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Abstract

This deliverable presents the efforts of WP4 towandderstanding the future potential of opticalelass
systems in home networking. Towards this end, wdumted a series of surveys designed based gn the
Analytical Hierarchy Process (AHP) where severgbesxs from the consortium have participated in| an
attempt to evaluate different deployment scenarid®e surveys are also used to evaluate the roje of
several economic, social and performance relatedés in the deployment of optical technologieda t
home network. We first provide a brief state-ofdinieof optical wireless systems and then highlitte
key findings of our roadmapping activities. Nexdséd on the findings of the surveys we take a &pk
technologies which may help realize the optical @aonsion with VLC and IRC solutions. On appendix
part, there are several propositions, for instanite role of light emitting diodes (LEDS) in achiay low
cost wireless and wired connectivity is emphasix¥d. also highlight several aspects of its moduigtio
response. The communication aspects of red greea (RGB) LEDs are then presented. We plso
demonstrate that at high frequencies, LEDs do eepond as predicted by well established modeldy|suc
as rate equations. Finally, we take a look at cemerdetection as a means of achieving better sign
noise ratio at the receiver and therefore improvihg power budget. T
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1 Introduction

This deliverable aims to assess the overall patkatioptical technologies and primarily opticakeless
systems in future home area networks (HANSs). Towa#nis end, a number of surveys were conducted in
order to weight various social, economic and penfoice related issues of optical home networks.Base
on the results of these surveys, various technetogiere investigated, that may play a key role td&a
enabling the penetration of optical technologiethanhome network.

1.1 The trend of the broadband optical access will impet the home
network

The need for considering optical technologies faANd becomes apparent when one considers the
remarkable progress of fibre-to-the-home techneledFTTH), which will enable the provision of 10
Gb/s access rates at the home gatejfayAccording to the ALPHA ICT project, 1+ Gb/smpend-user
and 10 Gb/s per wavelength capacity are expectedhfo Active Optical Networks (AON) and the
Passive Optical Networks (PON) respectividy. For PON, the focus is on the Wavelength Diwisi
Multiplexing (WDM) dimension. A variety of telecomperators are currently considering various access
network evolution scenarios towards Fibre-To-Théldng (FTTB) or FTTH [3]. Such a network
upgrade must be carefully planned, especially takimo account the large costs. FTTH is a rapidly
growing market in Japad]. In May 2010 there were over 17 million subberis for FTTB/FTTH, 62%

of which were FTTH subscribers. Interestingly ertouip Japan, the number of FTTH customers has
surpassed that of DSL. In South Korea, the FTTBMPEnetration has surpassed 5[B} [6]. Recent
policy changes are also expected to favour the tpstimn of such solutions in the United Stafék
According to data provided by the FTTH council April 2010, the number of fibre connected homes
was estimated to be 5.8 millions in the USA, cqroggling to a penetration of about 6%, while thathef
homes that are “passed” (i.e. that they can bdyeaminected to the network because of their praxim

to the infrastructure) is about 18.2 millions. lar&pe, on May 2010, it was estimated that FTTH/FTTB
penetration was above 10% in Lithuania, Sloveni l[dorway[4]. Regarding the available bandwidth,
the IEEE 802.3ah EPON (Ethernet Passive Opticalvbigss) and ITU-T G.984 GPON (Gigabit Passive
Optical Network) architectures are two of the aaklié standardized solutions for optical access
networks. An EPON permits data rates of 1 Gb/s,leviPON permits 2.5 Gb/s by encapsulating
Ethernet frames. 10GPON is an advanced GPON actinigethat will permit a transmission speed of 10
Gb/s for downstream. ITU-T Q2/15 has started statidag XG-PON (where X stands for the Roman
number 10, i.e., XG-PON means 10G-PON) as the dutuccessor to GPON. These standards
correspond to time division multiplexed (TDM) PONshich implies that these large data rates are
shared in a time domain basis by a group of custenfitecent advances in wavelength locking sources
and reflective semiconductor optical amplifiej3] are expected to enable the realization of next
generation PONs in which each customer will begaesl a different pair of wavelengths for downstream
and upstream traffic. WDM PONS$] will thus enable the delivery of dedicated GHéta rates to the
home users.

Distributing such high data rates effectively imsithe customer premises, while, at the same time,
ensuring high quality of service is a crucial ceatie for future home networks. It is a common lbelie
that wireless systems will play an important robevards this end due to their rapid and low cost
deployment. Radio frequency (RF) technologieshsas WiFi will be a strong candidate for home
networking. IEEE802.11n promises few hundred Midsadates using multiple-input multiple output
(MIMO) techniques. However, there are a number adftdrs revealing the need to overcome the
dominance of RF technologies. The widespread usd~afommunications in transit applications, results
in a very crowded radio frequency spectrum. Sevesaks are competing for scarce bandwidth. As a
result radio frequencies are subject to interfezege well as to spectrum licensing increasing tiéwe-sp
costs of these systems. Furthermore, RF transmissiaffer from multipath fading and distortion leag

to intersymbol interference. The ability of the REquencies to pass through walls reduces the émcyu
reuse factor and limits their security so suitatdéa encryption techniques are required. In additiRF
technologies cannot be directly combined with th8aal access technologies due to the need fotrelec
optical conversions.

Moreover, it is commonly held that the next gerieratof wireless communication systems, usually
referred to as 4G systems, will not be based dnglesaccess technique but will encompass a nuwber
different complementary access technologies. Alit WiFi, a number of such technologies are being
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considered within the ICT project OMEGA. These ‘m&w wire” technologies may be used to provide
the extender functionality. Systems operating &t tinlicensed 60 GHz band and Ultra Wide Band
(UWB) can provide higher data rates. Wireless Gitaasmission is feasible at 60 GHz and there are
products already based on CMOS.

1.2 WP4 towards the “all-optical house” target

WP4 of ICT-OMEGA aims to demonstrate the poterdifalising optical technologies inside the home to
support the connection of terminal devices at @igh data rates. Towards this end, WP4 considers
optical wireless (OW) systems consisting of Gigaliifrared (IR) links combined visible light
communications (VLC) which may effectively providareless connectivity within the home. Much like
the 60 GHz millimetre wave systems, optical wireleffer ultra broadband connectivity within a room
and require some sort of backbone network infrastre in order to extend the connectivity in albmes

of the house. This backbone can be based on Pld&der to avoid installing new wires. Alternatively,
multimode or even plastic fibre can be used to ii®the home backbone network, especially in new
buildings. The achievements of WP4, demonstratarigie¢hat optical wireless communications has an
important part to play in the wider 4G vision. Qamy to the RF (Radio Frequency) systems, the alptic
wireless channel has THz of unregulated bandwatth, is free from electromagnetic interference (EMI)
As the optical radiation does not penetrate willsakes it easier to construct cell-based secetwarks

by reusing the same wavelength in different roorhshe house. Thus, infrared wireless HANs can
potentially achieve a very high aggregate capacity.

The terms “optical house” and “all-optical houseffar to a house where the telecommunication
infrastructure relies heavily on optical technokxyi encompassing wireless (IR or VLC) and wired
systems (optical fibré)The use of optical technologies in the accessrabdilding network layers along
with the absence of optoelectronic conversions #ed limited distances are the first required steps
towards realizing end-to-end optical transparenneations between network subscribers.

The remainder of this document is organized agvidl at first a brief overview of the state-of-tue-
and prospects of OW is presented. Next we pre$entdsults of our roadmapping effort: Using the
Analytical Hierarchy Process (AHP), we conductecsaaies of surveys where the experts of the
consortium were asked to offer their valuable inparticerning the shape of things to come in the dvorl
of OW. Two types of OW systems were considered,line-of-sight (LOS) IR and VLC systems. The
latter systems employ the light emitted from whigdt emitting diodes (LEDs) for the transmissioh o
data. The surveys revealed the importance of var&monomic issues and provided an indication of the
wider importance of LEDs for achieving low costiopt connectivity inside the house.

! Note that the term “all-optical” used in the coritekhome networking does not correspond to therdxs of optoelectronic conversions
within the network as in the case of core and npefiitan area networks. It rather indicates thatitbme network relies heavily on optical
technologies for data transmission and reception.
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2 State-of-the-art of optical wireless technology

In the last few years Optical Wireless (OW) has mypeé as a strong candidate for high speed indoor
communicationg8]-[10]. The main advantages of OW communicationsuamegulated and unlicensed
bandwidth, high data rates, immunity to EMI. Furthere, optical wireless communications are highly
secured communications since the optical signaleatabe easily eavesdropped. This can be attriltoted
the natural confinement of the optical signals tisato their disability to penetrate walls. Thisakso
accompanied by the advantage of wavelength reud#f@rent rooms which leads to the construction of
cell-based systems.

The concept of the “all-optical house” envisionseav approach to achieve wireless connectivity wmithi
the house using OW systems. The system propos€dMiyGA WP4 consists of a high-speed IR LOS
link to provide Gb/s class transmission capabitiynbined with a VLC system to provide information
broadcasting at ~100 Mb/s. The interconnectiorhefrboms is accomplished without the installatibn o
new wires employing for PLC or RF systems. Thisptle briefly reviews the state-of-the-art in OW
systems.

2.1 History

The need to communicate remotely was, in the béwnm natural result of community life. Wireless
communication using sound waves or light signals wery common in ancient times.

In lliad, Homer mentions light signals: the catahof Troy was announced by fires lit on the toghitis.
Anabase indicates this same mode of correspondesteesen Persia and the army of Xerxes in Greece
[11]. In Agamemnon, Aeschylus even gives detailthefluminous relays used: they were located at the
top of mountains, such as Mount Athos, Mount CitinerMount Egiplancte etc, covering up to 550
kilometres.

If the prehistory of telecommunications extends rowellennia, we can say that the history of
telecommunications really only starts at the enthefeighteenth century with the appearance afidda
Chappe's optical telegraph in France. Initiatedinduthe Revolution, the system was continuously
extended and in 1844, France had a network of 88daphore stations covering more than 5000 km.
Then after 1845, the electric telegraph appeardititedby little it replaced the optical telegraprhe last
optical telegraph line was withdrawn from the netiwim 1859. However, if in time that communication
network is hardly used, it will adapt and find nesges. In fact, it was transformed, it became thecalp
telegraph. The signalling could provide multiplevsees for the transmission of messages in paticul
circumstances, such as transmissions between ampyg i times of war or peag#l].

In the field of wireless optical communication, tfiest electronic solution appears in 1880, fouange
after inventing the telephone Alexander Graham Belented his first wireless optical systdd?];
replacing the electric wire by the rays of the stine guiding principle of the photophone illustchia
Figure 1 is simple. The sunlight is focused onfeectve flexible membrane. The user speaks intfiafn
this membrane. The spoken word is transmitted énaih by modulating the considered rays of the sun.
This modified light, after its displacement in the, is collected by a photoconductive selenium cel
connected to a battery and ear-phones.

Figure 1: Photophone invented by Graham Bell.

Graham Bell believed that this invention, paterdadlune 3, 1880, was a great invention and mucle mor
significant than that of the telephone. And yet,alleknow... The transmission lengths were too low an
the sun does not emit reproducible energy 24 hadsy, 365 days a year.

In addition, and some years after Hertz's discovaelectromagnetic radiation, there was a radical
change in the field of wireless telegraphy. Sin88Q, many scientists and inventors have demondtrate
the relevance and the increase in distance of aless radio. Nikola Tesla with energy conversion;
Alexander Popov with a first demonstration of aelss radio receiver; Albert Turpain, in 1895,

N\
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L
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demonstrated emission and reception up to 25 mefesisradio signal using Morse code and Gulielmo
Marconi, with a distance up to 6 kilometres in 18B#ally, the transmission by Marconi in 1901 tloé
letter "S" over the Atlantic Ocean led to the almmdent of optical wireless devices.

However, 120 years later, the idea of the usingtteeal links for wireless transmissions was reastd.
The sun was no longer used being deemed too veyiabt instead perfectly controllable beams oftligh
were used, thanks to optical fibre telecommunicetid hese photon beams are provided by lasers,ewhos
characteristics are perfectly known (wavelengthmber of emitted photons, time or sequences of
emission...).

During the past 30 years, the technology of telenomication systems based on wireless optical links
has greatly evolved and has been developed maintwé areas, outdoor (for example in the military
field and aerospace engineering) and indoor witlelcknown example, the remote control.

2.2 Spectrum and wavelength

The electromagnetic spectrum is made up of altitfierent frequencies or wavelengths. It is dividetd

two broad categories: the ionizing band and theionizing band, based on the impact of these wawes
biological tissue and material. The ionising pdrthe electromagnetic spectrum includes what iseef

as alpha, beta, gamma and X-rays. The waveleng#rysshort, from 400 nanometres, and the frequency
is very high. The non-ionizing radiation is definb¢g VHF (Very High Frequency), radio waves,
microwaves, infrared, visible light and ultraviol@his spectrum is very wide; it stretches a fewmdred
Hertz to several billion Hertz. Figur2 shows the extent of the electromagnetic spectbased on
frequency.

| Radio [¥is | 3 -
0 110 3.0 T.10¢ 10%° 5107 10 Hz

Figure 2: Electromagnetic spectrum with radio béRadio), Infrared (IR), visible (Vis), ultraviolet {J, X rays (X)
and Gamma {).

In the field of OW communications, it is possibtedefine well adapted bands. These bands are simown
Figure 3 and range from 100 to 3100 nm. For the sé comparison, the spectrum of the sun at sed le
is also shown (black curve).
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Figure 3: Optical spectral band (abscissa: wavéteimgnanometer - nm).
The four well suitable optic spectral zones are:
from 200 to 280 nm Ultra Violet band or C band,
from 350 to 750 nm or visible band (Visible Lighb®@munication),

from 800 to 950 nm or Near Infrared 1 (first windofwoptical fibre communications),

e

from 1300 to 1600 nm or the Near infrared 2 ban@elecom (second and third window of optical fibre
communications).

Each of these bands have advantages and drawbeleitedr to the parameters outlined here-after:
availability of cost-effective sources, detectomsd apossibly amplifiers, eye safety, link budget,
compactness, transmitted power, detector sengitigic. So the choice of wavelength is an important
parameter in the realization of a wireless optiic.
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2.3 Basics of OW systems

Optical wireless communications refer to the uskghit propagation for communication purposes, gsin
free space as a transmission medium.

An example of the operation principle is detailedofiv (Figure 4) with the basic technical moduleat th
are present in an OW transmission and receptiotersysThe digital data received by a computer or
server via an adapted interface (D-Tx), undergotedeic digital and analog processing (EI-Tx) imer

to adapt the signals to an electrical-optical corere(Ot-Tx). This converter is usually a light etimg
diode (LED) or an LD (laser diode). Using an optiaatenna (Op-Tx), a modulated beam is emitted
more or less divergent to the receiving device.dréigg the reception side (Rx), part of the recgive
beam is optically concentrated (Op-Rx) to be foduse the optical-electrical converter (Ot-Rx), whis

a PD (photodiode) associated with RF circuitry.cHlenic processing (EI-Rx) is inversely directed to
adjust the signals to the interface (D-Rx). Thisnomnication is also possible in the opposite dioect

and provides a full duplex communication.
[D-Tx }EEI-T)( }EOt—Tx}EOp-TX << (Op— RX}EOt-Rx}{ EI-Rx}E D- Rx)

Figure 4: Optical communication system diagram.

2.3.1 Light sources for VLC and IR

The operation of VLC systems relies on using whE®s not only for illumination purposes but also fo
transmission of data. There are two main typeshifeALEDs used for lighting i.e., devices that cameb
separate red-green-blue (RGB) emitters and deuicats use a blue emitter in combination with a
yellowish phosphor. The typical modulation bandWwidf these devices, however, is a few MHA3],
[14]. The bandwidth of the white component of a gftwmrescent LED (~2 MHz) is much smaller than
bandwidth of the blue component (~15 — 20 MHz, deljpgg on the LED type]13], [14]. Transmitting
high data rates over a narrow modulation bandwidthvery challenging. There are a number of
approaches to improve the modulation bandwidtHuiing pre-equalisation at the LED driving module
[13], post-equalisation at the receij@b] or a combination of these techniques. Anothgproach to
achieve high-speed data transmission over a linbttiwidth is to employ more complex modulation
schemes where multiple bits can be carried by @acismitted symbol. Ifil6] a high data transmission
rate, up to 231 Mb/s, over a blue channel bandwidth been reported. This approach utilises Discrete
Multi-tone Modulation (DMT) in combination with th&®uadrature Amplitude Modulation (QAM)
scheme.

Optical wireless communications in the near IR megyioffers much higher data transmission rates than
VLC as more powerful and wider modulation bandwidtdurces can be used. In free space optics it is
possible to achieve Gb/s IR links operating ovésva km rangg17] using LDs, but these require higher
transmit power within a very narrow field-of-viewr@QV). Achieving a wide FOV Gigabit IR
communication link for an indoor scenario is therefvery challenging as there is a strict constrain

the allowed transmitter power as well as lack dilability of low cost components at IR wavelengths

2.4 OW system topologies

Optical wireless systems use different topologies] their performance depends on the propagatmmn ty
The basic system types fall into diffuse or LOSieyss.

Figure 5(a) shows a diffuse system (DIF). A soulieeminates a wide field of view and radiation is
scattered by the internal surfaces of the spaazh ag wall or ceiling. This creates a large numndder
paths from the source to the receiver, which makessystem robust and prevents it from getting
blocked. Diffuse systems however, suffer from npaith dispersion, which causes pulse spread and
significant intersymbol interference (ISI), in atioin to higher path losses compared with direct LOS
links.

The first contemporary OW data communication sysgeaposed by the authors Gfeller and B4p8{
was an IR diffuse system operating at about 950ameh 1Mb/s, while the fastest controlled diffuse
system is a 50 Mb/s device reported by Marsh arlthK&9]. They have a wide FOV and coverage area
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enabling user mobility. The concept of a diffuse/SGOW system has been discussefRb] where an
adaptive multibeam transmitter and imaging divgregceivers have been employed in order to mitigate
the shadowing effect and reduce multipath disparsfo performance analysis of a high speed MIMO
OW transmission link has been reportedd]. In [22] an artificial neural network based equalizéthw

a ‘soft’ decision decoding scheme has been propasexth alternative technique to mitigate the maitip
induced ISl in indoor OW links, thus increasing tlaa rate by orders of magnitude.

Controlled-diffuse systems illuminate the walls aradling using controlled illumination, and emplay
receiver that only accepts radiation from a limitadge of angles. This aims to combine the robgstné
the diffuse system with high data rates. Figa(t®) shows the geometry of such systems. Therenarsy
publications proposing such geometri28], including the use of a spot light that illumtes small areas
on the ceiling24]. These are used in conjunction with narrow F@¥eivers that “see” one spot which is
not dispersive as all the path lengths from trattemio receiver are close to the same distance.

Figure 5: a) Diffuse Link and b) Controlled-diffuksek.

Direct LOS links improve power efficiency and mink® multipath dispersion, but require inherent
alignment between transmitter and receiver in otdegstablish communication. The main drawback of
this configuration is that it is susceptible to dhkmg. The geometric loss combined with the narrow
transmitter and receiver FOV determine the linkdrtdand available data rate of the system. In géner
the narrower the FOV, the higher data rate is aechie. Figure 6(a) and Figure 6(b) show the gegmetr
for Wide Line Of Sight (WLOS) and Narrow Line OfgBit (NLOS) systems. I[25] and[26] it has been
shown that mobility and the coverage area in L@Eslican be increased by beam broadening.

Figure 6: Wide Line of Sight (WLOS) Link and b) Maw Line Of Sight (NLOS) Link

However, such narrow links do not provide coveragel thus cellular systems using a number of LOS
links are employed in order to increase coveragkamhieve high data rates. Figure 7(a) shows a LOS
cellular geometry. Several approaches have beesidared in order to implement the multiple element
transmitters and receivers. [R17]-[29] light beams are transmitted at different asgf@oviding a cellular
coverage pattern within the desired coverage arba.receiver uses a detector array, where radgtion
from different angles are transmitted towards palér elements within the range of the detectoisTh
approach allows for the multiple channels to be lemgnted using monolithic, albeit custom,
components and is illustrated in Figure 7(b). Theraative approach is to build an angle diversity
system that uses individual sources and detedtatsate arranged to point at different angles twipe

the necessary coverage. These angle diversityverseare described [80] and shown in Figurg(c). A
7-cell IR link is proposed if31], achieving 1.25 Gb/s over a 3 m range andwe@ge area of 1.3 m x
0.45 m with no forward error coding. The last ex#rip the OMEGA IR prototype selected solution.

N/
%ﬂx

Figure 7: a) Cellular geometry, b) Imaging receiaed c) Angle diversity receiver.
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2.5 OW Ecosystem
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2.5.1 OW Standards

The indoor wireless optical communication systeans loe split into several axes according to therféigu
8.
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Figure 8: Standardization activities for opticateless communication
VLCC

The Visible Light Communications Consortium (VLC{3P] was established in November, 2003, with
major companies in Japan. The VLCC is aiming to lipise and standardize the visible light
communication technology, which has been discussetl evaluated in the various industry fields. In
2008 the VLCC forged an alliance with the Infraf@dta Association (IrDA) in order to publish IrDA-
type standards for VLC. Here it is important toioet that these standards will not change the highe
layers, i.e. the protocol stack of IrDA, and neitliee modulation formats. The only part that wié b
adapted is the analogue PH33].The target data rate is 100 Mb/s and is usey for broadcasting. The
VLCC members are Sony, Samsung, Toshiba, Sharm Dénko, and Tamura.

IEEE 802.15.7

The IEEE committee 802.15 focuses on the developroérpoint-to-point and point-to-multipoint
Wireless Local Area Networks (WLAN) standards. hiattcontext, a Task Group (TG) dedicated to VLC
was created in January 2009. So called 802.[3l]; chaired by Samsung, posted its Call For Psapo
(CFP) in September 2009. The IEEE 802.15.7 TGhistered to write a PHY and MAC standard for
VLC. The standard is capable of delivering dategaufficient to support audio and video multimedia
services and also considers mobility of the visilois, compatibility with visible-light infrastructres,
impairments due to noise and interference from,, embient light, health and other environmental
effects as well as a MAC sublayer that accommoduitéble links. The standard will adhere to any
applicable eye safety regulations. The standaridpnslvide:

Access to several hundred THz of unlicensed sp@ctru
Immunity to electromagnetic interference and naeriierence with RF systems.
Additional security by allowing the user to see tkenmunication channel.

Communication augmenting and complementing existieryices (such as illumination, display,
indication, decoration, etc.) from visible-lighfiiastructures.

Point-to-point and point to multipoint with starrd@guration or Ad Hoc network.

Two types for PHY Layer: TYPE 1 Low data (10 to 1#s) and TYPE 2 High data rate (3.2 to
96 Mb/s).
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Applications for low data rate are mainly for Itigént Transport Service (ITS), broadcasting
within public/home areas, Dip (Indoor Positionirg)d Outdoor/Indoor information advertising.

Applications for high data rate are broadcastintpivipublic’/home areas (music, video...) or high-
speed downloading to mobile devices (personalaligésistant (PDA), phone...), and other appliances.

ECMA

VLC are also being discussed within ECMA (Europ&€mmputer Manufacturers Association) in 2009.
For that purpose, a white paper presenting by Lmgitechnology was proposed to Task Committee 47
(TC47), as well as a presentation from Samsung ptiog the potential of Near Field Communications
(NFC) using visible LED.

IrDA

Created in 1993 the IrDA (Infrared Data Associa}isna worldwide organization that develops staddar
for point-to-point very short-range optical comnuations, with a sub-meter range. This optical efsl
interfaces can be found nowadays in a variety atabde equipment, like mobile phones, laptop
computers and Pads, among others. In its basi@wetisis standard defines a very low-cost, low-powe
IR link with a maximum operating range of 1 m aradadrates of up to 4 Mb/s. High speed IrDA versions
providing up to 1 Gab/s are also available. In 20@8IrDA forged an alliance with the VLCC in order
publish IrDA-type standards for VLC. Here it is ionpant to notice, that these standards will notnglea
the higher layers, i.e. the protocol stack of Irlad neither the modulation formats. The only plaat

will be adapted is the analogue PHI¥3]. The final draft of Giga-IR was approved by tmembers of
IrDA in March 2009 and officially adopted by IrDAohrd members in April 2009. Giga-IR adapted
reliable fibre optical communication technology ateleloped it as an optical wireless communication
technology. Giga-IR is also compatible with Crimp#Mb/s communications. Giga-IR supports
transmission speeds of 512 Mb/s and 1 Gab/s (12BMBid uses 2-ASK (Amplitude-Shift-Keying) and
4-ASK modulation. The standard defines the phydepgtr as well as different protocols used by upper
layers. The proposed applications are fast spetal tdansfer such as interface multi-portable device
(wireless display, in-home-distribution of HDTV @t Definition TV) and other content, cordless
computing, high speed cable replacement); musicnamdes downloads from a Kiosk at rental shop and
promotional or special data exchange at the tradesfihe IrDA members are Casio, Finical, Fuiji,
KDDI, Mitsubishi, NEC, NTT, Panasonic, and Sonydsson. An overview of IrDA can be found[Bb].

IrFM

IrFM (Infra-Red Financial Messaging) is a ratifisthndard and a number of point and shoot products
designed for electronic funds transfer. The higkesbSpecial Interest Groups (SIGs) (IrBurst andR)FI
are working on data transmission at 100Mb/s andhtgre and a major applications area is secure
downloading of multimedia fileg36].

2.5.2 RF Standards

In order to obtain the full picture of the statetbé-art in HANs a range of different RF standaads
products is summarized and compared accordinggtar&i9:
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Figure 9: Radio Communication roadmap

Two main standards are developed, namely 60 @} for point-to-point links and 802.11bac for
point-to-multipoint links:

60 GHz Point-to-point link

0 Wireless HD (High Definition]38] is an industry-led consortium that proposespacification 1.0
in January 2008. It defines a wireless protocot #rables consumer devices to create a wirelegpvid
area network delivering uncompressed as well aspoessed video content at 60 GHz. A typical
application would be HDMI (High Definition Multiméa Interface) cable replacement. In 2009, first
products were included in TV sets by Panasonic Grand also proposed as extenders by Gefen and
Abocom.

0 802.15.3c: The IEEE 802.15.3c TG30] was formed in March 2005. It developed anrakive
millimeter-wave-based (60 GHz) physical layer fdy/&WPAN(Wireless Personal Area Network) as an
amendment to the 802.15.3-2003 IEEE standard. T$¥&udard was published in October 2009 and
proposes to use the widely available bandwidth &tz around 60GHz (from 57 GHz to 66 GHz) to
provide data rates of more than 1.5 Gb/s (up t®©& GHY).

0 ECMA-387 (60GHz): At ECMA, 60 GHz WPAN systems wedéscussed within Technical
Committee TC4837]. The goal of this group was also to develogtandard (PHY and MAC) for short
range high data rates (1 Gb/s) unlicensed commiumisaat 60 GHz. TC48 completed their work in
December 2008, which resulted in the publicationtta 1st edition PHY and MAC layers 60GHz
Wireless Network Standard: ECMA-387 standard.

802.11b Point-to-multipoint link

0 5 GHz Point to multipoint service link (802.11atEE EC approved directly the creation of TG
11ac[40]. The goal is to define standardized modificas to both the 802.11 PHY and MAC to enable
operation in the 5 GHz frequency band capable of Wgh throughput. TGac proposes to increase the
throughput of 802.11 beyond that of 802.11n whicans 1 Gb/s multi-station throughput and 500 Mb/s
single user throughput. At this time, TGac makesgpess with contributions about the initial set of
documents and a finalization of standard coulduaélable for beginning 2013-2014.

0 802.11ad[41]: This 60 GHz ongoing task group was createdJamuary 2009 to work on
standardized modifications for 802.11 PHY and MAK enable operations in the 57-66 GHz band
capable of very high throughput (1 Gb/s MAC). Timisans that contrary to 802.15.3c standard, 802.11ad
will maintain 802.11 background and user experiefid@ad also has to define a fast session transfer
mechanism that would allow a dual band operatidwdsen the 60 GHz and 5 GHz bands. This standard
should be finalized for beginning 2012.

It can be seen that RF and OW systems could b&agnt but to some extent the comparison is nke ‘li
for like’ and other parameters should be considstedh as power consumption or immunity aspect.
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2.5.3 OW commercial systems state-of-the-art
Traffic management

IrDA has formed The Travel Mobility Special Intet&roup (IrTM) in order to develop a specification
for toll payment. A standard also exists for longemge communications (ISO TC 204 CALM). A major
commercial amount of activity is by Efkon, who hawen large contracts for payment systems
worldwide, notably a German project for truck timaffolling. Ultra-high bandwidth wireless JVC has
recently introduced a tracking 1.5 Gb/s link betwwves HDTV source and a Flat screen [#38]. This
uses mechanically tracked terminals and a novilglif to achieve eye safety.

Networks

There are few low speed IR networks that are coriallyr available, and several in development. An
LOS network was available from JV[@4], and a diffuse LAN from spectrijd5]. The low cost and
complexity of OW components also renders them etttra for relatively low speed home networks, and
such networks are being developed by Infraddj. In the research area diffuse networks tharafe

up to 50 Mb/s have been demonstrdte?]. A solid-state tracked link that operates 5 Mb/s has been
fabricated[47] that uses components optimised for OW appbicat This includes custom CMOS
(Complementary Metal Oxide Semiconductor) trangmnifind receiver devices, and detectors optimised
for this application. Recent advances in LED tedbgy has led to the fabrication of high efficiency
white light devices.

2.5.4 OMEGA achievements

The OMEGA prototype increases the data transmisspeed to ~Gb/s by connecting home devices to the
Internet and to each other through power line comications and wireless connections like legacy Wi-F
and 60GHZ48]. At the heart of the new system is a technglimglependent media access control layer
called Inter-MAC. This layer controls the multipiechnology gigabit network and provides services as
well as connectivity to any number of devices iry anom of the house or flat integrating wireless
technologies and power-line communications. Bef@BIEGA, these technologies were operated
separately - causing the user tremendous hasséeintér-MAC layer is capable of forming a unified
network as well as integrating its heterogeneousdvand wireless links. Functions such as quality-o
service control, load sharing, and dynamic patbaien are made possible in such unified networke.
performance and potential impact of an inter-MAGHeed network were evaluated, showing positive
results.

Various radio devices were integrated into a cogeerheterogeneous radio network, which meets the
customer’'s demands with respect to quality of servireliability, throughput, ubiquity, and self-
configuration. In addition to the crucial aspectcohvergence at the radio layer, advanced PHY, MAC,
and cross-layer mechanisms have been developecoMVer, a multi-Gb/s 60 GHz radio demonstrator
and an enhanced implementation of Wi-Fi IEEE 802 idve been develop§i].

OMEGA investigated the increase of the current basd bandwidth for power-line communications up
to 100 MHz. Studying electromagnetic compatibility this enlarged spectrum aided in inferring
spectrally efficient modulation schemes, based omuti-carrier approach that best fits this wider
communication bandwidth. As a consequence, thigiges a foundation for new wide-bandwidth power-
line communication transceivers that substantialigrease the data rates available, as well as home
coverage for consumer applications. An improved EBhlag AV demonstrator has been implemented in
the project, and the feasibility of a data ratd @&b/s has been proven using advanced signal [miages
[48].

The project also demonstrated its novel, opticakless solutions for home applications, using I an
VLC at up to 1.25 Gb/s. A bidirectional IR demoastr reaching a maximum of 1.25 Gb/s was
implemented as well as a wide room coverage demadiwst for up to 300 Mb/s. In addition, a 100 Mb/s
video broadcast based on VLC on ceiling lightingswachieved. Moreover, a new MAC layer was
developed for both IR and VL[48].
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2.6 Towards a roadmap for the wireless optical room: Rsults from the
Omega WP4 Surveys

In this section, we address several practical mattelated to the commercial deployment of optical
homes wireless and namely we present the resultthefsurveys conducted using the Analytical
Hierarchy Process (AHHA%9] within WP4 and internal deliverable. AHP igaml for complex decision
making which reduces the overall process in a Gdisarete sub-problems, each of which can be ¢atkl
more easily. It has been used around the worldwnenous occasions, in sectors such as government
[50], business [51], industry [52], healthcare [53lechnology [54], education [55] and
telecommunications [56]. The main objective in WiB4o gather and process the opinion of the various
experts participating in the consortium regardihg prospects of optical home networks. We discuss
various architectures. We also attempt to distisiguand evaluate several socioeconomic and
performance-related issues concerning the deploynoénoptical home technologies. Figure 10
summarizes the roadmapping effort undertaken mdtliverable
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Figure 10: Roadmapping Effort of D4.6b
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We begin by a brief introduction to the vision bétoptical home network and then discuss the esiilt
these surveys.

*Wired connections
Network backbone
Terminal connections

*Wireless connections

« Network backbone
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xDSL: Digital Subscriber Line

FTTH: Fiber-To-The-Home

Figure 11: The future home network

Figure 11 shows the vision of the ICT-OMEGA projeegarding home networking which forms the
basis for our description henceforth. The figureveh a variety of user devices are connected thdinee
network through wireless or wired technologies. ERtender device is a fundamental component of the
OMEGA HAN. It aims to extend the HAN coverage aaltbw the communication between devices
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having different PHY interfaces. The extender canabwireless hotspot on the ceiling of the room or
even part of the terminal devices themselves. Cwably, every network device may serve as an
extender acting as a “multi-hopper”, in the seitnsa the device is able to process (receive anddia)v
traffic for which it is not an end point. The profeaims to incorporate three different “no new sire
technologies, namely the OW, radio and PLC intingls inter MAC layer. The OMEGA inter-MAC is a
technology independent layer, located between |&yand 3, providing common functionalities over
heterogeneous communication technolodft&§. The inter-MAC is in charge to setup a resitiaeliable
and easy to use gigabit home network that guarankeequality and the continuity of services witttie
home environment.

Each of the three “no new wire” technologies coesd in ICT-OMEGA may be used to provide the
extender functionality, but each comes with its angrits and shortcomings. Radio technologies, sisch
WiFi are already commercially available and 802.ptomises up to hundred of Mb/s data rates using
MIMO techniqueg58], but the actual network throughput should tedr. In fact, as referred 9],
when the payload size is 1500 bytes, the throughppeér limit (meaning the maximum throughput when
the raw data rate goes infinitely high) is abouMbss (instead of 110Mb/s which are available at the
PHY). In light of this, by simply increasing the tdarate without reducing overhead, the enhanced
throughput is bounded even when the data rate igfiagely high. In other words, reducing overhead
necessary for IEEE 802.11 standards to achieveehigfnoughput. Systems operating at the unlicensed
60 GHz band59] and UWB[61] can provide higher data rates. Wireless Glafssimission is feasible at
60 GHz, but such systems are still far from reagh@thnological maturity. State of the art PLC syt
[62] provide hundreds of Mb/s wired connectivityingsthe already installed power cables of the house
Extending them in the gigabit regime is howevethallenge because of the particularities of the powe
line channel.

Optical wirelesg63] has each own role to play inside the home aekwThe “optical home” is a home
network that is based mainly on optical wirelessl avired technologies which have been shown to
support data rates that can extend in the Gh/snegirhis enables the delivery of many broadband
services such as HDTV, Web 2.0 applications anderarsharing, on-line gaming, etc. It should besdot
that optical technologies are already beginningpliy an important role in corporate and academic
settings and this is an indicative trend that taia happen in the field of home networking. Gigainid

10 Gigabit Ethernet has played a key role in thigard. In Gigabit Ethernet, UTP (Unshielded Twisted
Pair) wiring can be used for distances shorter th@@m and for longer distances one must resort to
multimode optical fiber. In 10Gigabit Ethernet, pep cables can support 10 Gb/s again up to 100m
using the 10GBASE-T interface at the expense ohdriglatency and increased power dissipation
compared to other 10GbE physical layers, so the feefibre cables is more pronounced for a longer
reach, higher performance local area network implgation. The need to use fibers in campus
networks, brings optics one step further towar@suber premises. Can they also penetrate the domest
environment? Home networks have a significantlfedént set of requirements to meet than corponate o
academic LANs, and optical technologies are facdith wew challenges. Wireless connections are
especially important, since they allow terminal ntigband reduce the cable jargon.

Within the optical home, wireless connections cam ilmplemented using optical wireless systems.
However, unlike conventional radio wireless syste@®/ is not a mature technology and several issues
remain unclear. It is very important to place sgmerities when dealing with all these issues. 3tiou
one try to push the performance to its limit aneintitome up with ways of reducing the cost? To answe
this and many other questions related to the dpwedmt strategy of optical home networking one sthoul
at least get a grip on the various factors whiah @ertinent to such deployments. In other words, a
roadmap is required to focus the efforts of engimemd researchers working in the field. By deifmit a
technology roadmap is a plan that matches shart-nd long-term goals with specific technology
solutions to help meet those goals. It is a plan #pplies to a new product or process, or to agrgimg
technology. Developing a roadmap has three majes.us helps reach a consensus about a set of needs
and the technologies required to satisfy those sjgegrovides a mechanism to help forecast teduol
developments and it provides a framework to hedm gind coordinate technology developments.

In light of the fact that OW is not as mature ag#dio counterpart, there are several issuesdeasl and
evaluate before the deployment of optical homeesyst . IR systems are an obvious candidate but in
light of new developments one must also conside€éystems as well. What role do these latter system
have to play inside the optical home? One of thgbngest advantages is the excellent coveragee sin
there can be many VLC lamps placed in the ceiliogecng almost every corner of the room. Uplink is
an issue in this case. How do we implement uplioknections in VLC? Within ICT-OMEGA, there is
an obvious answer to this question: simply relyaanther technology to provide the uplink. In théicg
home, combining VLC and IR, say at the inter-MAg€dg is one way to go.
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3Conclusions

In this deliverable we attempted a glance at theiréuof optical wireless and wired technologies
concerning their deployment in home networks. Tisourse is a very ambitious and difficult taskcs
optical wireless is not a mature technology. Hepcigr to full commercial exploitation there areveeal
issues that should be addressed through furthety.stincreased attention should be paid on the
implementation of the backbone network, i.e. thetipp of the network that connects all extenderg an
optical hot-spots to the gateway. The need foraammp extending the feedback of more experts @utsid
the OMEGA consortium should be emphasized. By \applthe roadmapping technique in a new
product or process, or in an emerging technologgprtderm and long-term goals are matched with
specific technology solutions to help meet thosalgoThe main results that can be derived from
roadmapping are a set of needs and the technologiesed to satisfy those needs; a mechanismlf he
forecast technology developments and a frameworkhédp plan and coordinate technology
developments.

The IR line of sight or the hybrid (OMEGA) VLC/IRadule can be used for the intra-room connections.
On the other hand the backbone network can be b@sd?l.C or optic fibre. Architectures using PLC

technology have the advantage of lower cost duthéonegligible installation cost accompanied with
lower bandwidth backbone.

The problem at hand is equivalent to that of selgcthe most appropriate and most advantageous
solution for each case. In other words it is a sieai making problem. However, such a problem iy ver
difficult to be solved because of its high comptexilhis feature is enhanced by the fact that ggion
making process is influenced not only by the penance of these systems but also by other social-
economic factors. The AHP framework, a structurechhique for dealing with complex decisions,
helped us to treat the problem and manage to hateiniportance of various economic, social and
performance-related criteria. This is an essepiat of any roadmap especially when it is not yeaic
which technology or combination of technologies|viié used in the prospect of future all optical
house/office. Towards this end, a series of surwegee planned inside Work Package 4 in order to
guantify the prospects of optical technologieshiiome and office networking.

There are several conclusions that can be dravmn fhe surveys carried out inside WP4 and the résult
in this deliverable and the technologies presented:

Social issues are of paramount importance whenidenisg optical home networks. Health-related
issues can provide a serious incentive for ins@glliR and VLC hotspots which are inherently safe,
unlike radio-based networks, the biological impiicas of which are still not very clear. The inhere
security provided by optical wireless is also aeotincentive for promoting this technology.

One must pay increased attention in the cost obtiteeal home equipment since this will probably be
installed and maintained by the home user. VLC gederally LED-based technologies may have an
important role to play towards achieving low cogjalpit-per-second wireless and wired connectivity.
Cost of equipment plays a key role on the ovemtivork economics.

The backbone network is another important issueottsider. As optic fibre and PLC are struggling to
reach the gigabit-per-second realm, it is rathéficdit to predict which technology will prevail ithe
long run. In the short term, PLC seems to havedaartage over optic fibre but that may soon change.

Reach and coverage are important requirementsciafipefor IR-based wireless technologies. Using
hybrid VLC/IR systems (combined say at the inter®™Aayer) may hold one solution to the problem.
Coherent detection could be considered as a meamsprove the coverage at the expense of a more
complex receiver.

Since home applications are much more sensitiveost than, say, metropolitan area networks, one
should consider the prospects of using off-thefsbeinmercial visible and IR LEDs as transmitters.
Although LEDs provide a low cost transmitter, thare actually a lot of things that need to be sddi
before one adopts them as transmitter in futurealpbetworks.

In order to validate the reliability of the resuyltie AHP is extended incorporating sensitivity lgsia
and Monte Carlo simulation and it was deduced timaertainties involved in pairwise comparisons do
not in general undermine the weights as well aditta ranking of the alternatives.
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As a closing remark one should point out that ifdasystems (IRC — Infra-Red Communication)
and visible (VLC - Visible Light Communication) égments development could be different and
optical wireless can be considered in other apfidina besides home networking which also present
important business opportunities (Outdoor commuimoaon advertisement, Intelligent Transport
Service...). Other applications can include also ll@a@aa networks inside aircrafts or hospitals where
minimum interference is expected with existing eguént and appliances. Finally, when envisioning

applications for optical wireless, one should keemind that this is a rapidly growing field withlat of
room for technical improvement.

IRC

VLC

For example VLC systems have been recently coreidér intra-room sensing and positioning
[66]. The IEEE 802.15.7 and VLCC specifications &malized, so we can quickly see the first cost-
effective application. This first application coudé a broadcast communication using CCD smartphone
with low data rate. For the infrastructure, it isear that the PLC/VLC (PLC — Power Line
Communication) offers short term most effectiveuealn implementation (no new wire) and cost. The
mass production of LED in China will greatly cobtite to the reduction of cost.
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Figure 41: Optical wireless systems developmenpgsal

Concerning the infrared systems, there is still saechnical improvement before Gbps network
commercial application. For instance, as discussdte Appendix, coherent detectif#i7] can be used to
improve receiver sensitivity by several dBs andusthdbe explored in future systems. Also, Multipieolit
Multiple Output techniques, although not particlylaffective in direct detection systems, couldgsovide
increased capacity since the coherent optical aammsembles the radio channels in many ways. Using
integrated multiple transmittef21] (Multi Tx/Rx), each pointing to a different gition in the room is a first
step for improving the coverage and reducing thierara size in IR systems. Some manufacturers have
already some beginning of solution concerning theltimx/Rx [68] and Photodiode (PD) + Trans-
Impedance Amplifier (TIA) integratiof69]. About the infrastructure, the PLC is stiletinost effective cost
efficient short term solution. Then, the optic ébcould give, for the new building, the first stiep all
optical network or optic over fibre.
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A Appendix: Technological issues influencing the depyyment of
future home networks

In chapter 3 we presented the results of the ssreey highlighted some key issues pertinent to the
optical home roadmapping effort. It was deduced ¢élsanomic issues such as the cost of equipmeht wil
play a significant role in the integration of sugystems inside the house or office. In view of ¢bet
constraints, LEDs can provide an interesting attéve to the most expensive laser diodes.

LEDs [83] can be used in low-cost, medium-bit-rate traitiers, whereas resonant cavity LEDs (RC-
LEDSs) [85] are capable of providing bit rates up to 1 Gb/local-area networks, where the link distances
are limited to less than 5 km. LEDs may also preval cost-effective solution for optical wireless
transmitters in both indoor and outdoor systdB86. In the infrared wavelength range, such system
provide wireless local area network connectivitytoé order of 100 Mb/s and aboy&7], in both
line-of-sight and diffuse regimes. Multiple-subéarrmodulation[88] such as discrete multitone (DMT)
and multilevel pulse-amplitude modulation may siigantly increase the capacity of both wirel¢$6]
and wired LED-based optical 1in89]-[90]. However transmitter non-linearity can causteiference
between the subcarrier channels and hence sigstaktithtn[91], the magnitude of which depends on the
type of LED[92]. From the above discussion, it is therefomaclthe LEDs may have an important role to
play in the future optical home, not only for illimation but for communication purposes as well.

A major drawback of LEDs is their limited modulatidbandwidth. To address this problem and to
provide higher data rates, one should resort totsgly efficient modulation schemes. Examples wdts
schemes are multilevel pulse amplitude modulati®aM) and quadrature amplitude modulation (QAM)
on discrete multitones (DMT[P3]. Although DMT mitigates the spectral charaistics of LEDs, it can
also lead to performance degradation when combimiéd the nonlinear nature of LEDs. The non-
linearity of the LEDs can be expressed by the mewi dependence of the output optical power on the
input current that is the current driving the LHIEDs are sometimes forced to operate in the noatine
regime due to the high peak power values causetthdgonstructive sum up of the DMT components.
The nonlinear operation of the LED results in intedulation products generated by the interaction
between the subcarriers of the DMT signal. Thessyets often act as noise since their frequencies
coincide with those of the subcarriers. It is tii@re evident that the nonlinear behavior of the LED
transfer function can cause performance degradafian optical wireless system.

In this Appendix, we take a closer look to seveaspects of LED performance that are related to
telecommunication applications. We discuss itdcstan-linear characteristics obtained by the camtst
light-current curve and present methods for its pensation. Next, we present a more general model fo
encompassing both the frequency dependence andbtiinear behaviour of the device, based on the
Volterra kernel expansion. We also show that papnalte equation models provide only a first indizat

on the dynamics of the device even under smalks$igrodulation.

White phosphorescent LEDs are an important componfevisible light communications which provide
both illumination and communication inside a rooBimming is an important aspect of every
illumination system, so it is vital to understanmhthis functionality can be incorporated in VL@KBs
and still maintain some quality of communication. this chapter we take a look at the problem of
combining pulse width modulation (a popular metliod controlling the dimming level in LED-based
lamps) with DMT modulation.

The surveys of the previous section revealed thaemage plays an important role when characterizing
the performance of an optical wireless system. @me depends on the power budget and using
sophisticated detection schemes such as coheretida may improve the reach of the link. Takintpi
account the merits of these systems, we take acglan the performance of coherent detection for
improving the coverage in optical home networks.

A.l Analytical Treatment of LED non-linearities: the static
approach

Based on the above analysis it is deduced thasttidy of the impact of the LED nonlinearity on the
performance of a QAM / DMT modulated system is k&ad importance. An easy way to investigate such
an impact is to expand the transfer function inagldr series by ignoring the spectral charactesstf

the LED avoiding the use of complicated Volterraie®e The degree of the polynomial needed to
realistically model measured transfer functionshiewn to depend on the order of the LED nonlingarit
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Figure 12: Experimental setup for measuring thelieaar transfer function of a single-chip white RE
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Figure 12 shows the experimental setup that wad fmemeasuring the static transfer function of a
phosphorescent single-chip LED (NICHIA, NSPW500CB)e DC impedance of the LED was matched
to 50 with a serial resistor, and the DC voltage wagpseag by a commercial power source (Agilent,
E3620A). The emitted light was directed onto an lfired photodiode (Thorlabs, PDA10A-EC). Both

the applied voltage and the current through thdeliare measured with multi-meters (Voltcraft, VCR20

The output powerP,,, of the LED is measured with the photo detectdre Tatter is measured as a
function of the DC driving current. It was showratta second-order polynomial already provides ia fai

description94].

100

Optical Power (a.u.)

0 ] 10 20 30 40 50 60
Driving Current (mA)

Figure 13: Three measurement sets of the LED dmigdput power as a function of the DC driving @t obtained
for a single-chip white LED. The setup in Figure W8s used. Markers: measurement data; solid leeorsl-order

polynomial fit to the data.

By means of numerical investigation it was showat tthe crosstalk noise is approximately normally
distributed, and that the in-phase and quadratoigercomponents are approximately independent. The
average signal-to-crosstalk ratio (SXR) as a famctdf the subcarrier numben for various QAM
modulation levels and total number of subcarrigfifiiistrated in Figure 14.

3 carriers 255 carriers

30 , 50 . . . ; . .
(@) (T oroAM  — 206 omu b) | —a4QAM  — —16QAM
254 ... 1024 QAM - 454 - - - 64 QAM —_- =256 QAM T
—---1024 QAM I—
40 )
24 == . -
~ | e em=—_-—-— ~ | e e = -
0 =---- M 35 o ===~ — i
R 1 . = [
S R A e B A 1
10- - =
S e - D ool i |
o [ _' 200 i -
opee=st =TT - 15 . . . : , :
1 2 3 1 43 8 127 169 211 253
m (@) m (b)

Figure 14: Average signal-to-crosstalk rat8XR as a function of the subcarrier numbefor a) 3 subcarriers and b)
255 subcarriers. Various QAM modulation levels strewn.

As shown in Figure 14 th8XRincreases as the subcarrier numimeincreases. More specifically, the
first subcarrier i=1) is the subcarrier with the maximum distortiohile the last subcarrier has 3dB
higherSXRcompared to the first one. Furthermore, #¥Rdecreases as the QAM levels increases since
the actual distance between the symbols is deatease
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In order to investigate a more realistic syster,ithpact of additive white Gaussian noise must akso
incorporated in the above analysis. In Figure 156 (b), the BER (Bit Error Ratio) of a systemhast
and 255 subcarriers, respectively, is depicted mmetion of theSNR (Signal to Noise Ratio) that is a
ratio that takes only the AWGN (Additive White Gaisn Noise) into account and not the inter-carrier
crosstalk. It should be noticed that the BER calttahs are performed for the first subcarrier
corresponding to the worst case scenario.
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Figure 15: Bit-error ratio (BER) of the first subcarrias a function of the signal-to-noise ratio pier(®NRb) for
various QAM modulation levels and for (a) 3 subieaisrand (b) 255 subcarriers.

From Figure 15, it is obvious that depending ondhstem parameters the inter-carrier cross talktdue
LED nonlinearity may drastically influence the pmrhance of a system. By comparing the curves
corresponding to the linear and the nonlinear casis, deduced that optical wireless systems with 3
subcarriers and more than 16 QAM levels are sicgnifily degraded due to the LED nonlinear noise. For
example, in the case of a system with 64 QAM lewgld SNR=15dB the performance degradation in
terms of the BER is about three orders of magnitutlshould be noted that in a system with 3
subcarriers, an error floor higher thari®ii§ revealed for more than 16 QAM symbols. In otherds, as
the QAM levels increase it is not possible to achia BER below a specific value, since the interiea
interference due to the transfer function nonliftggruts a limit to the system performance. Moraove
the performance of a system with larger numbeubtarriers is less severely affected.

From the above analysis, it can be concluded thraprfactical devices the incurred link degradatian
range from almost negligible to making even rempogator-free communication impractical. Hence, the
LED nonlinear noise is a key factor that shouldaddressed prior to commercial exploitation of VLC o
more generally of OW systems using LEDs. Among icgthgre-distortion can be applied to the system in
order to overcome prohibitive signal-to-interferermenaltie§95]. However, by looking more carefully
the mathematical analysis of the nonlinear crossialse two alternative methods known as “subcarrie
allocation technique” and “feedback technique” @dso be used for the suppression of the induced
distortion.

A.2 Mitigating LED non-linearity
A.2.1 System under investigation

In order to numerically evaluate the performancéath suppression techniques a generalized system i
assumed, incorporating clipping of the transmittgghal. Clipping is performed when the instantarseou
power of the DMT signal exceeds the value of 10 Alhough clipping results in noise-like interfen
(white), its proper use can lead to performancerawpment. The block diagram of the proposed DMT
simulation model is illustrated in Figure 16.
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The modulation and demodulation of the signal isntgebased on IFFT (Inverse Fast Fourier Transform)
and FFT respectively. Since the QAM/DMT signal la¢ output of the transmitter will be the driving
current of the LED, it is evident that it should deeal valued signal. After parallel to serial wersion,
introduction of clipping and digital to analogueneersion, the superposition of the DAC (Digital to
Analog Converter) output and the bias current drittee LED, which in turn converts the driving cuntre
into optical power. At the receiver, the signaldistected from a photodetector and follows almost th
inverse route compared to the transmitter.
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Figure 16: Block diagram of DMT simulation model &) transmitter and channel models (b) DMT receiver
model.

A.2.2 Subcarrier Allocation Technique

In the case of a QAM/DMT system that is a systerthwnultiple subcarriers, the LED nonlinear noise
causes the interaction between the subcarriertnigéal intermodulation products. It is interestiognote
that in some cases the frequencies of these podyet andf-f) may coincide with the subcarriers’
frequencies. Hence, in order to suppress the LEMimear noise one should reduce the number of the
products that fall at the frequencies of the sutieear. This corresponds to the allocation of the
subcarriers’ frequencies in such a way that th@uarcombinationsk(+ | andk - I) won’t be equal to the
indexm of the subcarrier under investigation. It is gfhéforward to show that if one transmits data only
in the odd numbered subcarriers (ignoring the Dcatrier) then both the sukn+ | and the difference

k - | fall in an even subcarrier.

A.2.3 Feedback Technique

This technique can be described as one-step ciomeof the received signal. In the case of a DMT
receiver as shown in Figure 16(b), one DMT symlsopiocessed at a time and a decision is made
regarding the QAM symbol in each subcarrier of ERdT symbol. However, in cases of I08NRs and
weak LED nonlinearity the demodulated symbol wiiblpably coincide with the transmitted symbol or
with one of its immediate neighbors. Hence, assgrtiirat the LED transfer function or the polynomial
approximation of it is a priori known one can easlaluate the crosstalk noise components using the
demodulated symbols of the first step. Before finalfdecision on the QAM symbol, the estimated
crosstalk components are subtracted from the redeQAM symbols. The block diagram of the feedback
technique is shown in Figure 17.
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Figure 17: Block diagram of the proposed feedbacthatkin the receiver
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To illustrate the effectiveness of the allocati@thnique and gain a quantitative perspective of the
performance of the proposed method, the BER waku&teal for various values of ttf&NR. Figure 18
depicts the BER of the first subcarrier (worst ¢asea function oSNR for 255 subcarriers.
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Figure 18: BER of the first subcarrier of a receilN®dT symbol as a function of the signal-to-noisdagier bit
(SNR,) for 255 subcarriers. Various QAM modulation levate shown.

The performance improvement due to the allocagmhnique is illustrated in Figure 18. It is inténeg

to note that the error floors are revealed in alles (QAM levels) at the cost of extremely hi§jkiR
values leading to time consuming simulations. Fiéigure 18, it can be deduced that the allocation
technique manages to totally eliminate the LED maar noise foSNR, values away from the error floor
range. In the error floor range a difference betwde linear and the nonlinear case with the ationa
technique is observed. This may be attributed echtjher order nonlinear components.

Despite the great improvement of the system pedocgs, the use of the odd subcarriers results in
halving the data rate. Hence, one should be cavdieh using the proposed technique. It seems ltleat t
allocation method is suitable for lower QAM levdfsone starts with 4 QAM, then doubling the dedger

by switching to 8 QAM is of course a remedy, bu2%6 QAM states are used before one discards half o
the subcarriers he needs 65536 QAM to compensa&elda$s of throughput which is somehow
impractical.

Regarding the feedback technique, the BER is mlotteas a function ofSNR for various QAM
modulation levels assuming 255 subcarriers.
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Figure 19: Bit-error ratio (BER) of the first subcarrias a function of the signal-to-noise ratio pier(BNR,) for
various QAM modulation levels and 255 subcarriers
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It should be noted that in this case the simulatiare limited in moderat8NR, values due to their time
consuming character. However, error floors simitathe case of the allocation technique are expecte
The first useful conclusion deriving from Figure i9that the feedback technique can significantly
improve the performance of the system but it cartotdlly suppress the nonlinear noise. It is also
interesting to note that the improvement in thetesys performance decreases as the QAM levels
decreases too. In the case of 64 QAM symbols, #eallfack technique marginally suppresses the
nonlinear crosstalk noise. This indicates thatfdezlback technique must be chosen in the caseggbf hi
QAM levels. Unlike to the allocation technique,uather increase in the QAM states is not necessary
order to maintain the same bit rate. The aboveltresextremely important since it proves that the
techniques are hopefully complementary.

A.3 A large signal, high frequency model for LEDs: Beynd the
static approximation

In the previous sections we used the static appr@], [96] for describing the non-linearity of the LED
which although simple, it does not allow the inamgtion of memory effects which may be important at
high frequencies. In this section we present aerradtive model, based on Volterra series expansion
which can incorporate both the frequency dependandehe non-linear nature of the LED.

The non-linear properties of the LED stem fromftet that the number of emitted photons is notatliye
proportional to the injected electric current is #ctive region. In addition, the carrier denségponse
depends on the frequency of the injected curréwingrise to memory effect83]. Figure 20 shows the
measured |-P characteristics for various off-theHShED devices. Estimating the induced distortion
using the static approach reveals that the LEDpmae anything from a minuscule effect to the case i
which error-free data transmission is made impdsdilp the I-P non-linearit{96].
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Figure 20: Static I-P characteristics for varioysets of commercial, off-the-shelf LEDs: a) whiteophhorescent, b)
visible red, c) infrared and d) RGB LED.

Although the static approach is easy to implemintannot incorporate the influence of any memory
effects. Figure 21 bears experimental proof on Hoavnon-linear properties of an IR LED may depend
on the signal frequency. The LED is driven by ausoidal current(t) = IpctlacCOS(2 fot), wherelpc is
the bias levelfy the frequency andl,c the amplitude of the AC current. Because of naedrity, the
optical power spectrurB(f) contains harmonic frequency components, at fregjesf = mf where m is
an integer. The figure shows how the measured sabfieghe 2nd harmonic amplitud&2fy) atf = X,
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depend on the driving current frequerfgyfor 1 MHz f, 15 MHz. The amplitude of the second
harmonic component assumes a maximum fye@10 MHz and becomes about two times stronger than
its low frequency value (d§ = 1 MHz). It should be noted that the assumedueagy range lies within
the measured 3 dB bandwidth of this LEBRQMHz) and is hence useful for telecommunications
applications. In the case of DMT modulation, FigRieimplies that the amount of distortion experashc
by the subcarrier channels may vary significardpending on their frequency locations.
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Figure 21: Measured relative 2nd harmonic distarspectral componer(2fy) at frequency = 2f, of the output

optical powerP of an IR LED when driven by a sinusoidal currehfrequencyf, and amplitudéc. The distortion
values are normalized relative to the value obthinef = 1 MHz. The DC bias of the driving current ig = 40mA.

The above discussion motivates the quest for sedaignal model beyond the static transfer function
approach that can incorporate both the non-linedrthe frequency-dependent nature of the LED. One
widely used approach is the rate-equation mf&l [97] which can in principle describe both aspedts o
the LED response. In practice however, they oftemat accurately describe the dynamics of the devic
Consider for example the case of small signal natéhni. It is easy to show that the rate equatiodeho
predicts a Lorentzian frequency dependence, vifirseorder pole of the fornP(f)/I(f) ~ (142 £,
wherel(f) is the spectrum of the driving currentis the carrier lifetime and 1is the 3 dB bandwidth of
the LED[97]. Actual measurements however, do not seeraltp dgree with the above result. Figure 22
shows the measured small signal modulation respofhdee IR LED at a bias currefc = 40 mA. We
notice a sharp peak in the sub-MHz range, which larattributed to thermal effecf88], [99] and
introduces an additional low frequency dependenkietwcannot be described by a single-pole transfer
function. However, even at higher frequencies, tin@dulation response deviates from the predicted
behavior. The figure includes a least-squares Llai@m fit of the modulation response, obtained
considering frequency values larger than 1 MHz. (@ecluding the thermally-induced peaks at low
frequencies). The figure clearly illustrates thegre at higher frequencies, the dynamics of theesyss

not consistent with the rate equation model.

1.2' ——Measured
! == Fit

Figure 22: Measured small signal of an IR LED (@8}l atlpc=40mA and Lorentzian least square fit at high
frequencies (dotted line).

Within WP4, we performed a series of measurementsder to further clarify the behaviour of LED in
the non-linear regime which can be important fronelacomm application point of view. It was soon
realized that we need a more general approachefseribing these devices and therefore we resooted t
the Volterra approacl00], [101]. Considering the LED as a black-box, timednant, nonlinear system
with memory, the Volterra series expansion candealuo relate the driving curreit) and optical power
p(t):
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PO= R+~ A )
where
P = ey 0xd e oty DICRE ) X TG ) @

In (1), p(t) is then™ order contribution to the output signal}, is then™ order Volterra Kernel of the
system angb is a constant. The coefficientnlfelates to the Volterra kernels being symmetuiections

of their argument4100]. From a communications point-of-view, we amly interested in the AC
components of the signals, so in our black boxeasgmtation, we may discard the DC components of
both the current and the optical power (implyingtihy = 0).

The Fourier transform df, is given by

+¥ +¥ n
Ho (W, W) = de, xxdr (hdy,0 8, )exp - LW ®)
¥ ¥ k=1

There are some remarks that need to be made camgdhe above equations. If the kernélsare
known, then they completely determine the non-limeaponse of the system. The kerrtélsvary with
frequency, which captures the frequency-dependehlieear and nonlinear properties of the LED. in a
attempt to clarify the non-linear properties of tt#eDs we measureti;( ) andH,( ;, ») for various

LEDs of interest and these are shown in the follmwfigures. Table | discusses the characterisficthen
various LEDs considered.

Table I: DC Bias and Bandwidth of LEDs under investigéion

DC driving 3dB
LED current bandwidth
loc (MA) (MHz)
White (5mm Nichia 25 2.3
550TW4GU)
RGB (5mm Fullcolor 25 10.2
green comp.)
RGB (5mm Fullcolor 25 155
blue comp.)
IR (5mm Nichia — 40 20.4
TSHG6200)
Red (5mm Nichia 25 1.06
TLH.5405)
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Figure 23: Normalized first order kernel magnitufi@sa) white LED, b) blue component of the RGB LEBd c)
the IR LED.
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Figure 24: a) normalized and b) relative magnitafithe second order kernel for the blue componéandR LED
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Figure 25: a) normalized and b) relative magnitatithe second order kernel for the blue componéthieblue

component of an RGB LED.
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Figure 26: a) normalized and b) relative magnitafihe second order kernel for the green compoogtfite RGB
LED.
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Figure 27: a) normalized and b) relative magnitatithe second order kernel for the white LED.
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Figure 28: a) normalized and b) relative magnitafihe second order kernel for the red LED.

Figure 23 shows the normalized values of the firster kerneHy(f) of various LEDs in the frequency
domain, which as discussed previously is actuaysmall-signal modulation response. In the casbeof
IR LED, the first-order kernel does not seem tongfegawith the bias current unlike for the white dhe
RGB LED, where there is considerable changdi(f).

Figure 24(a) shows the normalized magnitude oftwnd order kernél,(f,,f,) for the IR LED on a 40
40 frequency grid. Along the ling+f, = 0, the kernel is zero since we only consider &A@
components of the current and the optical powee Rérnel values tend to increase as the frequefcies
andf, increase. At high frequencies howevéty(1y,f,)| starts to decrease in agreement with Figure 21.
This behavior is an additional proof of the frequemependent nature of the LED non-linearity. One
should however be cautious when judging the stfeafjhon-linearity by the values éf, alone. A large
H, kernel does not necessarily imply the presenctrohg non-linearity sinckl; may also be large and
consequently the second order contribufipft) may turn out to be much smaller than the lineamt
p:(t). A more indicative measure would be to calcuta amplitude of the non-linear component with
respect to the linear one. Figure 24(b) shows thgnitude of the relative second-order kernel fer R
LED. The figure suggests that non-linear distoriimereases wheh andf, increase. At high frequencies
the distortion is eventually reduced. At some fitgies the kernel magnitude exceeds 0.02, suggestin
that the amplitude of the intermodulation produaa become as high as 2% compared to the amplitudes
of the first order optical power components. Fig&bg¢a) and (b) depict the measured second ordaeker
magnitudes in the case of the blue component dR@B LED. The kernels exhibit similar frequency
dependence as that of the IR LED, but the valugbefelative kernel now suggest that the amount of
non-linear distortion can be 3 times larger. Thenkkfor the green component of the RGB LED is show
in Figure 26(a) and (b) and, in contrast to theviongs ones, is stronger near the low frequencynmegi
The maximum relative kernel is approximately 0dnglying strong non-linear induced distortion aigle
modulation indexes. The white LED second-order &ksrare shown in Figure 27(a) and (b). In this case
the second kernél, again seems to be larger at the lower frequengiyne Figure 28(a) and (b) show
the measured values for the second order kernal ifd LED. For this LED, non-linearity appears
enhanced in the low frequency regime as well.

These results bring us one step further in undedstg LEDs before they can be used as telecom
transmitters. The measurements revealed that tred & non-linear distortion may vary significantly
depending on the LED type and the actual frequémcations of the spectral components of the signal.
This demonstrates the limits of the static (DChsfar approach for evaluating the distortion of pter
modulation formats. The strength of the propospgr@ach is that it is independent of the LED’s
parameters such as doping and free-carrier coratemts which are generally not publicly availabbe f
commercially available devices. Further work needbe done in order to obtain a reliable LED model
that can be used for system design in future dptigeeless systems. Such a model will be of great
importance since an accurate description of the Ukehaviour will facilitate the development of
predistortion and equalization schemes suitabl¢h®isuppression of the LED nonlinear noise.

A4 CWDM using RGB LEDs

RGB / LEDs are white light sources resulting frdm tombination of three colors (red, green and)blue
RGB LEDs are widely used for high definition picuyuality in large full-color video screens as val
for illumination in solid state lighting systems iwh are gradually replacing conventional incandatce
and fluorescent lamps. They offer low power constimnpand relatively low cost. Lately, RGB LEDs
have been proposed for data transmission in vifilht communication systems.
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The use of RGB LEDs in telecommunication applicadics a topic of great debate. Their applicatices a
found in both wireless and wired communicationswieer, they are of special interest for POFs which
are able to transmit signals on all visible wavgtbs. The three different colours, i.e. wavelengtdfs
RGB LEDs can be separately modulated using CWDMrder to enhance the rather limited bandwidth
of these devices.

Indeed, the idea to separately modulate each ofhitee colours is very attractive. As shown in Féegu
29, the optical power of each colour is controlbgda separate DC driving current. Data transmisson
performed “loading” an AC component on the drivimgrents. The interesting point to this procedsre i
that RGB LEDs can be simultaneously used for illaion. This is attributed to the fact that the
frequencies of the AC components are higher thé@nHDand thus the fluctuations of the output ligre
imperceptible to the human eye. At the receivee, tiree colour components are separated using an
optical filter.

AVAVSIACATS [

AV
W——= JAAE  ANREE S

AN =

Figure 29: Coarse wavelength division multiplexinghveommercial RGB/LEDs.

The transmission of data in three different colaensders the use of RGB LEDs very attractive fa th
delivery of “triple-play” services. In such a scepaone colour could be used for video, one faadmd
one for voice. However, prior to the implementatiminthese ideas and the commercial exploitation of
RGB LEDs several issues should be addressed. Ttestep to this endeavor is to obtain the eleaitric
and optical properties of RGB LEDs. That is to parf a full experimental characterization in order t
derive the transfer function of each color, theimmilable bandwidth as well as the strength of their
nonlinearity. These features can significantly delgrthe performance of systems using RGB LEDs and
thus they should be taken into account during tthegign.

The most significant degradation factor is the stal& between the three colours arising at thestratter
site or at the receiver if the optical filter daoest provide sufficient signal isolation. Thus, thesign of
the optical filter is an important issue to conside large bandwidth filter would enable much oé th
optical power to reach the receiver photodiodenhay result in larger crosstalk.

A.4.1 Experimental Characterization of RGB LEDs

Our analysis begins with the experimental derivatib the transfer function of each of the threeoaos.
The setup of the system under investigation istithted in Figure 29. The RGB under consideratas h
four pins, three of which is used to control théoc@omponents while the fourth is the common anode
The DC signal along with the AC component produbgdan arbitrary waveform generator is posed
between the anode and one of the three pins. TWiaglcircuit consists of a 50 resistance.

In order to estimate the transfer function of eealor, the voltage at the ends of the resistanceedisas
at the photodiode is measured for several frequeatiyes of the input signal between 0.1 MHz and 40
MHz.

Blue Component

In the case of the Blue colour, a DC signal is gateel at the input of the RGB LED wil,,pc =
0.884Volts and;, = 17.7mA. For the AC signal a modulation index33% is assumed. The derived
transfer function is depicted in Figure 30.
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Figure 30: Transfer function of the Blue colour.
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Red Component

The transfer function obtained by driving the pinttee Red colour is shown in Figure 31. The voltage
and the current of the DC driving signal is 1.568¢chnd 31.2mA respectively while the modulation
index of the AC component is 22%.

0,11 : : .
— Red

0,09+ 1

0,07 1

240 -20 0 20 40
f (MHz)

Figure 31: Transfer function of the Red colour.

Green Component

Similarly, when the green colour is modulated byA® signal with 30% modulation index which is
“loaded” on a DC signal witlVj, pc = 1.008Volts and;, = 20.2mA the resulting transfer function is
illustrated in Figure 32.

0,11 - . .

0,09+

0,07+
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Figure 32: Transfer function of the Green colour.

From Figure 30 to Figure 32, it can be deduced ithalhe blue and the green colour the available 3dB
bandwidth is roughly 25 MHz with small deviationsrh one colour to the other. On the other hand the
3dB bandwidth in the case of the red colour is mstaller (~1.8MHz). Hence, the red colour is the
main candidate for voice transmission. It is alseriesting to note that the transfer functions athtthe
green and the blue colours seem to be flat in dl@bshe available bandwidth, a very importanttéza

for the performance of the system. Moreover, asipaak in the sub MHz range can be observed in all
cases.

A.4.2 Performance of a QAM/DMT scheme for RGB LEDs

Transmitted Signal
The driving current of any component of an RGB LEB, red component, is expressed as:

U Mt gt L U MY j 20,

i - 0 jep 0 Al

ip(t)=lpc+—= s %M +2  gel¥N (4)
2 k=1 k=1

DI
J2(N- VM- 1

w+]j ko and  the permissible operational range of the AC curodithe LED.

N the number of the subcarriesg,the -QAM symbols given bys=

Where u, =
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The generated signal at the output of the RGB €D
Pe (1) = ir() A hg(t) (5)

where pr(t) the power emitted from the red component of tliEDLand hg(t) its respective impulse
response. At the frequency domain the output sigaalbe written as:

Po(f)=1a(f)HR(f) (6)

uo N1 .
s a(f - fk)+3 s f+ 1) )

u, N-? TR ®)
Re(f)=locHo(0)d(f)+5 sH(fJa(t- f )+ = SHL f)d( # 1)
k=1 k=1
Converting the above signal back to the time domadrobtain:

P (1) = IFT{ Re( 1)}

u N-1 . UO N-1 . ) (9)
pR (t) = IDCH R(O) +-2 SkH R( fk) éZﬂfkl +-0 SkHR(' f;) -eJprkt

2 2 2 a1

Received Signal

Taking into account that the available channel badth is much larger than the LED modulation
frequency range the optical power at the receser i

Prec(t) =Cp (Y (10)

whereC is a constant determined by the geometric losstdube distance between the transmitter and
the receiver. The photocurrent generated at thpubwif the photodiode receiver is proportional e t
received powepred(t) and is given by:

irec(t) =Kpg(t) +n(t) (11)

wheren(t) is AWGN consisting of the thermal noise due te tleceiver capacitance as well as the
ambient light noise. The constdnencapsulates the influence of the channel, i.estemtC, as well as
the receiver responsivity. The estimated transohitgmbols are obtained through multiplication cé th
received signal by exg@ f.t) and subsequent integration over a symbol peride functions exp(-
j2 f.t) are orthogonal thus, the estimated symbols are:

T T
2 dtpe(y e/ 42

= —— dtf) ¥ 12
KTy He () o KTy H( ) o o -

Sm

Substituting (10) in (12) we get:
S =St M (13)
where
n, = 2 dtn(f) e 1% (14)
KTu, He (1)

is a complex random Gaussian process with uncoeckli@al and imaginary parts and zero mean value.
The variances of the real and imaginary compongfimsg, are computed by:
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2 = 2 = 2. = 2Sn
i =0 =) =B ®

with §, the one-sided power spectral density of the noiseponent(t) appearing in (11).
BER computation

The receiver computes the Euclidean distance betwseand each symbok, of the initial QAM
constellation and decides in favor of the nearest ¢n case of rectangular QAM €2%) the decoding
process of the imaginary and real parts of the syron be separated and considered as decoding two

independent PAM symbols from aMM -level PAM constellation.

In a VM -PAM system, the real pas,, of the symbol estimates,, is compared to/M -1 thresholds
positioned at the midpoints of successive amplitegtels. A decision is made in favour of the amyulé
that is closest tos,,.On the basis that all amplitude levels are equlillgly a priori, the average
probability of a symbol error is simply the probapithat the noise variabla,, exceeds in magnitude

one-half of the distance between levels. Howevengmw either one of the two outside levels is
transmitted, an error can occur in one directioly.ddence:

N- 1 1 ¥ -><2/(25,fmr N 1 d

(m) _ N-1 _ )
P P(ISw - Sul> dlz)_Tsm,@ 0 € de Q— (16)

TN

2s

mr

wherePy™ the probability of error at the real partsyf Given that the noise characteristics as welhas t
decoding process for the imaginary and real partdentical:

o _N-1 d

17
Si N Q Zsmi ( )
For rectangular QAM the distanceds2. The symbol error probability QAM is given by:
2
ml m) N - 1 1
P =1-(x A7)(2 A" 4 -1 @ (18)

mi, mr

The above error probability corresponds tortiffesubcarrier. Using (15), equation (18) becomes:

P 2

T|ku, He( £,)°
F?E(m) =1_ 1_ Q 1 - 1 _1 Q | L{J R( m)| (19)
5‘mi,mr 2Sn
SNR computation
The average power of the received signal is conapase
A
i} _ _4 »_2(M-1)
E, = Ev-oav =2E5 oau _W B (2k- J) I (20)
The signal to noise ratio for tid" subcarrier is:
E. ET|ky Hy( £)°
SNR=—=—21°2 Rt ™I 21
R, 52 15, (21)

m

The variance 2 is the sum of the variances of the real and inmginoise components computed in (15)

H 2_ 2 2
lLe. m=mi * mr -

The SNRper bit is derived by dividing theNR, of (21) by log(M). Thus (21) becomes:

. E Tlky Ho( £
ot = SNR_ Euom Ikt Hal 1) 22

" log, (M) 4log,(M)S,

The averag&NRper bit of the QAM/DMT system is computed by tremetric mean of th8NR,” per
subcarrier:
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1

SNR= () SN (23)

m=1

Taking into account the above analysis and usi@y &&d (20), (19) is rewritten as:

PM=1- 1 Q

TheH (W _ ) 4 g Jelogz(M) SNR -

S, (M-1)
The error probability computed in (24), refershe probability of error of the'" subcarrier. The average
error probability of DMT is computed as:
1 N-1 m
PDMT =mm21 Pe( ) (25)
Using equations (22) - (25), the average error godlty of the DMT signal is estimated as a funatiof
the averag&NR, of the QAM/DMT system. The derived results arevehdn Figure 33.
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Figure 33: Average error probability of the DMT s#d as a function of the average SNRDb for the a)bgdreen and
c) blue color

It can be deduced that for both the blue and teergcomponents, a $@verage error probability of the
DMT signal is observed for an averagBlR 14dB, 19dB and 24dB in the case of 16, 64 and @AM
levels respectively. A power penalty of about 1dih de noticed in the case of the red component.
However, it is interesting to note that in the ca$e¢he red component and assuming a constant power
spectral density$,, one should carefully choose the valuedNandM so as to achieve tH&NR, values

of both the green and the blue components. Thiseaattributed to the sharper transfer function tued
smaller 3dB frequency of the red component.

A5 LED Dimming

Dimming is an essential functionality of modernhlimg systems. In the case of LEDs, pulse-width
modulation (PWM) seems to constitute the most &ffecmeans of accurately controlling LED
illumination without incurring colour rendering tfie emitted ligh{109], [110]. In PWM dimming, the
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brightness of the LED is controlled by square-putsedulation of the driving current and by adjusting
the duty cycle of the pulse train. Sugiyama eflll], proposed dimming methods in the physicaétay
either by using PWM or by changing the modulati@ptti so that both brightness control and wireless
communication can be achieved at the same timar &pproach however is based on a subcarrier pulse
position modulation and is limited to a bit rate4o8 kb/s. In this section, the implications dueP\&WM
dimming in VLC systems, based on DMT, is discusdeds shown that PWM can cause significant
subcarrier interference rendering communicationassible, unless the PWM rate is larger than twhee t
frequency assigned to the last subcarrier. Theyaisalencompasses both synchronization and no
synchronization between PWM modulation and the Didveform. We also included additive noise
from, e.g., ambient light, in our BER analysis. &irthe system’s main functionality is illuminatiadhge
level of LED flickering arising from the combinatioof PWM and DMT was also investigated and was
shown to be negligible.

A.5.1 System model

The VLC system under investigation is illustrated=igure 34.

—1—)
Mapping 2| LED

i L t
Information | | bits to QAM |— S/p IFFT | x(1) y()
Source 1toM - g]

symbols

— M 120)

TPWIVi
PWM
—1— 7
Demapping j—2— v
P/S . b
QAM symbols wo Ll | FET 4—|>|
to bits A -

Figure 34: Basic blocks of a PWM-DMT VLC system.

Similar to the case of infrared links, intensity datation with direct detection (IM/DD) is used. THata
bits to be transmitted are converted into a seqiehsymbols, using a QAM constellation mapper. The
produced symbols are fed to a serial to parallé#?)8onverter and undergo an inverse Fourier toainsf
(IFFT) operation to form the multicarrier signdt). Notice that in this analysis we only deal withtf
transmission channels and that we do not inclugmidlg of the transmit signdlL12]. The generated
multicarrier signal is multiplied by a periodic PWplse trainp(t) with a duty cycle ofd = T/Tpwwm
whereT, is the duration of the PWM pulse afglyy is the period of the PWM signal. The dimming level

is determined by = 1-d. The resulting composite signdt) = x(t)p(t) is the driving current of the LED.
The transmitted signal(t) impinges on the photodiode receiver, undergoe§&Fh operation and the
resulting baseband signal is fed to a paralleleidak converter. The generated symbols are estinate
using appropriate detection schemes as descrilthe iiollowing subsections.

PWM signal

The PWM signal consists of a periodic train of pslswhose widths are adjustable, consequently
resulting in the variation of the DC level of thaweform. The period of the PWM sigrat) is equal to
Teww and for & t £Tpww p(t) is given by:

1 O0£t£T,

(26)
0 T,<tET,,

p(t) =

In Figure 35(a), a PWM signal is depicted for twifedent dimming factors, = 20% and = 80%. The
“on” time interval, Ty, in the case of 20% dimming is also shown.

The ratefpywy = 1/Tpwhm 0of the PWM signal has to be chosen with care. gh hialue forfpyy could result
in a large part of the driving current spectrummgyoutside the 3-dB modulation bandwidth of the LED
leading to inefficient current to light conversiefficiency. On the other hand, very low valuesfi@fy
may result in flickering of the LED light which tarn could give rise to significant health impaatimoth
humans and animaj&13].
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Figure 35: (a) PWM waveform, indication of the PWidriod (TPWM) and the on time of the LED (T1). Bddn
80% and 20% dimming. (b) PWM-sampled DMT signaltfer same settings.

DMT-PWM scheme

To compensate for the LED’s frequency dependenceltiple subcarrier schemes such as DMT
modulation can be used. When the DMT and PWM sgyaeé combined, the current driving the LED is
the product of the DMT and PWM waveforms. The r&iof the DMT symbol duration over the PWM
periodR = T/Tpwy Should not be made smaller than unity. In FigdsghBan example of a PWM-sampled
DMT signal with 32 subcarriersM = 32) and 16-QAM N = 16) is shown. The last subcarrier is
positioned affy.; = 500kHz and the symbols, are randomly chosen from the 16-QAM constellation.
Two dimming levels, 80% and 20%, are considered,thea PWM rate i$wv = 1MHz, corresponding to
a value oR = 64.

A.5.2 PWM-DMT performance analysis

To better understand the implications of PWM motlata we first discussed the spectrum of the
composite PWM-DMT signal and its implications oricker. We then calculated the signal-to-
interference ratio (SIR) and the BER obtained at bceiver. The results presented in this subsectio
were obtained assuming = 32 and that the last subcarrier is locateéi,at= 500 kHz. The symbols
transmitted on each subcarrier are selected frot6 a8QAM constellation. The normalized power
spectrum of the composite signél) is plotted in Figure 36(a) and (b) for= 80% and for the casés=

1 (fowm =fw1) andF = 2 frwm = 2fu.1) respectively. The factdr is defined as the ratfpyww/fy.1.

Light Flicker

The spectra were calculated numerically, randongleding the QAM symbols in each subcarrier
channel. As expected, the average power is loweth® dimmed signal. In the case whére2, the
power spectrum ahe driving current appears to be proportionah® driginal spectrum. This is not the
case forF=1, where there is significant distortion induced@ change in dimming factor [see Figure
36(a)].
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Figure 36: Power-spectrum of PWM-sampled basefliee-32 subcarrier DMT with 16 QAM scheme signal fo
pure DMT and 80% dimming for &ww= fu.. and b)fpwm = 2fy.1.
The above observations lead to the conclusion ithtite PWM ratefsywy is chosen to be twice the

bandwidthB of the DMT signal fewn 2B @2fy.1) then the spectral components of the PWM-DMT
signal will experience no aliasing. Thus, the spautremains unchanged in shape upon dimming, as

D4.6b: Roadmap to smart wireless optics in the home Pade(88)



ICT-213311, OMEGA 18 2011

suggested by Figure 36(b), and hencef if fownfu.e 2, One expects no interference between the
subcarriers. This is an important conclusion anidibvei used to justify the enhanced system perfooman
obtained fo= 2.

There is also another important implication regagdihe illumination performance of the system. The
optical power emitted by the LED is proportionatie driving current, and Figure 36(b) suggestsitha
the frequency regiméd,| < 200 Hz, where the human eye may sense optmakpvariations[114],
incorporation of PWM will not distort the spectrusfithe original signal. Consequently, PWM will not
introduce any significant additional flickering.

SIR estimation

The dependence of the SIR on the relative PWM-DBEEF is illustrated in Figure 37 and Figure 38 for

two different dimming levels, 80% and 20%, respeasii. Both figures illustrate the inverse of the

maximum and minimum SIR values, respectively, thare obtained from all subcarriers under

consideration. Figure 37(a) corresponds to the rgémase where the DMT and the PWM signals are
unsynchronized, i.e. there is a random displaceméetween the positive edge of the PWM pulse and
the DMT symbol. We refer to this system as “unsyoofzed”.

Figure 37(b) shows the values of the inverse SIRained in the case where= 0 (referred to as the
“synchronized” system). In the unsynchronized cabewn in Figure 37(a) and Figure 38(a), the
maximum and the minimum SIR values exhibit rapigcfliations with varying=. The inverse SIR is
reduced forF > 2, implying an improved system performance. Asven in the logarithmic plot the
maximum 1/SIR, i.e. the minimum SIR undergoes gribctuations in the same vicinity. The minimum
1/SIR undergoes strong fluctuations For 0.5.

Much smoother SIR variations are obtained in theckyonized system [Figure 37(b) and Figure 38(b)].
ForF 3 2 the SIR becomes infinite, implying the absenicpamalties due to PWM dimming. The figures
verify the previously drawn conclusion e.g. that thvel of interference fdf 2 2 is much smaller than
for F < 2. In case one has access to the undistorted Bigal on the transmitter side, synchronizing the
DMT signal can be achieved in a straight-forwarchmea. Therefore, fof 3 2, the combination of DMT
with PWM is both very simple and, due to the la€lnterference, very attractive.

@) _ O T O
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H\!M\l\ll‘lw.

Figure 37: a) Inverse SIR for unsynchronized sigmmla function of the relative frequency for 80%nling. b)
Inverse SIR for synchronized signal as a functiothefrelative frequency for 80% dimming
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(@) (b) T

Figure 38: a) Inverse SIR for unsynchronized sigrsak function of the relative frequency for 20% mhimg. b)
Inverse SIR for synchronized signal as a functiothefrelative frequency for 20% dimming.

BER

The SIR is a first indicative measure for the systeerformance. However, system performance is more
accurately described in terms of the BER. For &nialysis we resorted to Monte Carlo simulationsoTw
detection schemes are considered, a simple oner(&hA”) and a more elaborate one (scheme “B”).

In detection scheme A, the demodulated synshgls calculated as the QAM symbol closest fpi.e.
the symbol that minimizes }- =f°. Detection scheme A is subject to errors, eveiéncase where the
SIR is infinite because of the self interferenaenteln detection scheme B, a more elaborate apprisac
used: based on the symbol estimatg, we find the symbol s,, which minimizes

‘§$+ P(-2w,)/ P(O)( s,ntl)*- A;,‘Z. This detection scheme takes into account theirseifference term and

should produce no errors in the case of infinite.$lowever, it requires knowledge of the timingnas|
as the dimming level at the receiver in order tmpaoteP(-2 ) andP(0).
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Figure 39:BER for unsynchronized signal and detection schen89% dimming. b) BER for synchronized signal
and detection scheme 80% dimming.
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Figure 40: a) BER for unsynchronized signal and dietescheme B b) BER for synchronized signal and detec
scheme B. In both cases 80% dimming is considered.
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In Figure 39 and Figure 40 the BER is depicted &snation of the relative frequendy, for an 80%
dimming scheme for detection schemes A and BMdnte Carlo iterations were performed and the BER
values were calculated for each subcamiein the figures the maximum, minimum and mean aurfper
BER is plotted. Figure 39(a) and (b) correspondtite unsynchronized and synchronized cases
respectively. Both detection schemes exhibit alampierformance in terms of BER, achieving BERO

“for F 2. ForF < 2, the BER is prohibitively high in all casesdam significant benefit is gained from
detection scheme B. The above results imply thatreonication is only practical faf 2, i.e when the
PWM rate is equal or larger than twice the freqyefg of the highest subcarrier.

Incorporating ambient light noig&14], [115] the resulting mean value of the BER is shawRigure 41

for the synchronized system and detection schem@&nBSNR of 45 dB, corresponding to a transmit
optical power of 0.6 W and a noise power spectaisity of ~10" % z, higher than if115] was
assumed, and two dimming levels (80% and 20%) wensidered. As expected, the mean BER is higher
in this case, because of the introduction of thaitamhal noise but it still reaches low values e tregion
where the relative rate is approximately larger than 2.

— 80% Dimmin
I - == =20% Dimmin

~

Average BER

10°F

! ! !

L PSR T i I
0002040608101214161820222426

Relative Ratd
Figure 41: Mean BER for synchronized signal, debecticheme for various dimming levels with noise.

The above presented results demonstrate that leelcimmunication is only possible when the PWM
samples the DMT waveform at a rate faster thanewie highest subcarrier frequency of DMT. For
slower PWM rates, there is significant spectrabstig leading to prohibitively large subcarrier
interference. The same conclusions are derived emder the presence of ambient light noise. Sihee t
PWM rate should remain well within the 3dB LED baidth, the need to use a PWM signal twice as
fast as the frequency of the last subcarrier ulihyesets a limit on the amount of information thah be
transmitted over the system. The results also stidhat while there is no inherent need to syncla®ni
the PWM and the DMT waveforms, synchronizing DMTP{/M is making the BER performance much
less independent of clock jitter and the like.He tcase of “oversampled” DMT we also showed that
combining DMT and PWM does not increase the inheiteaker of PWM-dimmed light.

A.6 Coherent OW

Coherent optical communication systems recentlgiregl interest for indoor wireless communications.
Earlier research activities on coherent recepti@mewmainly motivated by the improved sensitivity of
coherent receivers over direct detection ones.KByedrivers today are the enhanced spectral efiigie
by using complex modulation formats as phase $@afing (PSK) and QAM as well as the ability to
access the full information of the optical fieldthre electrical domain. The latter offers the paiigy to
electrically compensate for transmission impairragnstead of using traditional optical compensation
techniques.

In coherent detection, information is extractednixing the incoming signal with a known referenae,
local oscillator (LO) signal. The optimal receisansitivity is achieved when the frequency and plds
the LO signal are locked to those of the transihitiignal, i.e. homodyne detectifhl 6]. Traditionally,
complicated optical phase locked loops (OPLLs) wesed for this purpose. Recent advances in analog t
digital conversion (ADC) technology enable the wéedigital signal processing (DSP) techniques to
demodulate high-speed optically modulated sigmatbé electrical domain, offering a dramatic redrct

in complexity[117] {119].

Contrary to traditional PLL systems, DSP requirely phase tracking instead of phase locking ang@ha
or even frequency fluctuation of the free-runningdl oscillator laser are compensated for in thyitali
domain. Feed-forward phase recovery techniquesahtime are more widely used as they are easier to
implement in the parallel architecture of digitadrel processors and allow for non causal filterihg
addition, since coherent detection maps the ewoftical field within the receiver bandwidth intoeth
electric domain it maximizes the efficacy of thegrsl processing. Recent experimental results,
demonstrate detection of a 100 Gb/s optical sigithl very good sensitivity120]. These results indicate
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that coherent detection is a promising choice fatical wireless networks where a large bandwidtth an
low transmit power is requirdd 21].

A.6.1 Coherent IR system

Figure 42[121], shows the coherent optical wireless IR systender investigation. A PSK modulator
imprints the signal on the optical carrier emitteda laser source. The emitted light is collimased
then it uniformly illuminates the coverage areashswn Figure 42. Such even illumination might be
achieved with a holographic diffusg22].
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Figure 42: Coherent optical wireless system emptpyircollimator and a holographic diffuser to inGea&overage
areal¢[122].

A.6.2 PSK modulation

The electric fieldg(t) of the laser source can be written in complexatioh by[123]:
E, (1) = Eo exp{ j( 2 fot +, ¢)} 27)

WherekE; is the optical field amplituddg is the carrier frequency ang(t) is the laser phase noise. For a
narrow linewidth source,q(t) can be regarded as constant within several bibge and by appropriately
choosing the time reference we can assume ¢0. The amplitudé,, of the optical field is related to
its peak intensity vite=E,>/2 , where is the wave impedance of free space.

Assuming arM-level PSK modulation, the transmitted electri¢eld signal becomes:

+

s()=E(Y) Z s/t qT) (28)

q=-

In (28)p(t) andT, are the PSK pulse and symbol duration respectiélg symbols, are chosen from a
M-ary PSK constellatiod? "/M whereM is the PSK level anthis an integer Im M.

A.6.3 Coherent IR channel model

As depicted in Figure 42, an optical concentragarsed to provide a larger reception akga[124]:
A cos(q,)

~ sin’(q)

whereAqis the detector physical areg,the angle of incidence with respect to the receases, . the
receiver FOV ana the refractive index of the optical concentrator.

At (29)

Assuming that a perfectly collimated beam was tratisd, the electric field reaching the photodetect
is given by:

E ()=Eoen{i(2 G-k} st alF EQ (30)

Whered is the distance between the transmitter and theivec k the wave number given b2 /
being the wavelength of the optical source &yd) the electric field associated with the ambieghti
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noise. Based on irradiance considerations, thestnéted optical powepP,, is related to the received
optical powerP, through[125]:

P P
L= (31)
A:ov Aéff
the coverage area depicted in Figure 42 is defined.,, = 2tarf . whereH is the vertical distance

between the transmitter and the receiver. The sitienf the received electric field is= 42 and it is
defined as the received power per reception Bri#gy. Taking the above considerations into account and
using (31), the amplitude of the received electiédd is related to the originally transmitted aati

power via:
R
Eo :,/th (32)
A.6.4 Homodyne detection

At the receiver, a homodyne detector comprisingda @ptical hybrid circuit followed by a balanced
photodetector similar to the one employed1@6] is considered. The corresponding block diagia
depicted in Figure 43.

Figure 43: (a) Schematic diagram of a coherentcaptieceiver employing a 90° optical hybrid and thalanced
photodetectors.

The received and LO fields are linearly polarizedorthogonal directions. One of the polarization
components of the LO is phase shifted by theplate and is then combined with the signal athhlf
mirror. A polarization splitter splits the polartn components of both fields and each polarizai®
guided to a photodiode. Following the path of tiedds, it can be shown that the AC components ef th
currentd; andi, are determined by:

=2 RYELLE ) + & REELE) +47 + 4 33

i, =2K IM{E/,E} +2K Im{ B, E } + 1% + 14 413

where the asterisk denotes complex conjugatigh,andn,® are shot noise components whiké” and
n," are thermal noise components. The contaiRAs/ /2 is determined by the photodiode effective
areaA¢ and responsivitRR. In the absence of noise, by substituting in andan be easily shown that
i1=2Kcos( o~ ;) andi,=2Ksin( o- ;) where o and , are the phases of the received and the LO signal
respectively. Both current components are sampiedfed to DSP circuits in order to estimate thesgha
difference and demodulate the data. For more datgjarding the phase estimation using DSP thesread
is referred to{118] and[119]. It should be noted that the channel induadditional phase termjkel
could be eliminated using appropriate DSP techrsignethe absence of noise. However, in practical
systems this is not the case and noise may indesmeEres errors in the phase estimation process. i§o th
end, block window filtering or Wiener filtering sgsns have been proposed [027] and [128]
respectively.

Assumings, was transmitted, the signal that will be usedttiersymbol estimation is:
r=i +ji, =Hs, +n (35)
where the channel coefficiei=2R(P oPrA«/Ac)2 and the noisen incorporates all three noise

components appearing in (33) and (34). The datisio which symbol was transmitted is made by
minimizing the decision metric obtained for maximlikelihood sequence detection.

A.6.5 Noise characteristics
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Inspecting equations (33) and (34) reveals thatethere three types of noise components to be
considered. The LO- and signal-induced shot notbesthermal noises and the ambient light n&ge
enhanced by the LO power:

n = 2K R E, Eo} + 4" + 1 (36)
The power spectral density (PSD) of the signalsnthérefore:
S(f)=2RP, $™( §+ S"( J+ S( ) (37)

where 2™ s and S*" are the PSDs of the ambient light, the thermal simot noises respectively
[129]{130]. To calculates™ and S*” we take into account that the balanced photodamteprises of
two identical photodiodes connected in series, lictv case the one-sided PSD of the thermal and shot
noises are twice that of a single diode, i.e.

sP(f)=8kT /R (38)
SV ( f)=4qRP, (39)

In (38)-(39),q is the electron chargdy is the temperature measured in Kelkg,is the Boltzmann
constant whileR_ is the load resistor. Also, we have ignored thet sioise of the received signal, since
its power should be much smaller than that of thesignal. A similar equation holds for the PSD luf t
noise component,. To estimate the noise powaf=<n,*> of n; we simply multiply the total PSD given
by (37) with the bit rat®,. It is easy to show that the noise powge<n,”> of n, is also equal to,%

A.6.6 MIMO coherent optical wireless systems

The description of a coherent MIMO optical wirelessstem is a straightforward extension of the SISO
case presented previously. A block diagram of a 2eerent system is depicted in Figure 44. The
polarization control units are used to ensurettt@signal incident on each receiver and the L@aigre
linearly polarized in orthogonal directiofs31].
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Figure 44: Block diagram of a 2x2 coherent optigatem.

In the general case, whexg transmitters andll; receivers are assumed, the optical power at each
element isP;/Ny. At thel™ receiver the electric field is:

EO ()= W +E) (40)

p=1

whereE,*(t) corresponds to the signal reachingltheeceiver from the™ transmitter and similar to (30)
, it is determined by:

() = g(°) exp{ j(ggfot- kdp,)} ¥ 2t q) (41)

In (41), the field amplitude IBX"'=(2 Pr™/A*)*andd,, A, PR is the distance, the effective
detection area which is again given by (29) and¢leeived power for the transmitter/receiver pair i
question, whiles,” is theq" symbol transmitted by th@" transmitter.

D4.6b: Roadmap to smart wireless optics in the home Page(88)



ICT-213311, OMEGA 18 2011

Alamouti for coherent OWS

A very simple and effective scheme for two transanitl a single receive antenna element achieving
diversity order two was introduced by Alamo[i&B2]. At a given symbol period i.eg=1, two symbols
are simultaneously transmitted from two antenn&® Jymbols transmitted from the first and the sdcon
antennas are denoted b ands,” and are related to the SISO symbols througf'=s, ands,®=s,.
During the next periodgE2) the symbols transmitted by the two antennasére[-s,]” ands,?=[s,]".
The received signat,”(t) which is determined by (40)-(41) is combined vl LO signal at the optical
hybrid as shown in Figure 44. The currents atsyrametric photodectors are again given by (33)-(34)
Inside the symbol duration correspondinggtel, one combines the photocurrentandi, to obtain the
received signal in the DSP circuit as

(1)

rl(l) =i1) +i (21)j =H 5, +H ;5 2+n(? (42)

wheren@ is the additive noise component at ieeceiver, corresponding to th# bit duration and the
channel coefficients are given by:

(P1)
Ro R Ax ko~ 10)

H ol =2R W (43)
Following exactly the same procedure one can catleuihe received signal g¢2,
r? =-H,s,+ H,s+ ¥ (44)

The PSD ofn,@ is again determined by (37). After some manipatatiequation (42) and (44) can be
written in a matrix form:

r® s n®
oV - H oY (45)
() s (n?)
where the matri¥ is given by:
H= Hu M 64
H21 - H11

Multiplying both sides of (45) by the Hermitian adjt matrix ofH, one obtains the estimates of the
transmitted symbols:

S o, 8 ()

+ ] 47)
S S (Hun? +H)

where || is the norm of the matrid andl, a 2x2 unitary matrix. Equation (47) shows thabiider to
obtain the symbol estimates at the receiver, thawedl coefficientdd;; andH,; must be known. The
simplest way to estimatel;; and H,;, is using training sequencé$33]. Recently, a blind channel
estimation technique has been proposed for Alamgpde time block coding (STBC) radio wireless
systemg134].

Using (47) one can derive an approximate closech formula for the BER in the case lgflevel
PSK modulation:

2
p>t = 2 Q \/Zsinz ﬁ log, M"H”

= LA 48
¢ log,M s? (48)

whereQ(X) is theQ function and ? is the total noise power calculated by multiplythg total noise PSD
given by (37).
In case of a 2x2 Alamouti system, (48) is stillid#abut the matrixt in this case is given by:
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H11 H21
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Figure 45: Theoretical BER formula validation usingife Carlo simulations.

The approximate BER expression described by (4&) weaified performing Monte Carlo simulations.
The results shown in Figure 45 are obtained for2the configuration of Figure 46(b) for various rees
positions. The distance between the receivers uslep 1m and the total transmitted optical poveer i
20mW while the LO power is selected 5 mW. For thenké Carlo method f@erations were performed,
thus BER values higher than 1@ould be accurately computed. It is observed thatBER values
obtained using Monte Carlo exactly match thosevedrby the analytical formula. It is therefore deeid
that (48) provides accurate BER results and it béllused throughout the following section in ortter
evaluate the performance of BPSK Alamouti 2x1 ax® 2/stems employing homodyne detection. In the
case of the SISO scheme (48) still holds provided bne replaces the channel gain mattiby the
scalar gairH that corresponds to the single SISO channel.

A.6.7 Results and discussion

In this section, the performance of the two Alam@&@IEBC schemes (2x1 and 2x2) is investigated in
terms of coverage and bit rate performance comptuettie SISO scheme for a coherent IR indoor
wireless system.

System setup

The system under investigation is located withiroem of dimensions 6 x 6 x 3 m like jb#21]. The
SISO configuration, depicted in Figure 46(a), ergplone transmitter located at the centre of thingei
pointing downwards ¢-direction) and one receiver which is located glame 1m above the floor. The
figure illustrates the various receiver positioesgidered in the calculations. The transmittersleysul
in the 2x1 and 2x2 schemes are positioned on tliagceach at a distance equal to 0.1m from thdreen
of the ceiling, along the main diagonal of the roasnis shown in Figure 46(b). The spacing betwhen t
two receivers of the 2x2 scheme was selected fiodre, small enough so that the two receivers cbald
easily integrated in the same end-device. In @teys, the receivers are pointing upwardsdtection).
The receiver field of view was choseg52°, large enough to provide coverage in at least 0%e
receiver positions in the SISO configuration. Eaeteiver is a pin photodetector of aka=0.176mm
with an optical concentrator of refractive index1.85 and responsivity factd?=0.9A/W, while the
optical filter has a bandwidth = 50nm [121]. The placement of the transmitters in the NIM
configurations was carefully selected after exangrdéeveral transceiver configurations.
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Figure 46:a) Transmitter position for the SISO scheme. lanEmitter position for theX2L and 22 STBC schemes.

Coherent Optical Alamouti performance

Using the equations outlined in the previous sestitie BER for all three configurations was obtdiae
multiple receiver positions. A BPSKME2) scheme was considered and the LO power waPB, seb
mW. The average total transmitted powerPis=20mW and the bit rate is taken Bt{=1 Gb/s. The
transmitters employed in the STBC schemes emitthalpower than the transmitter employed in SISO.

In order to proceed with the BER evaluation, oneusith first compute the noise power at the receiver.
According to (37), the total noise PSD is calcudats the sum of ambient light, thermal and LO shot
noise. Computing the PSD of each contribution sepdyr it is deduced that the dominant noise soirrce
the system under study is the LO shot noise wig6® of @3 pA*Hz whereas the PSD of the ambient
light noise and the thermal noises calculated éenslime way as if135] turn out to be®.005A* Hz and
@pA* Hz respectively.
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Figure 47: a) log(BER) distribution throughout the room for the a6l scheme. b)* Alamouti STBC and c)
2x2 Alamouti STBC.

In Figure 47(a)-(c) the distribution of IgBER) for the SISO, 2x1 and 2x2 schemes respeytigel
shown for various receiver positions. It is obsdrtkat both STBC systems outperform the SISO in
terms of BER performance. Indeed, even at recepasitions which are favourable for the SISO
configuration (e.g. near the centre where the St&@smitter is right on top the receiver), the BERtill
much higher than that of 2x1 and 2x2 systems. l@R2&2 case, the BER is sufficiently low to ensare
robust communication link. An illustration of theowerage achieved by the three systems under
investigation is provided in Figure 48. Figure 4&fapicts the percentage of receiver positions aties
BER is higher than a given value BERuoted in the horizontal axis. It is apparent tthet STBC
schemes significantly improve the coverage of thetesn. More specifically, the 2x2 scheme offers a
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BER of at least 18 at more than 50% of the possible receiver pogitiarthe room. In the 2x1 case, the
coverage is worse and a BER of at least is0achieved for almost half of the receiver posi§i. For the
SISO scheme the BER values in most receiver pasitis higher than 10 We also consider another
configuration using narrower FOV transmitters, #€°, and a larger distance, i.e. 2.5m, between the
transmitters. The results concerning the coverddheosystem are shown in Figure 48(b). It is obser
that both orthogonal STBC (OSTBC) schemes offeE® Bf 10° or less in 45% of the receiver positions
whereas the SISO offers the same BER value rangenly 25% of the room. The figure clearly
illustrates the benefit of MIMO techniques in cagr@roptical wireless systems.
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Figure 48:Portion of the room where the BER is equal togiven values for (a) FOV 52° and transmitter dis&@.2m and (b)
FOV 40° and transmitter distance 2.5m.

The three systems were also evaluated in termisechthievable bit rate. To this end, the maximuim bi
rate was computed for the various receiver postiassuming two target BER values, namely a6d
10°. The results are depicted in Figure 49 and Figlreespectively for a FOV equal to%2ccording

to Figure 49(a) for the higher BER target (ZL&the SISO scheme can reach data rates as hiyp@b/s
while in less favorable positions the achievedrhte is between 0.2 and 0.4Gb/s. The use of STBC
schemes increases the maximum bit rate to 1.5 @hds 3 Gb/s for the 2x1 and 2x2 schemes
respectively.

Figure 50(a) shows that imposing a lower targetiwaln the BER (=1f), the SISO scheme achieves a
maximum data rate of 0.3 Gb/s. The 2x1 schemehesaa maximum bit rate of 0.6 Gb/s while the
introduction of an additional receiver proves toabgreat benefit for the system under considenadi® it
manages to achieve a bit rate higher than 1Gb#s.ablove results again demonstrate the superidrity o
OSTBC in comparison to SISO schemes for gigabiteoatit IR wireless systems both in terms of
coverage and of bit rate.

a) b)

Figure 49: Maximum logy(bit rate) value throughout the room for the a) SI&heme, b)*2L Alamouti STBC and
c) 2x2 Alamouti STBC when a BER of £0s assumed.
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a) b)

Figure 50: Maximum logy(bit rate) value throughout the room for the a) SI&heme, b)*2L Alamouti STBC and
c) 2x2 Alamouti STBC when a BER of s assumed.

It is shown that coherent optical systems take aidhgge of the diversity gain offered by OSTBC. These
techniques can be used to increase the capacitpoludrent optical wireless systems, improve their
coverage and decrease the required optical powtearansmitter. In an effort to further enhanice t
performance of indoor IR systems the use of masa tivo transmit elementsi{>2) would constitute an
interesting and viable solution. Such arrangemeaitsd further alleviate the high power requiremeaits
IR systems. Important implementation issues to id@nsn these systems are the polarization comtfol
the received signal as well as the estimation efctiannel coefficients required in symbol demodiortat
These issues should be the subject of future ilgag&in.

A7 Conclusions

Taking into account the previous remarks it cardeduced that OW may under certain conditions repthe
dominant RF systems in future HANs. The abundariagncegulated bandwidth at optical frequencies #ed
low-cost components employed in OW systems renderldtter a very attractive choice for realizingraul
broadband networks. The surveys described in Se@&ioevealed that cost is an important aspect imeho
network deployment and this of course favours the aof LEDs as transmitters. LEDs are much simgilant
laser diodes and come at a fraction of a cost. Hewave demonstrated that many of their propediesnot
well understood and took a new look at the propsrtf LEDs which are important from a telecom paoifat
view emphasizing that existing models fail to fudlyplain our experimental results both in the Imaad non-
linear regime. A technique to suppress the LED ineal noise was introduced and a coarse waveleatiggion
multiplexing scheme was proposed as a means tdesttab delivery of “triple play” services from VL{inks
employing RGB LEDs. Since dimming is an importamdtionality of every illumination system, we dissed
how it can be incorporated in VLC systems.

The main challenges of the current IR systems la@ehtgh path loss, the intense ambient light naisé the
small coverage area. Finally, motivated by the éased sensitivity as well as the ability to incecasita
throughput using phase and frequency modulatioscilemes with coherent detection, we investigated th
prospects of using coherent receivers in IR liffkee performance of a coherent detection scheme io@ahlo a
suitable STBC technique, i.e. Alamouti scheme, exaduated in terms of coverage area and throughput.

In our effort to give a brief account of the prosiseof many interesting concepts in the field oficad wireless
the following conclusions were reached:

The low modulation bandwidth may limit the dataer#éttat can be offered by optical wireless systems
using LEDs necessitating the use of advanced mbidnldormats. Spectrally efficient modulation
schemes such as multilevel pulse amplitude moaugiPAM) and QAM on DMT can provide higher
data rates
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Non-linearity in LEDs may be a degrading factominltiple subcarrier modulation formats

The simplest way to investigate the impact of LEDnlmearity on the performance of a
multilevel/multisubcarrier is to ignore both theduency dependence of the LED and the clippingeffe
and to fit the I-P curve with a polynomial. The ided polynomial coefficients can be used in order t
estimate the strength of the intermodulation présluc

Analytical formulas can be derived allowing theirestion of the non-linear crosstalk on each
subcarrier when the total number of subcarrier nklnand the number of quadrature-amplitude
levels is known.

The performance of such system is degraded asuthber of subcarriers is reduced or higher QAM
modulation is used

For a more general and complete investigation friésguency dependence of the LED transfer function
should be incorporated in the model. The traditioate equations approaches for system design prove
inadequate. Hence, on should resort to the udeedfolerra series approach

Proper subcarrier allocation and a decision feddbgstem are proposed as two techniques that r@tiga
the nonlinear crosstalk noise.

The allocation technique manages to totally elinartae LED nonlinear noise f@NR (Signal to
Noise Ratio per bit) values away from the errobfloange. This comes at the cost of halving the
data rate rendering this technique suitable fotesys with low QAM levels.

The feedback technique can significantly improve gerformance of the system but it cannot
totally suppress the nonlinear noise. It is algergsting to note that the improvement in the syste
performance decreases as the QAM levels decreases t

Dimming is an essential functionality of modernhlimg systems. In the case of LEDs, pulse-width
modulation (PWM) seems to constitute the most &ffecmeans of accurately controlling LED
illumination without incurring colour rendering tife emitted light

Reliable communication is only possible when the NP\6amples the DMT waveform at a rate
faster than twice the highest subcarrier frequarfdyMT.

While there is no inherent need to synchronizeRWéM and the DMT waveforms, synchronizing
DMT to PWM is making the BER performance much lieskependent of clock jitter.

In the case of “oversampled” DMT we also showed #@mbining DMT and PWM does not
increase the inherent flicker of PWM-dimmed light.

Coherent detection may be used to improve the pdwelget of IR-based wireless technologies.
Unfortunately, the need for an LO at the receiveanes with an increased cost. Further techno-ecanomi
study is required.

MIMO techniques are of interest, especially in toderent optical wireless channel and can be wsed t
improve the coverage, while at the same time lthetoptical power requirements.

First attempts to enhance the rather limited baddwbf RGB LEDs were performed. This can be
accomplished by separately modulating and multipigx{coarse wavelength division multiplexing —
CWDM) the three color components. The first resatts as follows:

An experimental characterization of RGB LEDs weeef@rmed

The available 3dB bandwidth of both the blue arel gheen color is roughly 25MHz with small
deviations from one color to the other. On the otiend the 3dB bandwidth in the case of the red
color is much smaller (~1.8MHz). Hence, the recbcd the main candidate for voice transmission
in a triple-play scenario.

Closed-form formulas were derived for the signahdise ratio and the bit error rate of each cofor a
well as of the whole system.

In the case of the red component and assuming stao@npower spectral densitg, one should
carefully choose the values NfandM so as to achieve tH&NR, values of both the green and the
blue components.
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