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Abstract

This deliverable provides an overview of the statethe art of optical wireless (OW) communicatioits.

includes an overview, application scenarios, anec#jc requirements for OW. Two different typesystem ar
considered specifically: VLC — Visible Light Comnwation and IRC — Infra Red Communication. Theest]
the art presented in this document provides a fatind for the specification of the OMEGA opticakeless
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system, which will be specified in Task 4.1.
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Executive Summary

The OMEGA project will use infra red and visiblghi to provide optical wireless communicationspag of
the overall physical infrastructure. In order toreatly specify these systems a survey of the siftiee art has
been undertaken and the results are presented here.

Two distinct types of system are surveyed. In&d-©ptical Wireless (OW) communications is an disthbd
area of study, and the work in OMEGA aims to cré&ivé/s class systems that use near IR wavelerigths
communications. Visible Light Communications (VLiS)a new area, and uses white light provided biglsol
state sources that are normally used for genduatithation.

The aim of the document is to survey the curreatesdf the art in both these areas, including ¢ésearch and
industrial activity, results achieved so far, aslas a review of the components and subsystemshend
challenges faced in achieving high data rates.

The deliverable is divided into several sectionsa@er 1 introduces the topic, and chapter 2 ptesen
requirements for OW systems, including typical eowiments and quality of service aims. The remaining
chapters present the technical aspects of themysteluding the choice of wavelength, components a
subsystems. In addition requirements for the Medharess Control (MAC) layer and techniques to aghie
this are also presented.
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1 Introduction

The OMEGA project aims to use optical wireless camioations to provide a Gbit/s communications nekwo
using infra-red wavelengths, and 100Mbit/s commatidns using Visible Light Communications (VLC). 8de
are perhaps the most demanding specification$éset types of system set so far.

Point to Point communications in outdoor environteeis well established, with a number of commercial
ventures providing systems for Gbit/s over rangésaveral hundred meters, as well as communications
between satellites. However, indoor wireless systeme more challenging, with a requirement to mlevi
coverage, as well as data rate. The wide fieldi@fvwequired for robust indoor coverage makes tlsgstems
considerably more challenging than their outdoamterparts. In addition this must be achieved wihiiseting
the most stringent eye safety requirements.

There are a small number of indoor applicationg tise optical wireless communications. Infra rechote
controls, and devices that communicate accordinfpednfra-Red Data Association (IRDA) are in widesad
use and these are the largest area of applic&ipally there have been a number of high-speedtpgoipoint
link demonstrations, and products. A high-data rexample is the Luciole link by JVC. This providas
1.5Ghit/s link for uncompressed High Definition Tahd uses a line of sight link with a tracking daifity.

Although there are a number of point to point ldgmonstrations, a successful OMEGA project wilkespnt a
substantial improvement in the state of the arit agll demonstrate an optical wireless networkthea than
simple point to point connections. This documeritines some of the requirements for optical wirel@sthin
the project, and the technologies and techniquaitadle to meet them.

2 System requirements

2.1 Data rate requirements

Figure 1 shows the increase in requirements fora daansmission, and those available using
representative communications standards (baseder2.11 WiFi standards). It can be seen that ddma
continues to grow, with a requirement for Gbhit/galéss communications, a demand that OMEGA aims to
meet. For more than a decade, the data rate ewoligti WLANs — Wireless Local Area Network has eased
rapidly and does not seem to have obtained its pwte1 The success of equipment based on the IEEE
802.11(WiFi) specification shows the demand fos tigpe of connection.

Trends in data rates for indoor wired and wireless access techniques
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Figure 1 : Evolution in data rates (source : Orang&Vhite Paper)



2.2 Typical indoor environments

A survey of the size and number of rooms in typidakllings across Europe, using data from ad-hoc
surveys, or larger national data sets. A presemtaif the results for each country is now set auhe Omega
project public document: D1.1 Final Usage Scenagpsrt.

2.3 Key parameters of for determining quality of servie (QoS)

Any optical wireless system must be able to progidemunications with an acceptable Quality of Smrvi
(QoS), and several of the parameters that deteritiise are described now in the Omega project public
document.: D1.2 Requirements, Architecture & Toggl&eport.



3 Optical wireless systems: introduction and physicalayer

The OMEGA HWO systems will use (i) High-speed Liok Sight (LOS) links to provide Gbit/s class
transmission capability and (ii) Visible Light Comnications to provide information broadcasting at
100Mbits/s. This chapter reviews the available congmts, wavelength of operation and impairmentsveeit
to this work. A number of the key components anchpeeters for optical wireless systems are desciiié¢de
following section.

3.1 Introduction to IR communications

Any optical wireless (OW) system consists of a sraitter, which emits modulated optical radiation
corresponding to the input data. Light then propegyghrough the channel and an optical receivezctietthe
modulated radiation and recovers the original data.

IR based optical wireless systems use a numbeiffefeht topologies, and the performance available
dependent on the propagation and type of systenh 0de basic system types fall into diffuse or lafesight
systems. Figure 2 shows a diffuse system. A sdllurainates a wide field of view and radiation satered by
the internal surfaces of the space, much as ligint famps. This creates a large number of pathm fource to
receiver, which makes the system robust to onéerhtbeing blocked. However, the path losses are gl
multipaths create inter-symbol interference (I81)RF systems it is possible to overcome ISI usimgti-carrier
techniques and signal processing, but the very ImiHoss of diffuse channels makes it unlikelatldata rates
of 1Ghit/s can be achieved in the near future.

The first optical wireless data communication sysfgoposed by the authors Gfeller and Bapst [GFE
79] was a diffuse infra-red system operating atual®%0nm and 1Mbit/s, and the fastest ‘pure’ diéfisystem
reported is a 50Mbit/s system reported by Marshlgalan[MAR96]. Quasi-diffuse systems illuminate thalls
and ceiling with controlled illumination, and useexeiver that only accepts radiation from a limhitange of
angles. This aims to combine the robustness ofdiffese system with high data rates. Figure 3 shtves
geometry of such systems. Such a geometry was fdigposed in [YUN 92], where multiple sources that
illuminate the ceiling are used in combination watle used in conjunction with an array of narr@idfof view
receivers that ‘see’ one spot which is not dispersis all the path lengths from transmitter to inexreare close
to the same distance. This paper introduced theegiirof the imaging receiver to achieve this funtiThere
are many later examples using this principle (seénstance [DJA0O]).

N

Figure 2: Diffuse Link
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Figure 3: Quasi -diffuse link

Line of sight systems do not suffer impairmentsrfrihe channel other than geometric loss, and tiseme
ISI. The geometric loss and transmitter and recdiedd of view determine the link budget and ashle data
rate, and in general the narrower the field of vikerhigher data rate is achievable. Figure 4 agdré 5 show
the geometry for Wide LOS (WLOS) and Narrow LOS (D&) systems.

Figure 4: Wide Line of Sight (WLOS) Link

Figure 5: Narrow Line Of Sight (NLOS) Link

However, such narrow links do not provide coveragel cellular systems use a number of LOS linkzréwide
coverage and high data rates. Figure 6 shows andgddar geometry. Several approaches have bdem t@
implementing the multiple element transmitters egxkivers. In [PAR 01] and [WIS 97, OBR 03b] an gimg
approach is taken. An array of sources is imaged tange of angles, providing a cellular coveragtepn
within the desired coverage area. The receiver asdstector array, where radiation from differenglas is
imaged to particular elements of a detector arrayés approach allows the multiple channels reqguie be
implemented using monolithic, albeit custom, comgde and is illustrated in Figure 7. The alterrativ
approach is to build an angle diversity system tis#s individual sources and detectors that asnged to
point at different angles to provide the necessamgerage. Such angle diversity receivers are de=tin [CAR
00] and shown in Figure 8. Both these systems sfrffen blocking, and appropriate geometries mustiged in
order to minimise this, including multiple basetistas addressing individual terminals.

11



Figure 6: Cellular geometry

N V7

P-C=P-8

Figure 7: Imaging receiver

RX

RX

Figure 8: Angle diversity receiver

In the context of OMEGA diffuse propagation is rieasible for the high data-rates required for tRe |
system, and channel modelling reported for the \8iy6tem also indicates that the effect of diffusgppgation
in this context is small.
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3.2 Introduction to Visible light communications

Visible Light Communications (VLC) uses modern dediate lighting to broadcast information. Most
approaches use high-power white LEDs (althoughetlage some efforts with fluorescent light [TAL])hfse
sources can be modulated at high-speed (compartbdottier lighting sources) and are predicted toobec
widespread in general lighting applications.
The pioneering work of the Japanese VLC consor{MbC] has led to widespread interest within theeash
community, leading to the formation of an IEEE stgploup for VLC standardization [HAR 08]. The pattiar
appeal of VLC lies in the fact that the same samrcan be simultaneously used for both lighting dath
transmission.
VLC can provide information broadcasting within rgg§public areas (offices, airports, trains, railwstations,
conventions...), or high-speed downloads to mobiliads (PDA, phone,...), and other appliances. Theofise
LEDs for traffic signals and automotive lamps addfers the potential for VLC in the area of intgént traffic
systems.

Research efforts of the group from Keio Univergityeneral assume a VLC system consisting of RGB
LED lamps positioned suitably on the room ceilitgcreate lighting levels that meet typical offitemination
standards (as illustrated in Figure 9). Within #w@pe of their work, they have investigated theppgation
effects in the VLC channel that lead to degradatibrthe system performance, such as multipath dispe
[TAN 01,FAN 02,KOM 04a,KOM 04b] or shadowing [KOM40]. Consequently, various approaches, such as
application of different modulation formats (RZ-OGiKRd OFDM with BPSK in [TAN 01], PPM in [FAN 02]),
transmitter and/or receiver with narrow FOV in conabion of tracking (in [KOM 04a,KOM 04b]) were
suggested to mitigate these effects. However, tbdigted transmission rates reported in these pgjeey. 400
Mbit/s with OFDM in [TAN 01], or even 1Gbit/s in [BM 04b]) lead to believe that the modulation barcttvi
of the signal is an order of magnitude of 100 Mi#hjch seems to be very questionable for a systetm wilite
LEDs without equalization. In [KOM 04c] it was amglithat with several LED lamps distributed on th#img,
shadowing is not a problem for high speeds (~80@s)bi

Figure 9: VLC system utilizing white LEDs in an indoor environment [KOM 04].

Improvement of system performance in environmerith WS| by the use of equalizers was investigated i
[KOM 05]. Simulated NRZ-OOK signals (at 100Mbit&hbit/s) were used to evaluate the potential of an
adaptive equalizer with a Least Mean Squares (L®I§)rithm. The simulation results showed that beiR
(linear) and Zero Forcing —Decision Feedback Egeadi (ZF-DFE) are effective for rates of up to abou
400Mbit/s, whereas ZF-DFE was found to be moreabigtat higher rates.

An OFDM-based system for VLC was also investigatethe University of Bremen. In [AFG 06], a datéeraf

8 kbit/s (without pilots or synchronization overbg¢avas demonstrated over a distance ~1 m, whenB IEED
was intensity modulated by an electrical OFDM slgndnere each electrical sub-carrier was QP SK-neneul
They also showed the influence of different noisarses (sunlight, fluorescent light) on the BERmpared
with a low noise case such as a dark room. In [EIZEG a similar system was considered, and this pded
sub-carriers to correct frequency synchronisatioors, training sequences for channel estimatioth time
synchronisation routines. Forward error correct{iC) coding was used. It was shown that for COFDM
(coded OFDM) with QPSK modulation and a single Lis time however a blue chip with phosphor), &BE
of 2e-5 was achieved for a distance of 90cm betweamsmitter and receiver. Nevertheless, higheerord
modulation formats still resulted in a worse BERe®or significantly shorter distances (60 cm).vwHs not
feasible to use 64-QAM with respect to the eleatrsubcarriers).

Another demonstration of a VLC link using a whitE as broadcast emitter was reported in [LOP O6gre a
data rate of 500 kbit/s was achieved using a putsition modulation (PPM) scheme. Work reportefiGRU
07a,GRU 07b] also considered the widely availabtetev EDs consisting of a blue LED chip and phospho
layer. It has been shown in [GRU 07kt the impact of the long response time of thesphorus component

13



on the LED modulation bandwidth can be mitigateddbtection only of the blue peak of the emissioecsum

of the white LED. The resulting modulation bandwids then approximately 15-20 MHz, i.e., an ordér o
magnitude larger than when no filtering is madee (Bgure 10). Similar to work in [TAN 01,FAN 02,KOM
04a], and [KOM 04b], the potential for high speadduricast using OFDM-signals (which intensity mathu
LEDs) as well as M-PAM modulation were evaluateidaBations performed in [GRU 07&jve shown that the
achievable rates are comparable for both technigudsare in the range of several hundreds Mbits/sr(the
distances of 1.6-4 m), due to the very strong LO&e channel (when using typical illumination IsyeThe
proof of concept is reported [GRU 07b], where 40itkdbwas achieved with NRZ-OOK, and 100 Mbit/s with
OFDM. In this case the power of the high subcasrieas adjusted to pre-compensate for the non-ideal
characteristic of LED modulation bandwidth up toNBiz.

Figure 10: Modulation bandwidth of a phosphorescentvhite-light LED without (dashed) and with (solid)
filtering, [GRU 07a].

Simulations aimed at the optimization of the LEBtdbution on the ceiling were reported in [DEQ 07]

As each of the LED lamps needs a power supply, pdime communications (PLC) is an attractive metlodd
delivering data to the VLC transmitters. Figureshbws a schematic of such a system. In [KOM 03][&@M

06], an integrated system of VLC and PLC was amalyZlransmission rates of 1Mbit/s using SC-BPSK
modulation where experimentally shown in [KOM 08j.[KOM 06], PLC in combination with narrowband
OFDM (reaching up to 200 kbit/s) was suggested samilated. Future PLC standards aim to supporhipie
data rates that will be required to match thoseired for VLC, and an aim of OMEGA is to improveadtable
rates for PLC.

Figure 11: Combination of PLC and VLC system [KOM @B].

In [MIY 06], spatial multiplexing to increase theadlable data rate was proposed. The aim is toegehl Gbit/s
between a transmitter consisting of two-dimensid®D panel (24x24 chips with bandwidth of about 19,

sending different data streams in parallel, and/@dimensional receiver composed of lens and insagesor.
Figure 12 shows a schematic of the system. In dleombat the interference between the channelpgeial
algorithm for LED allocation was developed.

14



Figure 12: The concept of parallel optical wirelessommunication (MIMO) [MIY 06].

A challenge for VLC is to allow variable levels ifiimination, but maintain a communications chanrieko
mechanisms for brightness control were propos¢8UWG 07] — pulse width modulation (PWM) and adjusin

of modulation depth, both in combination with PPBF finformation transmission. Nevertheless, lower Tx
powers undoubtedly lead to lower transmission ratefistances.

Even though majority of proposed VLC systems areedaon white LEDs (as is the case in OMEGA), there
have also been efforts towards modulation of flaceat light, nevertheless for special applicatioaguiring
very low speeds. For example, [LIU 06] and [LIU @fpposed a system which uses a combination of RFID
Bluetooth and VLC connections to provide a guidasgstem for visually impaired. Some experimentsewer
performed with user speeds between 0.5 — 3 m/slatadrates between 1200 — 9600 bit/s.

Widespread use of LEDs in traffic applications gndwing interest in Intelligent Transportation st (ITS)
presents an opportunity for VLC. Figure 13 showsygical application. Different light sources haveeb
investigated (LED traffic lights) [AKA 01], [BIN 06 [IWA 07], [ARA 07], [HAR 07], and [PAN 99], as &ll as
LED road illumination [KIT 03]). In [IWA 07], howeer, communication between vehicles using brakedigh
also proposed. Theoretical analyses from Keio Usityee[AKA 01], [BIN 06] and [KIT 03] examined theffect

of different modulation schemes (OOK, SC-BPSK ardPM) on system performance. Different experiments
were also performed to evaluate the feasibility b€ based ITS. In [PAN 99], transmission up to 2@ith 441
LEDs is achieved. In [IWA 07] and [ARA 07], pardlteansmission was implemented by modulating edch o
LEDs on traffic lights individually. Both systemadhdata rates of about 100kbit/s and distances dp t were
reached in [ARA 07]. The target of [HAR 07] was ¢pdistance and high-speed. In this system, an asidial
was encoded with pulse width modulation. A distaoic&€00m and a speed of few Mbit/s were reported.

Figure 13: Road-to-vehicle communication using LEDraffic light and high speed camera [ARA 07].

The next section details typical link budget coaistts and modelling techniques for the LOS charenad,
for completeness reviews the work on the diffusanciel-although this has limited importance for whark
described here.

3.3 Link budget and link modelling
In this section we provide a brief state of theartthe channel modelling for optical wireless eyss. The

indoor optical wireless channel is essentially niedeas a baseband channel. At the receiver, thectsl
electric current is given by [JMK97];

it) =Rh(t) A P()+ (Y

whereR is the detector responsivitly(t) denotes the channel’s impulse respof¢,is the optical power at the
transmitter whilen(t) is the noise current at the receiver @dlenotes convolution. The optical power at the
transmitter is determined by the modulation typedu&ee section 4.3).
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3.3.1 Propagation Types

The impulse respongdgt) is determined by the propagation and room typeelkas the transmitter and receiver
positions. It comprises of a line-of-sight companehich is a Dirac (delta) function and a diffusisemponent
arising from reflections at the walls of the roodRB93]. Figure 14, shows the basic transmitterivece
arrangement.

Figure 14: Example of a receiver-transmitter arrangement

Depending on the propagation type, the channel isepresponse may have different attributes. Thexe a
several propagation types that can be considereddoor optical wireless systems:
Narrow Line of Sight (NLOS)This is the simplest and the most well known gunfation used in optical
wireless point-to-point communication systems.His tase, the emitter and the receiver are aligmeshually
or automatically to establish a direct LOS link. lifle transmitter/multiple receiver systems coplavide an
alternative towards achieving good room coveragelawer blocking probability.
Wide Line of Sight (WLOSYhis configuration is characterised by emittershva large angle or divergence
offering wider coverage, and receivers having gdatField Of View (FOV) than the NLOS case. Thislevi
coverage offers additional tolerance in the alignnigtween the emitter and the receiver, at themrs® of a
larger geometric power loss, which may degradep#téormance of the link.
Diffuse In this configuration there is either no line sifjht path, or power is distributed evenly betwe&t
and NLOS paths. The receiver collects the poweyirating from reflections on various surfaces omribom.

3.3.2 Line of Sight Component

The LOS componert os(t) of the impulse response can be calculated irraaghtforward manner. We
define the effective detector arda{ )= < )g( )cos for0 FOV andAg )=0 otherwise wher&y ) is the
signal transmission of the filteg( ) is the concentrator gain aidis detector area. If the transmitter transmits a
radiant intensity oP{Ry(f) then the DC channel gain is [JMK97]:

Hios(0)= 25 R () T4 ) o7 cog

whereH, o<(f) is the Fourier transform dif_og(t). Usually Ry(7) is assumed to obey a Lambertian law [GFE79],
Ro(F)=[(m+1)cos'f)/2 where m can be related to the transmitter semi-angle &t mver. An idealized
concentrator achieves a gain givendgy)=n¥sin(FOV) if 0  FOV andg( )=0 otherwise [XN87] whera is
the internal refractive index of the concentrator.

3.3.3 Diffusive component

The diffusive componeripe(t) of h(t) is somewhat harder to calculate as one needsk&into account
the various surfaces in the room. When a lightimaginges on a surface, part of it is reflected aedce the
surface acts as a virtual transmitter. Most sugagaresent irregularities and thus they reflectiticedent rays of
light in all directions, independently of the ineitt ray’'s orientation. The radiation pattern ofsthiirtual
transmitter is usually described by a Lambertiamdth m=1 ,

16



R(g)=r I?%cos(q)

where is the surface reflection coefficiem®, is the incident optical power arglobservation angle. A more
general model was adopted by Phong in which thiatiad pattern is

R(9.6)= 1R 2 cosg) +

(1' E) CO@(Q' qi)

with ry is the percentage of incident signal that is difly reflectedm the directivity of the specular component
of the reflection and; is the angle of incidence. This model allows theatment of reflections on smooth
surfaces with a high specular component, consigaliam as the sum of one specular component aiftlaed
one (Lambertian term).

To calculate the impulse responsg) of the channel taking into account the diffuso@mponent, one must
resort to numerical simulations in order to accdantight reaching the receiver from multiple esftions on the
various surfaces of the room. In 1993, Barry efJ&B93] came up with a recursive model for simulgti
multiple reflections. In 1997, Perez-Jimenez etpedsented a statistical model for estimating theuise
response [RPJ97], while Lopez-Hernadez et al pregbdise DUSTIN algorithm [FILH97]. In 1998, the Ment
Carlo scheme involving random ray generation wap@sed for the simulation of the multipath indoptical
wireless environment [RPJ98a], [RPJ98b]. Carrutheirsal proposed a new iterative site-based model to
estimatethe impulse response [JBCO02].

A recent comparison [AS03] of these techniques shitnat the Monte Carlo schemes outperform the DOISTI
algrorithm with respect to the computational tinrel aates fairly well in terms of memory requirengemtith
respect to the rest of the methods. Monte Carlersels may handle up to 40 ray bounces providingawgat
accuracy. In such schemes the simulation is peddrim three stages: a) Generation of rays, b) Cheniaation
of the walls and c) Calculation of the responsthefphotodiode. Rays are generated randomly arttiter site
depending on the emitter radiation profile. The &ttppoint of each ray is then calculated. The imhpamnt may
either lie on the receiver plane or in one of ttadlsvof the room. If the impact point lies on a Miakn this point
is considered as a secondary light source and aragus generated as before. If the impact poeg bn the
receiver then the incident power is recorded oreetor at the appropriate position which is cal@daby
estimating the total delay of the optical path frtma transmitter to the receiver. In thodified Monte Carlo
schemdRPJ98b], a line of sight contribution between sloairce (wall or emitter) and the receiver is calted
every time the ray bounces on a wall (Figure 1% this can speed up the computations considerably.

Figure 15: Modified Monte Carlo scheme
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Figure 16: Typical indoor optical wireless chaningbulse responses.

A model proposed by Alqudah in 2003 [YAAO3], magallead to large computational time saving when the
impulse response needs to be estimated for vargmasver positions in the room. In Figure 16, tgbiexamples

of optical wireless channel impulse responses ateng One clearly observes a sharp peak occur@my en

the time axis, corresponding to the line-of-sightnponenth o4t) and a broader part correspondinghge(t).

In systems with a larger FOV at the receiver (WLEStems for example), the impulse respdmsg-(t) may
constitute a considerable part loft) since rays bouncing on the room walls reach #eziver from many
different directions. Reducing the FOV, redudesr(t) and in systems with narrow FOWp () can be
ignored and the channel may be assumed flat wéthémge frequency range.

3.3.4 Intersymbol Interference

Intersymbol interference (ISI) may arise from thiudive part of the channel’'s impulse responsesuksing for
example a simple On/Off keying modulation, the sraitted power can be written as:

P()= b, p(t- mT)

whereb,, is them™ encoded bit ang(t) is ideally a square pulse contained insid&J0andT, is the bit duration.
In this case, the decision variable at the recasrer

D(t)=R h,p(t- mDA BDA K- 0¥ HEF R Qe (MR b

where the coefficients,, are given by(t-mT)Ah(t)Ah.(t) andh,(t) is the receiver filter. If the diffusive part of
h(t) is negligible therin(t) is proportional to a dirac function ag=0 for n[>0, implying zero ISI. If this is not
the case, ISI appears and depending on the biratehe duration of the diffusive partldf), 1SI can impose

restrictions on the performance of the link.

3.3.5 Noise Statistics

The noise at the receivext) is due to various sources: thermal receiver nfl&€96], ambient light noise
[ABC96] and interference from fluorescent lightif@N96]. Many infrared systems operate in the presesf
steady, high intensity background radiation, and biackground-induced shot noise is typically mationger
than the signal shot noise. Neglecting the sighat soise, the ambient-induced shot noise can beidered
additive Gaussian Noise. The thermal noise may &lsoconsidered Gaussian and additive. In contrast,
fluorescent lighting induces an interference sigmiaich is nearly deterministic. Lamps driven at goaver-line
frequency induce interference harmonics up to ~50KAICM95]. Electronic ballasts use transistors ahhi
modulate the power at higher frequencies and intednterference harmonics up to ~1MHz [AJCM95]islt
useful to separate the interference signal corttahuwriting the receiver noise as

n(t) = ny () +n(Y

whereny(t) is the Gaussian noise component arft) is the interference induced component. The ntise
ng(t) is completely characterized by its spectral dgnsConsidering a transimpedance preamplifier véth
bipolar junction transistor in the first stage anghotodiode capacitan€e;, the thermal noise one-sided power
spectral density is [JBCOO]:
AKT 2, 2 1 1

f)=——+2ql +4KT| f + + —_—t—
S( ) Rf qb (2,0 ) Cézet base (Qet 9) ng F{:ng
whereR; is the feedback resistdg, is the front-end transistor base curregptjs the transistor transconductance
andC is the base-collector capacitance. The temperaiurie in Kelvin, g is the charge of an electron akd
denotes Boltzmann's constant. The spectral deositye ambient light noise component is [JMK97]:
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Sa( f) =2 qlambient = 2ql:u:z?lmbiem

wherel mhientiS the current of the ambient light nois®,nientiS the irradiance of the ambient light noise at the
photodetector, andj=1.6" 10'°Cb is the electron charge. The valuePgfien: Can be calculated numerically

based on measurements of the spectral emittancs ofalls of the room and a Lambertian model for t
radiation pattern of the room lamps. The Gaussidal thoise power gz of the noise =ny(t)Ahi(t) can be
computed, integrating the total filtered spectehsity:

+¥
s2= df|H, () S(f)

g
0
where§(f)=S,(f)+S(f) andH,(f) is the receiver filter response. The Signal tosdaatio, SNR is

G
Sg

SNR=

The above formulas correspond to unequalized systéran equalizing scheme is used (e.g. Distributed
Feedback Equalizer) is used, the SNR can alsolbelated analytically [QYO06].

3.3.6 System Performance Evaluation

Probably the most useful system performance figdfinmerit is the bit error probability at the receiP,, also
referred to as the Bit Error Rate (BER). For thequalized system, it is relatively straightforwaodderive a
formula forP.. Assuming On/Off Keying [GE96],

polg &V ,1g &tV
2 S 2 S

] 9

whereV depend on the neighboring bits and the filtereerference signal,

V=R BG+n(DA (D

mt 0

Note that the formula d?. given above actually refers to the error probabdivtained conditioned on the value
of V. To obtain the averagP. one must average over all possible valuesvoénd hence all possible
combinations of the neighboring bits and interfegersignal instances need to be considered. Iniaddit
although the formula holds for On/Off keying itpsssible to derive similar formulas for the BER f@rious
other modulation formats such as multi-level Piisaplitude Modulation (PAM) or Pulse Position Modtita
(PPM) [MDA95].

3.4 Infra-red optical wireless components

The following sections describe the transmitter aadeiver components that are used for infra-reticalp
wireless, together with some of the constraintsheir performance.

3.4.1 Transmitter

The transmitter consists of a source of radiati@t tan be modulated, drive electronics, and dpgigstems to
render the source eye safe and shape the radiatmthe desired pattern. Each of these comporigmnitsscribed
in the following sections.

3.4.1.1Sources and drive electronics

The main element of the transmitter is the optizalrce. LEDs are typically too slow for high-spegekration,
although Resonant Cavity LEDS (RCLEDs) were operaeup to 300Mbit/s in the optical wireless system
described in [OBR 05]. For the gigabit class dat@s considered in OMEGA semiconductor laserseageired

as a source.
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There are several options to provide the powerirequ Edge emitting lasers are commonly used, amd a
available in a wide range of wavelengths and pdesgls. These have the advantage of low resistdntehe
beam profile is usually highly asymmetric, requirifurther beamshaping to achieve a circular emissio
Vertical Cavity Surface Emitting Lasers (VCSELs)baircular beam profiles and optical design igafae
more straightforward. However, the power levelslate are usually limited to 10s of mW [ROI 08].

An important consideration is the ability to modelahese sources at high data-rates. A wide rarige o
commercial laser driver ICs is available [MAX 0%y telecommunications and consumer applicationsHss
Blue-Ray disc laser drivers), but providing suffici current to drive lasers emitting more than 100 likely

to be challenging. In addition lasers operatinghase power levels are usually not specified atojerating
wavelengths required.

Alternative approaches

An alternative approach that is appropriate at 1%90s to use a telecommunications laser in contisinavith
an Erbium Doped Fibre Amplifier. This can providartsmission powers >1W, and has been used in kmmger
outdoor point to point links [GOE 05]. An indoobfe based distribution system was demonstrate8ht D5]
and this used amplified light from a WDM sourcetthas routed in free-space. Arrays of sources narease
the transmitted power, and also provide a trackiagsmitter. In this case each source addressaslarange of
angles, providing a large overall field of view amgh bandwidth. This was the approach used in [@BR

3.4.1.2Transmitter optics

The transmitter optical system directs light frdm source to the desired coverage area, and diffasesource

if required. For LOS systems a narrow beam is reglliand high Numerical Aperture (NA) optics canused

to collimate the beam. For arrays of sources ansated lens also provides a means to direct indalithteams to
particular directions in the coverage space, arshvths used in the system described in [OBR 05].

In some cases a diffuser is required to increasealffyular extent of the source, thus renderinggsafe. This
can be achieved using a ground glass plate, or reophisticated engineered diffuser elements, imetud
holographic [EAR 96] and reflective [BEN 02] exampl This latter device has been incorporated in a
commercial optical link [JVC 03].

3.4.2 Receiver

A typical OW receiver consists of an optical systencollect and concentrate incoming radiation,ogtical
filter to reject ambient illumination, and a pho#belctor to convert radiation to photocurrent. Ferth
amplification, filtering and data recovery are thequired

Optical systems
The receiver optical system collects light fromedinnied field of view and concentrates it onto thefodetector.

The optical gain (that is the ratio of the colleatiarea to the detector area ) is constrained éyctmstant
radiance theorem.
This states that

Ao sin?(FOV) £ Ay,

where Ay is the collection areae; is the photodetector area, and FOV is the fieldieW (half angle). For
a diffuse system, where light is received from ditiections the detector area sets how much powerbea

collected, and an optical system will not change texcept by an amount?) wheren is the refractive index of
the system.

Both imaging and nonimaging optics [WEL 78] canused to collect and focus radiation onto singlenelet
detectors and these can have performance that ag@®e the thermodynamic limit [WEL 78]. Howevert fo
wide field of view high bandwidth designs, the usagf a single photodiode-concentrator combination i

unlikely to meet the system requirements, sinceitegmall photodiode ared\,,, (and hence capacitance) has

to be used to obtain high bandwidth. For a wide F@\é leads to a smafl, , so that multiple detectors are

required. These can be combined using angle orimgagjversity. Angle diversity allows multipaths tme
resolved and collection areas for each receivanete to be increased [CAR 00]. Imaging receiverBRRAD5]
and [KAH 98] can also carry out this function. Thasse a large-area pixellated detector array anoptoal
imaging system. Light from narrow range of direntids collected by a single pixel, and togetherahay of
pixels offers a large overall field of view. It algllows multipaths from different directions to tesolved as
they are imaged to different pixels on the arrdye array also allows the large detection area teelgenented,
reducing the capacitance on each of the receivet nds. Both of these topologies can to somenerésolve
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multipaths, and this may offer some means to redleeeffect of shadowing, by selecting an altexsation
shadowed path. It is also possible to use a combunaliser to maximise the received signal and BERR
00].

3.4.2.10ptical filtering

Ambient light is the most important source of iféeence and it may greatly deteriorate link perfance [BOU
96]. Constant ambient illumination will generat®@& photocurrent, but the DC current itself will naally be
blocked by the AC coupling of the receiver [PHA 98pbwever, as a result of the quantum nature it ithis
current is always accompanied by shot noise. Comtptr the residual noise sources within the prediempl
(such as the thermal noise of the load resistattoepackground light induced shot noise often daais. Since
its power spectral density depends linearly onpibnrer of the received background light, opticakfis need to
be used to allow sensitive receivers to be builtifidial illumination, particularly modern high équency
fluorescent illumination induces electrical harnesnin the received signal, with components up tMHz
[NAR 96] and this can greatly affect the link perfance. Various studies of this have been undemtake
including [MOR 96] and [OFA 96].

Optical filtering is used to reject out of band aemb radiation. Various different filter types habeen
demonstrated; a longpass filter in combination wattsilicon detector provides a natural narrowingtioeé
bandwidth and absorption filters can be used tectejolar and illumination [STR 97]. Whereas codaliglass
filters exhibit a slowly transition from the stopard to the passband, absorption filters made adctir
semiconductors like GaAs provide a much sharpersitian [WOL 02]. Bandpass interference filters dam
used, although care has to be taken to allow seiffilcandwidth to allow for passband shifting witle varying
angle of incidence. It is also possible to filtgribcorporating appropriate layers into the photedmr [OBR
00]. Holographic receiver front-ends also allow @nblight noise to be rejected [JIV 01].

Electrical highpass filtering can be used to redilneeeffect of the illumination harmonics, but gbisat the
cost of inducing baseline wander. Work on the optiplacement of the filter cut-offs for particulaodulation
schemes is reported in [SAM 98].

3.4.2.2Detectors

The detector and preamplifier together are the rdatermining factor in the overall system perforaarBoth
PIN structures and APDs have been used in singkctbe systems, whilst array receivers have teridagse
PIN devices.

Silicon PIN and APD devices are suitable for ogeragit wavelengths up to 1000nm. Figure 17 showes th

wavelength dependent responsivify, of an ideal silicon-PIN photodiode, were it waswsed that all

impinging photons generate electron-hole pairs Wwisientribute to the photo current. For a givenagtpower,

it becomes clear that the diode current linearlyréases with/ unless/ exceeds the cut-off wavelength
(about 1100 nm), i.e., unless the band gap ofosilexceeds the photon energy. In other words: ffieemcy of

the opto-electrical conversion increases with as long as/ does not exceed the semiconductor specific cut-
off wavelength.

The bandwidth of a receiver is a function of thepamtance limited risetime of the detector/preafigli
combination and any transit time limitations théedéor may have. The optimum devices balance trainse
and capacitance limited response. High-speed égit®#{N diodes (that are not transit-time limitedjth
capacitances of approximately 5pF/Mmare available, although modelling shows that austtevices should
perform better.

At 1300nm and 1500nm InGaAs devices are typicalbed,) and commercially available devices have
capacitances of 60pF/ mMimWork in [OBR03] demonstrated custom devices \@i8pF/ mm but these are not
optimal and had poor leakage currents. This mdaatsfor a similar capacitance and hence bandwidthces
have a smaller area than their silicon counterpdns effect is balanced by their higher respahgivthe
overall relative response being dependent on thieee used.
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Figure 17: Photo diode responsivityR, as a function of the wavelength. An ideal silicoRIN-diode is
compared to the silicon-sensor diode SSO-PD20-6.

3.4.2.3Preamplifiers

Various approaches to mitigating the effect of inpapacitance on bandwidth have been taken. Behigle
widely used transimpedance designs [VAN 84], boapgting [MCA 94], equalization [MAR 96] and
capacitance tolerant front-ends [OBR 05], [LAL @hld [HOL 01] have all been investigated.

3.4.2.4Receiver figure of merit

From the previous sections it can be seen thaitséysdoes not completely describe a receiveraasensitive
receiver with a very small photodetector can remesubstantially less power than another designtiaefore
be less useful. In [OBR 05a] a figure of merit thibws an initial comparison of designs is introdd. This
takes into account the sensitivi§, bit-rate of operatioR,, field of view W, detector are& to createFOM

where;

Fom = AR

Figure 18 shows a plot of this value for reportedigns, simulations and calculations. Of particulate is how
poor a typical Gigabit Ethernet receiver, thatpsimised for fibre optics systems.
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Figure 18: Figure of Merit for various reported and simulated receiver designs.

3.4.3 Tracking links

Tracking allows a link with a narrow beam to coaewide field of view, and to provide alignment cdrismitter
and receiver, which improves the link margin. Meubal tracking, MEMs based approaches and Risleys
have all been used for this purpose. [SAN 06].

3.4.4 Advanced techniques: MIMO

For systems where the channel or optical sourcaadle may limit the bandwidth the use of arrafysaurces
and detectors may be attractive. Normally sourcesldvneed careful alignment to provide a parallgical

interconnect, but Multi-Input Multi-Output technigsi can be used to relax the tolerances on alignf@BR

06a]. In this case the channel matrix is measurethg a training phase, and this can be used tovegcthe
transmitted data from that measured at the receiray. This work is in its early stages and mdd possible to
ascertain whether such methods have advantageshevalternatives.
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3.5 Visible Light Communications components

3.5.1 Transmitter

3.5.1.1Sources and drive electronics

In principle, the radiation from any (visible) lighmitter could be modulated, either by externatintator or by
internal means. Since most practical light souerespartially incoherent and since, e.g., air tlgbce degrades
the coherence of the transmitted light, transmissgoalmost exclusively relied on intensity modigdatand
direct detection [KAH 95]. In order to avoid lighttensity flicker that can be perceived by the (lamjneye one
needs to resort to light sources that offer a matthri bandwidth of at least 100 Hz [WAL 08], a regqment
excluding light sources like standard incandes@md halogen light bulbs from VLC applications. Véhil
fluorescent lighting has been used for VLC [TAL]dtexpected that white LEDs will displace the fermas the
prime lighting device. Since they will not be ustd the OMEGA VLC prototype we are consequently
excluding them from this review.

Typically LEDs have been used for signalling ansptiy applications, while LED-based illuminationvites
recently entered the market. Moreover, LEDs havso aénjoyed wide-spread application in optical
communications, e.g. as infra-red LEDs in IrDA, migre recently, as red LEDs in fibre-based comnatitos
[LEE 08]. Therefore two main application scenarisisaultaneous signalling/illumination and data #eaission
as well as sole data transmission have to be cemesid Also, from a technology point of view, whight LEDs
have not been widely applied in VLC and there rensame unanswered questions about these devicabend
VLC potential.

In the following we provide a brief overview of ‘loured’ LEDs in the field of VLC and a more exteresi
overview of the state of the art concerning whikDis.

LED’s used for non-illumination applications, e.fpr displays, are usually limited to 20 MHz andvéy [KIM
06], while LEDs developed for pure high-speed comitations applications offer much higher bandwid#fsr
example, red resonant-cavity LEDs enable datarmeasson of several hundred Mbit/s. If even highatadrates
are required one has to resort to diode lasers][BiRspatial multiplexing [WON 08b]. By use of thatter
transmission speeds of 1 Gbit/s have been demtetsira

For a thorough discussion of LED-based white-lighheration schemes we refer the reader to the lertel
overview provided by Schuster [SCH 06b]. Generdlgre are two distinct avenues for generating evlight
from LEDs. One is to combine three LED chips thaiteelementary colours (mostly red, green, and blde
typical spectrum of such devices is shown in Figl®éa). These triplet devices are commonly refetceds
RGB LEDs and typically consist of a single 3-chigckage including combining optics. One applicatidn
growing importance for such devices are multi-coldlED displays. With such devices three distinct
communication channels can be provided, one fan &&D chip [PAR 07], however, one has to ensur¢ tifra
colour balance of the emitted light is not altede to VLC transmission.

The other avenue is to use a single, mostly blub BEd to generate the other, red-shifted spectraponents
needed for white light by exciting a phosphor wiitle blue light. The LED is either coated or somesneven
embedded in a phosphor layer. A typical spectrumaféuxeon star (Philips, [LUM 06]) is shown in Eig
19(b). The LED emits approximately at 440 nm (Msilas a small peak) and the cerium-doped yttrium
aluminium garnet phosphor, which is covering theebLED chip, absorbs a major portion of the bluéssian
and converts it into red-shifted phosphorescence.
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Figure 19: Spectra from white LEDs (a) Schematic sgrtrum of a of an RGB triplet device; (b) Measured
spectrum of a single-chip LED (Luxeon star) [OBR 08

The power of the light emitted by an LED can reatié modulated by altering the driving current aggpko the
device. For small-package LEDs typical DC drivingrents amount to 10s of mA and for lighting wHiteDs
the driving currents can exceed 1 A [OST 06]. Treduatation range of the LED is typically smaller thavo
times the DC driving current. In practice the datenodulated onto the AC component of the drivingent and
is then added onto the DC bias current by aid .gf, @ bias tee (see Figure 20). Notice, that LBBIg accept
unipolar driving currents and that thus the absotiriving current (DC + AC) has to be larger thanoz

Buffer Bias Tee

(> ORI 4

Figure 20: Typical driver circuit for modulating th e optica output from a (white) LED [OBR 08].

The driving currents of several hundred milliampseveral volts for high-luminance white LEDs, d.gxeon
Star and OSTAR, are supplied by commercial dri¢gs &nd units [OST 06, NAT 06, FAI 06]. These desice
typically create electrical noise in the kHz and #idgion. For illumination this is not considerediang as the
EMC thresholds for lamps are not exceeded [EN %21 98]. However, since the data signal is conveyethb
AC component of the driving circuit the excess tleal noise from the DC source will decrease tiggal-to-
noise ratio of the transmitted data signal, whibfiparticular concern when increasing the dambayond the
bandwidth limit by use of multi-level modulation R& 07b]. Therefore, in such circumstances addititma-
pass filtering of the DC output has to be perforrefbre mixing it with the VLC signal.
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Without a phosphor present the modulation bandwidtthe LED is in essence limited by both the rtd@a
lifetime of the excited carrier-hole pairs and be parasitic capacity of the LED [SCH 06b]. Thedatan
become the dominating limitation for large-area IsEB.g. the LUXEON star [LUM 06]. For LEDs emitting
white light typical modulation bandwidths, i.e. tBalB bandwidth of the emitted power, lie betweeme MHz
and 10s of MHz [KIM 06]. For phosphorescent whiteDs the light emitted by the blue LED has been b
to be ~ 20 MHz for small-chip LEDs [GRU 07a] andl2 MHz for a Luxeon Star [OBR 08]. However, the
radiative lifetime of the phosphors typically udeed white LEDs are (much) longer than that of theeblLED
[MIY 03], a phenomenon limiting the achievable bawdth to 2 and 3 MHz, respectively, in the aboveesa
when the entire spectrum is detected. Figure 2Wshbe significant dependence of modulation bantwith
the detected spectrum for a Luxeon Star.
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Figure 21: Measured small-signal modulation bandwith of a Luxeon Star [LUM 06], showing unfiltered
(the whole visible spectrum is detected) and filtexd (only the blue portion of the spectrum is deteet)
responses. The responses are normalised to theirspective peak values [OBR 08].

One could argue that when modulating the emittelewight in excess of the phosphor modulation hveidth,
the slow phosphor component could simply be sugpeby high-pass filtering of the received lightwéver,
since the phosphorescent light comes with shotendisit exhibits frequencies up to the THz regide t
phosphor component would compromise the achievai@al-to-noise ratio. Another downside of the
phosphorescent light is that its radiative lifetimwed thus the modulation bandwidth vary with wamgté,
which makes frequency filtering of the receivedhtigpower more difficult. For the above reason iadvisable
to spectrally filter the received light before gagsit on to the photo detector. This approach wasd to
generate the measurement data in Figure 21 andoGmibal. exploited this approach for the free-spac
transmission of OOK data streams at 40 Mbit/s [GBRU]. A potential disadvantage of this approacihes
reduction of the received light power, e.g., thim@gmismatch of the spectral transmission of therfand the
emission spectrum of the blue LED.

In addition to the aforementioned challenges oretbdace the wide spread deployment of illuminagioeing
devices for LED lighting. The most common approsxivhite-LED dimming is pulse-width-modulation, whi

by definition alters the AC component of the enditteght power. Typical modulation repetition freqaeges
amount to 10s of kHz [NAT 06, FAI 06] and one negaislevise transmission and modulation schemes that
ensure the coexistence of PWM diming and VLC deaasmission. A low-data-rate PHY-layer scheme for
PWM coexistence has already been proposed andasthsed in Japan [LOP 06] while there has not lzeen
discussion of MAC-layer approaches nor approachekifjh-data-rate transmission.

VLC Transmission optics

The role of the transmission optics in single-peoptical wireless data links is to
Maximise the optical power at the receiver, viz link budget
Minimise multipath dispersion caused by reflectiahsurfaces

The above goals have been translated into optsigmeules and have been discussed in detail ets@wh the
literature [OBR 06b] (see also section 3.2.1).

While there exist many degrees of freedom for tp@ngisation of single-purpose optical wireless nthe
situation is quite different from dual-purpose Bnki.e. signalling/illumination in combination witbata
transmission. Here, data transmission is suborglittathe signalling/illumination task. In other wisrnot only
the communication channel but also the transmift¢ics is pre-defined by the super-ordinate task.
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While this pre-determination of the transmissionticyp seems to imply severe limitations to VLC data
transmission quite the opposite is true, which lzamttributed to

The high energy efficiency required from contemppiaghting, resulting in optimised lighting levels
at target surfaces (e.g., writing desks) and thmpasably high energy densities needed for human
vision.

The fact that most illumination is of the direcpgy i.e. the light travels directly from the langpthe
target area without any intermediate (diffuse)eetibn.

Consider, for instance, the dual use of office tiigh for illumination and data transmission. Thenloous flux
in such settings is regulated in standards andtiéevable power levels and thus signal-to-noisegat the
receiver are thus predetermined by standards. Rothine et al. provided detailed modelling of sucketdting
and concluded that signal-to-noise ratios in excéds0 dB are readily available for illuminance éés/ above
100 Ix [KOM 04al].

Furthermore, due to the direct type of illuminati@rubor et al. showed that the propagation oflitjte in an
office setting is dominated by strong LOS connetwibetween lamps and receiver and that the 3-dBviadth
of the free-space channel is thus much larger thahof white LEDs considered for this scenarioQ(MHz
compared to 20 MHz, [GRU 07a)).

Both attributes combined result thus in links
That are virtually unaffected by the free-spacencled and
That offer a link budget comparable to LOS conrmeti

The fortunate combination of both attributes hasnbshown to enable spectrally efficient data trassion
beyond 100 Mbit/s by the use of multi-level modidatf GRU 07b].

3.6 Modulation and coding

3.6.1 Modulation

Whereas coherent detectors may be consideredtaaetiae solution for highly directed optical frepace links
such as those between satellites, coherent optatakttion is considered to be not feasible for les® indoor
communications in the immediate and intermediater&fOBR 08b]. Although non-coherent detection atso

rely on differential detection (the received sighals to be superimposed by a delayed version irophieal
domain, [WIN 06]), wireless indoor communicationquéres direct detection (DD) and thus “intensity
modulation” (IM). Here the instantaneous opticalmpo is varied depending on the digital informationbe
transmitted. This may include the usage of multipfgtical wavelengths, as long as all wavelengthes ar
processed individually by means of an optical basdgilter and a photodiode, comparable to envelope
detection of FSK as used in RF-communications.

3.6.2 On-Off Keying- OOK

Depending on the binary information to be transdittan optical pulse is generated or not. Thisepiglaisually
a rectangular pulse. Compared to other pulse shajibsmore than 2 “amplitude” levels, such rectaagu
pulses simplify both the transmitter and the reeeigesign notably. Furthermore, for rectangulaisesy the
laser or LED-driver can be a truly digital amplifievhich consumes much less power than a lineavaltey”
amplifier.

OOK can rely either on the NRZ- (non return to 2emo0 on the RZ (return to zero) format. The RZ-fatm
ensures that the transmitted signal returns toz#re power-level even if 2 or more adjacent “1”"sBére
transmitted. Compared to the NRZ-format, wherepthise width (FWHM-width) is equal to the bit intatythe
RZ format has several advantages. By using the dR@dt, a transition from the 1-level to the O-level
introduced with any “1” bit, which is favorable frothe clock recovery point of view. Furthermore |asg as
the receiver noise is dominated by white noiseryeweduction of the pulse width by a factor 2 prees a 1.5
dB gain with respect to the optical power [WOL 09ince the pulse duration (both for a transmitisdvell as
for a received pulse) of RZ-OOK is smaller when paned to NRZ-OOK, the RZ-format is also more resist
to multipath induced ISI [WIN 06]. One drawbacktbé RZ-format is that the optimum detector threghsinot
at zero (supposing that the DC-component of theasig eliminated by means of a highpass filter).

Although RZ-OOK ensures more pulse transitions tR&7-OOK, long sequences of “0” bits still contaio
timing information and may lead to a “transient ddage wander”. For that reason, OOK has alwaysédo b
combined with a line coding scheme. This line cgdatheme introduces a certain degree of redundancy
ensure a balanced number of “1” and “0” bits atitipat of the OOK-modulator within a certain timénadow.
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It should be noted that any kind of Pulse-Positdulation can be treated as coded OOK, too. Exanip#-
PPM is considered as coded OOK, the correspondidg-wvords are “1000”, “0100”, “0010” and “0001". &h
relative redundancy is 50%.

3.6.3 Pulse Position Modulation (PPM)

This type of modulation is considered as an aitractechnique for LOS optical communication systems
employing IM/DD, because it offers increased powéficiency. PPM schemes are used in various optical
communication systems and are also adopted inBEBE&E802.11 as well as the IrDA standards for thespay
layer.

PPM can be distinguished into five major types:

L-PPM: In this case, each of thedifferent PPM-symbols contains a single pulse vdtlluration equal or
shorter than the symbol duratid[Dgz(L)TID divided byL. All L symbols are orthogonal, since thepulse

positions do not overlap. F&r>4, L-PPM is more power efficient than uncoded NB@K. 2-PPM, which is
also referred to as “manchester coding”, requir@sdB more optical power than NRZ-OOK if hard-dé¢elc
[BAR 94]. L-PPM is generally less bandwidth efficieghan NRZ-OOK, which limits the usability for higpeed
infrared or VLC-systems.
Multipulse-PPM (MPPM): each of the different PPM-symbols contains more than one pul$er a single
pulse, MPPM would be identical to L-PPM). Hencediferent PPM-symbols are not necessarily orthogona
For a given bandwidth (or chip-rate), MPPM may pdeva higher power efficiency than L-PPM [PAR 96].
However, this power advantage will be only obtaif@dquite long PPM-symbols (many pulse positiomd)ich
complicates the decoding. Furthermore, the detectiay also suffer from a transient base line wander
- Overlapping-PPM (OPPM): like MPPM, but all pulsesthm one symbol have adjacent
positions which limits the number of PPM-symbolsnpared to M-PPM.
Differential PPM (DPPM): in this case, the PPM-syisbhave different lengths. DPPM is
obtained from L-PPM by deleting all “0” chips folling the “1” chip. This increases the
bandwidth efficiency and simplifies the symbol shranization, since a pulse is always
transmitted at the end of a symbol [SHI 99]. Thadeantages are bought by a non-constant
short time average (the number of “0” chips and ¢hips within a certain time interval is not
constant), which is a serious problem if hard déiacbhe means of a fixed decision threshold
should be applied. Furthermore, as a result of ilag/ing symbol lengths, MPPM needs
buffering.
Digital Pulse-Interval modulation (DPIM): very silani to DPPM. Unlike to DPPM, the
beginning of a symbol is always indicated by a @uls

It should be noted that although PPM has good paffegiency it has poor spectral efficiency, which
impacts on the required receiver bandwidth at hégjuired data rates such as those required for OMEG
In addition receiver complexity is increased, andstnavailable high data rate clock recovery and dat
processing components require simpler modulatiberses (such as OOK) for correct operation.

3.6.4 OFDM

Orthogonal Frequency Division Multiplex (OFDM) is lmandwidth efficient multicarrier transmission
technique, which provides excellent performanceispersive fading channels. It is applied in mafydystems
such as DAB, DRM, DVB-T or WIMAX. In OFDM the basahd signal, which consists of a number of
individually modulated subcarriers, is generategitdily by means of an IFFT. The inverse operatam,FFT,
takes place at the receiver as a major part adé¢neodulation process.

Since optical transmission implies intensity motiola and direct detection, several important défegses
compared to RF have to be considered. Whereas ith&kFeal and the imaginary part of the (complekD®-
baseband signal modulate two orthogonal RF-carfiees, the inphase and the quadrature carriery, ith
impossible, if intensity modulation is applied.this case, the baseband signal to be transformedtia band-
pass range needs to be real valued and positive.

A real valued baseband signal can be easily oltaimg extending the one-sided spectrum of the
corresponding complex signal by its complex conjedaversion, that is, the frequency vector (asaffgeiment
of the IFFT) has to be extended by its complex wgafed version resulting in twice as many IFFT fmin
(Note: the subcarrier with the frequernfieyd needs to have a real valued weight in the frecuelomain.) This
doubles the sampling rate in the time domain.

The real valued baseband signal has to be equippetd DC offset before it can intensity modulate the
optical carrier, since negative amplitudes woulkehdy result in clipping/non-linear distortions. i¥Himits the
useful numbelN of electrical subcarriers, since the required DfSetf which wastes power, increases with
Similar to RF, approaches which limit the peak po#é. S 08] and with it the required DC-offset aeqquired.
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Furthermore it should be noted that the RF-chaerblbits strong frequency selective fading (demagdor
FEC to be combined for OFDM), but the optical chelndoes not. It rather has a low pass characteristi
(possibly caused by the optoelectronic componenitd)a more or less frequency flat pass-band. @tiference
has been investigated in, numerous publicationsaally with respect to VLC, [HAR 03] and [XIO O@fe a
few examples. It is believed that the adaption BD®! to intensity modulation and direct detectiom gaovide
substantial gains [ELT 08a] and [ELT 08b].

3.6.5 Other modulation formats

OFDM is an implementation efficient multiple-subgar modulation (MSM) scheme. Due to the
small frequency separation of the subcarriers #@l$® bandwidth efficient, roughly twice as effitighan the
same modulation scheme applied to a single elattsabcarrier. The performance of MSM based optical
transmission in general was discussed in many gatibns, such as in [CAR 96] and [KAH 02]. Thedatbne
is of particular interest, since the channel caydor IM/DD was evaluated.

The major problem with MSM is the required DC-offsghich wastes power. Therefore other
bandwidth efficient schemes like pulse-amplitudedoiation (unipolar amplitude-shift keying) or siegl
subcarrier transmission based on QAM or M-PSK halge gained attention, cf. [BAR 94], [GRU 07b]. It
should be noted that single carrier transmissioth Wwequency domain equalization is a intensivakcdssed
technique with respect to wireless RF-communicati@mnce it greatly relaxes the linearity requiratadFAL
02].

Although multipath fading does not exist in wiredesptics, spread spectrum modulation (direct
sequence spread spectrum) has also gained somestriier wireless optical transmission. For insggHEAR
08] investigated the applicability of binary Barkewdes for diffuse optical systems. The modulatisciseme
was denoted as “sequence inverse keying” (SIK)eddimg on the binary data, either the unipolar Badode
is transmitted as it is, or its (logical) invertegrsion is transmitted, which clearly results irthogonal
transmission (very similar to 2-PPM). For AdditiVéhite Gaussian Noise (AWGN) (and without ISI), this
modulation scheme promises the same power effigia8tdNRZ-OOK, if the chips are soft detected. Famdh
detection, it would already consume 1.5 dB morécappower than NRZ-OOK. The Barker code was ma¢da
as the best known binary code with respect to tliecarrelation properties. However, one even margle
“code” having still better autocorrelation propestiwas ignored: the RZ-format (example: a “codetdnvor a
spreading factor of 5 would be “10000"). Althoughwias argued that RZ-OOK is not as interestingesiihc
requires a high peak power, it ignores the fadt B &OOK also reduces the average optical powernpared to
NRZ-OOK, and therefore compared to SIK, too. EvenAWGN, RZ-OOK will outperform hard detected SIK

by a factorv/2N with respect to the average optical poweN it the spreading factor. If a dispersive channel
is considered, the gain is more increased. Helgeydlevance of direct-sequence spread spectrued bas
“dense” bipolar codes is very questionable, if hesdes should only provide advantages in disper@&and-
limed) channels.

3.6.6 Coding

Coding can be basically classified in to line cadialso referred to as modulation coding) and into
Forward Error Correction (FEC). Line coding (in gomction with the modulation scheme) converts tigmal
into a waveform which is suitable for the specttfannel. If NRZ-OOK is considered as an examplmesoit
sequences have to be discarded for usage, sinee skguences do not allow bit clock recovery apthice a
baseline wandering at the AC-coupled receiver. iBoatd all these sequences at the encoder outmtine
coder has to introduce redundancy. Well known tiodes are the ternary AMI-code used in fibre opdicthe
binary 8B10B IBM code with a relative redundancy2610, that is 20%. It should be noted that anynfaf
PPM can be also considered as coded OOK. For iwestdnPPM, has a relative redundancy of 50% andress
that not more than two adjacent “1” and not morntle adjacent “0” are transmitted. This enablesliabile
clock recovery and leads to quite small transieagetine wander, if the signal is highpass filtetedeject
ambient light interference. An other well known lemgth limited code is the HHH(1.13) IrDA-code. Timain
intention of FEC in conjunction with wireless ogidransmission is to reduce the average requipgital
power. The average optical power is an importardpater from the eye-safety and battery power copsion
point of view. It should be noted that various co@eist which both provide the properties of limel af FEC
codes. Examples are all kinds of PPM as well asesamlength limited codes like the HHH(1.13) codevery
high data rates in the Gbit/s range, FEC codes avldrge code rate (small redundancy) like the R&gdmon
code RS(255,239) used in fibre optics with aboutrééfundancy are of particular interest.
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3.6.7 Discussion

Within OMEGA the multicarrier approach is being pued for VLC, but in the case of high-speed IR &&mp
baseband modulation is being considered due tcchialenges in implementing such a high speed OFDM
scheme. Any investigation of the potential of tlystem will be undertaken as part of the roadmajvigct
Coding will likely be part of any OFDM scheme, atig potential will be investigated for the IR systeAny
analysis will take into account the increase indvéidth required, and hence the potential drop iteiresd
power due to decreased detector area, comparedhagiiimproved power efficiency.

3.7 Operating Wavelength

The wavelength () at which transmission takes place is an imporfmarameter of any wireless optical
system, since it determines both technical and @oaral properties. The choice of wavelength isracfion of
technical parameters, such as eye safety, link dtydgailability of high-speed sources, and theoopmity to
build WDM systems, as well as the relative costath type of source. The following sections giverief
overview of the candidate bands, eye safety amdfarence aspects.

3.7.1 Candidate wavelengths

Wireless optical transmission is currently feasiélavavelengths between about 400 nm and 2000 sna A
result of biological effects, transmission baseduttraviolet radiation with <400 nm is surely out of the scope.
Operation beyond about 2000 nm requires that thectte-devices be cooled to reduce the thermalrgéna of
carriers resulting from the low bandgap. Hencehswavelengths are also outside the useful ranggir&i22
shows the candidate wavelength bands for indoadcapivireless transmission. At wavelengths gredtan
2000 nm the poor sources and detectors make itrac@te for this application, so the longest wawejth
considered is in the telecommunications ‘windowl&00 nm, where components are readily available.

Figure 22: Spectral bands 1 to 4 (x-axis: wave letiyin pm, y-axis: irradiance of skylight in W/m?%/pm)

Similar to fibre optics, it is possible to defineveral optical bands:

1. A band between 400 and about 750 nm, which is iible spectral range. It is used for VLC (Visible
Light Communication), which combines illuminationdacommunication.

2. A band between about 750 and 950 nm (near infravetgre Silicon based photodiodes can be used.

3. Aband at about 1300 nm.

4. Aband at about 1550 nm.

The bands at 1300 nm and at 1550 nm corresporitetedcond and the third optical window known
from fibre optics. Since these two windows are amlsesult of characteristics of the fibre, it isampossible to
consider only 3 different bands, where the thirddaorresponds to all the wavelengths outside tetecange
of Silicon.

Each of the bands has associated advantages aadvalidgages. From the technical point of view, the
wavelength determines
- the physical properties of the channel betweenrttresmitter and receiver
- the physical properties of the individual opticaldaoptoelectronic components (especially of the
photodiodes)
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- the maximum transmit powers, which are permittednfthe laser safety point of view.

Thus, important technical parameters like data, tadnsmission range and energy consumption degtesrgly
on the wavelength range chosen. However, the aperatavelength determines also economic aspects asic
the manufacturing costs or aspects which are impbftom the user's point of view, such as the amtpess of
the devices. Table 1 gives an overview of the dabaracteristics associated with the four bandsudised
above. The table below presents an initial comparef these candidate bands. It can be seen frertatie that
there is no ‘clear winner’ in terms of wavelengiimd a major part of our initial work is to undeea& more
detailed comparison. It should also be noted thet is mitigated by availability of components viitithe
timescale of the project, and that the availabilify custom components may vyield a different choate
wavelength in the future. This will form part oftiplanned roadmap activities within the project.

Characteristics 550 nm 850 nm 1300nm 1550 nm
Cost of components * i * *

Link margin (for point sources) * ** *rx il
Eye and skin safety ** * ** **
Ambient light components * ** ok *rx
sensitivity to ambient light

WDM usage * * * *
Available components ** il ** **
Possibility of integration with fibrg * * ** **
networks (for example FTTX)

***. advantageous; **; average; *: disadvantageous
Table 1: Comparative study of wave length

3.7.2 Noise and interference in optical wireless

Optical wireless channels are susceptible to naigk interference caused by unwanted light fromightl or
artificial lighting sources. These have been extehg studied and are characterised below. Espgcilvery

high data rates, the noise generated in the prdampmlso to be considered. It should be notedthigahoise
2
power of the so called * -noise" increases with the third power of the sigmandwidth. In other word:

2
increasing the data rate by a factor 10 incredsepawer of the f -noise by a factor 1000.
Artificial light and daylight cause a DC photocurtéhat is normally blocked by the AC coupling bétreceiver
circuitry. However, these currents indugieot noise which degrades receiver sensitivity. Tikisf particular

importance in APD receivers where the amplifiedtstmse component limits the available avalancha gad
hence the improvements in receiver sensitivity labée.

- Artificial light is driven either directly from mas AC voltages in the case of incandescent lamps, o

via ballasts in the case of fluorescent sourcesn#taoltage induces a 100Hz (120Hz in the US)
variation in received photocurrent in incandesdamps, with significant components at harmonics

of this due to non-linearities. Fluorescent liglilaasts can create significant components at up to

several hundred KHz, depending on their type, &ailed below
- The incandescent lamp or the low frequency fluaestube, with a principle component
at 100 Hz, then harmonics at 200 and 300 Hz.
- The high frequency fluorescent tube, with a maimgonent at 44.2 kHz then a harmonic
at 88.4 kHz.
- The high frequency compact fluorescent lamp, witman component at 33 kHz then
harmonics at 66 kHz and other lower harmonic®atl82 and 198 kHz.

These components are not blocked by simple AC aogipso filtering must be used to reduce them.

Figure 23 shows the relative magnitude of the D@ll®f the interference from each source. This shdvat
sunlight provides the highest level of interfereradéhough this can be blocked by an AC coupleéixes.
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Figure 23: Power spectrum of four principal sourcesf light

3.7.3 Optical radiation safety requirements

Biological tissue can be damaged by optical ragiietiue to thermal, photochemical and nonlinearcefdEUR
07].

With respect to the eye, sources emitting infrafiadiation withl > 1400 nm represent a corneal hazard.
Sources emitting in the visible or near infra-reavelength range (400 nm to 1400 nm) mainly causstiaal
hazard as the radiation will be less absorbed duhéd cornea or the lens. The skin can toleratehnmore
exposure than the eye, where visible light may eguigment darkening, photosensitive reactions &mdkaurn.
Skin burn is also the dominating pathological éffec infra-red radiation.

Laser safety is covered by the international stehdBC 60825-1, and this is relevant to the chaife
wavelength for the IR system within OMEGA. LEDs a@wv regulated within a separate standard, but thes
in communications may still fall within the lasetasdards. The authors Horak and Neuhaus have hecent
argued that the application related laser standards

» |EC 60825-2 (laser equipment safety — Part Zetgdbr optical fibre telecommunication systemsjl an

» |EC 60825-12 (laser equipment safety — Part afety for open space optical communication systems
used for data transmission)

still cover LEDs, if these devices are used foadatmmunications: Thus, it may occur that for one e same
IR-LED both, the laser or/and the lamp requiremératge to be applied, depending on whether it isl dee
communication purposes or not [HOR 07].

The classification of laser sources is based anaaimum permissible exposu(®IPE) matrix, which was
determined experimentally depending on the exposome and the wavelength. The MPE is the "levelager
radiation to which, under normal circumstancesspes may be exposed without suffering adverse teffec
MPE values are set below known hazard levels amd based on the best available information from
experimental studies.” [EUR 07].

The accessible emission limif the various laser classes are derived fromMIRE-values. Each class
corresponds to a different level of hazard and gegnently) to specific safety requirements likeelaband
protective housings. A laser product is assigned particular laser class, if it does not permitnan access to
laser radiation in excess of thecessible emission limi(AELs) tabulated for that class. As the MPEs, Alig s
depend on the wavelength and on the exposure time.

Class 1 laser products are safe under all reaspfatdseeable conditions, and the IR and LED basstems
must meet this requirement. The AEL allowed depesmishe source dimensions, and the wavelength ef th
source, and Figure 24 shows the permitted radiaensity of class 1 sources for different appasantrce
diameter®. D=0 corresponds to a point source. If the spatibkoency of the source is destroyed by means of a
diffuser, much higher radiant intensities are pass{for wavelengths from 400 nm to 1400 nm), sitlee size

of the retinal image is increased which leads de@eased irradiance.

Explanations of these calculations can be fourtdlénrOMEGA internal document on wavelength choice.
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Figure 24: Permitted on-axis radiant intensity for extended surces.

The key points are that for wavelengths >1400nmr#ukant intensity is fixed, and cannot be increabg
increasing the size of the sourde If it is possible to ‘close’ a particular link dget in this region with the
available radiant intensity then a simple point reeuemitter can be used, making link optical design
straightforward. However, if there is not suffidieradiant intensity then it cannot be increasedthis case
improvements in receiver performance are required.

At wavelengths <1400nm the radiant intensity avdélacan be increased by using a diffuser to exteadize of
the sourceD, which offers an additional degree of freedom nmpioving link budget design. This may be
particularly useful as data rates increase in titeré- as there are additional degrees of freedbrnoth
transmitter and receiver, whereas link budget impneents are only available at the receiver in thgecof
wavelengths>1400nm.

3.8 Energy consumption

It is generally difficult to compare the energy samption of different systems. The total consitdhe
energy to transmit the data, as well as that comslim the modulation and demodulation and assatsignal
processing. The table below shows an approxin@atgparison, based on available data, of the consampt
different standards. These indicate that opticatmoinications can be competitive with other stanslalatgely
due to the simpler signal processing that is typicavolved. Such figures should be treated withution
however.

Power Normalised energy
Standard consumption(W) | Bit rate(Mbit/s) | consumption(J/Mb)
IEEE802.11(g) [DLI 05] 1.25 54 2.31E-02
Ultra-WideBand(UWB) [DLI 05] | 0.75 114 6.58E-03
Optical link[M39 05] 0.3 150 2.00E-03

Table 2: Energy comparison
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3.9 State of the art systems and representative link ligets

In the following sections the link budgets forverml commercial and proposed systems are detaileatder
that the typical requirements for particular dates and capabilities can be seen.

3.9.1 IrDA systems

Data for the IrDA Smartbeam system from BELKIN isown. This provides a bidirectional link that
operates in accordance with the USB 1.1 standard.

3.9.1.1Data

The Base Station (BS) parameters:

- Power R (dBm) : 4 (2.5 mW)
Emission angléiP (°) : 45
SensitivitySe (dBm) : 30
Effective ared\; (mm2) : 100
Field Of ViewFOV (°) : 45
Wavelength (nm) : 880
Data rate (Mbit/s) : 2

The Module (MOD) parameters:
Power R (dBm) : 4 (2.5 mW)
Emission anglédP (°) : 45
SensitivitySe (dBm) : 30
Effective ared\o; (mm2) : 100
Field Of ViewFOV (°) : 45
Wavelength (nm) : 880
Data rate (Mbit/s) : 2

This link is designed to operate over a distancenof

3.9.2 JVC Luciole

The Luciole link is a point to point tracking litkat is used to transmit High Definition (HD) vidsignals from
a source to a large screen TV. The data rate GHit/s and it is available over a range of 5m

ptical HD transmission system, Ref LW-HDW1UC, nanheiciole

3.9.2.1Data

The product parameters:
Power R (dBm) : 6 (4 mW)
Emission anglédP (°) : 1.5
SensitivitySe (dBm) = 35
Effective ared\; (mm2) : 10
Field Of ViewFOQV (°) :5
Wavelength (nm) : 855
Data rate (Mbit/s) : 1 500
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3.9.3 JVC VIPSLAN

JVC produced LAN units that transmit 100Mbit/s Etiet data, named the VIPSLAN-100. This operates ave
range of several metres and has a wide field af tiase station and narrow field of view trackingaiger.

3.9.3.1Data

The Base Station (BS) parameters:

- PowerR (dBm): 30 (1 W)
Emission angléiP (°) : 60
SensitivitySe (dBm) : 34
Effective ared\; (mm2) : 10
Field Of ViewFOV (°) : 60
Wavelength (nm) : 870
Data rate (Mbit/s) : 100

The Module (MOD) parameters:
Power R (dBm) : 5 (3.2 mW)
Emission angléiP (°) : 3 + tracking
SensitivitySe (dBm) : 34
Effective ared\; (mm2) : 10
Field Of ViewFQV (°) : 3 + tracking
Wavelength (nm) : 870
Data rate (Mbit/s) : 100

3.9.4 Prototype Techim@ge

A French regional research project is aiming taitatte a system with the following parameters. s
operate at long wavelength over a range of up to 7m

3.9.4.1Data

The Base Station (BS) parameters:
- PowerR (dBm): 30 (1 W)
Emission angléiP (°) : 45
SensitivitySe (dBm) : 34
Effective ared\; (mm2) : 40
Field Of ViewFOQOV (°) : 45
Wavelength (nm) :
0 Emission : 1550
0 Reception : 1560
Data rate (Mbit/s) : 1000

The Module (MOD) parameters:
Power R (dBm) : 25 (0.3 W)
Emission angléiP (°) : 15
SensitivitySe (dBm) : 34
Effective ared\; (mm2) : 40
Field Of ViewFOV (°) : 15
Wavelength (nm) :

0 Emission : 1560
0 Reception : 1550
Data rate (Mbit/s) : 1000

3.9.5 Discussion

It can be seen that data rates of Gbit/s and ahmyavailable, particularly in the Luciole prodinrcm
JVC. However, this is a point to point link, rath#ran a network, and it uses narrow beams that are
mechanically tracked to align transmitter and rezeiThe Giga-IR work represents very short distaliks
and these are not comparable to the work in OME®are links operating in rooms are required.
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The techimage prototype also aims to create modthlat operate at 1Gbit/s, with similar link
specifications as Omega. It represents ‘plannedéstf the art, and has similar targets to OMEG/east at a
link level. In summary, Gbit/s links represent #tate of the art in high-speed indoor optical veiss| but there
are no Gbit/s networks, and this represents tharamva successful OMEGA project will bring.
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4 Optical wireless systems: Medium Access Control (M&)
considerations

A key challenge for the OMEGA project is the deysieent of an appropriate MAC layer, either by
adaptation of existing work, or taking a new apptod his section presents a survey of existingriggles that
have been used in optical wireless.

4.1 Existing Point-to-point protocols

4.1.1 IrDA protocol

Created in 1993, the IrDA (Infra-red data Assooia}iis an association of around one hundred arty fif
members of different companies. As of 1997, thiamtion suggested a recommendation allowing ftigeal
communication with inexpensive optical modules.sTHDA device is on many portable machines, inatadi
laptops, PDAs, and also on peripheral devices asglrinters or camcorders.

Generally, the equipment has a short range infilapat , mainly allowing for file transfers. Theyeausually
made up of a transmitter/receiver working aroun@l 861, and with throughputs of 1.5 Kbit/s to 16 Mbibver
several meters and a divergence of +/ 15°,

The first protocol suggested by the IrDA in 1997caled OBEX (Object Exchange), and allows for data
exchange between devices that have an IrDA infdalirlk. The communication process occurs betweem tw
devices in point-to-point configuration, as a sessilThe data exchange occurs according to thelesstat rate,

no obstacle whatsoever must disturb the commupitati Upon completion of the file transmission, the
connection is terminated and the session ends.

The following table shows the different charactigssfor transmission modes and rates.

Table 3: Parameters of IrDA rates

The actual typical performance is shown in thedadalow.

Values
Characteristics
Delay The detection and handshake time of |the
connection is between 250 and 650 ms
Latency Typically L < 20ms, but can fall as low as 500 pys
Effective 115 kbit/s link (PDAs, cellular phones): 80 kbit/s
throughput throughput (70%)
4 Mbit/s link (laptops, IrDA adaptors): 3.5 Mbit/s
throughput (88%)

Table 4: Typical achieved performance of IrDA links
Several standards have been developed, and tfieséoreasing data rates.

SIR — Serial Infra-red- throughput of 9.6 to 155 kbit/s. Products arealjdavailable and used
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Alr (Advanced Infra-red) also calledFIR (Fast IrDa) —up to 4Mbit/s at a range of 1m or can also previd
LAN connectivity at a range of up to 10m at lowatalrates. Products are available though less pidad use
in portable appliances.

VFIr (Very Fast Infra-red)

Up to 16Mbit/s with some products available.

There has been some activity at higher data rtest recently KDDI proposed a standard as descisbolw
Giga-IR users lasers to provide Gbit/s short range paidtsoot links.

As well as work on physical layer standards theivenhalso been efforts to tailor the standard tdiquaar
applications IfFM- for financial transactions) and to improve the pooi stackrSimple.

Although IrDa represents the largest installed lidde links perhaps the only relevance to the OME@oject
is the Giga-IR standard, in that this shows theg@ged need for high-speed IR communications.

4.2 Existing Multi-access protocols

There are several existing standards designed gtocab wireless physical layers, notably a standaithin
802.11 which has not been commercially exploitea] @a Japanese standard where prototypes have been
fabricated, but again there is no widespread use.

Also of interest are protocols designed for systéms used a 60GHz carrier frequency, such as eitnoé the
IEEE 802.15.3c draft standard documents. In additiee Very High Throughput (VHT) study group within
802.15 is also working to develop standards in #ne=a. The VHT group are considering technique$ sisc
beamforming, and the need to adapt the radiatittenpato find devices within the coverage areasThay be
relevant to the high-speed IR where similar chaiénexist. Work in the VHTSG is also relevant ® RF work
within Omega.

Ethernet is also included in this study, as anyiadevs likely to use an Ethernet connection to timical

wireless transceiver, or to the optical wireless ®Aigabit Ethernet over fibre offers a possiblsi®dor the IR
work also: replacing the fibres with free spacddims attractive as it allows gigabit Ethernet comgnts to be
used, although further study is required to seethidrat is a suitable protocol.

In the following sections more details of eachhade protocols are given.

4.2.1 802.11 protocol

The 802.11 IR-PHY standard was developed in 1988, avphysical layer using diffuse infra-red ragiat
The broad specifications are
- Link length of 10-20m
Transmitter wavelength between 850 nm and 950 natres
Pulsed emission power limited to 2 watts.
Must be class 1 eye safe to IEC 60 825-1
Throughput from 1 to 2 Mbit/s, then to 10 Mbit/sximaum,
Modulation schemes as follows:16 PPM (Pulse Pasititodulation) for 1 Mbit/s and Gray coded 4
PPM for 2 Mbit/s.

The standard also defined frame preambles, syndation procedures and other required elements.

4.2.2 ICSA protocol

The Japanese association’s standard proposal éxtansion of the ARIB STB-T50 standard. This defiree
multi-access communication protocol for an infrd-reAN system at 10 Mbits/s with an extension for
1000Mbit/s. This is designed to be compatible wHthernet, using many of the parts of the Ethernet
recommendations, and the optical sources mustdss dl eye safe. For the 1Gbit/s system a linegbt siith a
range of 1-10m is assumed. There is no specifiegtdagth, and a target BER of 1E-10.

4.2.3 802.15.3 protocol

The IEEE 802.15.3 created task group 3c (Task Gi@@por TG3c) in March, 2005. The TG3c (WPAN
Millimetre Wave Alternative PHY) is developing ahlesnate physical layer using carrier frequenciesnf 25-
100GHz offering throughputs of several Gbit/s. Asmibned earlier some elements of the standard lmeay
useful to OMEGA due to the similar propagation elaeristics of high-frequency RF radiation to lightt
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should be noted that there is no support for meltgccess in the standard, which may limit its udere
relevant in this area may be the work of the VerytHT hroughput (VHT) study group of IEEE 802.11.

4.2.4 Ethernet protocol (IEEE802.3)

The most well-known protocol of multi-users is Hiiet. Its most common standards, with their main

characteristics are as follows:

Connectics | Max. Time Min/max Modulation | Transmission
distance | between | frame
frames length

Ethernet 10 Bas¢ RJ45 100 m 9.6 us 1518 byted Two levels | Manchester cod
T full/half duplex | twisted 64 bytes baseband
(IEEE 802.3) pairs cat 3

2Tx + 2 Rx
Fast Ethernet 100 RJ45 100 m 0.96 us 1518 bytes Three levels| Coding baseband
Base TX full/half| 2  twisted 64 bytes 4B/5B and MLT-3
duplex (IEEE| pairs cat5 —
802.3u then 2Tx + 2 Rx
802.3).
Fast Ethernet 100 SC or ST| 412 m| 0.96 us | 1518 bytes | Two levels | Coding baseband
Base FX full/half| multi- half 64 bytes 4B/5B and NRzZI
duplex (IEEE| modes fibre| duplex
802.3u then connectors | 2,000 m
802.3) 2 twisted| full

pairs cats — duplex.

2Tx + 2 Rx
Fast Ethernet 100 RJ45 100 m 0.96 us 64 bytes | Two levels | Coding baseband
Base T4  halff 4 twisted 1518 bytes 8B/10B and NRZ
duplex pairs cat3

2Tx + 2 Rx
Giga Ethernetf 4 UTP 185 m 0.096 ps| 64 bytes | Five levels | Basebands
1000 Base T full twisted 1518 bytes 8B1Q4 and
duplex pairs cat 5E (or 9018 ADPAM5  (Pulse

- 2Tx + 2 bytes - Amplitude

Rx Jumbo) Modulation)
Giga Ethernef CX (4] 25 to| 0.096 us | 64 bytes | Two levels | Coding basebar
1000 Base X full| copper 1000 m 1518 bytes 8B/10 and NRZ
duplex wires — 2Tx (or 9018

+ 2 Rx - bytes -

RJ45), SX Jumbo)

(fibre MM

— 770 and

860 nm),

LX (fibre

SM - 1270

and 1335

nm)
10 Giga Ethernet SR, SW,| 25 to up| 0.0096 64 bytes Two or | Coding baseban
10 000 Base X LR, LW, |40 000| us 1518 bytes| three levels | 8B/10 and NRZ
full duplex LX4, ER,|m (or 9018

EW bytes -

Jumbo)

Point to point links as reported in [SCH 06a] arpliemented by making a direct electrical/opticahvarsion
and vice versa of the Ethernet waveforms. In thsec the two-level modulation protocols should defired,

Table 5: Ethernet protocols

as are found in the following protocols:
Ethernet 10 Base T full/half duplex (IEEE 802.3)
Fast Ethernet 100 Base FX full/half duplex (IEER W then 802.3).
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Fast Ethernet 100 Base T4 half duplex only
Giga Ethernet 1000 Base X full duplex

Any Optical Wireless MAC that is developed in OMEGWust be compatible with Ethernet, but the direct
conversion of fibre-based Gb Ethernet to an analsdee-space version may not be suitable for gtevark,
rather than point to point architecture that isuiegd for OMEGA. In this regard the available Jagmm
standards provide a more relevant starting pointfie MAC work within the project.

4.3 Other possible Multiple access techniques

4.3.1 Multiplexing, optical techniques

4.3.1.1Wavelength Division Multiplexing(WDM)

The abundance of optical spectrum allows differematvelength sources, together with wavelength
selective receivers to be used to increase da#s tadtween two points by using more than one lamkio
provide enhanced isolation between up and dowrs linktween terminals. Fibre systems use this teabniq
routinely but the availability of components foedr space systems, and challenges in the desigmyfanents
optimised for free space reception and transmissiake this unattractive in the short term.[MOR 96].

4.3.1.2Space Division Multiplexing(SDM)

The ability to confine optical radiation to a sgicfield of view and to distinguish between angle
arrival at an optical receiver makes this an ativadechnique for optical wireless. The need te narrow field
of view links to achieve the required link margimsikes SDM an aspect likely to be used in all highrdie
systems, either at 1Gbits or higher rates. It affexs the potential for very high bit rates whigh not have to
be shared as an unshared link exists betweenealidars in the system. All high speed systemshidnag been
proposed and offer wide field of view coverage &M, either with imaging[DJA 00], MIMO[OBR 06a] or
angular diversity schemes[CAR 00].

4.3.2 Electrical multiplexing techniques

Multiple users accessing the shared optical charawglire a means to do so efficiently, and the comiyn
used electrical techniques are as follows: TDMA imd Division Multiple Access, the FDMA — Frequency
Division Multiple Access, and the CDMA — Code Diwis Multiple Access.

4.3.2.1Time Division Multiple Access (TDMA)

TDMA allows different users to access a shared wbbhmand has the advantage that the power
transmitted can be reduced if usage is low [MOR 38]MA is efficient under the regular flow of infaration
(relatively constant throughput), however, it mayrbore difficult to manage for transferring "butstshich is a
very high throughput over a short time period [P9%].

4.3.2.2Frequency Division Multiple Access (FDMA)

In this approach, the frequency axis is split iptations of frequency bands where each channsldill
certain band. For reception, the receiver filtérs desired signal frequency. The FDMA solutionfficient in
applications with relatively constant throughpuPAH 95]. However, the power efficiency from the FBM
technigue becomes lower as the number of usersdses. In other words, this solution is equivalerivDM
(optical multiplexing) with a distribution of powesmitted in relation to the number of users or evgths
(frequencies). Managing “bursts” is also a deligaseie in this approach.

4.3.2.3CDMA

This technique assumes that each user has a diffsegjuence of orthogonal codes to avoid any
interference [MOR 96]. CDMA may be considered toableybrid combination of FDMA and TDMA where the
users operate at the same time on the whole batidyRdH 95]. The signals of each user are dividpdaith
their respective codes to modulate their signaid, @re then regenerated by the receiver. Theréwaranain
CDMA techniques, the Direct Sequence DS-CDMA, drarhethod by Frequency Hopping FH-CDMA).

40



In the DS-CDMA method, the information is modulateith certain codes. Each user must be assigned
a code so there is no interference among the usigrgls. The receiver then regenerates the cbdesite used
to demodulate the information. DS-CDMA is built atbroad spectre of techniques.

In the FH-CDMA solution, the information modulategroup of frequencies that jump from one to the
other according to a pseudo-random sequence veiginehronisation algorithm.

4.3.2.4Discussion

The physical layer constraints on high-speed systaake it likely that multiple physical channelslwi
be required to meet the data rate and field of engets for OMEGA and similar systems. These arg well
suited to SDMA type schemes with one channel beingilable for each terminal. However, it is equally
feasible, and simpler to transmit the same dataliffarent physical links, thus creating shared $raission
paths. In this case some form of electrical donmairitiplexing is required. This is likely to be tloase if two
terminals are within the field of view of one ofetltinks, even if SDMA is used. Therefore OMEGA rigs
electrical multiplexing in all cases, but therdtie option to incorporate SDMA techniques as thgsidal layer
architecture permits this.
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5 The optical wireless ‘landscape’

In this section the characteristics of optical Wss communications are compared with their RF dase
alternatives, both generally and in the contexthef available standards. Table 6 shows a compakisbmeen

RF and optical wireless. It can be seen that th@pmadvantage of optical wireless is the abundaote
unregulated spectrum, but as has been seen ingh®ps chapters the challenge is to create radmtreliable
systems that can use it. To some extent these grasmrsome of the same challenges that 60GHz LOS RF

technologies face (such as blocking) but additigriatlude the major challenge of poor link margin.

Characteristics

Radio

Optical

Spectral availability

Limited, especially in

frequency bands

lo

U

wAbundant (though effectivg
usage of multiple wavelength
is a major challenge)

Spectral Regulation

Highly regulated

No regulatiother than eye
safety)

Financial charge fo

allocation of spectrum

Varies (no charge for the rad
technologies mentioned above)

oNot at present

Security of data

Requires encryption

Signal comfibg room

Multipath fading

Major issue (needs spreading
OFDM:-like techniques)

dtone

Inter-Symbol Interference Weak Potentially impottda high
bit-rate

Electromagnetic Possible None

Interference created

Sensitive to| Possible None

Electromagnetic

Interference

Dominant noise source Other users Natural and icatif light,

amplifier noise at very high
data rates

Inter-connectivity Electrical (Cable, PLC) or radio| Electrical (Cable, PLC) of
optical (FTTx) radio or optical (FTTX)

Effect of humans No evidence No evidence

Quality of service Best effort Best effort

QoS in evolution

Table 6: Comparison between the radio frequency andptical wireless transmission
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5.1 Comparison between existing and proposed wireless
communications standards

5.1.1 Radio communications

OW is significantly less advanced than RF wirelesexmunications, so to some extent the comparisats
‘like for like'. In the next section a range of flifent standards is summarized, and Table 7 cormplaese.

Bluetooth 1.0:
Used for data exchange between portable devices.

Data rates approximately 1Mbits/s, around 723 kbitset rate download and 57 kbits/s upload
(maximum 433 kbit/s).

Range is approximately 10 to 30 metres, up to 180exn for some devices
Bluetooth is principally designed for home netwofRéDAN — Wireless Domestic Area Network)

There is the start of a collaboration within theM&dia (UWB) Forum to develop a standard in the 6-9
GHz band.

WiFi: "IEEE 802.11":

Ubiquitous worldwide standard for wireless LAN, proted by the WECA (Wireless Ethernet
Compatibility Alliance). WiFi offers WLAN services.

Data rates:
0 802.11a: typical bit-rate of 30 Mbits/s with a rengf 10 m in the 5 GHz frequency band
0 802.11b: typical bit-rate of 6 Mbits/s with a rangfe0 m in the 2.4 GHz frequency band
0 802.11g: typical bit-rate of 26 Mbits/s with a r&ngf 27 m in the 2.4 GHz frequency band
0 802.11n: typical bit-rate of 100 Mbits/s to 90 m ttwe frequency band of 2.4 and 5 GHz and

MIMO technology.

The maximum range is approximately 50 to 100 metegending on the environment

C
oy}

Promoted by the WiMedia Alliance (http://www.wimadirg) forum. The recommendation phases are
carried out in collaboration with the ECMA since de@enber 2005 and with ISO since March 2007.
Work is still underway in CEPT (CEPT/ECC TG3) irder to define regulations in Europe in the 3.1-
4.8 GHz and 6.0-8.5 GHz bands. ECMA and ISO alreatbased a WiMedia standard.

Data rate: approximately 480 Mbits/s up to a ramigé m or 110 Mbits/s to 10m.

5.1.2 Optical free-space transmission

A number of different standards are in use or dgweknt, and these are described below.
IrDA (Infra-red data association):

IrDA links are used to communicate over short rangetween portable appliances such as PDAs

The bit-rates of 2.4 kbits/s to 4 Mbits/s are ated16 Mbits/s is also proposed - I[rDA-V VFIR).

IrSimple
A modification of the IrDA. Allows high bit-rate fra-red communication between portable devices
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Supports bitrates up to 16 Mbits/s (VeryFast IRhvalanned rates of 100 Mbits/s (UltraFast IR).

ICSA
Created in 1996, the ICSA (Infra-red Communicati&ystems Association) is a Japanese association
which aims to favour the standardisation and useptital communication systems in free-space; and
to promote this wireless communication technolagthe infra-red domain.
Specifications of a 100Mbit/s infra-red LAN systewmpatible with the 100 Mbits/s Ethernet standard
are available. Current work in ICSA is on spectiisas for a 1Gbit/s system compatible with the
Gigabit Ethernet standard.
5.1.3 Comparative studies
Standards
Radio Optical
802.11 UWB IrDa IrSimple | jcsa Giga-IR
g n KDDI
Version/ IEEE In progress In progres§  approved  n/a n/a approved
Status approved
Medium Access CSMA/CA | CSMA/CA CSMA/CA | IrPHY CSMA CSMA/CD| nla
and other| and other| and  other
medium medium medium
access access access
mechanismg mechanisms | mechanismg
Band Frequency/| 2 4GHz | 2.4and5GHz 3.1- 850/900 | 850nm | Visible | Infra-red
Wave length (ISM) 10.6GHz nm and Infra-
red
Modulation OFDM with | OFDM QPSK and| n/a n/a n/a
BPSK up to| with BPSK up| DCM (1,13)
64-QAM to 64-QAM ’
Bit rate Mbits/s| 54 600 480-110 16 100 1000 1000
(not including
overheads)
Range (m) 30 90 1-10 0.1-1 10 10 1
Encryption Option Option Yes
QoS 802.11e * 802.11e * yes fomo no yes n/a
multimedia
(with DRP)
Protocol type Ethernet Ethernet WiNet PPP Etherndfthernet n/a
Availability/status| Worldwide | Still in| Available Worldwide | Available| Japan Japan
standardizaion (USA)

(Sep 2009)

*. There is virtually no implementation of the redt

multiple multimedia applications.
Table 7: Table summary of wireless technology starads: radio and optical

mechanism (PCF). Furthermore, 11e is not sefficin case of
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5.2 Potential uses of indoor Optical Wireless
The indoor wireless optical communication systears loe defined according to two approaches:

WDAN: Wireless Domestic Area Network or Home Netlwor

Many appliances have the ability to be controllechotely. A low bit-rate optical wireless networkght be
used to provide control to all of these devicesating an automatic home. This subject is well gméd in the
Omega project public document: D1.1 Final Usagen&ges report.

WLAN: Wireless Local Area NetworkThe widespread success of WiFi has led to a grgvdemand for
wireless networks. Optical Wireless has the potérit compete with high-speed LOS alternatives sagh
60GHz communications.

WPAN: Wireless Personal Area Netwokkommunications using IRDA transceivers fall ie WPAN category,
and OW may be able to provide higher data-rate conirations.

Hotspot/Refuelling or SAN

Networks that offer ‘hotspots’ of high data ratevemge, combined with broader area WiFi coverageaararea
of research interest. The ability to confine ogticadiation and the potential to provide high dedges using
simple communications transceivers makes this @aacéitze area of application for OW.

IdP: Indoor PositioningRadio Frequency positioning techniques such aS @® not function well in indoor
environments. VLC allows individual lighting units broadcast position information, so that receivaose the
the lights can determine their location.

5.3 Organisations active within indoor and short-rangeoptical
wireless

The following paragraphs present an overview of ufacturers for optical wireless communication prctdifor
indoor applications, spanning from commerciallyikakde products to prototypes. We also provide a@raew
of academic institutions active in this field and organisations with ties to optical wireless indoo
communications.

5.3.1 Manufacturers

Optical wireless data transmission using infra+radiation is an established and even standardesgthology,
and several IR-based communication devices arecibusnercially available.

Clarinet Systemsoffers several "EthIR LAN" (Ethernet LAN over IRyoducts that are based on IrDA. They
offer infra-red links of 115 kbits/s (SIR) to 4 Mé&fs (FIR) in line of sight and over an averagdagtise of 50
cm. These can be used for a network link using fBetel 0/100 or WiFi (802.11b) protocols.

The JapanessompanyJVC — Panasonicsells two IR products (see chapter 1):
- VIPSLAN — point-to-multipoint infra-red WLAN at 1Mbit/s,
- Luciole — Point-to-point transmission of uncompesssiDTV at 1.5 Gbit/s.

InfraCom markets integrated low-cost semi-conductor cisctor wireless short-range communication. Their
transmission scheme is based on diffuse infrairéd, referred to as IrGate. InfraCom claim a bierof up to
10 Mbit/s. This product was developed for wirelaadio connectivity to Hi-Fi speakers.

The Kyosemi Corporation developed a prototype called the "Infra-red Pode3elar Cell" enabling FM radio
transmission by aid of infra-red LEDs;

The KDDI company demonstrated a link they called ‘Giga-IR’, an arf]d communication standard with a data
rate of 1Gbit/s. The technology could be used fowérding music and video data stored in mobilengsoat
high speeds to other mobile phones, PCs, TVs, D¥bPonders and printers etc. KDDI developed this
communication format and is aiming to complete d#adization at the Infrared Data Association. Ualikost
infrared communications using LEDs, Giga-IR usemisenductor lasers.
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VLC is less well developed, with several prototypeducts being developed in Japan, as part of ikilg
Light Communications Consortium (VLCC).. Exampldgablicly displayed prototypes include [NAK 07]

Indoor positioning with ceiling lights (NEC, Mathita)
Telematics (traffic light to car; Nippon Signal)
Long-distance links (200 m and larger; Casio)

Another important manufacturer active in this fieddSamsung. Prototypes presented by this comparyde
[WON 08a]

Point-to-point communication between mobile devigegsto 100 Mbit/s)

Data broadcast with illumination devices (datagatethe kbit/s range)

Telematics-traffic light to handheld device (dadgesin the kbit/s range)

Point-to-point links between infrastructure and if@devices (data rates in the Mbit/s range)

Information broadcast with LED displays (data ratethe range of 10s of Mbit/s)

5.3.2 Academic Institutions

Incoherent optical wireless communications for imdapplications was pioneered by Gfeller and Bapih a
first publication in 1979 [GFE 79]. In 1997 KahndaBarry presented a comprehensive review paperRon |
wireless indoor communications [KAH 97]. VLC hasebepioneered by the group of Prof. NakagawKeio
University who play a leading role within the Visible Lighb@munications Consortium (VLCC). Among their
recent results include an integrated system ofeahfD communication and power-line communicatio©M
03], and an indoor positioning technique that wsgkng lights [NAK 07].

The Department of Engineering Science oftheversity of Oxford (England) has developed a retro-reflecting
communications system that uses visible lighthis tase a liquid crystal shutter is used to madudabeam of
light that is returned from a retro-reflecting ‘taghe reader and tag offers bi-directional comneatibns at
several kbit/s. It also reported the first 2D clalluoptical wireless system demonstrations, andfitise 2D
integrated cellular components[OBR 05].

France Telecomand the engineering instituEENSSAT (France) have developed a prototype optical wésele
communication system that uses multi wave-lengftaired transmission (WDM). One of the featuresthaf
prototype is the use of each wave length of a Whdwal as a channel unique to a user or device.,Tihis
possible to obtain many users in simultaneous adioreand each of the channels offers a guarariigedte of

a few Mbit/s to some tens of Mbit/s.

The Photonic Research Laboratory at thaversity of Northumbria pursues both optical fibre and wireless
optical communications. In the latter field theyegpented a prototype for diffuse infra-red opticateless
communication based on digital pulse-interval matah. Data rates of 2.5 Mbit/s in a 6.85 x 6.62.8 m
room were demonstrated [ALD 05].

5.3.3 Institutions

There are a number of institutions with interesthia regulation of the optical spectrum, or itsleitption for
communications. Figure 25 shows a diagram thadtiltes this.
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Figure 25: The institutional actors
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5.3.3.1ITU - International Telecommunications Union

The ITU is an agency of the United Nations, withinich the States and the private sector coorditnetelobal
telecommunication networks and services.
The ITU is structured in three distinct sectors:

-ITU-D: Development - Concrete initiatives and projects for the depetent of the information society-

-ITU-T: Standardisation —creating standards and recommendations coveridg thed fields of
telecommunications
In March 2006, ITU-T created their in the domairfrele space optics (FSO). This recommendation ddfthe
usage for FSO "outdoor" systems of which the charatics are the following: usage of lasers orL&D,
transmission of data in line of sight up to 2knt;raite up to 1.25 Ghit/s, free spectrum and inddproe of the
protocol.

-ITU-R: Radio communication — Regulation in the field of radio communications
Thecommission of the THISsBudyworks principally on the propagation of radio waviesthe domain of FSO,
numerous contributions in the field of FSO haverbpeoposed, principally from France and Japan, thrde
are largely concerned with outdoor propagation nsde
The commission of the THIS 5 studpntrols the fixed service. There is a plan tontdu of a process of
recommendations for optical wireless systems witblgjective to achieve this by 2010 [ITU 08].

The revision of frequency plans and sharing of #pectrum is carried out during the global radio-
communication conferences (Conférences MondialssRigiocommunications: CMR) which are held at the
end of each cycle of work of ITU-R.

(It is important to mention that currently therenis spectral regulation in the optical frequenayge (from 10 to
1 000 THz) .

5.3.3.2IEEE

The Institute of Electrical and Electronics Engirse@EEE) has published a series of standardofl wireless
networks (IEEE 802.11), and for personal-area neksv(iEEE 802.15). The IEEE 802.11 standard coethin
optical wireless component, but this has been seped by RF base standards (802.11 a/b/g). Therbden
recent interest in VLC with 802.15, and a studyugrés currently preparing the documents requiredtéot
standards development VLC [WON 07]

5.3.3.3CEPT

In Europe CEPT (Conférence Européenne des Poste3@acommunication) regulates telecommunications,
using the framework provided by ITU-R. The ElectoorCommunication Committee (ECC) uses these
regulations to fix frequency allocations within tB®J. Currently FSO is unregulated as there ardTh&R
recommendations.

5.3.3.4ETSI

ETSI is the European Telecommunications Standardisanstitute creates European and global starsdfod
telecommunications. It plays no role in free spagtcs at present, as there is no demand from éisiipers for
standards.

5.3.3.5IEC

The International Electro technical Commission (JE€ a standardisation and regulatory body concevit
electrical, electronic and related areas. Eye paégulations, highly relevant to optical wirelemsd free-space
optics are published by the IEC.
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5.3.4 Organisations

VLCC - Visible light Communication Consortium

VLCC is a Japanese association, whose objectivesoaresearch and develop optical wireless comnatinit
technologies based on visible-light emitting LED#$e partners in this consortium have engaged idean&
research, development and presentation of protetygsewell as drafting national standards for VIN&K 07].

FSAN - Full Service Access Network

The mission of FSAN is to drive the applicationeafsting standards in commercial services and prizdit has
produced several whitepapers in the field of FS@| i may be that indoor optical wireless could diee an
area of future interest.

WWREF -Wireless World Research Forum

This organisation is a forum for visions of futwgreless communication and is in close contact witteless
technology associations such as: MITF in JapatT8 Forum in Europe, the NGMC Forum in Korea, amel t
FUTURE project in China. Whitepapers in the areaptfcal wireless communications, as well as vesilight
communications have been produced in the shorteravigeless communications working group (WG5) and
their have been numerous presentations on this.topi
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6 Conclusions

6.1 Infra-red communications

A number of complete experimental systems have famicated, and commercial point to point linkemding
at 1Gbit/s have been demonstrated. These both dgratmthe feasibility and the challenges for OMEGAe
data rates required are challenging to achieve thighfields of view required in a typical home epuwment-
perhaps 90 degrees at both transmitter and recéditier narrow field of view available is a functiofthe link
margin, due to the incoherent receivers used in @Wd, to some extent the limited transmission powae
choice of the operating wavelength offers some ekegypf freedom and potential to improve the linkgirg but
this is also mitigated by commercially availablather than technically feasible, components withi context
of the project. In all cases multiple links will bequired to cover the required field of view, @hd control and
management of these is thought to be where mosteoinnovation in OMEGA lies, as the state of theis
relatively undeveloped. It is interesting to ndiattsimilar challenges are being studied in thaeedrof 60GHz
carrier RF networks, both within OMEGA and in thentext of the IEEE study group in this area. Thislg of
the state of the art therefore indicates that mglch successful physical layer is feasible, bat tDMEGA
correctly focuses on the integration and contrathef potentially complex and highly capable phylsiager. It
also indicates that techniques to integrate theptexphysical layer components exist and to sdeedata rates
in the future are available.

6.2 Visible light communications

VLC is a relatively new area of communications, andorking 100Mbit/s broadcast system will représen
substantial improvement in the demonstrated sthtineo art. The key challenge for VLC is the modialat

bandwidth of the LEDs, and the state of the adeisonstrated transmission at 100Mbit/s (at shaen This

indicates the feasibility of the project, althougbstantial scaling is required. In addition thieas been little
significant development of higher layers for thigpbcation and OMEGA will undertake this. In additithe use
of VLC in combination with IR and other RF wirelestsndards should allow the seamless reliable agecthat

has been lacking from previous demonstrations.
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