processing (DSP) is
done in order to extend the LED bandwidth, which is approximately 2 MHz to extend it to
approximately 12 MHz without using a blue Iter. This increase in bandwidth improves the
data transmission rate in the VLC system. The maximum bit rate achieved by the proposed
system is 37 Mbps, and video transmission at 289 Mbps is demonstrated.
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Figure 2-4 .: Bidirectional VLC system based on white phosphor LED for data transmission
and LED illumination and IR up-link proposed in [4].

In [76], an FPGA-based Ethernet to VLC conversion system is presented to perform data
stream transition. In the down-link, 8 bit Gigabit Ethernet data is converted to 32 bit data.
The proposed system performs the conversion from 1000 Mbps Ethernet data to 625 Mbps
visible-light data. Through bu er control, Ethernet data can be fully and reliably transmitted
from high speed to low speed.

Also in [52], the design of an IR up-link for an indoor VLC system is shown. The advantage
of this system lies in the ability to add a two-way communication option in systems where
the down-link is VLC while employing the capability of an IR channel up-link.

2.2. Equalization

To extend the modulation bandwidth of commercially available LEDs, pre-post equalization
techniques are often used. Equalization in VLC is also used to mitigate ISI, or non-linearities
introduced in the electro-optical conversion of the LED. Equalization can be achieved as
analog [77] or digital, the latter of which provides more exibility in design and test processes.
An example of hardware equalization found in [5], where an amplitude equalizer built with

a constant-resistance T-bridge is implemented (Fig-5), a Gbps (Gigabit per second) VLC
transmission is performed in 80 cm free space making use of an RGB LED. The measured
bit error rates (BER) for 64-QAM single-carrier modulated signals at :05 Gbps, and 64-
QAM orthogonal frequency division multiplexing at 10 Gbps, with BER below the pre-FEC
limit of 3:8x10 3. [78] proposed and implemented an LED based transmitter for visible light
communication system using PAM-4 modulation. The transmitter is designed with feed-
forward equalization (FFE) to compensate the limited bandwidth for LED devices. Also
because the LED has a limited linear working area of the LED a DC working environment
needs to be set up.

An pre-equalization hybrid active-passive circuit designed to evaluate the 3 dB bandwidth
of a VLC system is proposed in [79], this circuit improves the bandwidth to 3 dB, from 30
MHz to 600 MHz on a phosphor-based white LED and which is commercially available .
Furthermore, it experimentally demonstrated that a 135 Gb/s real-time VLC NRZ-OOK
system over a free space transmission distance of 12 cm achieves a bit error rate (BER) of
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Figure 2-5 .: Amplitude equalizer constructed with a constant-resistance T-bridge shown in

[5].

8:8x10 °, which is below the forward error correction (FEC) limit of 38x10 3.

In [80], a pre-emphasis circuit is used in the transmitter in order to increase the frequency
response for each channel of an RGB LED, and a trans-impedance ampli er with post-
equalization in the receiver. Maximum transmission rates of 600 Mbps on the red channel
and 520 Mbps for the green and 662 Mbps on the blue channel were obtained without errors
for a bit error rate of less than 108 at a distance of 15 cm between the LED and the
photo-detector (PD).

In [81], a 550 Mbps real-time VLC system with NRZ-OOK modulation for a phosphor-
based white-light LED is experimentally demonstrated, where the modulation bandwidth
at 3 dB is only a few MHz. The authors propose an analog pre-emphasis circuit based on
NPN transistors and an equalization circuit at the receiver based on an ampli er in order
to improve the bandwidth of the VLC link. With the proposed pre-emphasis and post-
equalization circuits and using a blue lter, the 3 dB bandwidth of the VLC link is extended
from 3 to 233 MHz.

R. Kisacik et al. in [82] designs a pre-equalization scheme to extend the bandwidth of a VLC
system from an LED-limited bandwidth of 15 MHz to 100 MHz. The equalizer designed in
Matlab and implemented to test a pre-equalized VLC system with OOK modulation, they
achieved transmission speeds of up to 180 Mbps at a distance & .

Cao et al. in [60], uses the constant modulus algorithm (CMA), which is a widely adopted
blind equalization scheme to eliminate ISI due to its simplicity and computational e ective-
ness. Here, an initialization scheme for CMA based on the received signal power is proposed.
The similarity level of the channels is measured by the di erence between the current recei-
ved power and the previously stored received power. If the di erence is in a specic range,
the stored weight vector can be used for initialization.

The limited bandwidth of the white light-emitting diode (LED), coupled with the fact that it

has a nonlinear transfer function, makes the performance of linear equalizers limited. In [6],
a spatial and temporal equalization using an arti cial neural network (ANN) is proposed for

a MIMO-VLC system (Fig. 2-6). It was shown that ANN-based joint (spatial and temporal)
equalization outperforms equalization that makes use of a traditional decision since ANN is



2.3 Dimming control 15

able to compensate for the nonlinear transfer function.

Figure 2-6 .: (a) Simpli ed ANN-based block diagram for the MIMO-VLC system and (b)
ANN architecture, proposed in [6].

Ataee et al. in [83], a 100BaseT framework is presented in combination with a VLC system
to establish a point-to-point Ethernet connection. Due to the fact that the transmission of a
100BaseT signal is in baseband and through a channel with restricted band, the components
of the link were characterized in their function of the bandwidth, which can generate a
bottleneck in the system. Second, post-equalization techniques are used to recover the original
data with a target bit error rate (BER) in 100Base-Tx systems. The contribution of this work

is to address a new adaptive equalization scheme that considers both the PoE and VLC parts.

2.3. Dimming control

In a practical VLC system, apart from photodiodes, human eyes are also receptors of trans-
mitted light [59]. It is true that the eyes do not decode the transmitted information, however
they do perceive changes in the average light intensity over a period of time [84]. Therefo-
re, the lighting levels in VLC systems must be adjusted in such a way that it satis es the
requirements of comfort and human expectations [85]. For example, a light intensity of 300
lux (lumens per square meter) is suggested for reading a book, however, for working in front
of a computer screen it is recommended that it be 30 lux [86].

The use of solid-state lighting devices such as LEDs have led to the study and emergence
of various dimming techniques to implement resource management in lighting systems for
interior use, which has led to the awakening of a important attention both in the academic
and industrial elds [87, 88].

According to the above, one of the most important challenges to solve in VLC systems is
that transmission e ciency is not constant when illumination levels (dimming factors) are
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di erent. To achieve the desired illumination levels and constant transmission rates, dimming
control is an essential technology in VLC systems [89, 8].

Several researchers have proposed the use of di erent techniques based on Digital Amplitude
Modulation or Binary On-O Keying (OOK) in order to obtain simultaneous brightness
control and constant data rates. OOK type modulation schemes are commonly used because
the electronics for their implementation as simple as working a transistor or FET in the cut-

o and saturation regime. Most of the work uses coding over an OOK modulation scheme
to achieve lighting control and constant bit rates.

Salmento et al. in [7], proposes a frequency shift keying ON-OFF modulation. The mo-
dulation scheme proposed in this paper is a combination of OOK and frequency shift ke-
ying (FSK), where M di erent frequencies are set, which are associated with a group of
bits,allowing the transmission of more than one bit per switching period without a ecting
the dimming characteristics of the LEDs (Fig.2-7). The results showed that the proposed
system is capable of transferring data between the transmitter and receiver with a bit rate
of 1:11 Mbps at a frequency of up to 375 kHz over a distance of 10 m, and with a BER of
less than 103 under the in uence of external illumination sources. with illumination levels
up to 500 Luxes.

Figure 2-7 .: Proposed OOK-4-FSK modulation en en [7].

In [90], LEDs are used for parallel data transmission using multi-LED phase-shifted OOK
(MP-OOK) modulation. For MP-OOK, the bandwidth e ciency is about N times that of
conventional OOK (N is the number of LEDs). In the decoding of the parallel signal, and
the discrimination of each one of them, it is carried out by means of the displacement in
time of each one of the di erent branches and a high sampling rate in the receiver.

A dimming control scheme based on constant weight code word sets (ECWCS) is proposed
in [8], where the binary data is encoded and modulated in OOK format to be delivered to
the LED (Fig. 2-8).

Wang et al. in [91], propose a simple dimming control scheme for a VLC system composed
of multiple LED's, called the generalized dimming control (GDC) scheme. GDC performs
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Figure 2-8 .: Model of the proposed system in [8].

dimming control by simultaneously adjusting the intensity of transmitted symbols and the
number of active LED's. The simulation result indicated that the GDC model can obtain
signal-to-noise ratio (SNR) gains of more than 3 dB for a BER of 16 and an attenuation
level of 65 %, using M-PAM pulse-width modulation.

Celik et al in [9], proposed a new QSM scheme for VLC systems called exible quadra-
ture spatial pulse amplitude modulation (FQSPAM). In the spatial modulation technique
(SMT), the data bit stream is divided into two groups: the index bits and the signal bits.
These grouped bits are independently assigned to modulation symbols and light-emitting
diode (LED) indices, this mapping strategy limits the number of LEDs and the size of the
signal constellation @-9. FQSPAM jointly designs the signal components and the spatial
components of the constellation to overcome these limitations. This approach removes the
restriction on the number of LEDs and the size of the signal constellation. [9]

Figure 2-9 .. Example of the FQSPAM signaling for 4 x 4 MIMO with M = 3 proposed in
[9].

One problem associated with lighting control using OOK modulation schemes is icker. In
[92], a system is presented that makes use of a xed duty cycle M-ary modulation scheme
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(DCF-MVPM), which is used to increase the data transfer rate of the VLC system, enable
icker mitigation and dimming control. The maximum throughput rate achieved in the above
proposal, with attenuation control and icker mitigation ranges from 30% to 70% or 10%
to 90 %, is 400 Kbps and 133 Kbps, 300 Kbps and 100 Kbps respectively.

Other methods use encoding for brightness control, in [10] where a icker-free encoding
scheme is shown which improves transmission e ciency for a VLC system. The proposed
scheme is based on on polar codes (PC) and Knuth balance code with enhanced pre x coding
technique. The results show that the proposed algorithm provides improved transmission
e ciency compared to PC without and with limited run-length code, for attenuation values

of 75% and 8% % (Fig. 2-10). Furthermore, the proposal presents a scheme that exhibits
signi cant bit error rate (BER) performance compared to other proposed schemes.

Figure 2-10 .: Proposed channel coding technique for dimmable VLC system proposed in
[10].

Another method that allows to control the illumination in the LED, is current variation
method (CCR). In [11], a spectrally e cient hybrid dimming system is proposed for use
in an indoor VLC system, where ACO-OFDM (Asymmetrically Clipped Optical OFDM) is
used to maximize spectral e ciency (Fig.2-11). The attenuation scheme is done by adjusting
the bias current over which the ACO-OFDM symbols are sent.

Finally in [93], presents a constant weight space-time code (CWSTC) dimming control sche-
me that can realize lighting and data transmission for MIMO-VLC systems. It also provides
an encoding algorithm and a fast attenuation detection algorithm to reduce system comple-
xity. the execution speed of the codes (because they are short codes) can avoid ickering,
and the minimum Euclidean distance between the signals received in the proposed scheme
is greater than that of the existing scheme.

2.3.1. Contributions related to dimming control:

We propose a three-dimensional (3D) coding scheme for simultaneous control of illumination
and data transmission in a visible light communication (VLC) system using RGB LED
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Figure 2-11 .: Model of the hybrid attenuation scheme proposed in [11].

arrays. The proposed and experimentally tested encoding is based on multi-pulse position
modulation (M-PPM) for data encoding, in which the number of pulses (slots) within the
symbol time controls the amount of current delivered to the LED, similar to pulse width
modulation (PWM) in balanced mode.

The implemented VLC system ful lls the dual functionality of indoor lighting and data
transmission, and also proposes an alternative solution to the problem of interdependen-
ce between the data rate and the variation of lighting levels. This work demonstrates the
feasibility of implementing the proposed scheme using low-cost elements and using digital
demodulation. A constant data rate of 6 Kbps was obtained with two 10W RGB LED's at
0:9 m from the photodetector (OPT101 from Texas Instruments), with an illumination range
between 25 % and 85 % of the possible light power of the LED sour@42.

Figure 2-12 .. Waveform for a calculated brightness level of 5825 %.

Another contribution to this challenge is shown in [94], where a hybrid Manchester Di erential-
PWM encoding is implemented for data transmission and brightness control in a real-time



20 2 State Of The Art

visible light communication system (Fig.2-13). The proposed digital modulation allows si-
multaneous brightness control while maintaining data transmission at a constant bit rate.
The transmit data are generated using a ZedBoafd development kit, which has an ARM
Cortex-A9 processor and an Artix-7 FPGA. The resulting electrical signal feeds a white-
light-emitting diode (LED) driver. We experimentally demonstrate a constant transmission
rate of 50 Kbps using three 10W white LED's at a distance of:9 meters, with a brightness
range between 10 % and 90 % of the maximum luminous intensity of the LED sources.

Figure 2-13 .: Modi ed di erential Manchester coding proposal.

2.4. Spectral e ciency increase

One of the challenges in the design of a VLC communication system is to maximize spectral
e ciency (SE). Spectral e ciency refers to the amount of information that can be transmit-

ted over a given bandwidth in a speci c communication system. In other words, it determines
the relationship between the data rate (bps) of a digital transmission and the bandwidth
(Hz) occupied by that transmission [95].

To increase SE and combat inter-symbol interference (I1SI) in VLC systems, orthogonal fre-
guency division multiplexing (OFDM) has been considered to take advantage of their mul-
ticarrier nature [68, 69, 96]. Also, it has been reported that robust equalization schemes and
receiver design help to reduce unwanted transmission e ects, such as interchannel interfe-
rence [97, 98].

However, the amplitude jitter of OFDM signals introduces nonlinearities that must be con-
sidered in VLC system designs. Constant envelope OFDM (CE-OFDM) schemes can be
employed to mitigate the amplitude jitter drawback, despite the decrease in SE provided by
techniques based on phase modulations [99]. The use of Hermitian symmetry to generate
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signals with real coe cients is another disadvantage of this multicarrier format that also
reduces the SE.

The bene ts of digital signal processing (DSP) techniques can be explored for the purpose
of improving the SE of VLC systems [98, 100]. Beyond the necessary signal transformation
for CE-OFDM modulation, the generation of asymmetrically clipped OFDM (ACO-OFDM)
signals, as well as the use of the discrete Hartley transform (DHT) in subcarrier multiplexing,
are some of the DSP bene ts that can play important roles in both performance and SE in
visible light communication systems [101, 102].

In the pursuit of spectral e ciency, combinations of white LEDs and red-green-blue (RGB)
LED arrays have also been explored in VLC implementations to obtain high data rates [71].
An indoor visible light communication system using commercially available RGB LED's and
DMT modulation is shown in [72] that achieves a data transmission rate of3 Gbps with

a single channel and @ Gbps implementing WDM transmission with standard illumination
levels. RGB LED's are preferred over white phosphor-based LED's because of the higher
bandwidth o ered for modulation [72].

An important factor to consider in high-level modulations such as optical orthogonal fre-
guency division multiplexing (O-OFDM) is that it has a very low peak-to-average power
ratio (PAPR), which causes clipping distortion, it reduces the e ciency in the light intensity
conversion to data signal, and a ects the useful life of the light emitting diode (LED). In [12],

a new modulation technique is proposed named double precoded O-OFDM (DP-OOFDM)
(2-14), which makes use of discrete Fourier transform (DFT) precoding and Gaussian mi-
nimum shift pulse shaping (GMSK) to reduce the PAPR of the OFDM-based VLC system.
Furthermore, the concept of group precoding is introduced to deal with the increased comple-
xity of the DFT precoding system. The proposed scheme provides improved PAPR, symbol
error rate (SER) and power savings compared to the corresponding DFT and O-OFDM
systems.

Figure 2-14 .: Block diagram of proposed scheme (DP-OOFDM) in [12].

Naser et al. in [13] propose an improved scheme based on spatial modulation (SM) for
indoor visible light communication systems. This scheme improves the performance of con-
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ventional SM schemes by transmitting a higher order complex modulation symbol, which is
decomposed into three di erent parts (Fig.2-15). These parts carry the amplitude, phase,
and quadrant components of the symbol which are represented by unipolar pulse amplitu-
de (PAM) symbols called amplitude-phase-Quadrant (APQ-SM). Each part was modulated
using m;-ary PAM modulation and then all parts were multiplexed in the power domain and
transmitted from the active LED using all available bandwidth.

Figure 2-15 .: Scheme APQ-SM transmitter in [13].

In [103], experimentally evaluate an modi ed Hermitian pulses (MHP) based, and lter
bank multicarrier communication (FBMC) scheme for VLC. The simulated and experimental
results have the same trend, but there are SNR penalties of4Q 1:1 and 44 dB, for a
modulation order of 2 and N of 2, 4 and 8, respectively.

Carrierless phase and amplitude modulation (CAP) is a spectrally e cient modulation sche-
me that has aroused great interest in recent years due to its potential and practical appli-
cation. In [104], he shows the basic characteristics of CAP modulation and reviews its use
in the context of VLC systems for indoor use, describes some of its inherent attributes and
limitations, shows advances related to its performance, and reports on recent VLC link deve-
lopments. based on LEDs that use CAP modulation. In the scheme called super-Nyquist CAP
(SN-CAP), the spacing between the subbands is reduced to increase the spectral e ciency
of the system [105, 106, 107]. However, this results in a spectral overlap (band interferen-
ce) between adjacent bands that removes the orthogonality of the Iters that make up the
pulses and distorts the transmitted waveforms. The important thing is that the degradation
induced in the signal is not severe, thus allowing the successful reception of the transmitted
symbols, or that the induced distortion can be mitigated by means of adequate equalization.
MIMO transmission techniques with CAP modulation for VLC systems have been proposed
and experimentally demonstrated in a MIMO system with 4 x 4 images and m-CAP modu-
lation [108, 109]. This scheme allows data to be transmitted at higher data rates over the
VLC channel.
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2.4.1. Contributions related to spectral e ciency increase:

In [110], we propose and experimentally validate the transmission of a three-dimensional
(3D) signal for a visible light communication (VLC) system over the red, green and blue
components of a power RGB LED using OFDM modulation. The novel 3D modulation
format aims to overcome the di erence in LED light response for each color component in
an RGB LED at the same driving current levels, which generates a correlation between the
three analog RGB signals instead of considering each color component as a separate channel
as in classical WDM transmissions. In the proposed scheme, the real and imaginary parts
of the OFDM signals are sent respectively through the red and blue channels of the VLC
transmitter, while the third dimension of the OFDM symbol is transmitted through the green
channel, according to a procedure that allows the maximization of the Euclidean distance
between the symbols forming a 3D constellation (Fig2-16). In the proposed scheme, the
experimental results allowed obtaining a transmission rate of Z/Mbps over a 15 m VLC
link.

Figure 2-16 .: The proposed three-dimensional signal mapping with sub-sequences of 6
bits, M = 2 (PAM surfaces design) andR = 4 (QAM conventional mapping).
(a) A top view, (b) a side view and (c) the overall 3D constellation.

2.5. Problem statement.

As mentioned in the previous sections, the main challenges in the development of Visible
Light Communication systems are related to the following aspects:

= Integration with existing communications infrastructure.

= Equalization to increase LED modulation bandwidth, and combat ISI.
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= Dimming control, and its impact on transmission speed..
= Spectral e ciency increase.

On the other hand, most research has focused primarily on achieving high data transmis-
sion rates, on the order of gigabits per second (Gbps), and that is not necessarily e cient
outside of controlled laboratory conditions [111, 112, 113]. In addition to high data rates,
researchers have focused on individual LEDs, laser LEDs or arrays of these to achieve some
sort of diversity in data transmission. Also, researchers have used RGB LEDs for WDM or
color strength modulation (CSK) transmissions [71, 72]. To increase the transmission rate,
frequency multiplexing techniques such as OFDM are used in di erent con gurations to
avoid the problem that it is only possible to use real and positive signals in VLC systems
[114, 115, 69, 96].

From the above, the following research question arises:

Is it possible to use RGB LEDs to generate an adaptive spatial coding scheme using
frequency multiplexing techniques (such as OFDM) to optimize the e ective bandwidth
and thus increase the transmission rate in visible light communications (VLC)?

In this work, a spatial coding system (three-dimensional) and transmission by orthogonal
frequency division multiplexing (OFDM) on the red, green and blue colors of an RGB LED
for visible light communication (VLC) is proposed and experimentally validated.

2.6. Objectives

2.6.1. General Objective

Modeling and implementation of an Adaptive Spatial Modulation Scheme for E ective Band-
width Optimization in Visible Light Communications (VLC), using Solid State Lighting
Devices (SSL) as RGB LEDs.

2.6.1.1. Specic objectives

» RGB LED characterization and interchannel interference.
" Illumination power versus driving current.

" Interchannel interference.
= Dimming techniques, with a constant data transmission rate.
= Full bandwidth utilization in frequency multiplexing techniques.

= Propose a spatial modulation format.
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In this chapter the theoretical aspects concerning the nature of light, photo-receptors princi-
ples and LED's characterization will be discussed, this latter responding to one of the speci c
objectives of this work. First, an introduction to the light and its dual nature (wave and
corpuscular) will be made. Then, the fundamentals that allow determining the operating cha-
racteristics of the photodetectors will be presented, the characterization of the LED where
its operating principle will be described, the electrical and optical bandwidth will be de ned.
Finally, for the selected RGB LED, the experimental characterization of the luminous power
versus driving current and the interference between channels (color) will be presented.
The in-depth study of the physical, electrical and optical characteristics of the aforementio-
ned items will not be addressed, as it is not the object of the investigation in this work.

3.1. The nature of light

In ancient times, Democritus considered light as a stream of particles that were emitted by
light sources. For some ancient Greek philosophers, among them Empedocles (495-435 B.C.,
approximately), they considered light as a uid that started from the eyes of the observer,
and that acted in the manner of tentacles, which resembled the sense from sight to the sense
of touch. This interpretation of the nature of light was given the name \tactile theoryer
\extramission theory".

Throughout time, scientists have proposed various theories in order to explain the nature
of light. These have been changing as new evidence is discovered that allows us to describe
their behavior, as a corpuscle, wave, electromagnetic radiation, or as a quantum in quantum
mechanics.

In the 17th century, optics made great advances, thanks to the improvement of measuring
devices and the discovery of Snell's second law of refraction in 1620. At this time, two
opposing theories emerged regarding the nature of light:

= The Corpuscular theory : In 1671 Newton , based on the ideas of Descartes on
refraction, developed the corpuscular theory of light, according to which he considered
light as a stream of small particles emitted by luminous bodies that follow a uniform
rectilinear motion (m.r.u ) to explain the straight-line propagation of light [116].

= Wave theory: Developed mainly by Christian Huygens in 1690. This theory proposes
that light is a wave disturbance of a mechanical type in the same way as sound,
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and it propagates in space in all directions through transparent bodies and through
interstellar space. Both transparent bodies and interstellar space are occupied by a
continuous medium, called ether, which is a perfect uid that does not oppose its path
or obstruct the movement of the planets [117].

Thomas Young in [118], stated that light is a transverse type wave, Max Planck (1858-1947)
proposed the Quantum Theory, this theory states that energy exchanges between matter
and light are only possible by quantities nite or quanta of light. In 1905, to explain the
expulsion of electrons in certain materials due to the incidence of light on them (called the
photoelectric e ect), Albert Einstein postulated, based on Planck's hypothesis, that light is
composed of individual quantum patrticles, later called photons (name given by Gilbert N.
Lewis 1875-1946).

Each of these studies allowed light to be de ned as a form of energy that manifests itself in
two ways, as an electromagnetic wave and as a particle (Fig:1).

Adapted from: https://www. sic.ch/contenidos/ondas-y-la-luz/teoas-de-la-luz/

Figure 3-1 .: Light as an electromagnetic wave and as a patrticle.

3.1.1. Photoelectric e ect

The photoelectric e ect consists of the emission of electrons by a material when electromag-
netic radiation (visible or ultraviolet light) strikes it (Fig. 3-2). The photons in a beam of
light have a characteristic energy determined by the frequency of the light [119].

In the photoemission process, if an electron absorbs the energy of a photon and the photon
has more energy than the work function, the electron is stripped from the material. If the
energy of the photon is very low, the electron cannot escape from the surface of the material.
Increasing the intensity of the beam does not change the energy of the photons that constitute
it, only the number of photons changes. According to the above, the energy of the emitted
electrons does not depend on the intensity of the light, but on the energy of the photons
[120].
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Source: https://upload.wikimedia.org/wikipedia/commons/a/aé/Photoelectric _e ect _in_a_solid _-_diagram.svg

Figure 3-2 .. Photoelectric e ect in a solid.

For Planck, the energy of an oscillating atom occurs in multiples of a basic quantum (Equ.
3-1):

E = ~f (3'1)

Wheref is the frequency of oscillation.

Einstein proposed that this relationship is also valid for the energy of electromagnetic waves.
Since the frequency and wavelength of an electromagnetic wave are related by the formula
f = c=, we can write (3-2) [121]

E=~f =~ (3-2)

Where:

E = Energy of the photon in J

~=6:62%10 ** j=s

f = Frequency in Hz.
The Photoelectric E ect formulated by Albert Einstein, does not consider that a photon
has a linear moment or inertia. This was taken into account by Arthur Compton (1892-
1962) through Equation 3-3, where he shows the relationship between the energy and the
momentum of a photon that traveling at the speed of light.

E=~f=_" (3-3)

The relationship between energy and momentunpj for light (Equ. 3-3:
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E = pc (3-4)

According to equations 3-3 and 3-3 (Eqambos):

(3-5)

ol

An electron needs a minimum energy to escape from the metal. If the photon energy exceeds
~fo (fo = threshold frequency), then the excess energy is transformed into the kinetic energy
of the photoelectron. Therefore, the maximum kinetic energy of the photoelectron is Kmax
hf hfO, or Kjpax = ~f  ~fgoor Knax = ~f Wy, whereW, = ~f, is the work function of

the metal, which is equal to the minimum energy that can cause an electron to be relea-
sed. Combining these results, we obtain the Einstein equation (Equ. 3-6, which relates the
photoelectric magnitudes.

eV = Kmax = ~f Wo (3-6)

3.2. Photodetectors (Light Sensors)

One of the developments that make use of the photoelectric e ect, are the Light Sensors or
Photodetectors.

The photodetector is an optoelectronic device that converts photons (from incident light) into

a current which is proportional to the instantaneous optical power on its surface. Because the
optical signal weakens as it passes through the communication channel, the photodetector
must meet performance requirements such as high sensitivity within the wavelengths within
its operating range, low noise, and bandwidth su cient for the desired data transmission
speed [14].

Photodetectors are sensitive in a given spectral region (range of optical wavelengths). For
use in communications by visible light, its maximum sensitivity must be between 40@m
and 700nm (the visible spectrum) (Fig. 3-3).
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Source: https://en.wikipedia.org/wiki/Light under Creative Commons licensing for reuse and modi cation.

Figure 3-3 .: Spectrum of electromagnetic radiation, ranging from radio waves at long wa-
velength / low frequency to gamma rays at short wavelength / high frequency.

A photodiode is a PN junction or P-I-N structure. When a beam of light of su cient energy
strikes the diode, it excites an electron giving it motion and creates a positively charged hole.
A PIN diode (Fig. 3-4) is a three-layer structure, with the middle layer being an intrinsic
semiconductor, and the outer layers being P-type and N-type (P-I-N structure that gives
the diode its name). However, in practice, the intrinsic layer is replaced either by a P-type
layer of high resistivity ( ) or by an n-type layer of high resistivity ( ) [122].

Figure 3-4 .. Layers of PIN diode.

A photodiode is sensitive only to a certain wavelength of incident light. The wavelength to
which it is sensitive depends on what is known as the energy gap of the device. Only photons
with the energy necessary to move an electron from the conduction band to the valence band
can dislodge electrons, thus generating current (Fig®-5). The energy is equal to Planck's
constant times the frequency of the incident photonE = ~f).

3.2.1. Parameters of PIN

One of the de ning characteristics of a photodiode is the photoelectric conversion e ciency.
This can be represented by the quantum e ciency or responsivity . The quantum e ciency
is determined by the average number of electrons released by each incident photon. Assuming
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Figure 3-5 .: Creation of electron-hole pairs

that the absorption coe cient of the PN junction is ( ), and the width of the junction is
w, then the quantum e ciency is (Equ. 3-7):

Ip=e
=——=1 e 3-7
e xp(w ) (3-7)
Responsivity of a photodiode is de ned as the electrical current it delivers relative to the in-
put optical power (Equ. 3-8). That is, the number of electrons that it is capable of generating

in relation to the photons received [123].

1o _ £(A=W) (3-8)
0 "‘f

Where ~f is the photon energy ance is the electron charge.

The quantum e ciency and responsivity depend only of the properties of the material and
the structure of the device. If we assume that the device surface re ectivity is zero, the
contribution of the N and P layers to the quantum e ciency can be ignored, and the |
layer absorbs all emitted light in the working voltage, then the quantum e ciency of the
photodiode PIN can be de ned as (Equ. 3-9):

=1 expg ()wW] (3-9)

( ) and w represent the absorption coe cient and the width of the I-layer respectively. As
can be seen from the above equation, wherf )w 1, ! 1, soto improve the quantum
e ciency , the thickness of the I-layerw must be su ciently large.

Another important feature, especially for optical communications, is the bandwidth. Band-
width is determined by (Equ. 3-10) [124]:
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1
BW= — — 3-10
2 (v * o) (3-10)

Where = W=V, and rc = RsCy
In Fig. 3-6, we can observe the electrical model of the photodiode

Figure 3-6 .: Electrical model of the photodiode

In photodetectors, it is necessary to take into account the,, where  (transit time) is
the time it takes for electrons and holes to reach electrical contacts. The rise time of a

photodetector can be written by extending Equ.3-24 as [125].
rise 2:2( r T 1) (3'11)

The bandwidth of a photodetector can also be de ned in a manner analogous to that of a
RC circuit and is given by, Equ.3-12 and Equ.3-13:

1

F' 3Boccrca = 2 (st ) (3-12)
__ '3

f 3dBopIicaI - m (3-13)

Other important parameters to consider are the following:

= Dark current: The current through a photodetector even in the absence of light. For
a good photodetector, the dark current should be negligibld { < 10 nA).

= Response time: The time needed for a photodetector to go from 10 % to 90 % of nal
OUtDUt( rise)-

= Noise-equivalent power. The amount of light power needed to generate a signal
comparable in size to the noise of the device.
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In VLC systems, photodiodes are used in the receiver for direct detection of the signal by
intensity modulation. In this scheme, a local oscillator is not used in the detection process,
which is why to recover the encoded information, it is necessary that the transmitted in-
formation is associated with the variation in intensity of the emitted light [126]. For an
instantaneous incident powelP (t), the instantaneous photodetector curreni(t) is given by
(Equ. 3-14).

i(t) = %MP (1) (3-14)

M is the photodetector gain factor whose value is unity for the PIN photodetector.

3.3. LED circuit model and modulation characteristics

Like recti er diodes, LED's are made up of two layers of material with di erent electrical
properties, one more positive (zone P) and the other more negative (zone N), which are
in direct contact (P-N junction). The N zone is \doped"with more electrons and in the P
zone electrons are removed to create \holes". When the two zones come into contact, the
excess electrons from the N region pass into the P region and occupy the "holes"found in the
contact zone. When lling a hole, a negative ion is created in the P zone and a positive ion
is created in the N zone. This causes a space charge to accumulate in the contact zone, until
reaching an equilibrium point, which creates a electric eld at the junction of the two layers,
which acts as a permanent potential barrier in the absence of an external electric potential
(external voltage), not allowing the passage of new electrons from the N to the P region.
The area of the junction where charge has accumulated is called the region of depletion or
depletion (Fig. 3-7).

The working principle of the light emitting diode (LED) is based on quantum theory. Accor-
ding to Einstein's theory of special relativity, the photon and the electron can be considered
as a particle with energy [127, 128]. According to the Equ. 3-15

E?=(mec®)?+ p’c (for photon : mg = 0) (3-15)
Where:
E is energy.

Mg iS rest mass.
c is vacuum speed of light.
p is momentum.
Therefore, for photon € = ~v) we have:

~

p=E=c= ~_CV = (3'16)
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Figure 3-7 .. Energy diagram of an LED.

The light emission process in a semiconductor is carried out as follows: when there is an
electron in the conduction band and an empty state in the valence band, the electron in
the conduction band moves to Il the void in the valence band. valence band, the energy
di erence (i.e., the Eg band gap) is released as an emitted photon (Fi@-8). Expressed in
another way, the electron and hole recombine to emit a photon with energy approximately
equal to the bandgap energ¥y (Equ. 3-17).

E, ~v 20 - (3-17)
Eg

Figure 3-8 .: (a) Electron-Hole pair production. (b) Electron-Hole pair recombination with
photon emission.

The di erence in energy between the highest energy state of the valence band and the lowest
state of the conduction band is called the band gaRg is given by (Equ. 3-18):
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Eg = EVB ECB (3'18)

A Light Emitting Diode (LED) is a semiconductor device that emits light when a current
ows through it. The current is delivered to the LED by an external source that provides
the necessary voltage to generate it.

An LED is a special type of diode, therefore it has a V-I characteristic curve similar to this,
and conducts only in one direction, when the positive voltage exceeds the threshold value
(Vg), it can be assumed that the current varies directly with the voltage (this region is called
working area) [129], this is shown in Fig3-9.

Figure 3-9 .: Curve Current vs Voltage in the Diode.

3.3.1. Bandwidth in the LED

In its linear operating region (working area), a LED can be modeled as an RC circuit shown
in Figure 3-10 (like a rst-order low-pass lIter). The current-voltage characteristic of the
device has the same form as a normal diode, as given by Equ. 3-19 [129].

e = Is(ex™ Y (3-19)

wherel ¢ is the intensity of the current through the diode,l 5 is the reverse saturation current,
qis the quantity of electrical charge ¢ = 1:602 10 *° C), n equals 1 or 2, K is the Boltzmann
constant (k = 1:38 10 22 J/K) and T is the temperature.
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Figure 3-10 .: Response of a linear RC System: (a) Step-function signal; (b) RC circuit
equivalent model; (c) Output response.

When this circuit is excited by a input step-function voltage signal, the output voltage
increases according to Equ. 3-20 [130].

Vour(t) = Vo1 €7) (3-20)

Analogously, when the input voltage returns to zero, the output voltage decreases according
to Equ. 3-21

Vour (t) = Voe2 (3-21)

Where ; and , are the time constant of theRC circuit ( ; = »).

When modeling the LED for transmitting applications, two approaches can be considered:
digital modulation and analog modulation. Digital modulation of the LED involves two
distinct states (On and O ). In On/O applications the rise, and fall times are limited by
the LED intrinsic capacitance (Figure3-11) [77].

Figure 3-11 .: Rise and fall time of a signal with an exponential time dependence and the
time constants | and ».

The rise and fall times are de ned as the time di erence between the 10% and 90 % points
of the voltage, as shown in Figureg-11. The rise and fall times of the signal are related to
the time constants ; and ».

The rise time (sise) iS given by tgge, tig4, according to Equ. 3-22.
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The above analysis can also be applied for, , obtaining the same result.

fall 22 2 (3-25)

The cuto frequency (electrical bandwidth ) in an RC circuit is de ned as the frequency
at which the signal strength is attenuated by approximately 3I1B, and is a function of the
resistance and capacity values. Accordingly the electrical bandwidth of the LED in function
of ise and ¢ can be de ned as Equ. 3-26.
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In an LED, the modulation bandwidth ~ and response in frequency depend to the current
passing through it, the junction capacitance and the parasitic capacitance (the parasitic
capacitance values are almost constant), in small signal model only the di usion capacitance
is evaluated at the polarization. The e ects due to the factors mentioned above can be
mitigated by superimposing the AC signal on a constant DC bias, if the DC power is given
as Po(0) and that due to the frequency! by P(!), then the optical power relative to any
given frequency can be de ned according to its transfer function [14], Equ. 3-27 and Equ.
3-28.

The voltage transfer functionH (! ) is.

1
1) = -
H() 1+l (3-27)
The power transfer function can be expressed as.
Po(! ) 1
3-28
Po(0) P+ 1+(1 )2 (3-28)
The electric bandwidth as a function of frequency is determined by, 3-29.
P = po
1+(1 )2 2
1 1
1+(1 )2 2
(t)y =1
=1
2f =1
1
f s = 5 (3-29)
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The LED output has the units of power. The power spectrum of the LED corresponds to
the frequency at which the power transmitted through the system is reduced to half of its
value in low frequency.

Then the optical bandwidth can be expressed as

1 1
l 1+(1 )2 2
11
1+(1 )2~ 4
1 )2 = 3
() 3
I = 3
2f = ppé
3
f 3dBon > (3-30)

The optical bandwidth of the LED is obtained by equating thePy(0)=P(! ) (Equ. 3-28) to
0:5, and the equivalent electrical bandwidth is obtained by equating the same expression to
0:707 (#%) as illustrated in Fig. 3-12

Figure 3-12 .. Graphic comparison of the optical and electrical bandwidth.

The modulation region of an LED lies in the linear region of the optical power versus current
(P-1) curve [129], as shown in Fig3-13. The LED modulation depth (m) can be de ned as
(Equ. 3-31):

41
m = |_ (3'31)
| o is the bias current and4 | is the peak current minus the bias currentl(yax  |bias)-
The optical modulation depth is the ratio between the encoded and modulated data signal
(AC signal) and the DC bias. The higher the modulation depth, the easier it is to detect the
optical signal at the receiver.
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Figure 3-13 .: P-I curve of a LED.

3.4. LED radiation pattern

An LED is a source of directional light, with its maximum power emitted in the perpendi-
cular direction to the emission surface. The emission from a LED can be modeled using a
generalized Lambertian radiant pattern [131], which is given in terms of the spatial angle
and the luminous ux as:

(3-32)

1
Q.| o

In the Lambertian intensity pattern emission (Figure3-14), the light intensity emitted from

the source can be given in terms of cosine of the emission angle with respect to the surface
normal. According to above the luminous intensity in the function of incidence angle can

be expressed as.

m+1
2

()= locos" () (3-33)

wherel o represents the center luminous intensity of the LED andh indicates its Lambertian
radiant order relating to the transmitter semiangle 1 (is the LED semi-angle at half power),
and represents the angle between the light emission direction and the normal light source.
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Figure 3-14 .. Lambertian intensity pattern distribution.

The variable m is given by Equ. 3-31 [131].

m= _hM2 | (3-34)

In coq %)

Figure 3-15 .: Distribution of illuminance in case of one transmitter, with an half-power
angle of 48.
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3.5. Experimental characterization of the RGB LED used
in this work.

The optical modulation bandwidth and the driving current of each color in LED, are crucial
parameters of the experiment. The drive current determines the available signal amplitude
limits above which clipping distortions are introduced due to the LED nonlinearity. Hence,

to quickly forecast the performance of our proposal, we measure the frequency response and
output linearity of the employed LED's in terms of illuminance, current and voltage .

The parameterization was made out for a low cost and o -the-shelf 10W RGB LED shown
in the Fig. 3-16 .

Figure 3-16 .: O -the-shelf RGB LED

All electro-optic devices can be characterized by their L-I-V transfer function, where L is
optical power (in Luxes), | is drive current (in mA) and V (in Volts) is the forward voltage.
The measured L-I curve is illustrated in Fig. 3.17(a), the driving current versus optical power
(in Luxes) was measured at a distance of one meter between the LED and the OPT3001
(Ambient Light Sensor), here we can observe for the same driving current of 300 mA applied
to each color emitter, the green shows the highest power output, the blue showing almost
39 % of the green, and the red the 30 %. Figure 3.17(b) shows the current-voltage relationship,
where a variation of 039 V is evidenced in the red LED, & V in the green LED, and 033

V in the blue LED, all in the range of 250 to 350 mA.

Fig. 3-18 shows the wavelengths of Red (620 630 nm), Green (520 530 nm) and Blue
(460 470 nm) LEDs.

The bandwidth of each one of the color components of the LED was determined according
to the setup shown in the Fig.3-19 (signals are detected by a HAMAMATSU S10784
photodiode), in Fig. 3-20 the 3 dB bandwidths around 10 MHz are evident in all color
channel of RGB LED.
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(a) L-I curve.

(b) V-I curve.

Figure 3-17 .. Parameters o -the-shelf RGB LED (a) Measured L-I curve, (b) Measured V-I
curve.

Figure 3-18 .: Wavelengths of R, G, B LED

Figure 3-19 .. Setup for Bandwidth measurement.
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Figure 3-20 .: Bandwidth at -3 dB

Another important parameter to determine is interchannel interference. This is determined
by measuring the parasitic component of color for each color. For this, each one of the
channels (Red, Green, and Blue) is polarized individually and its luminosity is then measured
(in luxes) by applying color lters between the LED and the light meter. These values can

be seen in the Table3-1 and Table 3-2.

Table 3-1 .: Brightness in Luxes @ 350 mA
LED

Red | Green | Blue

Filter

Table 3-2 .. Color component by color
Red | Green| Blue
Red - 1.66%| 1.48%
Green| 17.3% - 14.49%
Blue | 1.09%]| 7.51% -




4. Modulation techniques and Dimming
control

There are two main challenges in visible light communications for use indoors or in con ned
spaces. Lighting control (dimming support) and icker mitigation. Flicker is a visible and
repetitive change in light intensity caused mostly by voltage uctuations. Because LED's are
semiconductor devices, they respond much faster to variations in the input signal so they are
more sensitive to uctuations in current, thus generating this icker. Although there is no
standard that indicates the minimum frequency that avoids the sensation of ickering to the
human eye, a frequency higher than 208z is considered safe [132]. Therefore, in general,
the modulation process in VLC should not introduce any noticeable icker during the data
transmission process.

According to the above and because the modulation frequencies (both optical and electrical
in the LED) far exceed 200Hz, dimming control is an important aspect in VLC technology,
both for energy saving and for the visual comfort of the user. Therefore, it is desirable to
maintain the data transmission at constant rates while a user arbitrarily dims the light
source.

4.1. Previous works

Several researchers have proposed the use of di erent modulation techniques based on On-
O Keying (OOK) in search of obtaining simultaneously brightness control and constant
data transmission rates. As an example, in [133] a system based on multiple pulse position
modulation (MPPM) is proposed, this modulation varies the number of pulses within the
duration of a symbol, according to the attenuation level. The attenuation factor can be
expressed by the MPPM modulation parameters.

Also in [134], it is proposed the use of PPM in combination with PWM (pulse width modu-
lation) for data transmission and attenuation control. In this case, the data in PPM format
are added to the duty cycle in the PWM signal, for dimming control. The duty cycle in
PWM signal is changed from 40 % to 80 % and the PWM rate is set to 1 KHz in order to
avoid ickering. Finally, the PPM data rate is set to 20 Kbps.

In [135], a DFSOOK (Dimming Frequency Shift On-O Keying) scheme is proposed and tes-
ted. PWM and additional digital frequency shift keying (FSK) are used for data transmission
under frequency and periods variably adjusted. In [136], a VLC system is presented, which
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combines PWM for the illumination control, embedded in an MPPM scheme. Experimental
results show a system e ciency of 8@ % with 1 Mbps data rate.

4.2. Dimming control

The LED is a device controlled by current, its brightness is proportional to the current
through it, the amount of current that passes through the LED, can be controlled in two
ways. The rst method is to limit the current analogously, the second way is to use the pulse
width modulation (PWM) [133].

The most e cient way to perform the luminosity control in LED's, is the Pulse Width
Modulation (PWM). During the ON cycle in the PWM pulse, the LED work at the Voltage
and Current recommended operating point, ensuring that variations in the Correlated Color
Temperature (CCT) are within the parameters of the data sheet. There are two modes for
implement PWM: Balanced Mode and Mark Space Mode. The di erence between these two
modes is the timing sequence of voltage high and low values that are transmitted.

In Mark Space Mode, the time of high voltage is a single and continuous at the beginning
of the cycle. The Duty Cycle D (ratio between pulse duration and the signal period) of the
PWM signal, determines the average current and, therefore, the perceived brightness (Fig.
4-1a).

With Balanced Mode, the high voltage time is multiple and are distributed over an entire
cycle (Fig. 4-1b).

Figure 4-1 .. (a) PWM in Mark Space Mode. (b) PWM in Balanced Mode.

4.3. Modulation techniques for Dimming

This form of modulation is a suitable candidate for data transmission in OWC, due to its
easy implementation since the information is encoded on the transmitted signal. On the
other hand, the decoding at the receiver is carried out in an incoherent fashion.
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Modulation by Pulse Amplitude (PAM) is a simple modulation format, which is widely used
in VLC systems. The modulation schemes that come under this category include On-O
Keying, Pulse-Position Modulation (PPM), and their variants.

4.3.1. OOK (On-O Keying):

In the OOK modulation, a binary \1" is represented by an optical pulse that occupies the
bit time, while a \0" is represented by the absence of it.

Two types of OOK modulation can be distinguishedi) OOK Non-Return-to-Zero (NRZ),
which has a duty cycleD =1 (Fig. 4-2(a)) and ii) Return to Zero (RZ) with a duty cycle
D < 1 (Fig. 4-2(b)).

Figure 4-2 .. Waveform of (a) OOK-NRZ and (b) OOK-RZ with D =0:5.

The duty cycle of the optical pulse (D), is de ned as the ratio of the pulse duration to the
bit duration ( Tp) (Equ. 4-1).

1
D= = 4-1
= (4-1)

The waveform can be described by (Equ. 4-2):

(
5. (1) = A; for t2[0;DTy) 4-2)
0 Elsewere

Another type of OOK encoding is the Manchester code (also called Biphase Mark Code).
Manchester always has a transition in the middle of each bit period and depending on the
information to be transmitted, it can also have a transition at the beginning of the bit period
(Fig. 4-3. The direction of the transition indicates the value of the bit to be transmitted. The
transitions that may occur at the beginning or at the end of thel,, do not carry information.
They only exist to put the signal in the correct state to allow the transition inT,=2.
Di erential Manchester coding is a variant of Manchester coding. In this, a bit of value \1"
is represented by the absence of transition at the beginning of the signal period, a \0" bit is
indicated by the presence of a transition at beginning of the period (Figt-4).
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Figure 4-3 .. Manchester encoding.

Figure 4-4 .. Manchester Diferential encoding.

4.3.2. L-PAM (Level Pulse Amplitude Modulation):

The information in the L-PAM scheme is encoded in the amplitude of an optical pulse. In
an L-PAM scheme (wherel = 2M and M is a positive integer), a pulse is selected from the
following L alphabets to represent the M-bit input symbol (Equ. 4-3).

b =10;1,2:5(L 1) (4-3)

The time waveform of 4-PAM scheme for di erent binary input is given in Fig.4-5.

Figure 4-5 .. 4-PAM scheme for 2 bits.

The time waveform of PAM can be represented as (Equ. 4-4):
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b3
S(t) = Pt bdl)(t kTsym) (4'4)

n=1

Where P, is the average optical powerp(t) is any unit energy pulse, andlsyn, is the symbol
duration.

4.3.3. PPM (Pulse Position Modulation):

PPM is an orthogonal modulation format which belongs to the pulse modulation family.
In PPM modulation a period symbol Ty is divided into L time intervals (slots) of equal
duration. An M-bit word is encoded by the transmission of a single pulse that can be found
in any of the 2" possible positions (4-5) [137, 138].

L=2M (4-5)

For PPM, the number of slots in each symbol i, and log,(L) bits can be transmitted per
symbol. The time PAM scheme for two bits input is given in Fig4-6.

Figure 4-6 .. PPM scheme for 2 bits.

A PPM signal can be expressed as (Equ. 4-6) [139]:

(
1 fort 2[(I 1)Tg;ITs] .
X(Vepm = 0 elsewere o

Wherel 2 f 1;2;:::; Lg and denotes the position of the "On" slot.

4.3.4. PPM Variants:

Listed below are some variants of PPM modulation which seek to increase the bit rate, or
allow brightness control simultaneously.
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4.3.4.1. M-PPM (Multi-Pulse Position Modulation).-

In M-PPM, each symbol interval of duration Ty is partitioned into m slots (as in PPM
modulation), each of durationT=m, and the transmitter sends an optical pulse during a
of these slots (Fig.4-7).

Figure 4-7 .. M-PPM scheme for 2 bits.

In this modulation scheme, the number of bits per symbol is given by the combinatorics
(m,n) (Equ. 4-7), wherem is the number of slots into which Ts is divided, andn is the
number of slots in the "On" state used to represent the symbol.

0 1

m m!
n — A=-_ """ R
Cm @n ni(m n) (4-7)

The number of bits per symbol is given byog,(C/,).

4.3.4.2. Dierential Amplitude Pulse Position Modulation (DAPPM).-

By combining two or more modulation schemes, it is possible to improve data throughput
and bandwidth e ciency. In DAPPM modulation PAM and PPM modulations are combined.

A symbol of L bits is mapped in such a way that. = Log,(AM ), in this way we have A
amplitudes (1; 2; :::;; A) and M positions (1 2;::;; M), where A and M are integers (Fig.4-8)
[77].

4.3.4.3. V-PPM (Variable Pulse Position Modulation).-

Variants for the PPM technique have been explored in order to achieve lighting control in
indoor VLC systems. The V-PPM modulation scheme uses the theory under-lying in the
PWM technique (for dimming control) and the M-PPM coding for data transmission and
lighting control (Fig. 4-9).
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