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Theory is when you know all and nothing works.
Practice is when all works and nobody knows why.
In this case we have put together theory and practice: nothing works... and
nobody knows why!"

Albert Einstein




Abstract

Optical wireless communication (OWC) is a very promising technology for future wireless
communications developments. It has attracted increasing interest from researchers and
several companies around the world are currently working on the development of very high-
speed wireless networks. The scientific and industrial communities believe that OWC will be
a complementary technology in its various forms: Free Space Optical communications (FSO),
Visible Light Communications (VLC), Light Fidelity (Li-Fi).

In fact, the optical spectrum has been considered for many years as a great opportunity for
wireless communications especially due to the saturation of the radio frequency (RF)
spectrum.

This dissertation deals with the use of broadband sources in visible light transmission systems
(VLC) as well as fiber optic systems. To carry out the research, three parts can be
distinguished:

e In the first part, we consider the study and simulation of Light Emitting Diode (LED)
components with the WIEN2k software by focusing on the optical and electrical
properties of elements I — V1.

e The second part deals with the design, implementation and testing of different VLC
communication prototypes for analog and digital transmission in simplex and half-
duplex mode. We have demonstrated that an OWC system using a broadband source
(i.e. an LED) can be used not only for data transmission, but also for wireless power
transmission. Moreover, the synchronization problem and the detection of level “1” or
“0” of a bit often arise in the optical wireless communication systems. This is a result
of the attenuation nature of the light over the distance and the problem of Non Line-
Of-Sight (NLOS) between the emitter and the receiver. To deal with this problem, a
communication protocol ensuring reliable digital data transmission with an adaptive
bit level detection algorithm has been provided and its effectiveness has been
demonstrated by the transmission of texts and images.

e In addition, this thesis provides a solution for the implementation of wavelength
division multiplexed — orthogonal frequency division multiplexed (WDM-OFDM)
transmitters based on the use of broadband sources in the infrared spectrum for
centralized bidirectional fiber networks. Despite the chromatic dispersion that avoids
the use of this type of optical sources, the inclusion of certain structures before
detection allows the transmission of OFDM signals in optical links. Carrier reuse,
dynamic bandwidth allocation and multiband OFDM signals transmission will be
experimentally demonstrated by using optical broadband sources in WDM networks.

The main results obtained during this thesis work demonstrate the study procedures, for each
part, the effectiveness of the proposed solutions as well as the constraints encountered.

Keywords: OWC, VLC, FSO, Fiber, Light, Broadband sources, LED, Optical modulation,
Emitter, Receiver



Résumé

La communication optique sans fil (OWC) est une technologie trés prometteuse pour les
futurs développements des communications sans fil. Elle a suscité un intérét croissant de la
part des chercheurs et plusieurs entreprises du monde entier travaillent actuellement au
développement de réseaux sans fil a trés haut débit. Les communautés scientifiques et
industrielles pensent que 'OWC sera une technologie complémentaire sous ses différentes
formes : Free Space Optical communications (FSO), Visible Light Communications (VLC),
Light Fidelity (Li-Fi). En fait, le spectre optique est considéré depuis de nombreuses années
comme une grande opportunité pour les communications sans fil, notamment en raison de la
saturation du spectre des radiofréquences (RF).

Cette thése porte sur l'utilisation de sources a large bande dans les systémes de transmission
de la lumiére visible (VLC) ainsi que dans les systemes a fibres optiques. Pour mener a bien
la recherche, on peut distinguer trois parties :

e Dans la premiere partie, nous considérons I'étude et la simulation de composants de
diodes électroluminescentes (LED) avec le logiciel WIEN2K en nous concentrant sur
les propriétés optiques et électriques des éléments 11 — V1.

e La deuxiéme partie traite de la conception, de la mise en ceuvre et des essais de
différents prototypes de communication VLC pour la transmission analogique et
numérique en mode simplex et semi-duplex. Nous avons démontré qu'un systéme
OWC utilisant une source & large bande (c'est-a-dire une LED) peut étre utilisé non
seulement pour la transmission de données, mais aussi pour la transmission d'énergie
sans fil. De plus, le probléme de synchronisation et la détection du niveau "1" ou "0"
d'un bit se posent souvent dans les systemes de communication optique sans fil. Ceci
est di a la nature de l'atténuation de la lumiére sur la distance et au probléeme de
I’alignement (NLOS) entre I'émetteur et le récepteur. Pour faire face a ce probléme, un
protocole de communication assurant une transmission fiable des données numériques
avec un algorithme de détection adaptative du niveau des bits a été fourni et son
efficacité a été démontrée par la transmission de textes et d'images.

e En outre, cette thése apporte une solution pour la mise en ceuvre d'émetteurs a
multiplexage par répartition en longueur d'onde - multiplexage par répartition en
fréguence orthogonale (WDM-OFDM) basée sur l'utilisation de sources a large bande
dans le spectre infrarouge pour les réseaux de fibres bidirectionnels centralisés.
Malgré la dispersion chromatique qui empéche l'utilisation de ce type de sources
optiques, l'inclusion de certaines structures avant la détection permet la transmission
de signaux OFDM dans les liaisons optiques. La réutilisation des porteuses,
I'allocation dynamique de la largeur de bande et la transmission de signaux OFDM
multi bande seront démontrées expérimentalement en utilisant des sources optiques a
large bande dans les réseaux WDM.

Les principaux résultats obtenus au cours de ce travail de thése démontrent les procédures
d'étude, pour chaque partie, l'efficacité des solutions proposées ainsi que les contraintes
rencontrées.

Mots clés : OWC, VLC, FSO, Fibre, Lumiere, sources large bande, LED, Modulation
optique, Emetteur, Récepteur.



Resumen

Las comunicaciones oOpticas inaldmbricas (OWC) constituyen una tecnologia muy
prometedora para el desarrollo de futuras comunicaciones inaldmbricas. De hecho, ha
despertado un interés creciente entre los investigadores y varias empresas de todo el mundo
trabajan actualmente en el desarrollo de redes inalambricas de muy alta velocidad. Las
comunidades cientifica e industrial consideran la OWC como una tecnologia complementaria
en sus diversas formas: comunicaciones épticas en el espacio libre (FSO), comunicaciones de
luz visible (VLC) o fidelidad de la luz (Li-Fi). El espectro éptico ha sido considerado durante
muchos afios como una gran oportunidad para las comunicaciones inalambricas,
especialmente debido a la saturacion del espectro de radiofrecuencia (RF).

Esta disertacion trata del uso de fuentes de banda ancha en sistemas de transmision de luz
visible (VLC), asi como en sistemas de transmision en el espectro infrarrojo por fibra optica.
En el trabajo de investigacion realizado se pueden distinguir tres partes:

e Enla primera parte, se considera el estudio y la simulacién de componentes de Diodos
Emisores de Luz (LED) con el software WIEN2k centrdndose en las propiedades
Opticas y eléctricas de los elementos IT — V1.

e La segunda parte trata del disefio, la implementacion y las pruebas de diferentes
prototipos de comunicacion VLC para la transmision analdgica y digital en modo
simplex y semiduplex. Hemos demostrado un sistema OWC empleando una fuente de
banda ancha (LED) para la transmisién no sélo de datos, sino también para la
transmision inalambrica de energia. Ademas, se aborda el problema de la
sincronizacion y la deteccion del nivel "1" o "0" de un bit en los sistemas de
comunicacion inalambrica Optica implementados que surge como consecuencia de la
atenuacion de la luz a lo largo de la distancia y al problema de la pérdida de linea de
vision (NLOS) entre el emisor y el receptor. Para hacer frente a este problema, se ha
proporcionado un protocolo de comunicacion que garantiza la transmision fiable de
datos digitales con un algoritmo de deteccion de nivel de bits adaptativo y se ha
demostrado su eficacia mediante la transmision de textos e imagenes.

e Ademas, esta tesis aporta una solucién para la implementacion de transmisores
multiplexados en redes con division de longitud de onda (WDM) para formatos de
modulacion con multiplexacién por division de frecuencia ortogonal (OFDM) basados
en el uso de fuentes de banda ancha en el espectro infrarrojo para redes de fibra
bidireccionales centralizadas. A pesar de las limitaciones impuestas por la dispersion
cromatica en el uso de este tipo de fuentes Opticas, la inclusion de ciertas estructuras
antes de la deteccion permite la transmision de sefiales OFDM en enlaces Opticos. En
este trabajo se ha demostrado experimentalmente la reutilizacién de portadoras, la
asignacion dindmica de ancho de banda y la transmisién de sefiales OFDM multibanda
mediante el uso de fuentes Opticas de banda ancha en redes WDM.

Los principales resultados obtenidos en cada parte de esta tesis doctoral muestran los
procedimientos de estudio, la eficacia de las soluciones propuestas y las limitaciones
encontradas.

Palabras clave: OWC, VLC, FSO, Fibra, Luz, Fuentes de banda ancha, LED, Modulacién
Optica, Emisor, Receptor




Resum

Les comunicacions optiques sense fils (OWC) constitueixen una tecnologia molt prometedora
per al desenvolupament de futures comunicacions sense fils. De fet, ha despertat un interés
creixent entre els investigadors i diverses empreses de tot el mon treballen actualment en el
desenvolupament de xarxes sense fils de molt alta velocitat. Les comunitats cientifica i
industrial consideren la OWC com una tecnologia complementaria en les seues diverses
formes: comunicacions optiques en I'espai lliure (FSO), comunicacions de llum visible (VLC)
o fidelitat de la llum (Li-Fi).

L'espectre optic ha sigut considerat durant molts anys com una gran oportunitat per a les
comunicacions sense fils, especialment a causa de la saturacio de I'espectre de radiofrequéncia
(RF).

Aquesta dissertacio tracta de I'Gs de fonts de banda ampla en sistemes de transmissio de [lum
visible (VLC), aixi com en sistemes de transmissio en I'espectre infraroig per fibra optica. En
el treball de recerca realitzat es poden distingir tres parts:

e En la primera part, es considera l'estudi i la simulaci6 de components de Diodes
Emissors de Llum (LED) amb el software WIEN2K centrant-se en les propietats
optiques i eléectriques dels elements 11-VI.

e La segona part tracta del disseny, la implementacio i les proves de diferents prototips
de comunicacié VLC per a la transmissié analogica i digital de manera simplex i
semiduplex. Hem demostrat un sistema OWC emprant una font de banda ampla
(LED) per a la transmissié no sols de dades, sind també per a la transmissio sense fil
d'energia. A més, s'aborda el problema de la sincronitzacio i la deteccio del nivell "1"
0 "0" d'un bit en els sistemes de comunicacio sense fil optica implementats, que
sorgeix a consequéncia de I'atenuacio de la llum al llarg de la distancia i al problema
de la perdua de linia de visi6o (NLOS) entre I'emissor i el receptor. Per a fer front a
aquest problema, s'ha proporcionat un protocol de comunicacié que garanteix la
transmissid fiable de dades digitals amb un algorisme de deteccié de nivell de bits
adaptatiu i s'ha demostrat la seua eficacia mitjancant la transmissio de textos i imatges.

e A més, aquesta tesi aporta una solucié per a la implementacié de transmissors
multiplexats en xarxes amb divisi6 de longitud d'ona (WDM) per a formats de
modulacié amb multiplexacié per divisio de freqiiencia ortogonal (OFDM) basats en
I'ls de fonts de banda ampla en I'espectre infraroig per a xarxes de fibra bidireccionals
centralitzades. Malgrat les limitacions imposades per la dispersié cromatica en I'Us
d'aquest tipus de fonts optiques, la inclusi6 d'unes certes estructures abans de la
deteccio permet la transmissio de senyals OFDM en enllagos optics. En aquest treball
s'ha demostrat experimentalment la reutilitzacié de portadores, I'assignacioé dinamica
d'amplada de banda i la transmissié de senyals OFDM multibanda mitjancant I'is de
fonts optiques de banda ampla en xarxes WDM.

Els principals resultats obtinguts en cada part d'aquesta tesi doctoral mostren els procediments
d'estudi, I'eficacia de les solucions proposades i les limitacions trobades.

Paraules clau : OWC, VLC, FSO, Fibra, Luz, Fuentes de banda ancha, LED, Modulacién
oOptica, Emisor, Receptor.

Vi



uadla

Cadial By Al AL VLAY @l shil Al sac) 5 408 & (OWC) Ayl LKL Y Laty!
e ALY alus ekt Lo Wil dead allall elail auan 8 IS8 (e aaall g ofialill (e Ty e Lalaial
3 peadl YAy -dabtia ) LAKED AleSs 4008 4 sSiw OWC of e licall 5 ddal) Cladiaal) 2diad Jaa de judl
(Li-Fi) . ¢ sall e cllll Jiss ¢ (VLC) Soall ¢ suall yie cNLai¥) ¢ (FSO) all eliadll 8
30 Cagda i Canny ali AL VLD 5 S daa S 3aae &l il (5 yead) Cighall liie ) a3 (a8 )
(RF )es 523 0

Gl dakil QX 5 (VIE) el sl Ji dakail 8 il ALIS jalias aladin) da kY1 e sl
el Dl A i (S «inll 2l 4 pead)
S5 JBA e WIEN2K el iy LED ) Jie dndiall pualiall 5lSkaa g 3l 50 yiins «J Y1 6 3ol b
-V, paliall 354 josll 5 44 puall Gl ) o

& 80 5 bl Jlu 3 VL CYlail (pe oLl ddlide zilai JLidl 5 20 5 apanad SE ¢ Sall Jolily o
¥y (LED) Jis) Gaill JelS jaae axdiey il QWC s of Litdl a8, 7 50 30 iy Japsy pusag
ST s Sy el ) A LaE L) el e 30l AL Adlall Jal bl J& aaladil
e Al g Adlusall o ¢ suall cpa gl degadad Ao 38 A pead) ASLOU cVLall ki 8L g 55 e 0"
Ji5 ey Juail JS 55550 s a3 ASEall o3 e dalxill | bl 5 Jusall G (NLOS) Lokl Las 25
JE JOA e aidled L) &5 28 5 (Bit) dba YY) Bas s (5 e oo RISI A5 4 ) ) 53 ae 43 53 gall 43 1) i)
oyl 5 pa seaill

e g5l Gob oo saxiall el ¢y Juu )Y cillase 25 Sla da gyl o288 celly ) ALyl -
Gl jolas plaiind e Al (WDM-OFDM)) sasbxie as i Ga b e Jus Y1 ddelias— dapall Jsko
i o sl i) e a1 e aaladV ol Ay S el Gl S o jeall Cand 323V Cada a5V
Ly 5,1 4 OFDM @l i) Uiy zeansy Sl U8 Zigee JSL z100) (8 ¢ A3 puall jaliadll (e g il 138 alasiad
saxie OFDM &l ld) Jaiy Saalinall gaa il glaill Gavadsy JiU aladdul sale) e sl Ay padll
WDM Sl b (g pad) Gy jal) @laill jalias alasiuly Ly jas Glilail

da i) Jlall ddlad co ja JSU Al all Cilel sa) ¢ da syl 28 JMA Lggle () geandl i ) Dy 1) ) i
¢ oAl eladll Ay padl VLAY ¢ Aagall 4l SVLA) g pall SO Juaiy) cAabia) il
Jutaaal) ¢ Jua yall ¢ (5 peard) JiSl ¢ Dngiall Sl V) LA ¢ JulSI Blaill jalias ¢ ¢ gaall ¢ Y

¢ g padl daanill ¢ LED ¢ gy yall 3aill jobias ¢ ¢ gl ¢ GLIYI ¢ FSO «VLC «OWC : 4salibal) cilall)
il ¢ e )

vii



Table of Contents

ACKNOWICAZEMENLS. . ...\ttt ettt et et et ettt e e e e e i
A DS T ACT. .. et ii
Table Of COMEENLS. ... ..ttt e e viil
LSt O FlgUIES. ..ot e Xi
LISt OF TabIES. vttt e XV
List Of @bDIeVIAtIONS. ... vttt e XVi
1. INErOTUCTION ..., 1
(LY (01 A7 15 (o) s DS 2
1.1.1. The current needs of telecommunications................c.cccoeiiiiiiiiiiniie, 2

1.1.2. Visible light communications..............ccooiiiiii i 4
1.1.3. Broadband sources in fiber communications................c.cooeiviiiiiiininienee, 8

L 2 0D ECIVES. . .ot 9
1.3.0rganization Of the thesIS. ... ..o e 10

2. Optoelectronic for optical wireless communications................................. 12
P20 1 oo [0 od A o] o F PP 13
2.2.0ptoelectronic properties of semiconductors.............coooiiiiiiiiii e, 13
2.2.1. SEMICONUUCTONS. .. ettt ettt et e e, 14
2.2.2. Semiconductor allOyS. .........ooviiinii i 15
2.2.3. Properties of H-VI semiconductors.............oooiiiiiiiiiiiiiie e 15
2.2.3.1.EleCtroniC Properties. .. ....viuieriiti e 15
2.2.3.2.0ptICal PrOPEITIES. ...\ttt 16
2.3.Design of Optoelectronics Materials............cooviiiiii i 17
2.3.1. WIEN2K software desCription............cc.cooviiiiirii i 17
2.3.1.1.The Theory of the Functional Density..............c.cccoiiiiiiiiiiiiiiie, 17
2.3.1.2.The Local Density Approximation (LDA)..........cccoviviiiiiiiiiiieeee 18
2.3.1.3.The Generalized Gradient Approximation (GGA)............cccevvvvirininnnn, 19

2.3.2. The FP-LAPW Method..........oooiiiii e 19
2.3.3. The flowchart of WIENZK ... 20
2.4.Study of the ZnSeO material for optoelectronic devices in wireless communication...21
2.4.1. Computational detailS.............coooiiiriiiii e 22
2.4.2. The properties of the ZnSe;_40, material....................cooiiiiiiiiinin. 23
2.4.2.1.Physical Properties. ........oovineiniiii e 23

2.4.2.2. ElCtroniC Properties. ... ....voueiriiti e 25
2.4.2.3.0ptiCal PrOPErtIES. ... .ovvit i 25
2.5.C0NCIUSION ..ottt 28

3. Optical Wireless CommuniCations................ooooeiiiiiiiiiiie e 29
L INErOTUCTION. . ..o e e e e e 30
3.2.0ptical Wireless Communication (OWC) SYStemS...........ceeviiiiiiiiiiiiinieeneen 32
3.2.1. OWC SYStemMS eSIgN. .. .utit it 33
3.2.2. Configuration of OWC lINKS. ... ..ot 34



Table of Contents

3.2.3. Types of OWEC SYStEIMS. .. ..utitt it e e 36
3.2.3.1.Visible Light Communication (VLC)..........coiviiiiiiiiiee e 36
3.2.3.2.Free Space Optical Communication (FSO)..........cccooiiiiiiiiiiiiiiiiii 37

3.2.4. Optical modulation for OWC SyStems...........cooiiriiiiiiiiiiieieeeeean 38
3.2.4.1.Factors affecting modulation techniques for OWC systems.................. 38
3.2.4.2.Types of modulation techniques used in OWC systems....................... 39

3.3. Design of Experimental prototypes. .........oviniiriiniie e, 43
3.3.1. Analog wireless transmission using visible light........................ni. 43
3.3.2. SyStem deSCIIPLION. ... .ttt 44

3.4. Experimentation and resultS. ... .. ... 45

3.4.1. Analog wireless transmission using visible light........................oni. 45

3.4.2. Digital wireless transmission using visible light....................... 50
3.4.2.1.Description of the transmitted data.....................coooiiiiiiiiii 50
3.4.2.2.Experimental results...........coooiiiii 51

B 5. CONCIUSION. ...t 59

4. Optical OFDM signal transmission using a broadband source over SSMF...60

I 10T 0 Tod 1 o o 61
4.2. Broadband sources based optical Networks. ............ccoooiiiiiiiiiiiiii e 62
4.2.1. Different broadband SOUICES. .........coviiiriii i, 62
4.2.2. Fundamentals of signal transmission based on BBSS..................ccoooeinall. 63
4.2.3. Tolerant dispersion systems for BBS based optical links........................... 66

4. 3. EXPerimental SEtUD. ... ...ovit it 70
4.3.1. Generation and reception of OFDM signal...............coooiiiiiiiiiiiinene. 70
4.3.1.1.OFDM signal parameters. ..........coouiiriiiniiiiieee e 72
4.3.1.2.5ymbol generation........ ..ot 73
4.3.1.3.Location and assignment Of Carriers.............coeiveiiiiiiiiiiieieene, 73
4.3.1.4. Hermitian SYMmMetry .. ..o e 74
4.3.1.5.The cyclic PrefiX.. ..o, 74
4.3.1.6.Pre-emphasis filter. ... 76
4.3.1.7.5ignal CHPPING. ... oneitii e 76
4.3.1.8.Data rate of transmitted signal..............coooiiiiiiiii 77
4.3.1.9.Reception of the OFDM signal............coiiiiiiiiiii e 78
4.3.1.10. Quality of the OFDM signal................ooiiiiiii e, 79

4.3.2. Optical COMPONENTS. ......otit it 81
4.3.2.1.The Broadband source (BBS).........cccoiiiiiiiiiiiiie e 81
4.3.2.2.Multiport Tunable Optical Filter (MTOF)..........cooiiiiiiiiiiii, 81
4.3.2.3.Electro-Optic Modulator (EOM)..........ooiiiiiiiiieiieiei e 82
4.3.2.4.Polarization controller.............ooiiii i 82
4.3.2.5.RECEIVEL .. .. 82

4.3.3. OOFDM-WDM experimental network..............coooiiiiiiiiiiiiiie e 83
4.4.Experimental results and applications..............oooiieiiiiiii 86
4.4.1. Carrier reuse for bidirectional transmission................cooooiiiiiiiiininnnns 86




Table of Contents

4.4.2. Dynamic bandwidth allocation...............ccoooiiiiii i 88
4.4.3. Multiple users in reconfigurable networks. ...........c.oooeiiiiiiiiiiiiiiiiii, 90
4.4.4. Multiple band SEIECtION. ... ..o, 92

A5, CONCIUSION. ...ttt e e e e e 93
5. Conclusions and future ProSPects..............cooivieeiiiie e 94
5. L. CONCIUSIONS. . ...ttt e e e 95
5.1.1. Optoelectronic devices for optical telecommunications............................. 95
5.1.2. Optical wireless communications SYStEMS...........oovveiriniiiiiiiiiiiiieeeenenen 96

5.1.3. Bidirectional WDM-OOFDM access networks based on broadband sources...97
B 2. FULUIrE rESEAICN TINES. . .. e,

Bibliography
Appendixes



List of figures

Fig. 1.1: Percentage of individuals using the internet, by region and development status [ITU
2019]. CIS: The Commonwealth of Independent States, LDCs: The least developed

COUNTIIES . . ettt ettt e ettt et et e e e e e e e e et 2
Fig. 1.2: Global visual network Index predictions [Cis 2018]..........cccooviiiiiiiiiiiiininnn, 3
Fig. 1.3: Electromagnetic SPeCtrUM. ... .. ..ottt e 4
Fig. 1.4: DOW CONfigUIation. ... ..ot 7
Fig. 1.5: Principle of spectral slicing technique [Gra2013].........ccccoiiiiiiiiiiien, 8
Fig. 2.1: Interband transitions for semiconductors. (a) Direct bandgap, (b) Indirect

0100 0P o B EPRN 15
Fig. 2.2: Band gap energy according to the mesh parameter for some semiconductors........ 16
Fig. 2.3: Interaction of radiation and electrons in semiconductors..................cccoeeuenen.e 17
Fig. 2.4: Muffin-Tinpotential......... ... o e, 20
Fig. 2.5: The Zinc Sphalerite structure of a I1-VI binary semiconductor (ZnSe)............... 22
Fig. 2.6: The Brillouin zone for a Zinc Sphalerite structure...............coooviiiiiiiiiiniin. 23

Fig. 2.7: Lattice constant versus oxygen concentration in ZnSe; _, 0,..According to Fig. 2.7,
The lattice constants found using LDA approximation for binary ZnSe and ZnO are 5.5652 A
and 4.48 A, respectively. However, using the GGA approximation, we have found 5.7270 A

and 4.6116 A for ZnSe and Zn0, reSpectiVely............oviuee e 24
Fig. 2.8: Bulk modulus versus oxygen concentration in ZnSe;_,Ox......ccoovvveviineeninennnn. 24
Fig. 2.9: Energy of gap versus oxygen concentration in ZnSeq_,Oy.......ccoovveiiiinnninan.. 25

Fig. 2.10: The real and imaginary parts of the dielectric function of ZnSe;_, 0, compound to
the structure Zinc Sphalerite based on LDA and GGA approximations: (a) ZnSe, (b) Zno0, (c)
Zn590'7500'25, (d) Znseo'soo's, (e) Znseo'2500_75 ................................................... 26

Fig. 2.11: The real (n) and imaginary parts (k) of the index of refraction of the ternary
compound ZnSe, _,.0, for the structures zinc sphalerite based on LDA and GGA
approximation. (a) ZnSe, (b) Zn0, (c) ZnSey 750025, (d) ZnSey 5045, (€) ZnSey 2500 75....27

Fig. 2.12: Absorption coefficient according to the energy ZnSe, _, O, for the structure zinc
sphalerite with LDA and GGA. (a) ZnSe, (b) Zn0, (¢) ZnSey 7504 55, (d) ZnSey 0,5, (€)

NS00 25000 75 v e ettt e 28
Fig. 3.1: Examples of OWC for different ranges of communications [Cho 2018].............. 33
Fig. 3.2: Basic architectures of OWC SYStEMS.........oiviriiriiii e, 34
Fig. 3.3: Classification of Indoor OWC communication links [Kah 1997]..................... 35

Fig. 3.4: Part of the electromagnetic (EM) spectrum showing the frequency and wavelength
ranges foreach band. ... .. ... 36

Xi



List of figures

Fig. 3.5: Basic block diagram of an FSO system [Kha2014]...........coooiiiiiiiiiiiiininn.n 37
Fig. 3.6: On— Off Keying data coding...........ooviiriiniiiii e 40
Fig. 3.7: 4-PAM ModUIAtioN. ... 41

Fig. 3.8: Schematic diagram showing the difference between Pulse Width Modulation
(PWM), Pulse Position Modulation (PPM), Variable Pulse Position Modulation (VPPM)....42

Fig. 3.9: The frequency spectrum of our transmitted audio signal................................. 43
Fig. 3.10: Time presentation of the audio signal...................ooooiiiiiii 44
Fig. 3.11: Block diagram of simultaneous Optical Wireless audio transmission and energy
T 1o To T RPN 45
Fig. 3.12: The audio signal to be transmitted. Time is represented in the x-axis................ 46
Fig. 3.13: TDA7297 15w Dual Channel AC/DC 12V —Digital audio amplifier................ 47
Fig. 3.14: Audio signal amplification and Dc bias addition..........................coooi.. 47
Fig. 3.15: The received Audio signals with a separation distance between emitter (Led) and
receiver (photovoltaic cell) of: (a) 30 ¢cm, (b) 1.05m and (¢) 2.30M.........cevviveninnnnn... 48
Fig. 3.16: The photovoltaic cell (JZ-PV11570) and the mini Solar Lipo charger

(O (01 ) TR PP 48

Fig. 3.17: The illuminance of the photovoltaic cell vs the distance between transmitter and
To0=T Y PP 49

Fig. 3.18: The power of the audio signal received at the loudspeakers vs the distance between

the transmitter and the FECRIVET . ... .. i e 49
Fig. 3.19: Synoptic diagram of an indoor VVLC link in simplexmode............................ 51
Fig. 3.20: Bits detection problem when receiving a succession of identical bits................ 52
Fig. 3.21: Application of Manchester coding............coooviiiiiiii e 53
Fig. 3.22: Frame organization in the proposed protocol of communication..................... 54
Fig. 3.23: Proposed Protocol of transmission flowchart....................cocooiiiiinnnn. 54
Fig. 3.24: Implementation of our text transmission system via visible light..................... 55
Fig. 3.25: Example of transmission and reception of a text via visible light. (a) IDE interface
of the PC for transmission, (b) IDE interface of the PC reception......................coooee 55
Fig. 3.26: Transmission of an RGB image of size (50 x50) using visible light in free

0L [0 PPN 58
Fig. 3.27: Oscilloscope visualization of the emitted signal after Manchester encoding and the
received signal from the photodiode..............ccooi i 58
Fig. 3.28: Image reconstitution on the COMPULEr SCreEN........cviriiii i, 58
Fig. 4.1: Schematic of a transmission system using an optical broadband source............... 64

Xii



List of figures

Fig. 4.2: Transfer functions using a broadband source with different values of (ws45)/27
[GHZz]: 0.125 (blue), 12.5 (Orange), 50 (yellow), 100 (violet), 500 (green) in cases (a)
Rectangular distribution and (b) Gaussian distribution.......................ocociiil. 65

Fig. 4.3: Transmission structure based on a Mach-Zehnder interferometer and a VDL....... 66

Fig. 4.4: Scheme of transmission with Broadband Sources based on Mach-Zehnder
1T g (T 0] 4= =] PSPPI 66

Fig. 4.5: (a) Optical spectrum of the broadband source, (b) optical spectrum at the output of
the 6nm bandwidth optical filter.......... ... 67

Fig. 4.6: (a) Optical spectrum at the output of the MZI-VDL. (b) Electrical transfer function
Of the PropoSed SYSTEIM . ... ... e e 68

Fig. 4.7: The response of the transfer function for different At (blue: 6.38 ps, red: 3.83 ps,
yellow: 19.13 ps, grey: 38.26 ps and green: 57.40 pS)......c.ooviiiiiiiiiiiiiiiiiiiiaan 69

Fig. 4.8: OFDM-WDM network using broadband source. BBS: Broadband source (Optical).
EOM: Electro-Optical Modulator. AWG: Arbitrary Waveform Generators. MZI-VDL: Mach-
Zehnder Interferometer with Variable Delay Line. RTDO: Real Time Digital

OSCIIOSCOPE. . .ottt e e 71
Fig. 4.9: (a) Experimental system for the transmission of OFDM signals in the electrical link,
(b) Block diagram of generation and reception of an OFDM symbol............................. 71
Fig. 4.10: Two pilot location patterns: (a) comb-type, (b) block-type............................ 73
Fig. 4.11: An example of the insertion of a cyclic 25% prefix on a 128 carriers signal: (a)

original signal, (b) signal with cyclic prefiX............coooiiiiiii e 75
Fig. 4.12: Application of the pre-emphasis filter..................ooo i, 76
Fig. 4.13: Application of clipping of the temporal signal....................ooiiiiiinn. 77

Fig. 4.14: Centralized bidirectional OOFDM-WDM network using broadband source. BBS:
BroadBand Source (Optical), MTOF: Multiport Tunable Optical Filter, EOM: Electro-Optical
Modulator, MUX: Multiplexer, DEMUX: Demultiplexer, PS: Passive splitter, TMZI: Tunable
Mach-Zehnder Interferometers, DL: Downlink, UL: Uplink, OF: Optical Fiber, PD:
Photodetector, AWG: Arbitrary Waveform Generator (RF), RTDO: Real Time Digital
Oscilloscope, CO: Central Office, ONU: Optical Network Unit......................oooeinntn. 83

Fig. 4.15: Experimental setup (photograph)...........ccooiiriiiiii e, 85
Fig. 4.16: Electrical transfer function of the proposed system. (a) Downlink, (b) Uplink......86

Fig. 4.17: Power spectral density of received electrical signal: (a) Downstream, (b)
0oL L 1=7: 11 o DO PR 87

Fig. 4.18: Downstream transmission: 750 MHz 16-QAM OFDM signal carried at 5 GHz.
EB2B results: (a) Constellation, (c) EVM per subcarrier, (€) EVM per symbol. After 10 km
fiber transmission link: (b) Constellation, (d) EVM per subcarrier, (f) EVM per symbol......87

Fig. 4.19: Upstream transmission: 750 MHz QPSK OFDM signal carried at 3.5GHz. EB2B

Xiii



List of figures

results: (a) Constellation, (c) EVM per subcarrier, () EVM per symbol. After 10 km fiber

transmission uplink: (b) Constellation, (d) EVM per subcarrier, (f) EVM per symbol......... 88
Fig. 4.20: (a) EB2B power spectral density for BW = 2.66 GHz (inset: constellation), (b)
EVM per subcarrier, (C) EVM per symbol...........c.oo i, 88

Fig. 4.21: Transmission system response when optical carrier bandwidth is 3.9nm: (a)
Electrical transfer function, (b) Power spectral density of recovered electrical signal when
modulating signal is the one depicted iNn Fig. 4.19. ...t 89

Fig. 4.22: Transmission system response when optical carrier bandwidth is 8nm (modulating
signal is depicted in Fig. 4.20): (a) Electrical transfer function, (b) Power spectral density of

recovered electrical Signal......... ..o 89
Fig. 4.23: The schematic for reconfigurable multi-users networks................................ 90
Fig. 4.24: The spectral bands assigned to four ONUs in the WDM network..................... 91

Fig. 4.25: shows the electrical frequency transfer functions measured at each ONU where the
TMZIs have been configured with differential delays of 1.76, 3.14, 6.28 and 13.32 ps,
respectively. The corresponding insets show the recovered power spectral density of the

recovered signal and demonstrate effective transmission...............ccooviiiiiiiiniiinennnn.. 91
Fig. 4.26: Electrical RF transfer function at: (a) ONU 1, (b) ONU 2, (¢) ONU 3 and (d) ONU

e 91
Fig. 4.27: Experimental system with two TMZIs incascade..................coevviiiiiiininnnnn. 92
Fig. 4.28: Electrical RF transfer function: (a) TMZIs set at 2.5 and 5 GHz, (b) TMZIs set at 3
and 5 GHz, (C) TMZIssetat 3.5aNd 6 GHZ............coouiiniieiiiiiiii e, 93

Xiv



List of tables

Table 1.1: Approximated spectral colors of visible light....................co, 4
Table 1.2: Comparison between VLC and RF ..., 8
Table 2.1: Commercial applications for optoelectronic devices [Abde, 2006].................. 14
Table 3.1: Advantages and limitation of OWC...............oooiiiiii e 33
Table. 3.2: COMPARISON of different OWC SyStems.............coovviiiiiiiiiiiiiiiean, 36

Table 3.3: Specifications of the equipment in the Analog wireless transmission using visible
gt QY S M. L 46

Table 3.4: Performance of the text transmission system via visible light in detected erros...56

Table 4.1: Typical linewidth of different optical sources [Chi 2018]. DFB: Distributed
FeedBack, DBR: Distributed Bragg Reflector, FP: Fabry-Perot, ECL: External Cavity Laser,
VCSL.: Vertical-Cavity Surface-Emitting Laser, MWQ: Multiple Quantum Well, sLED:
superluminescent Light-Emitting Diode, LED: Light-Emitting Diode, ASE: Amplified
SPONtANEOUS EMISSION. ... ..ttt e e e 63

Table 4.2: Optical source with different width, dws45/2m, values used in the theoretical
model and corresponding FWHM widths of the electrical transfer function for rectangular and
GAUSSIAN SOUICTES. ...ttt et ettt et e et e et et et e et et et et e et e e e et e et e e e e 66

Table 4.3: Organization of the data at the input of the IFFT to respond to Hermitian

SYMMELry [Chi 2008 ... .o 74
Table. 4.4: The characteristics of BBS NP Photonics C&L Band ASE Source................. 81
Table 4.5: The optical characteristics of MTOF (Finisar WaveShaper 40005S5)................. 81
Table 4.6: The characteristics of EOM AVANEX..........c.oiuiiiiiiiiiiiiiiiii e, 82
Table 4.7: The specifications of the VDL General Photonics.................c.oooiviiiiinn... 82

Table 4.8: The specifications of the balanced photodetector u2t photonics BPDV2020R....83
Table 4.9: Specifications of the equipment in the OOFDM-WDM proposed network.........85

XV



List of abbreviations

ACO-OFDM
ADC
AlGaAs
ASE

APD

AWG

BBS
BER
BLE
BLS
BW

CCDF
CClI
CdTe

CO
CO-OFDM
CP

CSK
CWDM

DAC

DBR

DC

DCF
DCO-OFDM
DD
DD-OOFDM
DEMUX
DFB

DFT

DL

DM

DML

DMT

DOW

DPO

DSB

EAM
EB2B
ECL

Asymmetrically Clipped Optical OFDM
Analog to Digital Converter
Aluminium Gallium Arsenide
Amplified Spontaneous Emission
Avalanche diode

Arbitrary Waveform Generators

BroadBand source

Bit Error Rate
Bluetooth Low Energy
Broadband Light Source
Bandwidth

Complementary Cumulative Distribution Function

Co-Channel Interference
Cadmium Telluride

Central Office

Coherent Detection OFDM
Cyclic Prefix

Color-Shift Keying

Coarse Wavelength Division Multiplexing

Digital to Analog Converter
Distributed Bragg Reflector
Direct Current

Dispersion Compensating Fiber
DC biased Optical OFDM
Direct Detection
Direct-Detection Optical OFDM
Demultiplexer

Distributed Feedback

Density Functional Theory
Downlink

Dispersion-Managed

Directly Modulated Laser
Discrete Multi-tone Modulations
Diffuse Optical Wireless

Digital Phosphor Oscilloscope
Double Side-band

Electro Absorption Modulator
Electrical Back to Back
External Cavity Laser

XVi


https://en.wikipedia.org/wiki/Aluminium_gallium_arsenide
https://en.wikipedia.org/wiki/Cadmium_telluride

List of abbreviations

EDFA
EM
EOM
EON
EVM

FBG

FDD

FEC

FFT

FOV

FP
FP-LAPW
FPGA
FSO
FWHM

GaAs
GaN
Ge
GGA
GHz
GPS
GVD

HHI
HOM

IFFT
IM/DD
InGaAs
InGaP
InP
IPS

IR
IrDA
ISM
ISl

ITS

LAN
LD

LDA
LDC

Erbium Doped Fiber Amplifier
Electromagnetic
Electro-Optical Modulator
Elastic Optical Networks

Error Vector Magnitude

Fiber Bragg grating

Frequency Division Duplexing

Forward Error Correction

Fast Fourier Transform

Field of View

Fabry-Perot

Full Potential Linearized Augmented Plane Waves
Field-Programmable Gate Array

Free Space Optical

Full Width at Half Maximum

Gallium Arsenide

Nitride of Gallium

Germanium

Generalized Gradient Approximation
Giga-Hertz

Global Positioning System

Group Velocity Dispersion

Heinrich Hertz Institute
Higher-Order Mode

Inverse FFT

Intensity Modulation/ Direct Detection
Indium Gallium Arsenide

Indium Gallium Phosphide
Indium Phosphide

Indoor Positioning Systems
Infrared

Infrared Data Association
Industrial Scientific and Medical
Inter Symbol Interference
Intelligent Transportation System

Local-Area Network

Laser Diode

Local Density Approximation
Last Developed Countries

XVii


https://en.wikipedia.org/wiki/Gallium_arsenide
https://en.wikipedia.org/wiki/Germanium
https://en.wikipedia.org/wiki/Indium_gallium_arsenide
https://en.wikipedia.org/wiki/Indium_gallium_phosphide
https://en.wikipedia.org/wiki/Indium_phosphide

List of abbreviations

LED
Li-Fi
Lo

LOS

MCM
MHz
MMF
MMI
MLL
MT
MTOF
MUX
MWQ
MZI
MZM

NLOS
NRZ

OF
OFDM
OFDMA
oL

OLT
ONU
OOFDM
OOK
owcC

PA
PAM
PAPR
PD
PDA
PIN
PLC
PMD
PON
PPM
PRL
PS
PSK
PWM

Light Emitting Diode
Light Fidelity
local orbitals
Line-of-Sight

Multi-Carrier Modulation
Mega-Hertz

Multimode Fiber

Multi Mode Interference
Mode-Locked Laser

Muffin tin

Multiport Tunable Optical Filter
Multiplexer

Multiple Quantum Well
Mach-Zehnder Interferometer
Mach-Zehnder Modulator

Non Line-of-Sight
Non Return to Zero

Optical Fiber

Orthogonal Frequency Division Multiplexing
OFDM Access

Local Oscillator

Optical Line Terminals

Optical Network Unit

Optical OFDM

On-Off-Keying

Optical Wireless Communication

Power Amplifier

Pulse Amplitude Modulation
Peak-to-Average Power Ratio
Photodetector

Personal Digital Assistant
Junction p-i-n

Power Line Communication
Polarization Mode Dispersion
Passive Optical Network
Pulse Position Modulation
Photonics Research Labs
Passive Splitter

Phase-Shift keying

Pulse Width Modulation

XViii



List of abbreviations

QAM
QPSK

RF
RGB
RoF
RSOA
RTDO
RZ

SCF
SC-FDE
Si

sLED
SMF
SNR
SOA
SSB
SSMF

SS-WDM-PON

TDD
TDM
TMZI
TOD

UL
uv

V2l
V2V
VCSEL
VDL
VL
VLC
VLCC
VPPM

WDD
WDM
WDM-PON
Wi-Fi

Quadrature Amplitude Modulation
Quadrature Phase-Shift keying

Radio Frequency

Red Green Blue

Radio over Fiber

Reflective Semiconductor Optical Amplifiers
Real Time Digital Oscilloscope
Return-to-Zero

Self Consistent Field

Single-Carrier Frequency-Domain Equalization
Silicon

superluminescent LEDs

Single Mode Fiber

Signal to Noise Ratio

Semiconductor Optical Amplifier

Single Side-Band

Standard Single Mode Fiber

Spectrum Sliced Wavelength-Division-Multiplexed
Network

Time Division Duplexing

Time Division Multiplexing

Tunable Mach-Zehnder interferometer
Third-Order Dispersion

Uplink
Ultraviolet

Vehicle to Infrastructure

Vehicle to Vehicle

Vertical-Cavity Surface-Emitting Laser
Variable Delay Line

Visible Light

Visible Light Communication

Visible Light Communication Consortium
Variable PPM

Wavelength Division Duplexing
Wavelength Division Multiplexing

Passive Optical

Wavelength-Division-Multiplexed Passive Optical Network

Wireless-Fidelity

Xix


https://en.wikipedia.org/wiki/Silicon

List of abbreviations

WLAN Wireless Local Area Network
ZnO Oxyde de zinc
ZnSe Zinc Selenide

ZnS Zinc Sulfide

XX



Chapter 1

Introduction




Chapter 1 : Introduction

1.1. Motivation

1.1.1. The current needs of telecommunications

In the past decade, the world has seen a growing increase in the traffic carried by the
telecommunication networks including the wireless networks. At the same time,
manufacturers are installing wireless communication capabilities in stationary electronic
devices and appliances to enable consumers to communicate with them remotely. More and
more users enjoy the convenience of employing wireless mobile devices anywhere, both
indoors and outdoors. However, the ever-increasing demand for broadband internet services
has underpinned the need for further innovation, research and development in the new
emerging communication technologies capable of delivering ultra-high data rates. According
to [ITU 2019], internet use in developed countries has almost reached its maximum possible
level in 2019, with almost 87% of the population online, where Europe is the region where
Internet use is the highest (82.5%) and Africa is the lowest (28.2%), as shown in Fig.1.1.
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Fig. 1.1: Percentage of individuals using the internet, by region and development status [ITU 2019]. CIS: The
Commonwealth of Independent States, LDCs: The least developed countries.

Hundreds of millions of people send and receive messages and files via laptops, Personal
Digital Assistants (PDAs) and other digital devices using Wi-Fi (Wireless-Fidelity) or cellular
networks, the radio-frequency (RF) based wireless access technology. The CISCO company
conducts an annual study that assesses the prospects for network data processing in the
coming years. Its report for 2018 [Cis 2018] indicates an exponential trend in the growth of
traffic generated by the Internet, as shown by the global network traffic statistics illustrated in
Figure 1.2, as 254 and 396 exabytes per month in 2020 and 2022 respectively.
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Fig. 1.2: Global visual network Index predictions [Cis 2018].

It can be observed that the global network traffic is continuously increasing at an expeditious
pace and this forecasted global network traffic inflation is predicted to prevail in the
successive years.

The different methods of data transmission are at the heart of the study subjects, in order to
meet consumer demand. Wi-Fi is a reliable technology that has established itself worldwide,
but its use is still controversial due to the unknown effects of radio waves on the human body.
According to researchers, the use of the visible light spectrum has recently received particular
attention as a technique to reduce the spectral load on radio systems.

Optical wireless technologies are one of the greatest success stories in the history of
technological development, realizing the dream of humans to communicate from anywhere at
any time. Optical Wireless communication (OWC) is a general term which refers to all types
of optical communications like Visible Light Communication (VLC), free space optics (FSO),
light fidelity (Li-Fi) and infrared. The use of visible light for communications is driven by
recent developments in optoelectronic components, especially optoelectronic components
based on semiconductors. These have remarkable properties such as compactness, high
electrical-to-optical conversion efficiency, low excitation voltage, thus greatly facilitating
operating conditions, and reliability. The light-emitting diodes (LEDs) are paving the way for
their full adoption as an alternative to incandescent and fluorescent lighting [Ste 2002]. The
LEDs have been widely employed as lighting sources because of their long-life expectancy,
low power consumption, and low cost. Meanwhile the signal to be transmitted can be
modulated onto the LEDs without causing flicker perceived by the human eyes and detected
by a photoelectric device. However, the 3 dB bandwidths of commercial LEDs are usually
several MHz, which restricts the data rate improvement.

Visible light communication based on LEDs has attracted more and more attention in recent
years as it is considered to be a potential candidate wireless communication technique in the
future [Mat 2019]. It can also be employed in environments which are sensitive to RF waves,
for example, in airplanes, hospitals, etc., as it doesn’t interfere with other modes of
communication [Kom 2004]. VLC is more secure against hacking, as transmitted light is
confined within the system’s coverage area. Additionally, it offers high data rate compared to
the conventional RF-based wireless technologies such as Wi-Fi and Bluetooth, thanks to its
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huge bandwidth [Pis 2012]. Most of the recent studies on VLC consider the LEDs as
transmitter, such as [Erg 2015, Gao 2019, Li 2019a, Sin 2019, Zho 2019, Yeh 2019].
However, according to [Erg 2015], there are two main challenges in utilization of LEDs as
transmitter, the limited bandwidth (Bandwidth can be extended with complex type of LEDs);
and the nonlinearity (nonlinear relationship between current and optical power in LEDs
becomes challenging in high data rate applications).

1.1.2. Visible light communications

The visible light spectrum is the segment of the electromagnetic spectrum that the human eye
can view. More simply, this range of wavelengths is called visible light (Fig.1.3). Typically,
the human eye can detect wavelengths from 380 to 700 nm, i.e. 430 to 770 THz in terms of
frequency.
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Fig. 1.3: Electromagnetic spectrum.

Several colors are generated by visible light in different, narrow frequency bands, called pure
spectral colors. Table 1.1 shows the approximate spectral colors of visible light.

Table 1.1: Approximated spectral colors of visible light.

Color Wavelength Frequency
Violet 380 - 450nm 668 - 789 THz
Blue 450 - 495nm 606 - 668 THz
Green 495 - 570 nm 526 - 606 THz
Yellow 570 - 590 nm 508 - 526 THz
Orange 590 - 620 nm 484 - 508 THz
Red 620 - 750 nm 400 - 484 THz

OWC covers the entire light spectrum, whereas VLC employs the Visible Light spectrum. In
OWC, the message can be transmitted by intensity-modulation and direct detection (IM-DD)
method, where the data is modulated as the envelop of the electromagnetic radiation which is
photo-detected at the receiver [Kah 1997, Han 2012]. IM-DD relies on the use of electrical-to-
optical transceiver, such as light emitting diodes (LEDs) and laser diodes (LDs) at the
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transmitter, and optical-to-electrical transceivers like photodiodes (PDs) at the receiver. In
recent years researchers focused on the use of alternative modulation techniques for VLC
transmission. They have shown that Orthogonal frequency division multiplexing (OFDM) is
also a promising technology for OWC. Other modulation techniques have been studied, for
example in [God 2016], a study of a Flip-OFDM system was proposed using M-PSK and M-
QAM, and it was concluded that M-QAM has better performance than M-PSK in a Flip-
OFDM-modulated VLC system.

Visible light communication (VLC) refers to transmission of information by modulating a
light source and reception by an optical receiver. A LED light source, on account of its fast
switching and easy controllability, can be used as a VLC transmitter while providing flick-
free illumination. Light Emitting Diodes (LEDs) has recently been expecting to replace
traditional illumination sources due to more advantages compared to the existing incandescent
lamps in terms of low power consumption long life expectancy and high tolerance to
humidity. Typical LEDs have characteristics to light on/off very fast at ultra-high speed.
When applying the visible light for the data information transmission, related problems in the
field of wireless communications need to be resolved such as transmitting signal processing at
ultra-high speed while harmless for human eye [Kom 2004], interference issues from other
ambient light sources, short coverage range, atmospheric absorption, beam dispersion, and the
most important thing is that the transmitter and receiver are in Line-of-Sight (LoS), hence
non-LOS communication is difficult to be achieved. An indoor LED lighting based visible
light communication systems is investigated as a convergence telecommunication technology
which is integrated device used for both lighting and information transmission [Luo 2017].
Due to these advantages, the LEDs are not only ideal lighting sources for contributing to
considerable energy savings, but also ideal transmitters for indoor localization and data
communications, e.g. in [Zho 2019], a real-time data transmission of 10Mbps Ethernet over
120m is realized under strong background light using a LED as transmitter.

Visible light communication (VLC) systems have become promising candidates to
complement conventional radio frequency (RF) systems due to the increasingly saturated RF
spectrum and the potentially high data rates that can be achieved by VLC systems. Over the
last decade, significant research efforts have been directed towards the development of VLC
systems due to their numerous advantages over RF communication systems, such as the
availability of simple transmitters (light emitting diodes, (LEDs)) and receivers (silicon photo
detectors), better security at the physical layer, improved energy efficiency due to the dual
functionally (i.e., illumination and communication) and hundreds of THz of license-free
bandwidth. However, several challenges must be faced by VLC systems to achieve high data
rates (multi gigabits per second). These challenges include the low modulation bandwidth of
the LEDs, inter symbol interference (ISI) due to multipath propagation, co-channel
interference (CCI) and the light unit (i.e., VLC transmitter) should be ‘“ON’’ all the time to
ensure continuous communication.

However, the main challenge of the VLC system is that the modulation bandwidth of LEDs,
and most commercial LEDs is limited to 2 MHz for white LEDs, making Gbps
communication links currently unreachable, thus prevents VLC systems from achieving high-
speed transmission [Kar 2015]. In terms of SNR (Signal to Noise Ratio), visible light
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communication systems have a high SNR [Mat 2019]. A common method to increase the
modulation bandwidth of LED luminaires is to add an optical filter in the receiver. In
summary, VLC systems are characterized as having a low bandwidth with a very high SNR.
Therefore, there are several techniques that can be used to obtain a high data rate such as, in
2015, using a cascaded bridged-T equalizer circuit and a blue filter, Huang increased the 3 dB
bandwidth to 366 MHz and realized a 1.6 Gbit/s offline VLC transmission using the
quadrature amplitude modulation with orthogonal frequency division multiplexing (16QAM-
OFDM) [Hua 2015]. In 2016, feed-forward pre-equalization is proposed to be used in
wireless VLC systems in conjunction with PAM modulation schemes in order to overcome
the limited bandwidth of LEDs and achieve an error-free (BER < 1071%) 1.6 Gb/s and
2 Gb/s PAM-4 data transmission are achieved over a free-space VLC link using a 2-tap and3-
tap feed-forward pre-equalizer respectively [Li 2016], and in 2020, a real-time NRZ-OOK
VLC system based on a single commercially available phosphorescent white LED in the VLC
systems was realized, the experimental results showed that the 3 dB bandwidth of the VLC
link with a blue filter was extended from 30 MHz to 600 MHz, and the highest real-time data
rate of 1.35 Gb/s was achieved at the BER of 8.8 x 10~>, which was below the forward error
correction limit of 3.8 x 10~3 [Min 2020].

Another important challenge for VLC systems is to provide a reliable uplink (UL), as their
channels are naturally downlink (DL) channels. The use of the same Visible Light (VL) band
on both the uplink and the downlink can lead to considerable interference. Therefore, a
mechanism must be used to separate the two beams while being able to communicate without
interference. This can be achieved by using several techniques [KIli 2017] either Time
Division Duplexing (TDD) [Tiw 2016] or Frequency Division Duplexing (FDD) [Zha 2020].

One of the fundamental requirements for VLC systems to complement RF networks in the
indoor environment is the mobility. As users of mobile wireless devices move around within
the coverage area, VLC systems must provide an uninterrupted link for these users. Since the
light beam follows a straight path, mobile users lose their connections. For this, several
solutions have been proposed. In [Mmb 2016], a Diffuse Optical Wireless (DOW)
configuration has been proposed to solve this problem. On the other hand, VLC systems are
built upon the illuminance infrastructure, and their performance is coupled with illumination
function. The most common link configurations for indoor OWC or VLC systems in a typical
room are the line-of-sight (LOS) and the diffuse or a hybrid LOS-diffuse. Normally, the
diffuse system provides a lager coverage area and an excellent mobility [Wu 2011], but at the
cost of lower data rates, higher path losses and multipath induced intersymbol interference
(I1SI) caused by the signal reflections from walls and other objects within the room. On the
other hand, LOS links, where the beam is confined within a narrow field of view (FOV), offer
a much higher channel capacity and a longer range [Kum 2019]. However, LOS links offer a
limited coverage area as well as requiring alignment and/or tracking to maintain link
availability. Hence, the transmitter must be designed to have a wide FOV since multiple
reflections are allowed from walls and other materials, as shown in the following figure.
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Fig. 1.4: DOW configuration.

Therefore, if a user occupies a transmission channel of the transmitter, reflections from other
channels will still be able to reach the receiver and thus enable uninterrupted communication.
However, one of the main disadvantages of the DOW configuration is a multipath dispersion.

Another challenge for VLC systems is to cooperate with another wireless standard such as
RF. The work in [Hou 2006], studied the combination of a high-speed downstream link of a
low-speed RF wireless LAN, and showed that the combined system has some advantages in
terms of latency and data rate. In [Kas 2018], a parallel communication system of RF and
PLC/VLC is proposed showing that the system can be considered as a promising architecture
to deploy an indoor wireless network which combines multiple VLC and RF
transmitters to enhance rate and reliability of indoor wireless networks.

Both VLC and RF communication technologies are used for wide variety of applications for
wireless communication. VLC uses light as medium for communication whereas RF uses
electromagnetic (EM) waves. Different from traditional RF systems where phase or
frequency modulation with coherent detection is adopted widely, the short range optical
wireless communication systems we focus on usually utilize intensity modulation / direct

detection (IM/DD). Table 1.2 show a comparison between VLC and RF with regards to
various features.
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Table 1.2: Comparison between VLC and RF.

Feature VLC RF
Power Consumption Less, it is power efficient system. | High, it is power inefficient
system.
BW regulated Yes No
EM interference VLC communication is not | RF communication is affected
affected due to EM sources. due to EM sources.
Infrastructure LED illumination Access point
Line-of-sight (LoS) Yes No
Visibility security Yes No
Distance Narrow, short Wide, medium

Radio and optical wireless are complementary transmission media, with different applications
favoring the use of one medium over the other. Radio is preferred in applications where user
mobility must be maximized or transmission through walls or over a long range is desired.
Optical wireless is advantageous for short to medium-range applications in which bit rate per-
link and aggregate system capacity must be maximized at minimal cost or receiver signal-
processing complexity. The applications, advantages and limitations of OWC are described in
Chapter 3.

1.1.3. Broadband sources in fiber communications

Since early 90’s, the employment of Broadband sources (BBS) have been of huge technical
interest and has been largely suggested as a cost-effective alternative to the expensive use of
multiple lasers as WDM light sources [Kim 2007, Gra 2009, Gra 2013]. The fundamental
motivation for using incoherent sources is their essentially character and their cost-
effectiveness for the construction of several narrower WDM channels where the generation of
optical channels is done by means of the spectral slicing technique. In this way,
implementation and maintenance costs are reduced and the control of temperature
stabilization is relaxed. The following figure illustrates the schematic diagram of the
operating principle of the spectral slicing technique [Gra 2013].
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Fig. 1.5: Principle of spectral slicing technique [Gra 2013].
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As shown in Fig. 1.5, Spectrum slicing technique is one of basic techniques available in
WDM-PON (Wavelength Division Multiplexing -Passive Optical Network) systems in order
to reduce the cost of components and simplify the passive network architecture. Then, the
incoherent BBS s sliced, and equally spaced multi-wavelength channels is generated [Sun
2008]. All cut slices match the wavelength grid defined by the WDM filter and can be used as
optical carriers. For this purpose, the Full Width at Half Maximum (FWHM) spectral width of
the BBS must be at least equal to the wavelength band of the band-pass filter. There are
several types of broadband optical sources and the most typical are white sources such as
(super-luminescent) light-emitting diodes (LEDs) and amplified spontaneous emission (ASE)
noise spectrum emitted either by an Erbium Doped Fiber Amplifier (EDFA) or a
Semiconductor Optical Amplifier (SOA). The spectral slicing technique can be employed to
perform both the generation of downlink and uplink carriers in fiber communication [Sek
2018].

Broadband sources with high output power are useful for many applications, such as optical
communications, especially fiber communications. Several works on optical transmission
using a broadband source, for example, in 2010, [Gra 2010] has demonstrated experimentally
a novel photonic transceiver based on the phase modulation of an BBS suitable for RoF
(Radio over Fiber) signal transport over 20 Km of SMF (Single Mode Fiber), and the authors
deduce that the proposed approach shows a great suitability for WDM networks based on RoF
signal transport and also represents a cost-effective solution for passive optical networks. In
2016, [Fal 2016] proposes an integrated single-mode fiber and visible light communication
system based on a hybrid Hadamard/OFDM using a LED as the emission source, and the
authors deduce that the proposed system is effective in improving the performance of the
single-mode fiber and visible light communication system and its low cost due to its simple
design in physical layer and would be a feasible solution for indoor internet, Fiber-to-
the-Home, smart home based on VLC. In 2017, [Chi 2017b] has demonstrated optical
OFDM transmission using an optical broadband source over a 10 km fiber link, and a
transmission of 2 Gbit/s is obtained using a 3 to 7 nm broadband ASE optical source
without power fading, he concludes that. The proposal is easily adaptable to WDM access
networks and compatible with multi-band next generation OFDM-PONSs. In 2019, [Sen 2019]
has combined a 32-channel spectrum sliced wavelength-division-multiplexed passive optical
network (SS-WDM PON) transmission system with a 7-Fiber Bragg gratings (FBG) optical
sensor system with one shared broadband light source (BLS) over one optical fiber,
acceptable results were achieved and conclusion led to assess that FBG optical sensors
network do not negatively affect the SS-WDM PON data transmission system nor such
collaboration between both technologies.

1.2. Objectives

According to previous section, data communication via LEDs has become an attractive topic
and several researchers are continuously researching and proposing techniques to improve the
transmission rate and distance, using a broadband source such as LED as an optical
transmitter source and different receivers such as photodiodes, cameras or solar cells.
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The general objective of this thesis is the study and practical design of communication
systems based on broadband sources for fiber and free space optical links with optimizing the
maximum transmission capacity and provided services. Moreover, this objective can be
broken down in the following specific tasks (i.e. subobjectives):

Firstly, a theoretical study based on both the bibliography and the most recent publications
has been carried out throughout the process of doctoral studies, and it has been continuously
updated due to the frequent novelties introduced by the leading research groups over the
years.

Since this is a Doctoral Thesis focused on the experimental part, it has been necessary to
know the equipment used for the design of the transmission system in visible light as well as
the equipment in the Photonics Laboratory to design the transmission system in fiber at
1550nm and to acquire the skills derived from its use as well as from the optical components
that are referenced throughout this report.

To carry out a simulation study to know the different electronic and optical properties of the
semiconductors. The choice of the component used to manufacture LEDs in order to use them
as broadband optical sources emitting visible light. In fact, this choice depends on the
wavelength of the desired emission which is related to the deviation value of the material and
its nature. The generation and reception of digital data employing LEDS as optical broadband
sources for emission, and the evaluation of its performance according to several parameters
such as LED characteristics, amongst others. The design of a VLC system using a broadband
optical source which is a LED, and the evaluation of the performance. This thesis will
demonstrate two prototypes of VLC transmission in analog and digital transmission for the
transmission of sound, text and image respectively.

The experimental generation and reception of the OFDM optical signal employing an optical
broadband source in the third optical communications window for optical fiber transmission
and evaluation of performance. More concretely, a low-cost WDM-OOFDM network based
on a centralized source by employing double sideband modulation and optical carrier re-use
for downlink and uplink will be presented and implemented experimentally.

1.3. Organization of the thesis

This doctoral thesis is organized into five chapters where the first chapter provides a general
introduction to communication systems based on broadband light sources both for free space
and fiber optic links. It summarizes the main information related to the different axes and
issues that will be dealt with in the context of the research works included in this thesis.

The chapter two is oriented towards a detailed study of the optoelectronic properties of
semiconductors, followed by an explanation of how to design optoelectronic materials using
the WIEN2K software. Then, the electrical and optical proprieties and analysis of the
ZnSeO material will be presented. In this research work, we propose the ZnSeO as an
optoelectronic device for optical wireless communication systems. This choice will be
corroborated by the simulation results.

10
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In the third chapter, we will focus on the study of wireless optical communication systems
especially the types, configurations and modulations. Two simple experimental prototypes
will be designed and presented. The first one is designed for analog data transmission using
visible light as well as the wireless power transmission. The second experimental prototype
deals with numerical data transmission in simplex mode and half duplex. The main results
and challenges will be discussed.

In chapter four, we will focus on transmission via SSMF using OFDM optical and a
broadband source. First, we will start by describing the main generalities of broadband
sources. The Mach-Zehnder Interferometer (MZI) with Variable Delay Line (VDL)
transmission structure is proposed to overcome the limitations of broadband sources in the
transmission of optical signals. Next, the generation and reception of OFDM is described
sequentially and exhaustively, from the origin of the bits to their reception. Finally, we will
present a WDM-OOFDM access network using a centralized optical transceiver based on a
single optical broadband sliced source at the Central Office as a low-cost solution offering
downlink and uplink signal transmission by using double sideband modulation and optical
carrier reuse, as well as dynamic bandwidth allocation, multiple band selection and tunable
OFDM band selection in reconfigurable networks at moderate bitrates.

Finally, Chapter five will include a summary of the main results achieved throughout this
thesis and a presentation of the key conclusions drawn from the work carried out. Likewise,
future lines of research will be addressed for further work.

11
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2.1. Introduction

Optical wireless communication is an emerging field of telecommunications that uses
different optoelectronic devices such as light emitting or light detecting devices. Recently, a
large number of researchers as [Vuc 2009, Cho 2013, Hua 2015, Kar 2015, Li 2016, Tia 2017,
Li 2017, Gao 2019, Yeh 2019, Zho 2019] are focusing on the development of new devices
that will adapt to the next generation of broadband optical wireless communication
technologies. This future evolution is based on the maturity of the broadband wireless
personnel mobile and the ultra-speed fiber communication technologies. Indeed, optical
communications spawned a number of developments in optoelectronics, leading to devices
like optical modulators, semiconductor optical amplifiers, and avalanche photodiode and
vertical-cavity surface-emitting lasers [Eis 2002, Bour 2012].

However, the great development of optoelectronic devices is a direct result of technological
advancement in the field of semiconductors. In fact, semiconductors materials allow handling
of current and light and their interaction in the same device. In this chapter, we are interested
on semiconductors with the energy of gap between visible and ultraviolet light domains
because they are good compounds for different optoelectronics devices especially those
applied to optical communications.

The proprieties of semiconductors from the II — VI family of periodic table of elements
(Mendeleev Table) are generally similar to those of group III —V and IV, where, their
energy of gap is between visible and ultraviolet light domains. For example, the following
alloys In,_,Al,N , GaN,_,As, and ZnSe,_,.0, are high efficiency semiconductors for both
lighting and solar cells. Their bandgap can be controlled by the visible electromagnetic energy
spectrum by varying the stoichiometric coefficient x.

In this part of the thesis, we were focusing on studying the mono-zinc chalcogenide, which is
an attractive material for many optoelectronic applications [Boua, 2016], and his variants such
as zinc selenide (ZnSe) and zinc oxide (Zn0) [Lin, 2010]. The objective of this study was to
analyse the performance of direct gap /I — VI semiconductors with cubic zinc-blende phase.
Their electronic and optical properties were discussed in [Sek 2016].

The organization of this chapter is as follows: firstly, the optoelectronic proprieties of
semiconductors will be presented followed by an explication of how to design the
optoelectronics materials using WIEN2K software. Main steps and interconnection of the
subprograms will be specified. Then, the electrical and optical analysis of the proposed
ZnSeO material as optoelectronic devices for wireless communication will be detailed.
Finally, main observations will be summarized in the conclusion.

2.2. Optoelectronic proprieties of sesmiconductors

Optoelectronics is considered as sub-domain of photonics. It includes study, conception and
manufacture of devices that have the ability to transform the electrical energy to optical
energy (light) and the optical energy to electrical energy. Optoelectronic devices can work on
infrared, visible or ultraviolet spectral regions [Wong, 2000, Xu, 2008, Komi, 2004].

13



Chapter 2: Optoelectronic for optical wireless communication

The optoelectronic proprieties are a result of the effects of quantum mechanics of light on
materials, especially semiconductors. In this part, a general presentation of semiconductors
and theirs optoelectronics properties will be presented.

2.2.1. Semiconductors

A semiconductor is a solid substance that has conductivity between that of an insulator and
that of most metals, either due to the addition of an impurity or because of temperature
effects. The study of semiconductors provides a detailed view of their physical properties,
and thus increases their potential for technological applications. There are several families of
semiconductors, but in this chapter only II — VI semiconductors will be presented.

The semiconductors are of great interest because of their absorption and fluorescence
properties. They can be used as a source of photons for the production of light-emitting diodes
[Bour, 2012], lasers [Eisl, 2002] or solar cells [Patta, 2010]. Compounds II — VI constitute a
particular class of semiconductor materials due to their specific physical properties. Up to
now their development has been mainly linked to the need for infrared detection and imaging
in atmospheric transmission windows of 8 — 12 um and 3 — 5 um, and more recently in the
wavelength range corresponding to optical fiber transmissions.

Recently, many works like as [Her 2002, Nab 2003, Lin 2010, Che 2013, Bou 2016] have
been carried out on the study of II — VI materials and their ternary and quaternary alloys,
with a view to their application in telecommunication field, especially optoelectronic
components such as LEDs, detectors and solar cells.

The following table illustrates the different commercial applications for optoelectronic
devices.

Table 2.1: Commercial applications for optoelectronic devices [Abde, 2006].

Materials Devices Applications
GaAs/AlGaAs | Detectors, LED's, infrared, lasers | TV remote controls, solar energy conversion,
fiber optic communications, system (local
network).
InP Solar cells Space solar cell
InP/InGaP Infrared LEDs, lasers (1-1.6um) Fiber optic communications
InP/InGaAs | 1-1.67um Detectors Fiber optic communications
Si Detectors and solar cells Solar energy conversion, calculators, detectors
Ge Detectors Detectors
ZnSe/ZnS Visible LEDs Commercial  applications, Visible light
communication

14
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2.2.2. Semiconductor alloys

Wide gap 11 — VI semiconductors such as ZnSe and ZnO have been studied for several years
because they have promising optoelectronic features. Their alloys are classified into several
groups according to the number of constituents, so their classification is as follows:

e Binary alloy of the form AB (Zn0 and ZnSe);
e Ternary alloy: when the binary elements AB and AC are combined, the alloy formed
can be either:
» Anionic ternary alloy AB,.C;_;
» Cationic ternary alloy A, B;_,.

These alloys are characterized by the presence of the stoichiometric coefficient x.

However, there is also another type of semiconductor alloy called quaternary. This type of
alloy involves four binary compounds and two stoichiometric coefficients x and y, either of
the form A;_, B, C,D;_,, AB,C, D;_,_, (anionic) or A, B, C;_,_,, D (cationic).

2.2.3. Properties of 11-VI semiconductors

In this part of work, only the electronic and the optical properties of I1-VI semiconductors will
be discussed.

2.2.3.1. Electronic properties

The II — VI semiconductors are characterized by a large band gap, i. e. a direct forbidden
band, corresponding to wavelengths located in the visible up to ultraviolet range. These
semiconductor materials have a direct gap ranging from 3.741eV (ZnS [Bara, 1978]) to
1.525eV (CdTe [Hern, 2002]). Fig. 2.1 represents the interband transition for a
semiconductor.

(a) (b) !

electrons
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Direct bandgap semiconductors Indirect bandgap semiconductors

Fig. 2.1: Interband transitions for semiconductors. (a) Direct bandgap, (b) Indirect bandgap.
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The band gap (Eg) is important for optoelectronic applications, as it defines the energy of the
transition involved in the absorption and emission of light, the forbidden band defines the
emission color of light in a LED or solid-state laser and the lowest absorption energy for a
photovoltaic device.

2.2.3.2. Optical properties

The optical properties of semiconductors depend on their electronic structure because they
involve transitions between different electronic states. This transition can be made without
changing the wave vector in direct gap semiconductors, which allows the absorption and
emission of light much more efficiently than in materials with indirect gap. Hence, for all
industrial applications, the choice of materials depends on the band gap and also the lattice
constant to provide uniform heterostructures will reduced defects.
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Fig. 2.2: Band gap energy according to the mesh parameter for some semiconductors.

From Fig. 2.2, we can observe that the Zinc-based II — VI materials can be used for devices
operating in the visible to ultraviolet range, such as LEDs and photovoltaic cells.

The optical properties of semiconductors are revealed in the form of interaction of radiation
with electrons, which are interpreted according to three processes: absorption, spontaneous
emission and stimulated emission. They are described by the real and imaginary part of the
dielectric function, the refractive index, the extinction coefficient and the reflectivity.

= Absorption: when the absorbed photon causes an electron jump from an occupied
state of the valence band to an empty state of the conduction band, there would be an
absorption;

» Spontaneous emission: it occurred when an electron from the conduction band
spontaneously falls back on an empty state of the valence band;

= Stimulated emission: if the absorbed photon induces the transition of an electron
from the conduction band to an empty state of valence band with emission of a
photon, the emission would be stimulated.
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Fig. 2.3: Interaction of radiation and electrons in semiconductors.

2.3. Design of Optoelectronics Materials

The design of optoelectronic devices requires a depth study of the materials to be chosen and
an appropriate choice of the material simulation software. Hence, several software programs
have been created for simulating the optoelectronic materials and devices. WIEN2k software
is widely used; we will exploit it in this chapter to study a new material that we have proposed
for use in optoelectronic devices such photovoltaic cells and LEDs. A succinct explanation of
WIENZ2K and its operating principle is also provided.

2.3.1. WIEN2K software description

WIENZ2K is a software tool programmed in Fortran language that allows to perform quantum
calculations on periodic solids. It performs electronic structure calculations of solids using
density functional theory (DFT) [Blah 2008]. It is based on the full-potential (linearized)
augmented plane-wave (FP-LAPW) plus local orbitals (o) method, one of the most accurate
schemes for band structure calculations. This software was designed by Blaha and his
collaborators [Bla 2008].

The Wien2K code is an implementation of the FP-LAPW method. Before describing the
WIEN2K software operation, we will give a brief overview of the DFT and FP-LAPW
methods.

2.3.1.1. The Theory of the Functional Density

The numerical simulations have acquired a prominent place in physics and particularly in
materials science. The density functional theory (DFT) and its resulting improved methods
become now important for the study of material properties [Hoh 1964, Koh 1965, Koc 2000].

In fact, all the information related to a system composed of a set of particles, in which there
are interactions between positive and negative charges, is contained in its wave function w
[Har 1928]. This function allows determining a fundamental parameter of the system which is
the probability density and w is obtained by solving the Schrédinger equation:

Ay = Evy (2.1)
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where E is the total energy, 1 is the wave function and H is the Hamiltonian of the system
given by the following equation:

H=T,+V,oe+Vy_e+Ty+Vy_n (2.2)

Where T, is the kinetic energy of electrons, Ty is the kinetic energy of the nuclei, V_, is the
potential energy of nucleus-electron attraction, V,_. is the potential energy of repulsion
between electrons and V_y is the potential energy of repulsion between the nuclei.

Different approximations were developed [Bor 1927, Har 1928, Sla 1951] to solve the eq.
(2.1). However, it has been proven that the solution is extremely difficult to obtain, even in
the simplest cases. Indeed, when the number of atoms increases, the difficulties of calculation
increase exponentially [Hoh 1964, Koh 1965].

The functional density theory (DFT) is a good tradeoff and numerically less expensive. It
started with the fundamental theorems of Hohenberg and Kohn in 1964 [Hoh 1964] which
established a functional relationship between the energy of the ground state and its density.
The purpose of the DFT is to describe a system by considering the density as a basic variable
[Tho 1927, Fer 1927, Dir 1930].

Generally, the electron density p(r) is a positive function depending of only three space
variables that tends towards zero when r tends towards infinity and whose integral over the
whole space gives the number N of electrons, so that:

lim () = 0
{f p(r)dr =N

where p(7) represents the probability to finding one of the N electrons in the volume element
dr. Hence, electron density, unlike wave function, is an observable that can be measured
experimentally (by X-ray diffraction).

(2.3)

However, it is possible to reformulate the problem by using appropriate theorems and
approximations [Koh 1965, Perd 1992]. In the following, we will present two standard
methods which are mainly used to study the properties of material namely the Local Density
Approximation (LDA) and the Generalized Gradient Approximation (GGA) [Cep 1980, Per
1992].

2.3.1.2. The Local Density Approximation (LDA)

The local density approximation (LDA) is a simplest and most common way to calculate the
exchange and correlation term. It considers the exchange and correlation potential as a local
quantity, defined at a point r which is weakly dependent on density variations around this
point [Beck 1988, Perd 1992, Aou 2009, Gér 2013, Ben 2014]. Its corresponding density is
p(r). This density will be replaced by that of a homogeneous electron gas of the same
density p(r). The functional of exchange and correlation is expressed as follows:

Exlp(M] = [p() e’ [p(M] d®r (2.4)
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where p is the electronic density, €,. is the exchange-correlation energy per particle of a
homogeneous electron gas of charge density p.

The LDA approximation ignores the exchange-correlation corrections to be made when the
electron density is no longer locally homogeneous. However, LDA is particularly effective
and its application to atoms and molecules is justified by the success of these numerical
applications.

2.3.1.3. The Generalized Gradient Approximation (GGA)

The generalized gradient approximation (GGA) [Per 1992] is another method that overcomes
the limitations encountered with LDA. The GGA adds a new part which depends on the
density gradient and the correlation exchange term is then formulated as follows:

EiApm] = [ p(m) g™ [p(M),V p()] d*r (2.5)

Where, €564[p(r), Vp(r)] represents the correlation exchange energy per electron in a
mutually interacting electron system of non-uniform density. E$§4 is divided into two
contributions which are exchange and correlation:

ESEA [p,Vp] = ES54 [p,Vp] + ERome [ Vp] (2.6)

The GGA is given by different parameterizations among them, those of Perdew and these
collaborators [Per 1992, Per 1996]. The GGA compared to LDA improves the description of
chemical bonds (lengths, binding energies, etc). However, the quality of the results obtained
by the LDA and GGA approaches is similar in semiconductors.

2.3.2. The FP-LAPW method

Different calculation methods have been developed based on the formalism of the DFT. The
LAPW method [Bla 1990, Sin 1994], enables accurate calculations of electronic and magnetic
properties of poly-atomic systems using density-functional theory (DFT) [Hoh 1964, Koh
1965]. One successful implementation of the full-potential LAPW (FP-LAPW) method is the
program package WIEN, a code developed by Blaha, Schwarz and co-workers [Bla 1990]. In
the FP-LAPW method [Sla 1937, And 1975, Sin 1991, Ham 1979, Sj6 2000], no
approximation is made for the shape of the potential or the charge density. They are
developed into harmonics network within each atomic sphere, and into Fourier series in
interstitial regions, which is the origin of the name "Full-Potential".

According to this approximation the system is divided into two regions: The first region
describes the spheres centered on the atomic sites in which the radial solutions of the
Schrodinger equation are used, the potential and the wave functions are of the Muffin-tin
(MT) form with spherical symmetry inside the MT sphere of radius R,. The second describes
the interstitial region with the basic expansion of plane waves and the potential can be
assumed to be constant, so the wave function is written as:
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Where R, represents the radius of the MT sphere, Q is the Volume of the elementary mesh.
C; et Ay, : are the coefficients of the development in spherical harmonics Yy,,,.
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Fig. 2.4: Muffin-Tin potential.

According to the literature [Pet 1999, Baa 2006, Bla 2020], the FP-LAPW method is the most
accurate method, but it is time-consuming, mainly because plane waves are not well adapted
to describe a wave function. It is therefore necessary to use a relatively large base.

2.3.3. The flowchart of WIEN2K

Wien2K is a well-known software used for computation of properties of materials. It is based
on the implementation of the Full Potential Linearized Augmented Plane Waves (FP-LAPW)
method [Bla 2008]. Wien2K is widely used to compute the electric field gradient [Har 1974,
Har 1974b], the high temperature superconducting systems [Know 1974], the minerals [Pen
1962], the surfaces of the transition metal [Sti 1972], the non-ferromagnetic oxides [ Shi
1974], and even molecules [Koh 1995].

Wien2K consists of various independent programs that are linked by C-SHEL SCRIPT.
Before the presentation of main steps of computation of different properties of materials, we
will start by the calculation of fundamental quantities such as electron density, potential,
proper functions and clean energies. The process of calculation in the WIEN2k code takes
place in three steps:

«+ Initialization:

This is the start of the operations carried out by a series of auxiliary programs that generate
the symmetry of the geometry of the studied material, the starting densities, the number of
special points necessary for integration in the Brillouin irreducible zone...etc.
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» NN: is a subprogram which computes the distances between the nearest neighbors up
to a specified limit (defined by a distance factor F, usually taken as 2) and therefore
helps to determine the value of the radius of the atomic sphere. In addition, it controls
the overlap of the atomic spheres. The output file of this subprogram is called:
case.outputnn;

» SGROUP: determines the space group, as well as the point group of a given structure.
The output file is called: case.struct.group;

» SYMMETRY: generates the symmetry operations of the spatial group from the
case.struct file, as well as the point group of individual atomic sites;

» LSTART: generates the electron densities of free atoms and determines how the
different orbitals are treated in band structure calculations (such as core states with or
without local orbitals). In addition, this subprogram requires specifying the correlation
exchange potential (GGA) and the cut-off energy that separates the core states from
the valence states (usually taken as -6 Ry);

» KGEN: generates a mesh of k — points in the Brillouin area. The number of k —
points in the Brillouin area must be specified;

» DSTART: produces an initial density for the self-coherent SCF (Self Consistent
Field) cycle by overlapping the atomic densities generated by the LSTART
subprogram;

» Self-coherent calculation (or self-consistent): Calculations of the energy and
electronic density of the ground state made in this step according to the convergence
criterion (energy, charge density, force);

» LAPWO (POTENTIEL): potential generation for density calculation;

» LAPW1 (BANDES): launch the calculation of valence bands, eigenvalues and
eigenvectors;

» LAPW?2 (RHO): launch the calculation of the valence densities for the eigenvectors;

» LCORE: starts the calculation of states and core densities;

» MIXER: mixes the input and output densities (starting, valence and core densities).

*

% Determination of properties:

Once the convergence criterion is performed and the self-coherent calculation is completed,
one can study the properties of the ground state that are determined (i.e. charge density, band
structure, optical properties, etc.). The interconnection of these different subprograms is
illustrated in Appendix I.

2.4. Study of the ZnSeO material for optoelectronic devices in wireless
communication

The work presented in this section demonstrates the performance of the ternary system

ZnSe,_,.0, [Nab 2003, Che 2013, Bou 2016] and the related binary system (ZnSe and Zn0)

as solid-state lighting, in particular the choice of the component for LED manufacturing to be
used as a transmitter/receiver in visible light communication (VLC). In fact, this choice
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depends on the wavelength of the desired emission, which is related to the value of the
material deviation and its nature in order to obtain a high efficiency.

The objective of this study is to analyze the performance of I — VI semiconductors direct gap
with cubic phase zinc-blend. Their electronic and optical properties are discussed. The main
functional parameters as a function of oxygen concentration are given such as: bandgap,
refractive index, dielectric fraction, absorption coefficient, lattice parameter and bulk module.
Calculations are performed by deploying Ab-initio method approaches based on functional
density theory (DFT) within the LDA and GGA approximations using the Wien2K code
which is based on the FP-LAPW method.

The results presented in this section were the subject of a paper published in 2016 [Sek 2016]
and a book chapter published in 2018 [Sek 2018a].

2.4.1. Computational details

The calculation was done using the code WIEN2K. In the LDA approximation, the electronic
density varies slowly inside the system, where in the GGA approximation the energy of the
exchange- correlation depends on the gradient. The binary compounds ZnSe, Zn0 and ternary
ZnSe,_,.0, crystallize in the cubic structure (Zinc Sphalerite), and they belong to the space
group of F43m. In this work, the structure is chosen to be cubic. The atomic positions in this
structure are Zn (0,0,0) and Se/0 (1/4,1/4,1/4).

Fig. 2.5: The Zinc Sphalerite structure of a 11-VI binary semiconductor (ZnSe).

The properties of the 11-VI compounds will be studied in the first Brillouin zone for a Zinc
Sphalerite structure. This first Brillouin zone has the shape of a truncated octahedron. This
reduced space of the reciprocal network is characterized by points and lines of particular
importance, they are called points and lines of high symmetry and can be described from the
group theory.
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Fig. 2.6: The Brillouin zone for a Zinc Sphalerite structure.

Where I', X, L, W, Z are the points of high symmetry and A, >, a are the lines of high
symmetry.

I': This is the center of the first Brillouin zone with the coordinates kr = (0,0, 0).

X : This is the center of a square face of the octahedron that belongs to one of the axes

ky, k, or k, with one of the square faces. Hence: k, = 27" (£1,0,0); k,, = 27" (0,£1,0);
k, == (0,0,+1)

L : This is the center of a hexagonal face of the octahedron whose coordinates are:
k== (1,1,1)

W : This point is on one of the vertices of the square faces, whose coordinates are:
ky == (0,5,1)

Z : This point is located on the line that joins the center of a square face to one of the corners
of the octahedron with the coordinates :k, = 27" (1,%, 1).

A : This line represents the < 100 > direction, and connects the center I" to point X.

> - This is a point belonging to the plane of symmetry k, = k, or k,, = k, or k, = k,.

A : This line is the <100> direction, and it connects the center I" to the center of a hexagonal
face which is point L of the octahedron.

2.4.2. The properties of the ZnSe,_,0, material

2.4.2.1. Physical properties

The variation of total energy according to the volume of the component is computed for
different values of oxygen concentration (x) ranging from x = 0 (ZnSe) to x = 1 (Zn0),
using both LDA and GGA approximations. This allows us to determine the lattice constant.
The results are shown in Fig. 2.7.
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Fig. 2.7: Lattice constant versus oxygen concentration in ZnSe, _, 0,..According to Fig. 2.7, The lattice constants
found using LDA approximation for binary ZnSe and Zn0O are 5.5652 A and 4.48 A, respectively. However,
using the GGA approximation, we have found 5.7270 A and 4.6116 A for ZnSe and Zn0, respectively.

It can be observed that the lattice constant decreases monotonically with the augmentation of
the oxygen concentration even if using the DFT-LDA, the DFT-GGA or the law of Vegard.
Another parameter which represents the amount of compressibility of the material named the
bulk modulus was calculated for different values of oxygen concentrations from x = 0
(ZnSe)to x = 1 (Zn0) based on the LDA and GGA approximations (Fig. 2.8).

170
160 —a—DFT-LDA
—A— DFT-GGA
150
140
@ 130
o
QD 120 o
w
= 10
'8 100 ZnSel,XOX
E 90) /./
=
a 80'_____.__.-—-0
7 /
GOL/‘
¥o 07 04 06 08 0

Oxygen concentration (x)
Fig. 2.8: Bulk modulus versus oxygen concentration in ZnSe,_,0,.

From Fig. 2.8, it can be observed that the amount of compressibility increases with the
fraction x, therefore one can say that ZnO is more rigid than ZnSe, and the ternary compound
ZnSe;_, 0, becomes less compressible for both LDA and GGA approximations.
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2.4.2.2. Electronic properties

The importance of the electronic properties of a material lies in the fact that they enable us to
analyze the nature of the connections which are formed between the various elements of
material.

Fig. 2.9 shows the energies of the gap versus oxygen concentrations computed for the
ZnSe, _,. 0, compound based on the LDA and GGA approximations.

Energy (eV)

085 02 0.4 05 03 T0
Oxygen Concentration x

Fig. 2.9: Energy of gap versus oxygen concentration in ZnSe;_,0,.

As shown in Fig. 2.9, it can be observed that the ZnSe,_, 0, alloys have a significant band-
gap reduction with x increase, the corresponding wavelengths at these energies are in the
infrared spectral region, also, the oxygen induced in ZnSe modifies the conduction band
structure.

2.4.2.3. Optical properties

In this section, a review of the main optical properties for the ternary compounds ZnSe;_, 0,
will be studied. The optical features of the semiconductors are very valuable for the
guantitative evaluation of the electronic band structure. Thus, the optical reflectivity,
transmission and refraction contribute to determine the dielectric function of the solid.

e The dielectric function

The dielectric function is related to the optical conductivity which can be represented by the
electrical conductivity in the presence of an alternating electric field. Therefore, the dielectric
function e(w) can be formulated as follows:

g(w)=gq1(w) +ig (w) (2.7)

where € ;(w) and &, (w) are, respectively, the real and imaginary parts of the dielectric
function.
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To determine the optical properties of the ternary compounds ZnSe,_, 0, and their binary
compounds ZnSe and Zn0, we have used the parameter of the optimized network obtained in
the calculations of the structural properties. Also, the number of special points in the first
zone of Brillouin is increased in order to detect all possible optical transitions. Then, the LDA
and GGA approximations are applied to identify the potential of exchange and correlation.
The results of the real and imaginary parts of the dielectric function under a lower radiation of
30 eV for ZnSe,_, 0, compounds to the Zinc Sphalerite are shown in Fig. 2.10, based on the
LDA and GGA approximations.
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Fig. 2.10: The real and imaginary parts of the dielectric function of ZnSe, _, 0, compound to the structure Zinc
Sphalerite based on LDA and GGA approximations: (a) ZnSe, (b) Zn0, (¢) ZnSe, 750, 25, (d) ZnSe, 0, 5, (€)
ZnSe 5500 75.

According to the results obtained in Fig. 2.10, we can observe that the behavior of the real
part of the dielectric function € ; (w) remains the same for all the ZnSe,_,.0,, compounds. It
reaches its maximum peaks of about 4.8eV for ZnSe (Fig.2.10a), 3.7eV for Zn0O (Fig.2.10b),
3.07eV for ZnSe ;50,55 (Fig.2.10c), 3.34eV for ZnSe, 50,5 (Fig.2.10d) and 2.65eV for
ZnSe,,:0,.75 (Fig.2.10e) for both LDA and GGA approximations, then, the curve (a) made a
steep decrease between 7eV and 7.5eV for ZnSe, when the curve (b) of ZnO starts decreasing
from 4.99¢V till 17.5eV, those of the ZnSe, ;50 55, ZnSey, 50y s and ZnSe, ,0, 75 decrease
from around 5eV till 7eV, 10eV and 11eV for both LDA and GGA approximations,
respectively. Here, the dielectric constant reaches its minimums negative values and tends to
reach zero level at higher energies.

From the imaginary part of the dielectric function e, (w), we can easily deduce the
fundamental gap at equilibrium which corresponds to threshold energy. As shown in Fig.
2.10, the first onset of the direct transition is around 0.93eV for ZnSe; 750,25, 0.88eV for
ZnSe, 0, s and 0.814eV for ZnSe, ,50, 75 using both LDA and GGA approximations. It can
be observed from the curves that the number of the sharp peaks on energies depends on the
oxygen concentration in the ternary allows.
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e Refractive index

The dielectric function can be computed using another important optical feature namely the
complex index of refraction which is related to the microscopic atomic interactions. Under the
same conditions of simulation, the refractive index for ZnSe,_, 0, compounds to the zinc
sphalerite are presented in Fig. 2.11 based on the LDA and GGA approximations.
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Fig. 2.11: The real (n) and imaginary parts (k) of the index of refraction of the ternary compound ZnSe, _, O, for
the structures zinc sphalerite based on LDA and GGA approximation. (a) ZnSe, (b) Zn0, () ZnSeq ;504 55, (d)
ZnSeg 50035, (€) ZnSeg 2500 7s.

In Fig. 2.11, the index of refraction of the ternary compounds ZnSe,_, 0, is presented. For
ZnSe, the maximum of energies is reached for around 6eV and 4eV using LDA and GGA
approximations, respectively, however, for Zn0O and ZnSe, _,.0,, the values are around 3.7eV
and 4eV for both approximations.

e Absorption coefficient

The absorption coefficient is a valuable parameter of each optoelectronic material. The
spectrum of absorption represented in Fig. 2.12 demonstrates that the energy of the threshold,
for both the two approximations is around 2.5eV for ZnSe, 3eV for ZnO, and 1eV for
ZnSe,_,.0, with x varies from 0 to 1. This energy is called the threshold of absorption. Each
peak corresponds to an electronic transition, the first transition corresponds to the optical gap.
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Fig. 2.12: Absorption coefficient according to the energy ZnSe, _, 0, for the structure zinc sphalerite with LDA
and GGA. (a) ZnSe, (b) Zn0, (c) ZnSey 7504 25, (d) ZnSey 504 s, (€) ZnSey 2504 75.

According to the corresponding wavelength of these energies, we can observe that these
materials are good candidates to work in the infrared and visible spectra; also, the absorption
curve becomes larger according to the oxygen induction; it reaches its maximum in the
Ultraviolet field. This leads us to deduce that these components can operate as absorption
components of the Ultraviolet waves.

2.5. Conclusion

In this chapter a brief presentation of semiconductors has been provided followed by special
focus on their optoelectronic properties focusing on semiconductors from group II — VI
which can be used in different optoelectronics devices, especially those applied in optical
communication such as LEDs, lasers, photovoltaic cells. We presented the analysis study of
the ZnSe,_,. 0, semiconductor with (x = 0.25,0.5 and 0.75) proposed group II — VI using
the LDA and GGA approximations in the WIEN2k code. The results obtained are in good
agreement with the theoretical results as presented in [Bou 2016]. The obtained simulation
results have shown that the variation in oxygen concentration can lead to the production of
several optoelectronic devices with different properties that can be useful as robust solid-state
lighting such as LEDs and solar cells.
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3.1. Introduction

Nowadays, Optical Wireless Communication (OWC) has become an emerging
telecommunication technology complementary to Radio Frequency (RF) and optical fiber
communication, which will meet the growing needs of high-speed telecommunication
applications and services [Shi 2010]. This technology transmits information through optical
radiation in free space, with wavelengths ranging from infrared (IR) [Won 2000] to ultraviolet
(UV) [Xu 2008], including the visible light spectrum [Kom 2004]. It allows the transmission
of all types of data (data, images and videos) with speeds comparable to that of optical fiber,
while having the flexibility and advantages of wireless. This system quickly facilitates
deployable, lightweight, high-capacity communication without the need for licensing fees.
However, the performance of this system is highly dependent on weather conditions.

The idea of using wireless optical signal as communication channel is not new. In fact, the
Photophone invented by Alexander Graham Bell in 1880 [Kil 2002] was the first optical
wireless communication device. In his experiment, Bell modulated the solar radiation with a
voice signal and transmitted it over a distance. The receiver consisted of a selenium crystal
that converted the optical signal into electrical current. He was able to transmit an audible
signal over 213 m [Hay 1988]. This experiment did not work very well due to the crudeness
of the employed devices and the intermittent nature of solar radiation. However, the concept
remained a curiosity until 1960 when optical sources were discovered, especially the Laser,
which announced the real birth of telecommunications systems technology based on optical
energy in free space.

In 1979 [Gfe 1979], authors demonstrated the possibility of achieving an indoor
communication network of about 100 KBps based on infrared wireless optics. Since that
time, the military field and space technology have contributed greatly to the development of
research in OWC systems.

In 1990, the IrDA (Infrared Data Association) standard was defined to allow files transfer
using infrared spectrum along short distances mainly for remote control of devices. In 1993,
new applications were conceived in the field of lighting especially with the development of
the diode technology such as the blue and white diode and the wireless optical communication
based on visible light (Visible Light Communication, VLC) interested both researchers and
industrials.

Visible light communication (VLC) is a wireless optical communication technology where
baseband signals are modulated on the light emitted by an LED in the visible spectrum [Nak
2007, Kra 200, Elg 2011, Hra 2013, Tsi 2014, Lou 2014, Lu 2016, Ndj 2018, Kum 2019, Yeh
2019, Lor 2020, Vol 2020]. It is also interesting to note that the Keio University research
group was part of the Visible Light Communication Consortium (VLCC) and clearly
dominated VLC research until 2007, when other research groups from different parts of the
world started to focus their research efforts on VLC.

In Europe, the Fraunhofer Heinrich Hertz Institute of Telecommunications (HHI) is one of the
largest research groups of OWC. Their work was based on the development of a high bit-rate
OWC system. Their first experimental results were presented in 2008 [Gru, 2008], using a
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receiver based on a PIN photodiode that it was able to obtain a data rate of 40 Mbps using
OOK (On Off Keying) modulation and 101 Mbps using DMT (Discrete Multi-tone
Modulations). In 2009, they reached a speed of 125 Mbps for a range of 5 m [Vuc 2009a]
using OOK modulation. In the same year, a data rate of 200 Mbps was achieved using DMT
[Vuc 2009b]. They also demonstrated in [Vuc 2010] that the data rate can be significantly
improved by using an avalanche photodiode instead of a PIN photodiode. In 2010, a joint
team of researchers from Siemens and Heinrich Hertz Institute in Berlin were able to transmit
at a speed of 500Mbps over a distance of 5m [Zyg 2010]. In subsequent years, the data rate
continued to increase, reaching 803Mbps [Mob 2012] and 1.25Gbps [Rah 2011]. In July
2011, professor Harald Haas from the University of Edinburgh presented a demonstration
related to VLC D-light project, this was the first experimental of VLC transmission system
under the acronym of Li-Fi (Light Fidelity) [Haa 2011]. The demonstration showed a High
Definition (HD) video being transmitted from a standard LED lamp and the VLC data
transmission rate was about 10Mbps, which is the same as those of a DVD.

Furthermore, other several research works have been carried out during the last years both on
novel applications and also on the development of new optoelectronic devices for transmitters
and receivers in order to increase the transmission rate. In [Han 2008], the authors have
presented a submarine VLC transmission using a 1064nm LD doubled in frequency and
using 1Gbps modulation over a 2m long water pipe. Another research work [Wat 2013] has
presented an experimental demonstration of a free space VLC transmission using NRZ-OOK
modulation at 2.5Gbps and using a 422nm and LD based on GaN (gallium nitride). A WDM
VLC free space communication system was published by [Chi 2014] where a data rate of
3.75Gbps and 2.5Gbps based on SC-FDE (Single-Carrier Frequency-Domain Equalization)
and OFDM respectively, was obtained by using an RGB LED (red, green and blue). In [Hua
2015], the authors demonstrated a high-speed VLC system based on a white phosphorescent
LED where the OFDM signal is implemented by using the adaptive power bit allocation
algorithm. A result, a rate of 2Gbps and 0.79Gbps over the distance of 1.5m and 3m,
respectively, were achieved. In [Chi 2015], a free space VLC link based on a blue LD GaN
and 64-QAM OFDM and a rate of 9Gbps over 5m was demonstrated. In [Lu 2015], a
25Gbps over 10m Li-Fi transmission system based on a 680nm VCSEL (Vertical-Cavity
Surface-Emitting Laser) transmitter with two-stage locked injection was proposed and
demonstrated. A free space VLC transmission system using a 682nm VCSEL laser, the
OFDM modulation and bit-and-power loading algorithm was presented in [Lu 2016]. A rate
of 11.1Gbps (10.2Gbps raw data rate) was obtained over a distance of 1.2m at a bias current
of 3.5mA. In [Li 2017], a real-time high-speed VLC transmission system based on RGB
LEDs using WDM, was proposed to achieve a transmission rate greater than 500Mbps in real
time, while providing 100Mbps transmission rate under poor channel conditions. An
evaluation of the performance of VLC systems in the presence of solar irradiation at any place
and at any time was presented in [Isl 2018], where authors have demonstrated data rates
greater than 1Gbps of a VLC link at high solar luminance measured (i.e. 50350 lux) in clear
weather. Furthermore, in [Nlo 2018], the authors proposed a study analysis of a VLC
communication system associated in cascade with a hybrid PLC (Power Line
Communication) system.
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In this chapter, an overview of the OWC systems will be given, followed by the description of
the main optical modulations used for OWC systems. Then, the detail of two systems,
namely, the analog and digital wireless optical transmission in free space will be explained. In
the first analog OWC system, we are interested in both analogue data transmission and optical
wireless energy transmission. However, in the second system we are interested by
establishing a transmission protocol to ensure correct data transmission. Finally, the main
observations will be summarized in conclusion.

3.2.  Optical Wireless Communication (OWC) systems

In the literature [Car 2003, Uys 2014, Gha 2016, Qin 2017], Optical wireless communication
(OWC) refers to optical transmission in which guided visible light (VL), infrared (IR), or
ultraviolet (UV) spectrum are used as propagation channel of communication. Consequently,
different kind of OWC systems have been developed for indoor and outdoor applications
(Fig.3.1). The Visible Light Communication (VLC), the Li-Fi (Light Fidelity), the Optical
Camera Communication (OCC), the Free Space Optical Communication (FSOC) and the
optical communication based on Light Detection and Ranging (LiDAR) are the main well
known OWC systems. Their classification can be made according to the communication
distance [Cho 2018].

Five categories of ranges of the OWC systems are presented in [Cho 2018] and summarized
as follow:

e Ultra-short range OWC: In this case, a nm/mm-level of communications are
performed,

e Short range OWC: this communication is often applied in Wireless body area
network (WBAN), wireless personal area network (WPAN) and under-water
communication;

e Medium range OWC: In this case, for indoor communication range, the VVLC-based
WLANs (Wireless Local Area Network), Li-Fi and OCC whereas for outdoor
communication range V2X communications (vehicle-to-vehicle and vehicle-to-
infrastructure connectivity) based on VLC and Li-Fi are often used,

e Long range OWC: This category provides km-range of communication, like inter-
building connections;

e Ultra-long range OWC: This communication range comprises inter-satellite,
satellite-earth, satellite-to-airplane, airplane-to-satellite, airplane-to-airplane, and
airplane-to-ground links.
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Fig. 3.1: Examples of OWC for different ranges of communications [Cho 2018].

In table 3.1, the main advantages and limitation of the OWC systems are summarized.

Table 3.1: Advantages and limitation of OWC.

Advantages of OWC Limitation of OWC
e License-free operation; e Obstacles block transmission channel;
e Huge unregulated bandwidth; e Sensitive to sudden blocking a connection;

e High level of security (because light signals | e  Limited transmitted power
cannot pass through walls and can therefore
be conned within a well-defined coverage

Zone);
e Low power consumption;
e Low cost;

e No interference with electronic equipment
and other communication networks;

e Very high achievable SNR;

e Easy integration into the existing lighting
arrangement.

3.2.1. OWC systems design

A standard OWC system (Fig. 3.2) consists of a light emitting subsystem (emitter) and a light
detection subsystem (receiver) and free space is the medium for the optical signal
propagation.
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Fig. 3.2: Basic architectures of OWC systems.

In the case of digital transmission, the input data which are electrical signals are encoded
(channel and line encoders), then modulated and converted into an optical signal transmitted
by an optical source transmitter.

In the reception part, the optical detector receives through the free space the optical signal and
transforms it into electrical current, then demodulates and decodes it to obtain levels of
electrical current for proper digital signal recovery. However, it should be noticed that the
receiver based on direct detection only detects the intensity of the optical wave, without
frequency or phase information.

Regarding light sources used in OWC systems, there are different alternatives. The most
popular are Laser Diodes (LD) and LEDs. For detection, the photodiodes (PDs) or
photodetectors oftenly used are the p-i-n junction (PIN) and avalanche photodiodes (APDSs)
[Kah 1997, Gha 2012]. However, photovoltaic cells [Wan 2015, Lor 2020] and cameras [Zha
2018, Eso 2019] are also used as low speed optical detectors.

3.2.2. Configuration of OWC links

One of the main challenges to be carefully considered during the design and modeling stages
of an OWC system is the localization status of the transmitter - receiver pair which mainly
defines how the signal is transmitted. Design of an OWC link is essentially based on two
characteristics as depicted in Fig. 3.3:

a) The Line-of-Sight (LOS). In this case, the communication is direct and established
without any interruption of signals between transmitter and receiver. The directivity of
signals between transmitter and receiver can be classified into three classes: direct,
hybrid or non-direct, as shown in Fig.3.3. Directed link (in Fig. 3.3.a) design
maximizes power efficiency, since it minimizes path loss and reception of ambient
light noise. On the other hand, non-directed links (in Fig. 3.3.c) may be more
convenient to use, particularly for mobile terminals, since they do not require aiming

34



Chapter 3: Optical Wireless Communications

of the transmitter or receiver. It is also possible to establish hybrid links (in Fig. 3.3.b),
which combine transmitters and receivers having different degrees of directionality
[Kah 1997].

b) The Non-Line-of-Sight (NLOS). Here, the communication is not direct between
transmitter and receiver as depicted in Fig. 3.3.d), Fig. 3.3.e) and Fig. 3.3.f), rely upon
reflection of the light from ceiling or some other diffusely. These classifications are
based on the radiation pattern of the transmitter and field of view (FOV) of the
receiver.
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Fig. 3.3: Classification of Indoor OWC communication links [Kah 1997].
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The LOS links maximize energy efficiency and transmission speeds, while NLOS is robust
and useful. As shown in Fig. 3.3, the non-directed links, known also as diffuse links, offer the
greatest robustness and mobility while maintaining connectivity [Zha 2018, Yon 2019].

In the design of wireless optical communication systems especially based on visible light, a
LOS configuration between the transmitter and receiver is recommended [Poo 2015, Zha
2018, Ndj 2018, Yon 2019, Kum 2019, Vol 2020].

The OWC systems are based on the same design and working principle (Fig. 3.2). However,
they may differ in terms of modulation technique, transmission system, reception system and
the channel of transmission. For transmission, LEDs or LDs are mainly used as transmitters.
Photodetectors or cameras are used as receivers. The communication channel can be infrared
(IR), visible light (VL) or ultraviolet (UV) spectrum (see Fig. 3.4). The following table
explains how the different OWC technologies differ from each other in terms of transmitter,
receiver and the channel of communication for Uplink (UL) and Downlink (DL)
communication.
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Table 3.2: COMPARISON of different OWC systems.

Issue Li-Fi VLC FSO
Transmitter LED/LD (combined LDs | LED/ LD LD
with optical diffuser)
Receiver PD PD/ Camera PD
Spectrum IR/ VL/ UV VL IR/VL/UV
Path loss Medium (very high for | Medium (very high for | High
NLOS) NLOS)
Main purpose Illumination and | Communication, Communication
Communication illumination and
localization
Main limitations (i) Short distance | (i) Short distance | Environment
communication, and (ii) | communication, (ii) no | dependent
not suitable in outdoor guaranteed of mobility
support, and (iii) not
suitable in outdoor
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Fig. 3.4: Part of the electromagnetic (EM) spectrum showing the frequency and wavelength ranges for each
band.

3.2.3. Types of OWC systems

3.2.3.1. Visible Light Communication (VLC)

Visible Light Communication (VLC) is an emerging and promising technology. The VLC
technology is based on the use of the spectrum of visible light [380nm - 780nm] as a means
of communication as shown in Fig. 3.4. It offers huge bandwidths with free license; it isn't
harmful and allows high speed transmission. The LEDs or LDs are used generally for
transmission combining both lighting and communication. The VLC allows omnipresent
communication and addresses the gaps and limitations of RF communication. Different
research works were focused on development of this new promising communication such as
[Mmb 2016, Yon 2019, Kum 2019, Gao 2019, Li 2019a, Yeh 2019, Zho 2019]. However, this
technology suffers from a few limitations such as its effectiveness for outdoor applications
and long-distance communications.
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Other VLC applications for indoor and outdoor environments summarized in [Kha 2017b]
[Zhu 2017] have become important during the last years since VLC is an attractive solution
for V2X communications, smart displaying signboards, underwater communications, internet
in Hospital, internet in planes, ... etc. Actually Li-Fi is the subset of communication systems
which employ visible light both for illumination and communications. Its applications and
limitations are similar to those of VLC.

3.2.3.2. Free Space Optical Communication (FSO)

Free Space Optical Communication (FSO) is operating using the Near IR (NIR), VL and UV
spectrum as communication medium. This technology often uses LDs rather than LEDs for
the transmission where the illumination is not required. Narrow beams of focused light from
an LD transmitter are used to establish high-data-rate communication links between two fixed
points over distances ranging from a few nm to several thousand kilometers [Kha 2014, Mal
2015, Kum 2015, Fan 2018, Li 2019b].

| Optical

) channel: ) ; ,
Optical beam Low noise | | Low pass i Received
) P Demodulator [», .
forming ! amplifier filter " information

Optical

Source
—» Encoder | Modulator "
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Optical Gain ;
source Transmitter | control Receiver |

Fig. 3.5: Basic block diagram of an FSO system [Kha 2014].

In Fig. 3.5, the basic block diagram of an FSO system is presented where a source
information data input is firstly encoded using channel and/or line encoding before
modulation. If required, an optical amplifier can be used to increase the power intensity of the
modulated laser beam. Then, the light beam is collected and refocused by means of
beamforming optics before being transmitted over long distance [Kha 2014].

The optical source used in FSO systems should deliver a comparatively high optical power
over a wide temperature range. Moreover, it should have a long mean time between failures
(MTBF) and the corresponding components should be small in footprint and have low power
consumption [Kha 2014]. The important features of the optical transmitter in FSO systems are
size, power, and beam quality, which determine the laser intensity and minimum divergence
obtainable from the system [Kha 2014]. The receiver front-end comprises optical filters with a
lens to collect and focus the received beam on the PD. The PD coverts the received optical
signal to current and/or voltage. The low-pass filter is used to limit the thermal and
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background noise levels. Finally, the demodulator performs the necessary demodulation
process to recover the original data.

The FSO links have very high available bandwidth, thus providing considerably higher data
rates. However, despite many advantages of FSO communication across a wide range of
applications [Kha 2014], it suffers from link reliability, especially in long-range
communications, owing to its high sensitivity to several factors. These include weather
conditions (e.g., fog, rain, haze, sandstorms, clouds, snow, and scintillation can increase
attenuation), atmospheric turbulence (causing fluctuations in the density of air, leading to a
change in the air refractive index), and physical obstructions (e.g., flying birds, trees, and tall
buildings can temporarily block the signal beam) [Mal 2015].

3.2.4. Optical modulation for OWC systems

3.24.1. Factors affecting modulation techniques for OWC systems

Several modulation techniques were associated with optical wireless communications
depending on their indoor or outdoor environments, link configurations as well as the
equipment deployed in the OWC systems [Cho 2010, Shi 2010, Gha 2013].

For outdoor environment, the main problems are heavy fog, strong turbulence and eye safety.
To deal with these problems, a tradeoff should be made in order to pump more optical power
or concentrate and focus more power into smaller areas with a limitation on the amount of
optical power for eye safety.

In indoor environment, a strict limitation for the transmitted optical power is established for
the eye safety. In this case, two factors are to be considered (a) dimming and (b) flickering:

In fact, different activities require different illuminances, such as 30- 100 [ux that is required
for normal visual activities in public locations. In general, the relation between the perceived
light and the measured light can be formulated as follow [IES 2000]:

Measured Light (%)
100

Perceived Light (%) = 100 *\/ (3.2)

The changes in brightness of the modulated light should be done in a way that it should not
result in human-perceivable fluctuations. According to IEEE 802.15.7, the switching should
be done at a rate faster than 200 Hz for avoiding harmful effects.

On other hand, additional criteria are made in the selection of the modulation technique such
as:

e Transmission reliability: a modulation technique must be able of providing an
acceptable error rate under unfavorable conditions, as well as resistance to multipath
interference and variations in the DC component of the data signal;

e Adaptation to the flickering effect: for too low flow rates or too high differences
between symbol levels, the human eye is likely to perceive a flickering phenomenon
of light, which can be very unpleasant;
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e Bandwidth efficiency: Although optical wireless communications systems have a
large bandwidth, it can be limited by various parameters such as the bandwidth of the
transmitter/receiver components or multipath optical beam interference.

e Energy efficiency: In order to comply with eye and skin safety regulations, the
average optical power emitted by a transmitter to a wireless optical receiver is limited
[Kah 1997]. In addition, in battery-powered portable equipment, it is desirable to
minimize electrical energy consumption, which also imposes limits on the optical
transmission power. Therefore, the most important criterion for evaluating modulation
techniques suitable for indoor optical wireless communication systems (VLC) is
energy efficiency;

e Other factors: such as the cost of the equipment used maintenance, and complexity are
also to be considered.

3.2.4.2. Types of modulation techniques used in OWC systems

Modulation in OWC is achieved by using variations in the intensity of the light corresponding
to the information in the message signal. Different techniques have been developed depending
on the configuration links of the OWC systems, the communication protocols, the equipment
and the desired transmission rate.

In the following, we will summarize the most important modulation techniques used in OWC
systems.

a) Analog Intensity Modulation

In most practical OWC systems, the intensity modulation/direct detection (IM/DD) scheme is
widely deployed for indoor and outdoor applications due to its simplicity and low cost
compared to the digital modulation scheme.

In the IM/DD, the intensity of the light source is modulated with an analogue signal (or
premodulated RF signal) and a Direct Detection (DD) is accomplished based on a
photodetector to recover the analogue signal.

The limited bandwidth of the optical sources as well as their nonlinear power to-current
characteristics don’t allow to employ the simplest scheme of IM/DD modulation for high rate
transmission (more than a few Gbps). To overpass this limitation in IR transmission systems,
different researchers resort to an external modulator (such as the Mach-Zehnder Modulator
(MZM)) to modulate the intensity of the continuous optical wave (in most cases a laser
beam), together with a coherent-based R, to recover the baseband signal [Chi 2017b, Sek
2018].
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b) Digital Optical Modulations

e On-Off Keying (OOK)

The OOK modulation is a baseband modulation and one of the simplest modulations in the
field of optical communications, especially for IM/DD systems. This technique is composed
of two symbols (0 or 1). Level "1" corresponds to the on state, while level "0" corresponds to
the off state. In OOK, the LED is not turned completely off in the off state, but the reduction
in the level of intensity is performed. The main advantage of using OOK is its easy
implementation. The OOK modulation (Fig. 3.6) can use the codes Non-Return-to-Zero
(NRZ), Return-to-Zero (RZ) or Manchester. A data rate of 10Mbps was demonstrated in [Par
2007] using NRZ-OOK with a white LED. OOK is a suitable for OWC modulation approach
and is easy to implement in such systems due to the ability of LDs and LEDs to switch on and
off quickly. However, OOK is not efficient when compared with other modulation formats
[Wan 2017].

Clock

c

K=}

S On

c 3

(]

N

3 L

Q.

K] Off I
Bit 1 0} 0 1 1 0

Fig. 3.6: On — Off Keying data coding.

e Pulse modulation techniques

v Pulse Amplitude Modulation (PAM)

Despite the simplicity of OOK modulation, it remains limited by the low data rate it can
achieve. Therefore, researchers were motivated to develop new modulation techniques with
higher data rates. PAM modulation is another simple modulation technique that is widely
considered in OWC systems. However, OOK modulation is a type of PAM with only two
levels [Gha 2017, Kha 2017a, Bac 2019].

PAM is a very basic modulation scheme which is bandwidth efficient. Data is modulated into
the amplitude of the signal pulse. This type of modulation is similar to OOK: the main
difference with OOK is that the carrier signal has two levels, whereas with PAM, the carrier
signal will have 4 or more levels (Fig. 3.7), depending on the modulation order. M-PAM is
another notation to indicate it, and M represents the modulation order. In the case of M-PAM
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each symbol has M bits, therefore, the symbol error rate would be the error associated with
the symbols.
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Fig. 3.7: 4-PAM Modulation.

Modulation schemes employing multiple intensity levels such as PAM may undergo
nonlinearity in LEDs luminous efficacy. Due to the dependence of the color of LED emission
on input current and temperature, multiple symbol levels of PAM are subject to shifts in color
temperature due to variation in drive current.

v" Pulse Position Modulation (PPM)

A Pulse position modulation (PPM) [Pat 2015] is based on the position of the pulse. It
improves OOK's energy efficiency, but at the cost of increased bandwidth requirements and
complexity. Inthe PPM, the duration of the symbol is divided into equal intervals denoted by
t slots where the transmission of the pulse takes place in any one of the slots [Buh 2014, Far
2019]. Since only one pulse in each symbol period is present in the case of PPM, the problem
of low data rate still arises when using this modulation.

Multi-pulse PPM (MPPM) [You 2015, Sha 2020] was introduced by making the PPM more
spectrally efficient using the transmission of multiple pulses in each symbol-time. Expurgated
PPM (EPPM) is the modified version of the PPM that was introduced to improve the
performance of peak-power limited M — ary communication systems [Nos 2012]. Multilevel
EPPM (MEPPM) was introduced in [Nos 2012] for the spectral effectiveness of the PPM
because the spectral efficiency of the MPPM and EPPM was less than 1.

VPPM modulation is a variant of Pulse Position Modulation (PPM) developed specifically for
optical wireless communications in VLC free space [Lee 2011]. VPPM modulation provides a
variable range and constant data rate (Fig.3.8). This is achieved by adjusting the pulse width.
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The advantage of this type of modulation is that it protects against intra-frame flicker since
the pulse amplitude is maintained constant.

A 0 ‘ 1 !
PWM |

t o0 | 1
PMM i

t o i 1
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Fig. 3.8: Schematic diagram showing the difference between Pulse Width Modulation (PWM), Pulse Position
Modulation (PPM), Variable Pulse Position Modulation (VPPM).

e Color Shift Keying (CSK)

CSK modulation is specific to VLCs, was proposed in IEEE 802.15.7 to enhance the data
rate which was low in other modulation schemes. Modulation in CSK is performed using the
intensity of the three colors in an RGB LED source. Unlike other modulations, the symbols
of the CSK modulation are selected so that the light output remains constant while the
different color components are varied. It maps all colors perceivable by eye to two
chromaticity parameters.

e Multicarrier modulation

More advanced techniques can be used in OWC systems to transmit multiple carriers, such as
subcarrier modulation (SCM). This can provide multiple access for simultaneous users and a
high data rate. However, SCM is not power efficient like single carrier schemes [Car 1994].
In [Wan 2017], Optical orthogonal frequency division multiplexing (OFDM) was applied in
VLC systems to achieve high data rates over a noisy channel and to reduce inter-symbol
interference (ISI). The system, however, did not achieve a high SNR. This modulation
technique will be more detailed in chapter 4.

In general, the use of complex modulation leads to an improvement in the performance of the
OWC systems, such as mitigating the ISI effect and increasing the data rates. However, these
modulation techniques require a complex transceiver.
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3.3. Design of Experimental prototypes

Different prototypes were designed for both analog and digital optical wireless
communication in indoor environment. Mainly, the transmission modes were simplex and
half duplex. The LEDs are used as emitter where different receivers were tested.

However, before starting the design of the transmission system, the format of the signal to be
transmitted is the keynote of the practical design of different prototypes.

In the following, we will transmit audio, texts and images signals. In fact, optical wireless
communication opens the possibility to combine illumination, optical wireless communication
and optical wireless power transfer.

3.3.1. Analog wireless transmission using visible light

Many authors were focused on developing different prototypes for audio transmission [Ruf
2015, Rey 2017]. In this section, our interest is not limited to design an analog optical
wireless communication for audio transmission, but we plan to design a system that will be
able simultaneously to illuminate, transmit audio signal using optical wireless communication
and accomplish a wireless energy transfer.
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Fig. 3.9: The frequency spectrum of our transmitted audio signal.

In the following, we will consider an audio signal, which is a complex acoustic signal
composed of several frequencies. It can be pure or complex. An audio sound has a fluctuating
evolution over time. It is characterized by the following parameters [Dar 2017]:

e Amplitude: this is one of the main characteristics of a sound. The perceived strength
depends, among other things, on the amplitude. The sound can be strong or soft. In air,
amplitude corresponds to the pressure variations of the wave. On a frequency
spectrum, the amplitude of a sound is therefore determined by the frequency f; of the
first peak (Fig.3.9);

e Intensity: the intensity of a sound distinguishes a strong sound from a weak sound.
This is commonly referred to as volume. The greater the amplitude of the sound
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vibrations emitted, the louder the intensity of the sound emitted and the higher the
peaks in the frequency spectrum;

e Bandwidth: for an audio signal, it is related to that of the human ear which is between
20Hz — 20KHz. This bandwidth can be modified by electronic equipment or even
the speaker (depending on whether of the sound is higher or lower, e.g. a young
person’s hearing is not the same as an old person’s);

e Dynamics: this is the difference between the loudest level and the background noise,
often expressed in dB SPL (decibel Sound Presure Level). For example, the human ear
has a dynamic range of 120 dB SPL since the smallest sound a person can hear is
0 dB SPL and above 130 dB SPL the sound is painful and dangerous. Dynamic range
is also used to characterize audio material (the sound level felt by the human ear).

3.3.2. System description

In this part, we will present a simple and an efficient system for analogue transmission of an
audio signal in free space. This system has the ability of illumination, optical wireless
communication using visible light and wireless power transfer in order to recover and recycle
the received energy.

Firstly, the observation of the audio signal (Fig. 3.10) demonstrates that this signal is
fluctuating and composed both on negative and positive information. However, the emitter
(LED) cannot support negative signal values.

Fig. 3.10: Time presentation of the audio signal.

The most straightforward approach to generate a positive signal from a real signal is to
impose a proper DC bias. Hence, in the proposed prototype (Fig. 3.11), a DC Bias will be
applied to the audio signal. Then, Intensity Modulation (IM) is applied to the electrical signal
through an emitting LED. The DC Bias is chosen such that the mean value of the positive
signal lies on the center point of the linear range of the optical emitter.
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Fig. 3.11: Block diagram of simultaneous Optical Wireless audio transmission and energy harvesting.

The LED output signal (i.e. optical waves) is launched into the free space carrying audio data.
In the reception part, a photovoltaic cell ensures the conversion of optical energy into
electrical energy. However, the received signal fades away often, especially if the distance
between the transmitter and the receiver is large; consequently, an amplifier is added to
recover and upgrade the received signal (Fig. 3.11). Then, the DC component is removed and
stored in a rechargeable battery. The audio signal is then sent to the audio output port.

3.4. Experimentation and results

3.4.1. Analog wireless transmission using visible light

The prototype of the indoor analog audio wireless transmission using visible light is
organized as follow:

» Source: is an audio output from the jack socket of a computer or mobile phone;

» Transmitter block is composed of the audio source, followed by the TDA7297
15w Dual Channel AC/DC 12V -Digital audio amplifier and a white LED (3W/
High Power Led) used as emitter and acting in a range of values of 3.2V — 9V/;

> Receiver block: in this part, a photovoltaic cell with reference jJZ — PV11570 and
dimension (11.5c¢cm x 7cm x 0.2cm) receives the optical signal, demodulates the
light intensity and transforms it into an electrical signal. Then, an audio amplifier
(LM 385) is used for level adaptation followed by a DC-bias remover subsystem.
The DC- Bias is then charged in a battery using a mini Solar Lipo charger with
reference CN3065. The remaining audio signal is then send to the loudspeaker,
respecting the adaptation threshold for amplification.
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Table 3.3: Specifications of the equipment in the Analog wireless transmission using visible light system.

Model Characteristics

LED White LED 3W high power

220 Lm

Cellule PV JZ-PV11570 Power range: 0.36Wp
Voltage et maximum power
(Vmpp) : 6V

Audio amplifier LM 385 Adjustable from 1.24V to
5.30V

Operating Current of 10uA to
20mA

Maximum gain value: 200
Mini Solar Lipo CN3065 Input voltage : 4.4V — 6V
charger board Output voltage/ current :

5V 500mA

Digital audio amplifier | TDA7297 15w Dual Channel AC/DC
Operating Voltage: 6V to 18V
Peak Output Current: 24
Closed Loop Voltage gain:
33dB

The audio signal recorded as MP3 audio file and presented in Fig. 3.12 shows the audio signal
in time with negative and positive values with maximum peak to peak voltage of 2.74 V and
frequency around 180Hz.

180%

Agilent

Enter Increment

Fig. 3.12: The audio signal to be transmitted. Time is represented in the x-axis.

Since LEDs are diodes, they must be DC powered and forward biased to emit light.
Generally, the direct voltages determine the size of the LED to be used; the smallest LEDs
operate at very low continuous voltage (1.5V to 3.3 V). There are also LEDs that can be
powered from 5, 12, 24 volts or more. It is necessary to add a protection resistor, which value
is chosen so that the minimum voltage is reached for the LED to emit light.
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Volume adjustment i

Fig. 3.13: TDA7297 15w Dual Channel AC/DC 12V —Digital audio amplifier.

To add up our voltages AC and DC, different systems can be used. In our experiment, we
have tested different systems and we opted to the choice of the TDA7297 15w Dual Channel
AC/DC 12V -Digital audio amplifier presented in (Fig. 3.13). This system has the ability to
amplify audio signal and to add a DC bias.

0.0s b.000g/ Stop 4.98v

Agilent
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Fig. 3.14: Audio signal amplification and Dc bias addition.

In Fig. 3.14, we can observe the audio signal after amplification and DC bias addition. Then,
the modulation IM and the electrical-optical conversion will be done by using LED. A fast-
switching time LED would be preferable. The white LED stills an appropriate choice because
of its wide use in lighting. In this experiment, the light intensity of a white LED (3W High
Power Led) acting in range values of 3.2V — 9V is varied according to the audio signal and
transmitted on free space. We can observe from the Fig.3.14, that the DC-bias is about 2V and
the peak to peak of the amplified audio signal is 5.07V where the gain value is 1.85.

In Fig. 3.15, the received signals at the photovoltaic cell level are presented for separation
distance between emitter and receiver of 30 cm, 1.05m and 2.30m, respectively. We can
observe that, as expected:

- aDC bias is present for all receiving audio signals;
- The received signal intensity is depending on the separation distance. The received
signal is fading over a distance.
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Fig. 3.15: The received Audio signals with a separation distance between emitter (Led) and receiver
(photovoltaic cell) of: (a) 30 ¢m, (b) 1.05m and (c) 2.30 m.

To overcome the fading problem of the received signal, an amplifier should be added just
after the photovoltaic cell (Fig. 3.16.a). In this experiment, we have added the LM 385 to
amplify the audio signal; it has the ability to amplify 200 times the received signal. The DC-
Bias is removed using a straightened diode bridge and a capacity. To recover and recycle
received energy, the DC-Bias is charged in a battery using the mini Solar Lipo charger
(CN3065) (Fig. 3.16.b). This latter accepts only input values of 4.4V to 6 V and maximum
charge current of 500m.

(a) (b)
Fig. 3.16: The photovoltaic cell (JZ-PV11570) and the mini Solar Lipo charger (CN3065).

The ambient light of the room and the sun light received from windows are additional random
sources for continuous energy received at the photovoltaic cell.

Another experiment is conducted over a long separating distance between emitter and receiver
in indoor environment. We managed to transmit an audio signal using a white LED with
respect of the audible quality of the music at the loudspeakers output. We have observed that
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the quality of received signal is good (SNR lower) for a maximum transmission range of
about 15 m. However, the audio signal remains audible beyond 15 m. At 25 m the signal is
of course audible, but there is also background noise.

We have measured the light power (in Lux) received at the photovoltaic cell and the sound
power (in dB SPL) received at the loudspeakers as a function of the wireless distance between
transmitter and receiver. The measurements were carried out in a corridor, where the intensity
of natural ambient light was 3 Lux.

The curves of the illuminance of the photovoltaic cell and the power of the audio signal
received at the loudspeakers as a function of distance are illustrated in Fig. 3.17 and Fig. 3.18
respectively.
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Fig. 3.17: The illuminance of the photovoltaic cell vs the distance between transmitter and receiver.
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Fig. 3.18: The power of the audio signal received at the loudspeakers vs the distance between the transmitter and
the receiver.

From Fig. 3.17 and Fig. 3.18, we have observed that the quality of the received audio signal in
loudspeakers and the sensitivity of the photovoltaic cell is good (depending on hearing and
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the quality of the received sound). In fact, even if the separation distance between emitter and
receiver is large with a low measured power of the light signal (1 Lux) and the audible
powers are from 60 dB SPL to 45 dB SPL, the sound signal can be restored.

This experiment demonstrates the importance of the photovoltaic cell for the future
development of long-distance free space communications. This is due to its dual function of
energy recovery and receiver of the optical signal.

3.4.2. Digital wireless transmission using visible light

In this part, we will present a prototype of digital wireless communication based on visible
light. In the area of OWC, research works are focused on achieving faster transmission speeds
or producing multiple carrier schemes, while only a few deal with synchronization techniques
and transmission protocols. The diagram of an optical wireless communication system is
similar to that of a wireless communication system which is composed of: transmitting
subsystem, free space channel and receiving subsystem. Successful communication is based
on a correct design of the communication system based on the mode of communication,
communication protocols and high quality of technical equipment. The synchronization
between transmitting subsystem and receiving subsystem is also an important issue in such
system.

In the following, the point-to-point optical wireless link will be considered. Then, a general
overview of digital communication protocols will be presented, followed by the experimental
results.

3.4.2.1. Description of Transmitted Data

In this part, we will focus on transmission of both texts and images using visible light
communication links.

- For text transmission, each character has its equivalent in numeric code. Here, the
ASCII code (American Standard Code for Information Interchange) is used for the
transmission of digital data related to the original text;

- The digital image is represented by a set of dots in matrix form called pixels. For a
color image, a color coding system, coupled with a system for representing brightness
levels, shall be used to represent the colorimetric information. A digital image is
therefore composed of a multitude of pixels and is defined by three terms: the
definition, the resolution and the format. Also, different coding systems with their own
particularities exist, such as:

o RGB: based on an additive mixture (combination of light rays) of three
primary colors (Red, Green, Blue);

o CMYK: based on a subtractive mixture (combination of color pigments) of
three primary colors (Cyan, Magenta, Yellow) and black;

o HLS: based on the physiological perception of color by the human eye (Hue,
Luminance and Saturation).
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3.4.2.2. Experimental results

The synoptic of the visible light digital transmission system for indoor environment and
simplex mode operation is presented in Fig. 3.19. The operating principle of the VLC system
is based on sending digital data via LED in binary code: when the LED is on, bit1 is
transmitted, if the LED is off, bit 0 is transmitted depending on the logic of transmission.

In order to establish a VLC communication, the directivity of the light signal between the
transmitter and the receiver must be respected. The transmitter and receiver must be in direct
Line-Of-Sight (LOS). Transmission may appear continuous if the frequency of light changes
beyond a certain frequency. In fact, the human eye is unable to detect rapid changes in light
output. A light-sensitive receiver converts variations in light amplitude into an electrical
signal which is then transformed into a high-speed data stream.

Binary Source (" Amplification _
source | | encoding Modulator =g o r Demodulator == and Decoding
| O~ pretreatment
I
[EmTEEmETE—— } [FrETTEEEEE—T }
| Transmitter | Receiver 1
. .

Fig. 3.19: Synoptic diagram of an indoor VLC link in simplex mode.

In transmission part, the binary source is encoded by Manchester type coding. This choice is
based on the need to keep the system always in continuous transition between the high level
‘1’ and the low level ‘0’ to be able to easily identify the '1' and '0' even if the size of the data
is large. Then, the OOK modulation is applied to data sent through the LED along the free
space link.

In reception, a preamplification is applied to the received signal to prevent from fading of
signal over distance. Then demodulation is occurred, and a Manchester-type decoder is
applied to get the data which are displayed on the computer.

Material description

The programming core of our system is the Arduino development board. We have used two
cards (Arduino Mega 2560), one for the transmission part, and the second for the reception.
The Arduino Mega 2560 is used for the acquisition of the data coming from the PC and the
control of the data transmission via visible light.

e Emission part: data are transmitted to the ARDUINO Mega 2560 board for
Manchester encoding, OOK modulation and transferring to the optical source. The
light signal can be focused with small divergence if a lens is added and an external
driver for lenses is required. In addition, the diode switching time is directly
determined by Arduino.
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e Reception part: in reception, a photodiode is used as photodetector, this choice is
justified by its switching time, which remains the fastest compared to other
photodetectors. In the following experiments, a photoreceptor is used because of its
high sensitivity to changes in signal state, then; the ARDUINO Mega 2560 card in
reception decodes the received data and transmits them to the computer for processing
and display.

Emission Main Reception Error

Fig. 3.20: Bits detection problem when receiving a succession of identical bits.

Tests and observations
During the first tests of digital data transmission, we have observed that:

e If the detection threshold of bit “1” is fixed, the communication system cannot
function properly. We have observed that the detection threshold of bit "1™ changes
with the distance traveled by the light signal as well as with the environment. This is a
consequence of the signal fading over the distance. In addition, the intensity of the
transmitted light during the day or night in the same environment is different.
Therefore, the detection level of bit "1" must be adaptive to the distance and the
environment;

e Ifalong series of '0' or '1' are sent, followed by one change in the state of the bits, the
photodiode cannot adapt and the bit error rate (BER) on reception increases (Fig.
3.21). The problem became more complex if the system has to send a large amount of
data at a high rate.

Communication protocol

A communication protocol is established for adaptive bit detection depending on the distance
between the transmitter and the receiver.
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a) Proposed algorithm for an adaptive bit detection

An algorithm for adaptive detection of threshold based on which it decided if the received bit
is ‘1" or "0’ depending on the received light level has been proposed. The updating of this
threshold is automatic, regardless of the distance travelled by the light signal. The
performance of this procedure is linked to the sensitivity of the photodiode, the luminous flux
and the environment. We have integrated our algorithm in the initial phase before starting
data transmission. This algorithm consists of:

1- Sending a sequence of pilot bits of a fixed size, for us, we fix them to 20 bits.

2- Calculation of the separation threshold between the level of bit ‘1’ and that of bit ‘0’:
20 bits of random bits '1"' and '0' are sent. On reception side, the maximum value and
the minimum value of the received levels are sought. The threshold is then computed
according to the following formula:

Maximum Value+Minimum Value
Threshold = > (3.2

1if thereceived value > Threshold
0 if thereceived value < Threshold

bit = { (3.3)

b) Manchester encoding

The source encoding in our experience is Manchester encoding. In this encoding, bit 0 is
presented by a rising edge and bit 1 is a falling edge. In this case, permanent transitions are
created, this will avoid detection errors. However, the frequency of the encoded signal is
double of that of the source signal (Fig. 3.21).

4 N O I
Data
\_ PC - \_ Arduino .

Fig. 3.21: Application of Manchester coding.

c) Synchronization bits

In 2016-2017, photodiodes with very fast switching time were not available in Algeria, this is
why we have decided to set up serial data transmission in simplex mode. Transmission
systems requires synchronization between the transmitter and receivers, otherwise there will
be a bit shift that will destroy all the information. We therefore provided synchronization bits
for each frame of 30 bits to solve the offset problem. Thereafter, our proposed frame of
transmission is organized as presented in Fig. 3.22 and the protocol of transmission is
presented in Fig. 3.23.
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The first 20 bits for
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Fig. 3.22: Frame organization in the proposed protocol of communication.
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To each 30 first bits of data
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For synchronization
31 and 32 bits
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Are all data
transmitted?
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Sending 5 bits of STOP
10010

v

V

Fig. 3.23: Proposed Protocol of transmission flowchart.

Yes

d) Text transmission

For sending the text, ascii coding is often used whether it is on a PC, mobile phone or other
device. We did a direct programming on the Arduino, the serial monitor of the Arduino (IDE)
is used as communication interface. It is used to input and display text during sending and
receiving. The figure below represents our experimental transmission system.

54



Chapter 3: Optical Wireless Communications

Fig. 3.24: Implementation of our text transmission system via visible light.

Fig. 3.25 shows few examples of texts transmission. On the transmitting PC, we wrote the
text we wanted to send to the IDE interface, such as "université mostaganem". On reception,
the system transforms the bits into ASCII code and displays them. We found the message
was sent via the LED without error as shown in Fig. 3.25.

28 COMS (Arduina/Genuno Mega or Mega 2560) © COMS (Arduino/Genwno Mega or Mega 2560}

seuil

- - cstazanes ®)

Fig. 3.25: Example of transmission and reception of a text via visible light. (a) IDE interface of the PC for
transmission, (b) IDE interface of the PC reception.

For a better evaluation of the performance of the system, we sent all the letters of the
alphabet, messages or words, the maximum bits transmitted in the measurement were
100 bits, the detected errors were null. The following table shows a few examples.
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Table 3.4: Performance of the text transmission system via visible light in detected erros.

Word

Emission code

The received code

detected
Errors

Bonjour

010001101111011001110110
010101101111011010101110
01001110

010001101111011001110110
010101101111011010101110
01001110

0

université de
mostaganem

101011100111011010010110
011011101010011001001110
110011101001011000101110
100101110000010000100110

1010

101011100111011010010110
011011101010011001001110
110011101001011000101110
100101110000010000100110

1010

laboratoire LEOG

001101101000011001000110
111101100100111010000110
001011101111011010010110
010011101010011000000100

0011

001101101000011001000110
111101100100111010000110
001011101111011010010110
010011101010011000000100

0011

communication par
lumiere visible

110001101111011010110110
101101101010111001110110
100101101000011000101110
100101101111011001110110

0000

110001101111011010110110
101101101010111001110110
100101101000011000101110
100101101111011001110110

0000

However, the communication via visible light in free space using the proposed protocol has
not got errors if the direct path between the LED and the photodiode is held. The distance
between them is about 35 cm. The diagrams of the transmitting and receiving texts are
presented in Appendix II.

e) Image transmission

Since Arduino is not designed to process image data, we were forced to use software that can
handle image data processing which language is close to the Arduino language. We therefore
used the Visual C++ combined with the special OpenCV library for image processing.

v" The visual C++

The Visual C++ language and development tools help us to develop native Windows Store
applications, native desktop applications and managed applications that run on the .NET
Framework and give us the ability to add other libraries, as it is compatible with the majority
of libraries that exist either for image processing, sound or other specialized libraries.

v" The OpenCV library

The OpenCV Library (OpenSource Computer Vision) was originally written in C by
researchers from the Intel Company. This library offers a set of more than 2500 algorithms
for computer vision, accessible through APIs for the languages C, C++, and Python. It is now
developed, maintained, documented and used by a community of more than 40.000 active
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members. It is the reference library for computer vision in both research and industry. The
main modules accessible through its APIC are:

» Core: this library is dedicated to basic functionalities. It enables to manipulate basic
structures, to perform operations on matrices, to draw on images, to save and load data
in XML files...;

» Imgproc: dedicated to image processing. The functions and structures of this module
are related to image transformations, filtering, edge detection, points of interest...;

» features2d: dedicated to descriptors. This module mainly concerns the extraction of
descriptors according to two common approaches (SURF and StarDetector),
interesting for image characterization;

» objdetect: dedicated to object detection. This library allows the recognition of objects
in an image using the Adaboost algorithm [Vio 2001];

» video: dedicated to video stream processing. These functions are used to segment and
track moving objects in a video;

> highgui: I/0 and user interface. OpenCV integrates its own high-level library for
opening, saving and displaying images and video streams. It also contains a number of
functions to create very simple graphical user interfaces, which are adequated to test
our programs;

»> calib3d: dedicated to calibration, pose estimation and stereovision. This module
contains functions to reconstruct a 3D scene from images acquired with several
cameras simultaneously.

However, to transmit a color image, the color information (Red, Green and Blue) has to be
recovered for each pixel, converted to binary and grouped into a data vector to be sent in parts
to the Arduino serial channel. This is due to the limited memory of the Arduino, which cannot
save the full size of the image vector, so the data is sent in frames. The program flow
diagrams for the transmission and reception of the images are shown in Appendix I11.

At the Arduino level, we have used the same communication protocol as the one used to send
the text: calculation of the bit detection threshold, synchronization, coding and decoding.
During the transmission and reception of the image, the Arduino receives the transmitted bits
without processing or reorganizing the frames. These tasks have already been performed by
C++ as well as the processing and display of the image on reception.

At the end of all these operations, we manage to transmit an image from one computer to
another via visible light without any error. This shows the reliability and performance of our
system even with large data sizes. Fig. 3.26 illustrates the transmission of an image via visible
light.
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Fig. 3.26: Transmission of an RGB image of size (50 x50) using visible light in free space.

The visualization on the digital oscilloscope of the signals emitted and those received are
shown in Fig. 3.27. We notice that the emitted signal is a digital pulse train, while for the
received signal; each pulse becomes a charge and discharge due to the behavior of the
photodiode.

(a) (b)

Fig. 3.27: Oscilloscope visualization of the emitted signal after Manchester encoding and the received signal
from the photodiode.

Fig. 3.28: Image reconstitution on the computer screen.
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3.5. Conclusion

In this chapter, we have presented a brief summary of OWC systems as well as the simplest
modulation techniques used in the free optical communication systems. We have
demonstrated that an OWC system can be used not only for data transmission, but also for
wireless energy transmission. A communication protocol ensuring reliable numerical data
transmission with an adaptive bit level detection algorithm is proposed. Its effectiveness has
been demonstrated by the transmission of texts and images.
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4.1. Introduction

Over these past years, fiber-optic communications technology has been developed rapidly.
However, there are some penalties in the Single-Mode Fibers (SMFs) and Multi-Mode Fibers
(MMFs) links which lead to lower bitrates than those required for current and emerging
demand. Optical Orthogonal Frequency Division Multiplexing (OOFDM) has been
investigated within the last few years by extensive simulations and experiments [Hao 2009].
OOFDM has been considered as a promising candidate for the optical communications
systems, such as visible light communication (VLC) systems [Gha 2012] and optical fiber
communication [Gid 2010], since it combines the advantages of wireless OFDM systems and
optical communications which including dynamic provision of hybrid bandwidth allocation in
both the frequency and time domains, significant reduction in network complexity and
potential for cost-effective implementation. This modulation technique has been found to
exhibit very high tolerances to chromatic dispersion and polarization mode dispersion (PMD)
[Shi 2007].

Currently, there are two main implementations for OOFDM: coherent optical OFDM and
direct-detection optical OFDM (DD-OOFDM). The latter is the simplest approach for optical
OFDM systems and is especially suitable for metropolitan and access networks [Wei 2009],
where CO-OFDM offers better sensitivity and spectral efficiency but higher complexity and
costs [Shi 2006]. Recently, several experimental results on OOFDM system have been
reported, such as a long-distance transmission of 25.8 Gb/s over 4160 km of SSMF has been
demonstrated [Jan 2007], an experimental demonstration of 7.09Gb/s directly modulated
laser (DML) based Real-time Optical OFDM Transmission over 50km SSMF [Zha 2016] and
a demonstration of the single-channel direct detection beyond 1Thb/s with 1.26Tb/s line rate
and 1.02Tb/s net rate after 100km SSMF [Che 2019].

In the case of a multipath channel, conventional modulation techniques are very sensitive to
Inter Symbol Interference (ISI). OFDM is a digital multi-carrier transmission technique that
has shown strong performances since it was first presented by Chang of Bell labs in a 1966
US patent [Arm 2009]. The OFDM modulation is a special case of multi-carrier modulation
(MCM) [Wei 1971]. It is a modulation technique which consists of distributing the digital
signal to be transmitted over many subcarriers. The generation of intensity modulated and
directly detected (IM/DD) OFDM signals employs either double-sideband (DSB) modulation,
which occupies a larger bandwidth in the optical spectrum and suffers from chromatic
dispersion induced power fading, or single sideband (SSB), which is preferably employed due
to its lack of power fading and more efficient usage of the spectrum at the expense of the SSB
modulation complexity [Lin 2012]. The OFDM modulation is currently used as the multi-
carrier digital modulation technique of choice in Passive Optical Networks (PONSs) because of
its robustness to chromatic dispersion and other impairments, as well as its high spectral
efficiency and flexible bandwidth allocation [Arm 2009].

Moreover, optical broadband sources (BBS) are attractive due to their larger cost
effectiveness [Kan 2014] than wavelength specific sources, i.e. lasers, and also the major
robustness to crosstalk and temperature drift compared to other components. However, it is
well known that fiber chromatic dispersion limits the performance of extended reach WDM-

61



Chapter 4: Optical OFDM signal transmission using a broadband source over SSMF

PONSs. A subcarrier multiplexing tolerant dispersion transceiver based on optical broadband
sources was presented in [Gra 2009] and offers the prospect of Radio over fiber (RoF) signal
transmission by using spectrum-sliced incoherent light sources such as amplified spontaneous
emission (ASE) or light-emitting diodes (LEDs) in WDM networks. Accordingly, a low-cost
OOFDM signal transmitter based on an optical broadband source was demonstrated for
moderate bitrate signal transmission in WDM access networks [Chi 2017b].

In this chapter, an overview of broadband sources based optical networks will be given, such
as a description of the different broadband sources, fundamentals of signal transmission based
on BBSs and tolerant dispersion systems for BBS based optical links. The chapter includes
the description of generation and reception of OFDM signals followed by a discussion on the
optical components. Then, we focused on the design of an OOFDM-WDM experimental
network using a broadband source over SSMF and the experimental setup will be explained.
Finally, based on the achieved results, the main observations will be summarized in the
conclusion.

4.2. Broadband sources based optical networks

4.2.1. Different broadband sources

A classification of optical sources according to the method used for light generation [Cap
1998, Chi 2018] leads to lasers and optical broadband sources (BBS). Lasers are optical
sources emitting coherent light at a given wavelength with narrowband spectral bandwidth,
which exhibit a low divergence angle that spreads out very little as it projects out further from
its source. They are based on an oscillator where the amplification is due to the stimulated
emission and the feedback is determined by the structure of the cavity. On the contrary,
broadband sources either use the spontaneous emission for lightwave generation or use the
amplified spontaneous emission of diode-pumped, erbium-doped fibers, and they emit a very
stable, wide and flat spectrum in the output range up to +23 dBm.

Therefore, among the BBS, we can distinguish the Light-emitting diodes (LEDs), which are
available at a reasonable cost with widths between 50 and 100 nm, superluminescent LEDs
(sLEDs) with smaller lines and higher optical output powers and Amplified Spontaneous
Emission (ASE) noise sources, with larger lines.

The following table shows the linewidths from different sources [Cap 1998, Ram 2002, Chi
2018].
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Table 4.1: Typical linewidth of different optical sources [Chi 2018]. DFB: Distributed FeedBack, DBR:
Distributed Bragg Reflector, FP: Fabry-Perot, ECL: External Cavity Laser, VCSL.: Vertical-Cavity Surface-
Emitting Laser, MWQ: Multiple Quantum Well, sLED: superluminescent Light-Emitting Diode, LED: Light-
Emitting Diode, ASE: Amplified Spontaneous Emission.

Classification Source Linewidth
DFB 1-10-MHz

DBR 1-10 MHz

FP 2-5nm

Narrow ECL 10 - 100 kHz
VCSEL 40 — 150 MHz
MWQ 100 - 300 kHz

SsLED 35-40 nm

Wide LED 50 — 100 nm

ASE 80 nm

As will be explained in the following section, the impact of fiber dispersion when broadband
sources are employed is very significant and therefore operating bandwidths, i.e. maximum
bitrates are seriously limited. Recently, the utilization of a tunable Mach-Zehnder
interferometer (TMZI) allowed to demonstrate an OOFDM access network based on a single
optical broadband source (BBS) to transmit moderate bitrates with low cost, high stability,
low crosstalk operation [Chi 2017a, Chi 2017b] and also allowing multiband OFDM
transmission in WDM networks [Chi 2017a, Chi 2017b]. A theoretical analysis in [Gra 2009]
details the potential of this optical BBS based transmission system over a radio frequency
band, also free from carrier suppression effect for any amplitude modulation format. In this
context, we explore the large potentiality offered by the BBS to implement a bidirectional
reconfigurable network with dynamic bandwidth allocation, multiple bands operation and
multiple users [Sek 2018].

4.2.2. Fundamentals of signal transmission based on BBSs

The employment of BBS is of enormous technical interest because of their great potential for
enabling multi-channel applications in WDM-PONSs [Jun 1998, Kim 2007, Chi 2018] while
minimizing the implementation and management costs associated to the generation of the
WDM channel.

However, signal propagation on SSMF links is affected by the presence of the chromatic
dispersion parameter of the fiber. The dispersion effect is not only dependent on the fiber
characteristics but is also related to the optical modulation process and the spectral
characteristics of the optical source. Therefore, the use of a BBS will impose significant
limitations. The following figure shows a schematic of an optical transmission system using
the external modulation of a BBS.
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SB(I:E) “ EOM " Q DETECTOR

Fig. 4.1: Schematic of a transmission system using an optical broadband source.

Let S(w) be the power spectral density of the optical signal emitted by a BBS characterized
by its spectral width dws,5. When the lightwave signal is amplitude modulated by an RF
signal of frequency f using a double sideband and transmitted along an optical fiber link of
length L with dispersion parameter £, as illustrated in Fig. 4.1, the electrical transfer function
HRF () is determined by [Gra 2009]:

HRF(2) < CSE (2).HEF (2) (4.1)
Where 2 = 2ritf, CSE(R2) represents the electrical carrier suppression effect defined as:
CSE () = cos (5 f,L0?) (4.2)

And HEF () is defined as:

[12 5(w) exp{-jB2L(w-wo)2}dw

RF —
HO (-Q) - fj;os(w)dw

(4.3)

As shown in eq. (4.3), the power spectral density of the BBS strongly determines the
electrical transfer function. Also note the relationship in terms of Fourier transforms between
the transfer function HXF (©2) and the power spectral density S(w) [Gra 2009].

In the case of an optical source with a Gaussian profile, which describes the typical spectral
power distribution of LEDs, the power spectral density is described as:

_P 1 _ (#=20)?
S(w) = V27 Sw exp{ ( 5w ) } (4.4)
Where dw = ‘;3% P, and Sws,p are the total average power and the 3dB optical linewidth

of the source, respectively. The expression of the transfer function in eq. (4.3) results as:

P @) = x| (B2

(4.5)
And therefore, we find that this profile exhibits an exponential dependence.

Moreover, the power spectral density of an optical broadband source with a rectangular
profile can be expressed as:

o — wo < 224
(4.6)

dw3zap

0, @ — wol > 22

which leads to the following electrical transfer function:
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HEF(Q) = sinc (Bzmzﬂ) (4.7)

The width of the optical source has a huge impact on the electrical response and on its
electrical bandwidth of 3dB. Indeed, for a given optical link, the increasing width of the
optical source produces a decrease of the 3dB bandwidth in the electrical domain allowing
only a few MHz [Gra 2013] of signal transmission. This effect is given by the chromatic
dispersion parameter in combination with the source width and is represented by the term
HEF (02) defined in equation eq. (4.3).

The electrical 3 dB bandwidth of the RF bandpass in our system can be easily obtained in
terms of the optical carrier bandwidth and the dispersion characteristic of the link. According
to the rectangular profile of eq. (4.6), the bandpass window has a 3dB electrical bandwidth
d f34p Can be obtained by:

0.9 22

Of3dB ~ (g Drzmc 39a

Fig. 4.2 represents the theoretical transfer functions HEF(f) for a link with B, =
—20ps?/km, L = 10 km at 1550nm and different source widths w545, for a source with
rectangular and Gaussian profiles [Chi 2018].

(4.8)
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Fig. 4.2: Transfer functions using a broadband source with different values of (Sws45)/2m [GHz]: 0.125 (blue),
12.5 (Orange), 50 (yellow), 100 (violet), 500 (green) in cases (a) Rectangular distribution and (b) Gaussian
distribution.

As shown in Fig. 4.2 the theoretical frequency behavior is strongly influenced by the
bandwidth of the optical source ws,45, resulting in an electrical low-pass filtering response.
The values of the —3dB bandwidth frequency response, defined as Full Width at Half
Maximum (FWHM), are presented in Table 4.2.
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Table 4.2: Optical source with different width, dws45/2m, values used in the theoretical model and
corresponding FWHM widths of the electrical transfer function for rectangular and Gaussian sources.

Width of source (S ws45)/2m [GHZ]
-0 12.5 50 100 500

A (nm) 0.001 0.1 0.4 0.8 4
FWHM Rectangular distribution - 0 9 224 | 112 | 0.22
(GHz) Gaussian distribution — oo | 19.85 | 4.96 2.48 | 0.50

4.2.3. Tolerant dispersion systems for BBS based optical links

Due to the limitations of the broadband sources, they have not been widely used in WDM-
PON systems. The literature related to the optical transmission of OFDM signals mostly
employs narrow sources, for both direct detection and coherent detection. However, the use of
broadband sources can be an interesting low-cost solution. The use of a transmission structure
based on Mach-Zehnder Interferometer (MZI) with Variable Delay Line (VDL) to overcome
the limitations of broadband sources in RF signal transmission has been studied by [Gra
2009]. In [Chi 2018], a low-cost solution for the implementation of WDM-OFDM
transmitters based on the use of broadband sources for the transmission of OOFDM signals
was proposed and realized.

The MZI is an optical device consisting of two 3dB 1x2 optical power couplers, one at the
input and the other at the output, with a variable delay line (VDL) inserted in one of the two
fiber arms which causes different delay to the signals travelling along both arms. The
schematic representation is given in Fig. 4.3.

MZI-VDL
3dB 3dB

coupler TSoupler

Fig. 4.3: Transmission structure based on a Mach-Zehnder interferometer and a VDL.

The MZI-VDL can be introduced just after the broadband source. However, as indicated in
[Gra 2013], the insertion of the MZI-VDL after the modulator allows carrier suppression
effects to be attenuated, and therefore, bandwidth for RF signal transmission is increased. Fig.
4.4 illustrates the transmission scheme.

RF

BBS —\
S(w) —@/ Q MZI-VDL DETECTOR

Fig. 4.4: Scheme of transmission with Broadband Sources based on Mach-Zehnder interferometer.
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The transfer function of the MZI-VDL is [Cap 1999]:

1 —i(0— —i(0—
Hyzi-vpL(2) = 5 [e J(@2-20)t1 4 o—J(2 -Qo)l'z] (4.9)
Where t,and t, are the optical delay for each MZI branch, and the frequency £, is given by:
At
02y = s (4.10)

Where At = |t — T3].

In this case, the expression of the transfer function (eq. (4.1)) undergoes a slight variation,
resulting:

HRF () « cos (n %) .CSE(2).HEF (2) +

- +
+= HEF(Q - 00) + = HE (2 + ) (4.11)
Where CSE* is defined as follows:
CSET = cos (W) (4.12)

The eq. (4.12) shows clearly that the CSE function appears now frequency shifted by an
amount which depends on the central frequency £, given by eq. (4.9). Indeed, when 2 = 0,
the cosine function would give a constant and unitary value, however, the CSE is negligible.
Moreover, it is possible to deduce from the terms H(2 + (2,) the appearance of a new RF
transmission window centered on the frequency 2, (see eq. (4.10)). According to this fact, the
center frequency of this window can be varied by changing three parameters: the delay
between the arms of the interferometer, At, the dispersion parameter of the fiber, ,, and the
length of the link, L. Thus, the carrier suppression effect has been effectively mitigated for a
DSB transmission scheme based on broadband sources.

Fig. 4.5(a) and 4.5(b) plot the optical output spectrum of the broadband source and the optical
spectrum at the output of the optical filter with 6 nm bandwidth, respectively.

(b)
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Fig. 4.5: (a) Optical spectrum of the broadband source, (b) optical spectrum at the output of the 6nm bandwidth

optical filter.
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In the following, we will see the effect of the introduction of MZI-VDL, illustrated previously
in Fig. 4.4, in the transmission system employing the 6 nm bandwidth optical source depicted
in Fig. 4.6.b). The source is amplitude modulated by an RF signal. The modulated signal is
transmitted through an optical link of L = 10 km, whose dispersion parameter is determined
by B, = —20 ps?/km. The MZI-VDL is configured to allow the transmission of the band
centered at 5 GHz, so according to eq. (4.10), a delay between the arms of the interferometer
is required around At = 6.28 ps. Fig. 4.7 shows the optical spectrum at the output of the
MZI-VDL and the corresponding electrical transfer function are illustrated in the following
figure.
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Fig. 4.6: (a) Optical spectrum at the output of the MZI-VDL. (b) Electrical transfer function of the proposed
system.

The value of the delay between the arms of the MZI-VDL can be obtained directly from the
optical spectrum (Fig. 4.6a) and by using the value of the interval between the rise
(1546.86nm) and the fall (1553.14nm) of the signal. On the other hand, Fig. 4.6b shows the
RF transmission band opened at the center frequency given by eq. (4.9) due to the
introduction of the MZI-VDL.
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Amplitude (dB)

Frequency (GHz)

Fig. 4.7: The response of the transfer function for different At (blue: 6.38 ps, red: 3.83 ps, yellow: 19.13 ps,
grey: 38.26 ps and green: 57.40 ps).

At high data rates, dispersion-induced widening of short pulses in the fiber causes crosstalk
between adjacent time slots, leading to errors as the communication distance increases beyond
the dispersion length of the fiber. However, higher order dispersion terms are the harmful
forces in a very high-speed optical transmission system.

Different order dispersion terms result from the nonlinear frequency dependence of the
propagation constant given by the Taylor expansion:

162 16

B(@) = Bo@) + L (@—w) +12L (0 - wp)* +12L (0~ wp)* + (4.13)
where w is the angular frequency [Agr 1995]. The last two terms of the equation represent the
dispersive terms, where both group velocity dispersion (GVD), B,, and the third order
dispersion (TOD), B3, related to the dispersion slope, are expressed in terms of angular
frequency or equivalently, in terms of wavelength, as follows:

p=-Tpg,.  s=(-Z) g, (4.14)

However, careful management of GVD and TOD is essential to achieve consistent
performance across the optical link transmission.

The nonlinear nature of the optical modulation process produces harmonics on both sides of
the optical carrier. Hence, the optically modulated wave undergoes different impairments
while propagating through the RoF link. The nonlinearity of the electrical-optical modulator,
nonlinearities in the optical fiber and weak modulating process result in fragile optical signals
[Lac 2002]. To resolve the issue of pulse broadening from dispersion, several compensators
have been demonstrated for second-order [Oue 1995] and third-order [Dur 1997, Lee 2007,
Che 2014, Gao 2017, Ben 2018] dispersion, mainly using optical fiber platforms. Several
dispersion-managed (DM) techniques are used to compensate the dispersion effects in the
fiber. Three methods are prominent: the dispersion compensating fiber (DCF), fiber Bragg
grating (FBG) and higher-order mode (HOM) fiber [Wan 2013].
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Dispersion of single-mode fiber at a wavelength of 1550 nm can be compensated by
specially designed fibers with negative and large dispersion coefficient (D) at 1550 nm.
These types of fibers are known as dispersion compensating fibers (DCFs). Chirped fiber
Bragg grating can be effectively used up to ultrahigh capacity (100 GHz) long haul
transmission systems for dispersion slope compensation. It is shown that the FBG can
effectively compensate the dispersion slope while keeping proper in-line filtering [Chi 2007].

According to [Gra 2013], the effects of the second order dispersion parameter can be
neglected provided the 3dB linewidth Jw, of the optical source satisfies the following
expression:

1

VIB3IL2

Therefore, we validate the choice of a BBS of 6 nm and the effects of 85 can be neglected (
B3 =1.57 *10* ps/nm?/km) so they will not be present in the experimental
characterization.

Sw, ~ (4.15)

4.3. Experimental setup

The transmission of OFDM signals over optical fiber was first proposed by [Chi 2017a, Chi
2017b] based on broadband optical sources for moderate transmission rates over WDM
networks. A subcarrier multiplex transceiver based on dispersion-tolerant wide sources was
presented in [Gra 2009]. This allowed the transmission of radio signals over optical fiber
using incoherent slotted spectrum sources, such as ASE sources or LEDs in WDM networks.

Throughout this section we will present a WDM-OOFDM access network using a centralized
optical transceiver based on a single optical broadband sliced source at the Central Office as a
low-cost solution [Sek 2018] offering downlink and uplink signal transmission by using
double sideband modulation and optical carrier reuse, as well as dynamic bandwidth
allocation, multiple band selection and tunable OFDM band selection in reconfigurable
networks at moderate bitrates.

4.3.1. Generation and reception of OFDM signal

The experimental design is based, at the electrical level, on off-line generation and reception.
For this reason, digital signal processing will be carried out with Matlab, while digital-to-
analogue and analogue-to-digital conversions will be carried out with AWG7122C (Arbitrary
Waveform Generators) and DPO72004C (Digital Phosphor Oscilloscope) (Tektronix)
equipment, respectively. Fig. 4.8 illustrates the experimental setup.
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DPO +
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Matlab
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Fig. 4.8: OFDM-WDM network using broadband source. BBS: Broadband source (Optical). EOM: Electro-
Optical Modulator. AWG: Arbitrary Waveform Generators. MZ1-VDL: Mach-Zehnder Interferometer with
Variable Delay Line. RTDO: Real Time Digital Oscilloscope.

The following figure shows the experimental system for transmitting OFDM signals in the
electrical link.
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Fig. 4.9: (a) Experimental system for the transmission of OFDM signals in the electrical link, (b) Block diagram
of generation and reception of an OFDM symbol.

The signal generator used in the experiments is an arbitrary waveform generator,
AWGT7122C, from Tektronix. This equipment is characterized by the ability to operate with
two independent output channels sampled in the range 10 MS/s — 12 GS/s, or with one
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channel interleaved with samples in the range 12 GS/s — 24GS/s; and the nominal electrical
bandwidth of the transmitter is 7.5 GHz. It also includes a software for the generation of
OFDM signals called RFXpress, allowing the configuration of a series of predefined
parameters. However, in order to control all the signal parameters and to include non-standard
blocks offering improved signal quality, we have chosen to design our own off-line signal
processing scheme.

After optical receiver, the transmitted signal is recovered by using the DPO72004C Tektronix,
which is a digital oscilloscope with 4 input channels offering a wide range of features and
performance, allowing the reception of signals up to 20 GHz, with a maximum sampling rate
of 100 GS/s. Among its most outstanding features is the ability to view the received signal in
the frequency domain. It also includes digital low-pass filters to eliminate unwanted
frequency components from the received signal.

It also includes software (SignalVVU) that allows the processing of the received signal. In the
case of our experiment, again, we chose to design our own processing code for the received
signal, in order to be able to configure the specific parameters of our received OFDM signal.

4.3.1.1. OFDM signal parameters

The OFDM multiplexing technique offers great flexibility in terms of configuring its
parameters. The parameters of the OFDM signal that we are going to configure are the
following:

Central frequency: f;

Bandwidth: BW;

Data modulation: MOD:;

Number of data subcarriers and null;

Size of the FFT: Ngpr;

Number of OFDM symbols that make up the OFDM signal: NSym;
Separation between pilot symbols: Ap;

Size of the cyclic prefix: CP,

Clipping level of the temporal signal: clip;

Sampling frequency of the digital-analog converter: f;
Channel estimation;

Filtering of channel estimation;

Structure and location of the pilots.

L XX

As explained above, a program has been developed under Matlab for the generation and
analysis of the OFDM signal. Each block described in this section has its own routine and the
whole calculation is executed by running a main program.

In an OFDM scheme, a high number of narrow-band orthogonal sub-carriers dividing the
available bandwidth are transmitted in parallel. The interest of OFDM is mainly due to the
way the system manages multipath interference at the receiver since multipath generates two
undesired effects: frequency selective fading and inter-symbol interference (ISI).
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4.3.1.2. Symbol generation

The symbols to be transmitted can be pilots or data. The modulation used for the data is the
QAM modulation, the number of levels of which is well determined. Once the Xp[n] data
and the Xp[n] drivers have been generated, they give raise the following transmission matrix:

Xp, m=1,1+Ap,2+Ap

Xlnl = {XD, n=1,1+Ap2+A4p (4.16)

In an OFDM transmission system, the channel estimation and channel equalization blocks are
fundamental for signal recovery at reception. The most popular technique invented by Cavers
[25] for OFDM systems is pilot insertion. As is well known, pilot insertion in OFDM can be
of the bock or comb type. In the block type pilot arrangement consists of allocating one or
more time slots for pilot transmission, by using all subcarriers in those time slots. This
approach is a suitable strategy for slow time-varying channels whereas in the comb type pilot
arrangement a certain number of subcarriers are allocated to pilot symbols, continuously in
time. This approach is a suitable strategy for non-frequency selective channels. The block
type technique is the one used in our experimental part.

Eq. (4.16) gives rise to a block-type structure which is represented for Ap = 4, and Ap = 3
for a comb-type, as shows in Fig. 4.10 (a) and (b), respectively.

o 1 OFDM symbol . 1 OFDM symbol i o
o] (o] (o] [&]

(&) (&) © o

0] (o] (o] (o]

00000000000000000000 o © o o

o - (o] o] (o] (o]
2 s &|® © © ©
- é (e} © o o
& 48 o (o] ]
L | 00000000000000000000- £ g o o o
(o] © © ©

e © © ©

o © © [¢]

(<] © o ©

00000000000000000000. o o o o

(a) Time Time (b) v

Fig. 4.10: Two pilot location patterns: (a) comb-type, (b) block-type.

Where S, denotes the period of the pilot symbols in time and S; the period of the pilot tones in
frequency.

4.3.1.3. Location and assignment of carriers

From the values of the centre frequency, bandwidth, the size of the FFT, as well as the
sampling frequency, we place the data carriers on the corresponding frequencies, leaving the
carriers that carry no information to zero.

By discretizing the frequency, we establish the difference between the frequencies Af as a
quotient:
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Af = L5 (4.17)

Nrrr

Thus, the direct relationship between each frequency and the carrier number it presents is
established from the following equation:

szk.Af, k=1,2,...,NFFT (418)
According to Nyquist's theorem, in order to avoid spectrum aliasing and to ensure that the
discretized signal can be recovered, it is necessary that the maximum frequency of the signal
doesn’t exceed half the sampling frequency. Then, eq. (4.18) becomes:

fu=kAf, k=12, T (4.19)

4.3.1.4. Hermitian symmetry

The Hermitian symmetry is used to obtain a real-valued time-domain signal. For IQ
modulators, both inputs must be real, the real part of the signal is transmitted in the I branch
and the imaginary part in the Q branch. In the rest of the modulators, both with direct and
external modulation, the input must be real. Therefore, the signal at the IFFT output must also
be real. To meet this condition, the signal at the IFFT input must satisfy the hermitian
symmetry and thus, the following conditions must be satisfied:

X, k=125
I =4 N, N (4.20)
Xg—k+1' k:E+1'E+2""'N

Where: I, is the inputs of the IFFT block, X, is the data entered by the inputs and N is the
size of the FFT.

However, as the continuous and Nyquist components must be zero, the values X[f; = 0] and
X[fr = fs/2] must be equal to zero. Combining the above conditions, we illustrate in table
4.3 the organization of the data at the input of the IFFT to respond to Hermitian symmetry.

Table 4.3: Organization of the data at the input of the IFFT to respond to Hermitian symmetry [Chi 2018].

I I In In In In_ In_

1 2 21 g T+1 N-2 N-1

0 X1 XE—Z 0 XN 2 XZ Xl
2 2"

On the I, symbol, the IFFT is applied so that if x, = F~1{I,}, we can guarantee that x,, € R.

4.3.1.5. The cyclic prefix

A cyclic prefix (CP) is created to prevent ISI when an OFDM signal is transmitted in a
dispersive channel. The CP is essentially an identical copy of the last portion of the OFDM
symbol appended before the OFDM symbol. In [Pel 1980] it is proposed for the first time the
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use of cyclic extensions so that those signals that are not cyclic are, at least, pseudo-cyclic. In
this section we will focus on adding the final (initial) part of the signal at the beginning (end),
which we will call the cyclic prefix.

However, the inclusion of the cyclic prefix makes the signal pseudo-cyclic and can be treated
as if it were a cyclic signal. The received signal r;,, can be expressed by:

Tm= Sm* hp+ny, =sp*(AIX«hS, « R +n,, 0<m<N-1 (4.21)

Where: hIX RS , hEX represent the impulse responses of the transmitter, channel and
receiver, respectively, n,, is added as random noise and s,, is the transmitted signal given by:

Sm = F Xy} (4.22)

Where: F~1 is the inverse Fourier transform, and X, is the information corresponding to the
carrier k.

Since we are confronted with a pseudo-cyclic signal, this convolution becomes circular, so
(4.21) becomes:

Tm=Sm®h,+n, 0<m<N-1 (4.23)

Fig. 4.11 illustrates an example of inserting a cyclic prefix.
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Fig. 4.11: An example of the insertion of a cyclic 25% prefix on a 128 carriers signal: (a) original signal, (b)
signal with cyclic prefix.

According to the Fig. 4.11 (b), it can be concluded that the signal at the output will have a
large number of samples, which affects the transmission rate.

The cyclic prefix is included in the initial part of X,. The parameter CP determines the
number of samples, so that Nop = CP.Ngpy, Where Np is the number of samples to be
reproduced. After applying the cyclic prefix, the symbol changes to:

x[N—NCP +k], k = 1!""NCP

k — Ncp], k=Ncp+1,..,Nep+ N (4.24)

xcplk] = {x[
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4.3.1.6. Pre-emphasis filter

The transmitter used in our experimental setup (AWG) doesn’t show a flat amplitude
response for the employed frequency range, so it is necessary to apply an h™X(t) pre-
emphasis filter that equalizes this response [Gao 2011, Cvi 2012]. The pre-emphasis filter is
based on the transmission of different OFDM signals with data content in all carriers. From
the spectra received in the electrical link, average values are obtained and smoothed by
applying a low-pass filter. The pre-emphasis filter is obtained so that when multiplied in
frequency over the received test signal, its response is as flat as possible, so that:

{ XRX(f) . H™(f) = 1, f € [0, BW ap] (4.25)
0, rest

Where XX (f) is the signal obtained by low-pass filtering and BW,,,; is the RF bandwidth of
the AWG.

Fig. 4.12 shows the effect of applying the pre-emphasis filter for a 16QAM — OFDM signal
with f. = 5GHz, BW = 0.75 GHz (the bandwidth used throughout this section), Ngpr =
2048 and CP = 6,25 %. From this figure it can be seen that the signal with pre-emphasis
tries a priori to equalize the effects of the non-linear frequency response of the signal
amplitude.
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Fig. 4.12: Application of the pre-emphasis filter.

4.3.1.7. Signal clipping

Despite the advantages of OFDM, it has a major disadvantage related to the large amplitude
variation of their generated signals, known as PAPR (Peak-to-Average Power Ratio). High
PAPR occurs when several sinusoids are coherently added in an IFFT. The resulting peaks
that exceed the operating range of a power amplifier (PA) cause a non-linear distortion that
leads to a degradation of the bit error rate (BER) consequently, a degradation of the overall
system performance [Hos 2016].

The value of the PAPR is defined as follows:
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PAPR = %j’;'}z} (4.26)
Where E{.} denotes the expectation operator.
The PAPR in dB is obtained by:
PAPR,z = 10log,(PAPR) (4.27)

However, there are various techniques for reducing PAPR, such as those based on clipping
and filtering [Yos 2015] and Selective Mapping [Pam 2018]. The one we used in the
experimental work is the clipping. The clipping is known as the simplest and most preferred
technique, which consists of cancelling signal components that exceed an unchanged
amplitude called Clip Level. In the case of our work, the threshold is set at 96%, so the
amplitudes above this threshold will be adjusted so that the signal will conform to the
following equation:

X |xpl <v

¥ = ) 4.28
T {ye"xk, x| > ¥ (428)
Where y is the threshold, and 2x; denotes the phase of x.

Fig. 4.13 shows the signal clipped from the input signal for a 16 — QAM OFDM signal with
f. = 5GHz, BW = 0,75GHz, Ngpr = 2048, CP = 6,25%, and a pre-emphasis filter.

Vgar=0-85139V  P=96%

The original signal
The clipped signal

Amplitude (V)

0 1 2 3 4 5 6
Number of Sample x10%
Fig. 4.13: Application of clipping of the temporal signal.

As soon as the signal has been clipped, all OFDM symbols are serialized to form the OFDM
signal x[n]. This signal is loaded onto the AWG7122C signal generator, which is responsible
for digital to analogue conversion and thus generates the s(t) signal.

4.3.1.8. Data rate of transmitted signal

Usually, there are two transmission data rates related to OFDM signals: the first is the Net
data rate (DR) wich is the actual data rate (exact) and the second is the Raw data rate (DR)
(estimated) because is estimated as it considers a number of approximations.
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The actual data rate is calculated by:

DR =2 (4.29)
Where B}, is bits of data transmitted and T the time OFDM signal duration.
The amount of data bits transmitted can be deduced from the following equation:
Bp = NpKplog,(M) (4.30)

Where N, is the symbols, K, is the subcarriers and M is the number of symbols in the
modulation.

In the complete OFDM signal, in addition to the data transport, other control symbols or null
carriers are also included. The total number of samples My is defined by:

My = (Np + N¢p)(Ngpr + N¢p) (4.31)

Where N, are the symbols dedicated to the data whereas N p are dedicated to the cyclic
prefix.

The digital-to-analog converter is defined by its sampling frequency fs, so that each sample is
transmitted every Ts = 1/fs. Considering the number of samples M. in equation (4.31), the
duration of the OFDM signal will have a duration of:

T =Ts(Np + Ncp)(Nppr + Ncp) (4.32)
Therefore, from the equations (4.29), (4.30) and (4.30), the net data rate (DR) becomes:
_ NpKplog,(M)
DR = Ts(Np+Np)(Nprr+Ncp) (4.33)

Where Np is the number of pilot symbols.

Considering that the bandwidth of the signal can be expressed by BW = f NI;’;T, and
supposing that:
N Np » N Np=N
{N cp <Z j\<’FFTD—> N FI;T++ 13 cp zII)VFFT (4.34)
So, the Raw data rate (DR) will be:
DR ~ BW.log,(M) (4.35)

4.3.1.9. Reception of the OFDM signal

Once the r(t) signal is received in the DPO72004C oscilloscope, where it is discretized,
giving rise to the r[n] signal. The processing of the received signal from its capture to the
symbols is done via a Matlab code. Below, we will describe the steps to recover the
transmitted symbols.

After receiving the signal, the first step is to resample the signal to the original sampling
frequency fs, because the sampling frequencies of the transmitter and receiver can be
different. For this, we use the resampling function (x,p,q), where x is the signal to be
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resampled, p is the new sampling frequency, and q is the sampling frequency of the input
signal.

Our synchronization algorithm is based on obtaining the maximum of the correlation function
between the transmitted signal and the received signal. Once the beginning of the received
signal is detected and this signal is restructured to process it in matrix form, we eliminate the
cyclic prefix. To do this, we again make a correlation between the first symbol received
yi1lk'l, k' =1,2,...,N,...,N + Np and the first transmitted symbol x;[k], k = 1,2,...,N. In
this way, any error that might have occurred in the synchronization part is corrected. Once the
cyclic prefix has been removed from the signal, the FFT is applied to recover the symbols.

The channel estimation block is responsible for obtaining the channel response. The technique
Is based on the reception of a series of symbols with known information. Using the least
squares maximum probability estimator, the known symbols are compared with the received
symbols. In the experimental part, block-type structures are used, so these symbols are the
pilots. The latter are sent between the OFDM data symbols. In this way, the first symbol
transmitted is a pilot, and each Ap symbol will have a pilot, which will give a new frequency
response.

From the experimental perspective, we have observed that this channel estimation can be
improved, as better qualities of the received signal can be obtained. For this purpose, a low-
pass filter for the frequency response has been introduced, the general characteristics of which
can be found in [Mat 2014]. By working on normalized frequencies, we can design a generic
filter that can be adjusted to proper value for each transmitted signal.

As the channel response represents an anticausal system, the transfer function TF, [n] will be
a causal system, since we will average the current and previous frequency response to
determine. Thus, the transfer function is:

HY, n=12.,4p

TFy[n] = 1 p P—1
E[HE()+H§( ), n>Ap

(4.36)

Where P = —]
Ap

Thus, the channel equalization which consists in applying the estimated transfer function to
the received symbols. This transfer function modifies the amplitude and phase of the symbols
according to the information contained in the pilot symbols.

4.3.1.10. Quality of the OFDM signal

The quality of OFDM transmission is measured using the Error Vector Magnitude (EVM) and
the Bit Error Rate (BER) [Sha 2006, Chi 2018]. The evaluation of the quality of the received
OFDM signal is carried out using a code in Matlab. The expression EVM relates the error
power to the signal power, based on the expression:
N 12
EVM[%] = Zie=1|Ric—Ti|” (4.37)

21]¥=1|Tk|2
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Where R, and T}, are the received and transmitted symbols, respectively.

The bit error rate is obtained from the number of errors. In this way, we compare the
transmitted data bits with those received. The BER limits are set at 1073 and 3.8 * 1073 for
QPSK and 16-QAM modulations, respectively. The BER value is:

BER = logy, (3 ZiL 71 © ti) (4.38)

Where 1, and t;, denotes the bits of received and transmitted data symbols, respectively, and
@ is the XOR operator.

Another term that is the Signal-to-Noise Ratio (SNR) is a quantity commonly used to measure
the quality of the signal perceived by the receiver. It is used in the case of analogue
information and for digital transmissions. In addition, it is used to measure the impact of a
component on the quality of the signal, since the components used in transmission systems,
for example, are often characterized by the parameter "the noise factor”, which makes it
possible to assess their performance.

The signal-to-noise ratio S / N, or often SNR. It is calculated from the electrical signals by
the following equation:

SNR = ::_ (4.39)

B

Where P, is the power of the signal in W, and Pg is the power of the noise in W. Therefore,
the SNR expressed in dB is calculated by the expression:

SNR,p = 10log,(SNR) (4.40)

The BER can also be defined in terms of SNR as illustrated in the following equation [Han
2000]:

3log2L 2Eg
- logzL Q[\/[LZ 1 NologzM” (4.41)

Where L and = the number of levels in each dimension and the signal to noise ratio for the
0

M-ary modulation system, respectively. Q[.] is the gaussian co-error function.

In order to establish relationship between BER and EVM, SNR can be expressed in terms of
EVM as [Sha 2006]:

1

SNR =~ >
EVM

(4.42)

Combining equations (4.41) and (4.42), we can now relate the BER directly with the EVM as
follows:

- 310g2L
BER ~ log L Q[\/ L2-1 EVM,%MSlogZM] (4.43)
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4.3.2. Optical components

In this section, we will describe the characteristics of the equipment used in our experimental
setup.

4.3.2.1. The Broadband source (BBS)

NP Photonics C&L Band ASE Source is a high performance, high power, low cost and
reliable incoherent light source. This high-power source produces a broadband output
spectrum (Fig. 4.5(a)) of Amplified Spontaneous Emission (ASE) ranging from 1525 to
1610 nm. It offers high levels of power, spectral, and temperature stability for the most
demanding ASE applications. The main characteristics used in our experimental setup are
presented in Table 4.4.

Table. 4.4: The characteristics of BBS NP Photonics C&L Band ASE Source.

Parameters Value
Wavelength Range 1550nm
Output Power 19.5 dBm
Output Power Stability (dB) (1 hr) at fixed °C < 10.01
Minimum spectral power density —12 dBm/nm
Optical Bandwidth @10 dB point > 85nm
Output Polarization (Degree of Polarization) < 5%
Package Dimension 310.12 x 257 x 103 mm

4.3.2.2. Multiport Tunable Optical Filter (MTOF)

The MTOF of the Finisar WaveShaper 4000S family provide extremely fine control of filter
amplitude and phase characteristics across the C-Band, L-Band or C+L bands. It allows the
generation of arbitrary, complex filters as well as control of filter bandwidth and center
frequency with 1 GHz resolution. They contain no moving parts and so provide extremely
high reliability for both laboratory and production test applications.

The main optical characteristics of the MTOF are presented in Table 4.5.

Table 4.5: The optical characteristics of MTOF (Finisar WaveShaper 4000S).

Parameters Value
Wavelength Range 1527.4 to 1600.8 nm
Filter Bandwidth 0.08 - 38.4nm

Frequency setting resolution

+ 1GHz (£8pm)

Bandwidth setting resolution

+ 1GHz (+8pm)

Attenuation control range 0- 35dB
Attenuation setting resolution 0.01dB
Insertion loss 4.5dB
Max total optical input power + 27dBm
Max optical power per 50GHz channel +13dBm
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4.3.2.3. Electro-Optic Modulator (EOM)

The EOM used in our experimental setup is of the Avanex type. These main features are
summarized in Table 4.6.

Table 4.6: The characteristics of EOM Avanex.

Parameters Value
V, bias Electrode @ 1KHz 47V
V, RF Electrode @ 1KHz 35V
Extinction Ratio 29.4 dB
Bandwidth —3dB 12.5 GHz
Optical insertion loss 3.1dB
4.3.2.4. Polarization controller

Polarization Controller is a basic component in fiber optics experiments. FIBERPRO’s
PC1000 series provides smooth and convenient control of the state of polarization. Three-
paddle polarization controllers manipulate the output polarization state for tight-buffered
fiber. It uses mechanical bending and rotation of the fiber to produce stress-induced
birefringence, which in turn produces changes in the output polarization. The stress-induced
birefringence can be adjusted continuously, allowing any arbitrary input polarization state to
be converted to any desired output polarization state.

General Photonics manual Variable Optical Delay Line provides precision optical path
variation of more than 18cm, which corresponds to 600ps maximum delay in time domain.
The delay time can be manually adjusted from 0 to 600ps continuously based on a sliding
delay indicator on the package.

The main characteristics of the VDL are presented in Table 4.7.

Table 4.7: The specifications of the VDL General Photonics.

Parameters Value

Insertion loss 1 dB (without connectors)

Wavelength 1270 ~ 1650 nmm

Fiber type SMF — 28 standard
Polarization maintaining fiber: PM Panda fiber
standard

Extinction Ratio > 18 dB for PM fiber

Maximum power 300 mW min

4.3.2.5. Receiver

The balanced photodetector u2t photonics BPDV2020R is based on the principle of
converting two optical input signals from the optical domain into the electrical one and
providing the difference of the photocurrents at the RF output. The 3dB electrical BW
exceeds 40GHz.
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Table 4.8 shows the specifications of the receiver employed in our setup.

Table 4.8: The specifications of the balanced photodetector u2t photonics BPDV2020R.

Parameters Input 1
Dark current (nA) -0.9
Responsivity (A/W) 0.55
Pulse width (ps) 9.5
Cut-off-frequency (GHz) 43.1

4.3.3. OOFDM-WDM experimental network

The proposed network employs IM-DD for both the DL and UL, allowing an Optical Line
Terminal (OLT) transceiver at the Central Office (CO) based on a single broadband source
which is sliced to generate optical carriers feeding different ONUs, and contains a receiver
based on a PIN photodiode (PD) for the UL signal. Simple ONU transceivers include the
detection stage for the DL signal detection and an electro-optic modulator (EOM) to
remodulate the DL signal with the UL OFDM signal. DL and UL signals employ different
frequency bands, which are selected by the proper configuration of both detection stages. The
detection stage required for optical OFDM signal transmission using optical broadband
sources is based on the use of a tunable Mach-Zehnder interferometer (TMZI) and a PIN
photodiode. Fig. 4.14 presents the scheme of the experimental setup.
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Fig. 4.14: Centralized bidirectional OOFDM-WDM network using broadband source. BBS: BroadBand Source
(Optical), MTOF: Multiport Tunable Optical Filter, EOM: Electro-Optical Modulator, MUX: Multiplexer,
DEMUX: Demultiplexer, PS: Passive splitter, TMZI: Tunable Mach-Zehnder Interferometers, DL: Downlink,

UL: Uplink, OF: Optical Fiber, PD: Photodetector, AWG: Arbitrary Waveform Generator (RF), RTDO: Real
Time Digital Oscilloscope, CO: Central Office, ONU: Optical Network Unit.
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The optical carrier is generated by a broadband source (BBS) at the OLT with 19.5 dBm
power. The broadband optical spectrum is optically sliced by using a multiport tunable optical
filter (MTOF) which provides coarse wavelength division multiplexing (CWDM) and allows
the selection of the central frequency and the optical bandwidth of the signal supporting each
ONU. In this case, we employed an optical channel controller (Finisar WaveShaper 4000S),
which allows channel selection with rectangular channel widths in the range of 0.08 —
38.4 nm.

Optical signals generated at OLT are double sideband (DSB) modulated by an OFDM signal
in a single-drive electro-optic modulator (EOM, AVANEX) and multiplexed via a CWDM
before transmission over fiber. After transmission, the optical OFDM signals are
demultiplexed and, at each ONU, the received signal is split with a passive splitter (PS) where
one portion of the signal is detected and the other one is re-modulated with the UL signal by
means of an EOM. The block diagram of the OFDM signal generation can be seen in Fig.
4.14, whose implementation has been described in the previous section. The electrical
multiband OFDM signal is generated offline in Matlab and loaded into an Arbitrary
Waveform Generator (AWG). An IFFT size of 2048 with QPSK or 16 — QAM data-bearing
subcarriers satisfying Hermitian symmetry. The occupied band is centered at a frequency up
to 6 GHz, with a 700 to 1500 MHz -bandwidth in different experiments with a raw data rate
below 2 Gb/s. A cyclic prefix of 6.25% of the symbol is applied, the data are loaded onto the
digital-analog converter of the arbitrary wave generator (AWG7122C, Tektronix), sampled at
24 GS/s, and equalization in detection process is performed by the inclusion of block-type
equispaced pilot pattern of 10%. A pre-emphasis filter is also applied to overcome the non-
flat response of the electrical transmitter. At each ONU, prior to photodetection, there is a
TMZI composed by two 50: 50 optical couplers and a variable delay line (VDL) in one of the
arms. As a result of the insertion of this component, the bandwidth limitation arisen from
chromatic dispersion in broadband signals is overcome and a bandpass window is generated
in the RF transfer function of the overall system.

Just after the TMZI, the signal is photodetected. The resulting electrical signal is sampled at
50GS /s on a real time digital oscilloscope (RTDO, DPO72004C, Tektronix). The captured
samples are synchronized and parallelized for processing in the regular OFDM receiver
blocks (Fig.4.14). After removing the cyclic prefix, the FFT is applied. Block-type structure
pilots are used for channel estimation, from which equalization is performed. Finally, data are
demodulated and the transmitted bit stream is recovered after the serialization process.

Fig. 4.15 shows a picture of the experimental setup in the laboratory. The specifications of the
required equipment in this experimental setup is presented in table 4.9.
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Fig. 4.15: Experimental setup (photograph). |

Table. 4.9: Specifications of the equipment in the OOFDM-WDM proposed network.

Model Characteristics
AWG | AWGT7122C, Tektronix Sampling rate=24 GS/s

BBS NP Photonics C&L Band ASE Source | Optical Power = 19.5 dBm
Wav. Range=1525-1610 nm

MTOF | Finisar WaveShaper 4000S Wav.Range=1527-1568nm

Steps of 77 pm

Roll-off value of 0.06 dB/pm
EOM Avanex Vp= 5V

Insertion loss(Vp)= 3.5dB
PS Fibercore Insertion losses= 0.50B
RTDO | DPO72004C, Tektronix Sampling rate=50 GS/s
TMZI | Fiberco 50:50 couplers Total Insertion Losses= 4 dB

General Photonics Variable Optical | Max. delay between TMZI arms=300 ps
Delay Line (VDL)

Fiberpro polarization controller
PD u2t photonics BPDVV2020R Bandwidth=40 GHz
Responsivity=0.55 A/W

The remodulated UL signals at different ONUSs are launched back to the network through an
optical circulator, combined and transmitted over fiber. At the OLT, the received signal is
demultiplexed, and a circulator provides de UL signal separation which will be detected after
the TMZI stage configured to transmit the UL operating band. The proposed system allows
flexible selection of the OFDM subcarriers band employed for each ONU, both for DL and
UL, and also multiband selection is allowed in TMZI multistage configuration, as will be
explained below.

The main advantages of our proposed system is the use of a single broadband low cost source
to feed multiple ONUs to transmit OFDM signals by IM-DD double sideband modulation for
both uplink and downlink, also including carrier reuse for uplink transmission and colorless
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detection both at OLT and ONU. Optical channels assignment to each ONU and operating

OFDM bands can be dynamically changed according to the network conditions and current
ONU demands.

4.4. Experimental results and applications

Full characterization of the network described above with a 10 km standard single mode fiber
link will be done in order to assess its viability as a low-cost solution for transmitting optical
OFDM signals at moderate bitrates. Flexibility of the proposed network architecture in terms
of frequency bands and signal bandwidths for different ONUs will be also shown in a
reconfigurable network scenario.

4.4.1. Carrier reuse for bidirectional transmission

The Fig. 4.6(b) presents the sliced optical spectrum corresponding to the signal carrier
assigned to ONU 1 is 6 nm wideband. The TMZI is configured at this ONU with a
differential delay of At = 6.28ps, which, according to eq. (4.7), leads to a bandpass
transmission window centered at 5 GHz, and shows electrical insertion losses of 10.5 dB.

The electrical amplitude response of the overall downlink system is measured and depicted in
Fig. 4.16 (a). Fig. 4.16 (b) shows the uplink electrical response for the overall system when
the optical carrier, generated at the CO, is reused at the ONU and modulated by an uplink
450 Mb/s QPSK OFDM signal. In this case, the TMZI at the CO, prior to detection, is
configured with a delay At = 4.4ps, which corresponds to a 3.5 GHz transmission band (see
eq. (4.7) with 3dB bandwidth of 0.9 GHz and electrical insertion losses of 9 dB.

Transfer Function [dB]

Frequency [GHz]

Fig. 4.16: Electrical transfer function of the proposed system. (a) Downlink, (b) Uplink.

Fig. 4.17 shows the electrical power spectral density of the received UL (Fig. 4.17(d)) also
shows the modulating OFDM signal, confirming the effective transmission of the 750 MHz
OFDM bandwidth upstream signal band centered at 3.5 GHz. A residual transmitted band of
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5 GHz at the UL detector can also be seen in Fig. 4.17 (b) where a rejection ratio greater than
14 dB is obtained.

This confirms the effective transmission of the downstream 750 MHz bandwidth OFDM
downlink signal band centered at 5 GHz with 750MHz bandwidth and 0.9Gb/s, and the
effective transmission of the upstream 750 MHz bandwidth OFDM signal band centered at
3.5 GHz, as shown in Fig. 4.17.
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Fig. 4.17: Power spectral density of received electrical signal: (a) Downstream, (b) Upstream.

Fig. 4.18 and Fig. 4.19 show the constellations of the electrical back-to-back (EB2B) and
received 16-QAM and QPSK signals corresponding to DL and UL, respectively. In both
cases, EVM was measured for different OFDM subcarriers (SC) and also per symbol, with an
average value below 30 % (18.97% for 16-QAM DL and 13.75% for QPSK UL).
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Fig. 4.18: Downstream transmission: 750 MHz 16-QAM OFDM signal carried at 5 GHz. EB2B results: (a)
Constellation, (c) EVM per subcarrier, (€) EVM per symbol. After 10 km fiber transmission link: (b)
Constellation, (d) EVM per subcarrier, (f) EVM per symbol.
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Fig. 4.19: Upstream transmission: 750 MHz QPSK OFDM signal carried at 3.5GHz. EB2B results: (a)
Constellation, (c) EVM per subcarrier, (€) EVM per symbol. After 10 km fiber transmission uplink: (b)
Constellation, (d) EVM per subcarrier, (f) EVM per symbol.

4.4.2. Dynamic bandwidth allocation

According to the rectangular profile of the MTOF output (as shown in Fig. 4.5(b)), the 3 dB
electrical bandwidth &fsgs of the RF bandwidth in our system can easily be obtained by eq.
(4.8).

In this experiment, a 2.66 GHz bandwidth 16-QAM OFDM signal centered at 5 GHz is

generated as depicted in Fig. 4.20, where the power spectral density of the EB2B as well as its
EVM measurement per subcarrier and symbol is plotted.
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Fig. 4.20: (a) EB2B power spectral density for BW = 2.66 GHz (inset: constellation), (b) EVM per subcarrier,
(c) EVM per symbol.

Electrical transfer functions were measured at 5 GHz with different optical bandwidths over a
10 km fiber link, as shown in Figs. 4.21 and 4.22. The effective 3 dB electrical bandwidth of
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the transmitted signal is 1.568 and 0.664 GHz when the optical bandwidth is set as 3.9 and
8 nm, respectively, and accordingly, the electrical spectrum of the transmitted signal is
depicted with the minimum EVM value obtained at the center of the transmitted band, shown
as the inset, which is lower than 35%.
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Fig. 4.21: Transmission system response when optical carrier bandwidth is 3.9nm: (a) Electrical transfer
function, (b) Power spectral density of recovered electrical signal when modulating signal is the one depicted in
Fig. 4.19.
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Fig. 4.22: Transmission system response when optical carrier bandwidth is 8nm (modulating signal is depicted
in Fig. 4.20): (a) Electrical transfer function, (b) Power spectral density of recovered electrical signal.
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Different linewidths of the optical source leads to different electrical bandwidths. Therefore,
larger electrical bandwidths result in a higher number of subcarriers, and therefore higher bit
rate can be transmitted, as shown in Table 4.10.
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Table 4.10: Dynamic bandwidth allocation: effective bitrates for different linewidths of the optical source.

dz4p (NM) Bandwidth (GHz) Effective bitrate (Gb/s)
QPSK 16-QAM

3.9 1.47 0.882 1.764

6 0.95 0.57 1.14

8 0.71 0.426 0.852

10 0.57 0.342 0.684

15 0.38 0.228 0.456

Therefore, the proposed network shows moderate bitrates performance but enables
bidirectional transmission as well as dynamic bandwidth allocation by using a low-cost
solution based on a broadband source, as demonstrated above.

4.4.3. Multiple users in reconfigurable networks

The MTOF is a flexible component which dynamically assigns part of the optical spectrum
emitted by the broadband optical source and provided the configuration at the TMZI is
adjusted according to the dispersion term of the fiber link (8,L) in eq. (4.10). In the context of
reconfigurable multi-users networks, the proposed scheme is depicted in Fig. 4.23.
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Fig. 4.23: The schematic for reconfigurable multi-users networks.

The OOFDM signal transmission system based on broadband source and MZI-VDL is also
evaluated on a WDM network, as shown in Fig. 4.23, to assess its feasibility. In this case, four
WDM channels are employed in the network, where the OFDM signal is centered at 5GHz
and the length of the links connecting the CO to different ONUs is 2.8, 5, 10 and 21.2 km,
respectively, but using optical broadband sources with 6 nm linewidth, but centred at 1549,
1552, 1555 and 1558 nm, respectively.
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Fig. 4.24: The spectral bands assigned to four ONUs in the WDM network.

Optical spectra measured at each ONU are illustrated in Fig. 4.25.
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Fig. 4.25: shows the electrical frequency transfer functions measured at each ONU where the TMZIs have been
configured with differential delays of 1.76, 3.14, 6.28 and 13.32 ps, respectively. The corresponding insets
show the recovered power spectral density of the recovered signal and demonstrate effective transmission.
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Fig. 4.26: Electrical RF transfer function at: (a) ONU 1, (b) ONU 2, (c) ONU 3 and (d) ONU 4.
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Therefore, any network reconfiguration that involves changes in the fiber link or in the total
amount of dispersion will require adjustment of the TMZIs to set the working RF band,
whereas links with similar dispersion conditions are transparent to any network
reconfiguration.

As the total linewidth of the employed optical source is 85 nm, the network can be scaled to
transmit more than 10 optical channels with 6 nm using the appropriate multiport tunable
optical filter.

4.4.4. Multiple band selection

In this section, we explore the multiple band selection ability of the proposed system. The
proposed scheme for this part is illustrated in Fig. 4.27. Two TMZI in cascade are placed just
prior to the downlink detector in order to allow transmission over two different bands, and
both variable delay lines are independently adjusted before the optical signal photodetection.
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Fig. 4.27: Experimental system with two TMZIs in cascade.

Fig. 4.28 shows the measured RF system transfer function when both of them are set in
cascade and the variable delay lines of each one of TMZI are set to obtain transmission bands
at2.5and 5 GHz,3and 5 GHz and 3.5 and 6 GHz respectively.
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Fig. 4.28: Electrical RF transfer function: (a) TMZIs set at 2.5 and 5 GHz, (b) TMZIs setat 3 and 5 GHz, (c)
TMZIs setat 3.5 and 6 GHz.

There are certain intrinsic limitations of the available equipment that have been described
throughout this work. In this case, the quality of the received signal was not measured due to
limitations in the electrical equipment, which power spectral density of broadband electrical
signals was not enough to allow proper signal recovery.

However, better optical received power values are expected and therefore, 7 % FEC criterion
could be satisfied if equipment with higher performance is used. It should be noted that the
use of broadband optical sources such as a multi-wavelength transmitter in a WDM access
network considerably reduces the cost of implementation, while offering high levels of
flexibility and tuning.

4.5. Conclusion

In this chapter we have presented a low-cost WDM-OOFDM network based on a centralized
broadband optical source at the central office, using dual sideband modulation and reuse of
the optical carrier for downlink and uplink transmission below 2 Gb/s, by introducing an
interferometer just before reception. A transmission of the 750 MHz downstream OFDM
signal band centred at 5 GHz with a bandwidth of 750MHz and 0.9Gb/s, and actual
transmission of the 750 MHz upstream OFDM signal band centred at 3.5 GHz, were achieved
with an acceptable EVM.

The flexibility of the approach was studied to demonstrate dynamic bandwidth allocation,
OFDM band selection in reconfigurable networks and OFDM multi-tuning band selection.
Therefore, the proposed network shows moderate bitrates performance but enables
bidirectional transmission by using a low-cost solution based on a broadband source, as
demonstrated in this chapter.

93



Chapter 5

Conclusions and future prospects



Chapter 5: Conclusions and future prospects

5.1. Conclusions

Throughout this thesis, different proposals have been experimentally developed in order to
achieve the main objective, which is the implementation and experimental evaluation of an
optical transmission system using broadband sources over fiber and free space optical links.
Optical carriers in the infrared spectrum have been employed for fiber systems, while visible
spectrum is used for free space communications.

Since communication systems based on broadband sources have many advantages such as has
been previously demonstrated in [Kim 2007, Gra 2009, Gra 2010, Kan 2014, Dim 2015, Kar
2015, Chi 2017b, Li 2017, Sen 2019, Gao 2019, Yeh 2019, Zho 2019], they undoubtedly offer
a great opportunity for the future of optical communication both for free space and optical
fiber communications.

However, there is a number of goals to overcome before practical deployment of broadband
optical sources in current and future networks. Therefore, the current state and specifications
of broadband sources justify the three main contributions of this thesis focusing first on the
study of the optical and electronic properties of semiconductors as materials to be employed
for manufacturing of LEDs, secondly, on the design of a free space optical transmission
(FSO) and lastly, on the proposal of a flexible and bidirectional fiber optic transmission
system using broadband optical sources over dispersive fiber links while maintaining low cost
and complexity.

5.1.1. Optoelectronic devices for optical telecommunications

Optoelectronics is an emerging discipline that uses electronics and optics together. It has
important scopes in various fields, particularly in telecommunications. Rapid advances in
semiconductor technology hold great promise for optoelectronic devices and their future
applications in VLC systems, and they are often used in the manufacturing process of optical
components such as LEDs, photovoltaic cells, various optoelectronic devices and other
optical communications components.

Semiconductors belonging to the I — VI family of elements are of great interest to
researchers and industrialists because of their characteristics, in particular the energy of the
band gap between the visible and ultraviolet light domains, formed by the association of an
element from column II and an element from column VI of the Mendeleev periodic
classification.

Among this class of semiconductors, mono zinc chalcogenides are interesting materials for
many optoelectronic applications. The interest of these compounds is further enhanced by the
possibility of making alloys by combining the elements II — VI, such as the ternary alloys
ZnSe,_,.0,. These components become very attractive due to their special optical properties
and their possible applications in light transmission devices, which allows the production of
materials with bandgap and optical properties that vary over a very wide range of
wavelengths. In ternary ZnSe,_,.0,, new alloys are obtained that allow for the diversification
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of physical properties such as bandgap to meet the important needs of the new generations of
devices used for photovoltaic detectors and light-emitting diodes.

The first contribution of this thesis concerns a simulation study using the Wien2k software for
the study of the different properties of ternary component ZnSe;_,0,, which need to be
characterized for the fabrication of optoelectronic devices for optical communications.

The study of the performance of the ternary system ZnSe,_, 0, and the relative binary (ZnSe
and Zno0) for solid-state lighting, the effect of oxygen substitution on the material and their
electronic and optical properties (band gap, refractive index, dielectric function, absorption
coefficient, the network parameter and the mass modulus) was performed by deploying the
Ab-initio method approaches based on the Density Functional Theory (DFT) within the
framework of local density approximation (LDA) and generalized gradient approximation
(GGA) using the Wien2K method and the FP-LAPW method. The results obtained show that
the variation in oxygen concentration leads to several optoelectronic devices with different
properties that can be useful as robust solid-state lighting such as LEDs and solar cells.

5.1.2. Optical wireless communications system

Visible light communication (VLC) is one of the key areas of wireless communication. It
works in the same way as fiber optics, but the transmission medium is free space. The
invention of LEDs has led to great advances in the way visible light communication is carried
out. LEDs can be used to transmit data, but the transmitter and receiver must be in each
other's line-of-sight.

Hence, the second contribution of this thesis is the design of two Visible light communication
(VLC) systems using a broadband source such as an LED for signal transmission. The first
prototype was designed for analogue transmission of sound, and the second for digital
transmission of text and images in simplex mode where Manchester coding was used.

e In the first prototype, an analogic audio signal was transmitted. In reception, we used
a photovoltaic cell, which allowed not only the recovery of information but also the
wireless transfer of energy/power. This allows us to consider the possibility of an
OWC system with new dual functions besides lighting, such as, data transmission and
wireless energy/power transmission.

e In the second prototype, transmission of digital data was established for text and
images in simplex mode. We have chosen this mode due to a lack of material means.
However, we have proposed and implemented an algorithm for the automatic
detection of an adaptive decision threshold between Bit 1 and Bit 0 depending on the
received light level in order to overcome two problems:

o the attenuation of light signal over the distance and
o theevolution and sudden change of light intensity in the indoor environment.

Consequently, based on this algorithm and Manchester Code, we were able to perform text
and image transmissions with zero detected errors. The reason for this choice is related to the
fact that this code is indicated by the IEEE 802.15.7 standard for these applications. The
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experimental results obtained have confirmed acceptable performance in terms of received
signal quality and detected errors.

However, both prototypes need to be improved in terms of equipment’s, mode of transmission
(extension to duplex mode), increasing data rate and evaluation of different modulation
techniques.

5.1.3. Bidirectional WDM-OOFDM access network based broadband source

The third contribution is devoted to the implementation of a bidirectional WDM-OOFDM
optical communication system using a broadband source.

The implementation of a system capable of transmitting and receiving signals in the OOFDM
modulation format was done at the Photonics Research Labs (PRL) of the Polytechnic
University of Valencia, Spain. A complex experimental setup was required and costly
equipment was employed for this work. Concerning the generation and reception of the
OFDM signal we opted for the implementation of a Matlab-based signal processor with a
series of configurable parameters that were described in Chapter 4.

A BBS was employed to transmit OFDM signals in optical networks by using a MZM
interferometer as a dispersion mitigation technique which allowed to transmit signals within a
given frequency band. The innovative contribution of this Thesis was to develop a full duplex
transmission scenario in a centralized network with the main objective of minimizing the
network costs in the CO transceiver rather than increasing the capacity.

Therefore, a low-cost WDM-OOFDM network based on a CO centralized broadband optical
source using dual sideband modulation and optical carrier reuse for downlink and uplink
transmission below 2 Gb/s has been experimentally proven. We have also explored the great
potential offered by the BBS to implement a reconfigurable two-way network with dynamic
bandwidth allocation, multi-band operation and multiple users. However, further work is
proposed to improve the quality of the electrical signal generated to allow the transmission of
the signal at higher bit rates.

5.2. Future research lines

The main contribution of this Thesis leads to several experimental achievements with regards
to the materials and applications related to optical broadband sources both in the visible and
in the infrared spectral ranges. However, besides the inherent difficulties related to laboratory
budget and available equipment, the contributions of this thesis lead to several issues to be
addressed as directions for future research.

In this thesis, a series of deficiencies related to the quality of the signal as a function of
distance for VLC systems were highlighted, practically due to the characteristics of the
equipment used. One of the most important issues that should be improved is the
communication range. In this case, the problem is that the power of the signal and
consequently the SNR drops significantly when the communication range increases.
Increasing the receiver gain is a suitable solution but still, it has its limits which imply that
additional measures should be taken.
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Chapter 5: Conclusions and future prospects

Moreover, VLC has been proven to be capable of very high data rates of up to 3 Gb/s or more
in the literature. These high data rates are achieved through more complex modulations such
as OFDM or multi-level codes and more expensive equipment is required. Future research
should study OFDM, PAM and also advanced formats such as filter bank multicarrier
(FBMC) modulation techniques with increased spectral efficiency.

In the OFDM transmission system over optical links, the limitations were mainly due to the
voltage at the output of the AWG equipment, which is limited to 1 VPP, resulting in the
limitation of the electrical signal power. A possible solution to this problem is the
introduction of a variable radio-frequency amplifier at the output of the AWG, with an
analogue filter provided maximum power in the modulator is not exceeded. Improving the
quality of the electrical signal leads to higher quality signals and higher bitrates would be
achieved in our system.

Other optical broadband sources can be explored under the approach considered in this Thesis
with the aim of demonstrating effective multiband full-duplex transmission with high quality
recovered signals, and therefore, increase the potentiality of the proposed low cost centralized
networks.

The combination of a transmission system consisting of an optical fiber and a free space link
(VLC) is envisaged. With an OFDM signal whose data are modulated in 16 — QAM or with
the use of other modulation techniques such as PAM, this is an interesting starting point for
the implementation of hybrid FSO/fiber optic systems which allow higher transmission
speeds to be achieved for various applications as demonstrated in the preliminary
experiments. Such hybrid links will be very relevant in future networks deployment as part of
the mobile backhaul in access communication networks.

Under the use of broadband sources for saving costs and energy efficiency reasons among
others, all these improvements will further increase the performance of visible light
communication systems over free space and infrared communication systems over fiber and
free space optics towards future deployment of flexible and high performance networks as
required by current and future services. However, for VVLC still needs the support of the solid
state lighting and the photodiode industry. Future faster switching LEDs will enable higher
data rates in indoor applications, whereas more sensitive photoelements will enable longer
communication distances.
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Appendix 1: The Wien2k code
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Appendix I1: Algorithm for transmitting/receiving text via visible light
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Appendix I11: Algorithm for transmitting/receiving images via visible light
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