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Abstract  

This deliverable presents the efforts of WP4 towards understanding the future potential of optical wireless 
systems in home networking. Towards this end, we conducted a series of surveys designed based on the 
Analytical Hierarchy Process (AHP) where several experts from the consortium have participated in an 
attempt to evaluate different deployment scenarios. The surveys are also used to evaluate the role of 
several economic, social and performance related issues in the deployment of optical technologies in the 
home network. We first provide a brief state-of-the-art of optical wireless systems and then highlight the 
key findings of our roadmapping activities. Next, based on the findings of the surveys we take a look at 
technologies which may help realize the optical home vision with VLC and IRC solutions. On appendix 
part, there are several propositions, for instance, the role of light emitting diodes (LEDs) in achieving low 
cost wireless and wired connectivity is emphasized. We also highlight several aspects of its modulation 
response. The communication aspects of red green blue (RGB) LEDs are then presented. We also 
demonstrate that at high frequencies, LEDs do not respond as predicted by well established models, such 
as rate equations. Finally, we take a look at coherent detection as a means of achieving better signal-to-
noise ratio at the receiver and therefore improving the power budget. 

Keyword list 

Optical home networks, Roadmapping, Analytic Hierarchy Process, light emitting diodes, dimming, 
discrete multitone, deployment scenarios, non-linearity compensation, Volterra series. 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 2 (58) 
 

List of Authors 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First name Last name Beneficiary Email address 

Bouchet Olivier FT olivier.bouchet@orange-ftgroup.com 

Dede Georgia UoA gdede@di.uoa.gr 

Kamalakis Thomas UoA thkam@di.uoa.gr 

Neokosmidis  Ioannis UoA i.neokosmidis@di.uoa.gr 

Ntogari Georgia UoA gntogari@di.uoa.gr 

O'Brien Dominic UOXF dominic.obrien@eng.ox.ac.uk 

Walewski Joachim W. SAG joachim.walewski@siemens.com 

Wolf Mike UIL mike.wolf@tu-ilmenau.de 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 3 (58) 
 

List of Acronyms 
 

Acronym Meaning 

AHP Analytical Hierarchy Process 

ADC Analogue to Digital Converter 

ASK Amplitude Shift Keying 

AWGN Additive White Gaussian Noise 

BER Bit Error Ratio 

CD Committee Draft 

CFP Call For Proposals 

CMOS Complementary Metal Oxide Semiconductor 

CWDM Coarse Wavelength Division Multiplexing 

DAC Digital to Analogue Converter 

DIF Diffusion 

DMT Discrete Multi Tone 

DSP Digital Signal Processing 

EC European Commission 

ECMA European Computer Manufacturers Association 

EMC Electro Magnetic Compatibility 

EMI Electro Magnetic Interference 

EPON Ethernet Passive Optical Networks 

ETSI European Telecommunications Standards Institute 

FFT Fast Fourier Transform 

FTTB Fibre To The Building 

FTTH Fibre To The Home 

FOV Field Of View 

FP7 Framework Programme 7 

GPON Gigabit Passive Optical Network 

HAN Home Access Network 

HDMI High Definition Multimedia Interface 

HDTV High Definition Television 

HF High Frequency 

HWO Hybrid Wireless Optics 

ICT Information & Communication Technologies 

ID Internal Deliverable 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 4 (58) 
 

IdP Indoor Positioning 

IEC International Electrotechnical Commission 

IEEE Institute of Electrical and Electronics Engineers 

IFFT Inverse Fast Fourier Transform 

IPTV Internet Protocol Television 

IR Infra Red 

IRC Infra Red Communication 

IrDA Infra Red Data Association 

IrFM Infra Red Financial Messaging 

IrTM Infra Red Travel Mobility 

ISI Inter Symbol Interference 

IST Information Society Technologies 

ITS Intelligent Transport Service 

ITU International Telecommunication Union 

ITU-T ITU - Telecommunication standardisation sector 

LD Laser Diode 

LED Light Emitting Diode 

LO Local Oscilator 

LOS Line Of Sight 

MAC Medium Access Control layer 

MIMO Multiple-Input Multiple-Output 

NFC Near Field Communications 

NLOS Narrow Line Of Sight 

OMEGA Home Gigabit Access 

OPLL Optical Phase Locked Loop 

OSTBC Orthogonal Space Time Block Coding 

OW Optical Wireless 

PAM Pulse Amplitude Modulation 

PD Photo Diode 

PDA Personal Digital Assistant 

PHY Physical layer 

PLC Power Line Communications 

POF Plastic Optical Fibre 

PON Passive Optical Network 

PSD Power Spectral Density 

PSK Phase Shift keying 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 5 (58) 
 

PWM Pulse Width Modulation 

RC LED Resonant Cavity Light Emitting Diodes 

RF Radio Frequency 

RGB Red Green Blue 

QAM Quadrature Amplitude Modulation 

QoS Quality of Service 

SIG Special Interest Group 

SISO Single Input Single Output  

SNR Signal to Noise Ratio 

STBC Space Time Block Coding 

TC Technical Committee 

TDM Time Division Multiplexing 

TG Technical Group 

ToC Table of Contents 

TR Technical Report 

UTP Unshielded Twisted Pair 

UV Ultra Violet 

UWB Ultra Wide Band 

VHF Very High Frequency 

VLC Visible Light Communication 

VLCC Visible Light Communications Consortium 

VoIP Voice over IP 

WDM Wavelength Division Multiplexing 

WiFi Wireless Fidelity 

WiHD Wireless High Definition 

WLAN Wireless Local Area Networks 

WLOS Wide Line Of Sight 

WP Work Package 

XGPON 10 Gigabit Passive Optical Network 

xDSL Digital Subscriber Line 

 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 6 (58) 
 

Table of contents 

 

 
LIST OF TABLES ��������������������������������������������������� ��������������������������������������������������� ��������������������������������������� �

LIST OF FIGURES��������������������������������������������������� ��������������������������������������������������� ������������������������������������� �

1� �����	
�������������������������������������������� ��������������������������������������������������� ������������������������������������������������� �

1.1� � ����������	�����
����
�������
������������
���
���� ������������������ ���������������������������������������������������� �
1.2� ��� ������������� � ��� ����
��������� � ������� ��������������������������������������������������� ������������������������������������������ �

2� 
���������������������������������

��������������� ��������������������������������������������������� �������������������� �

2.1� � 
����� ��������������������������������������������������� ��������������������������������������������������� ������������������������������������������������� �
2.2� � ���������������������� ��������������������������������������������������� ��������������������������������������������������� ������������������� �
2.3� 
 ��
����	� �� �������� ��������������������������������������������������� ��������������������������������������������������� ��������������������������! �

2.3.1� Light sources for VLC and IR ..................................................................................................... 13�
2.4� �� ���������������
�� ��������������������������������������������������� ��������������������������������������������������� �������������������������! �
2.5� �� �� �������� ��������������������������������������������������� ��������������������������������������������������� �������������������������������������" �

2.5.1� OW Standards ............................................................................................................................... 15�
2.5.2� RF Standards ................................................................................................................................ 16�
2.5.3� OW commercial systems state-of-the-art ..................................................................................... 18�
2.5.4� OMEGA achievements ................................................................................................................. 18�

2.6� � �����������������	��������
����������
�������� #�� �������	�������� � ����� ��� �� ������ ������������������������� �

3� �����

���
���������������������������������������� ��������������������������������������������������� ������������������������������������������������� �

A� �����	�������������������


�
�����
�����������	��� �����������
�
���������������
������ �

A.1� � �����
���� � ����������	� ��� ���� ��
����
�
�� #���������
���������� ��������������������������������������������������� ���������� ! �
A.2� � 
�
���
��� ��� ���� ��
����
�� ��������������������������������������������������� ��������������������������������������������������� �������������� " �
A.3� � ��������
���� $��
���	��%������������	��� ��� � #�
 ��������������
�������&
���
�� �������������������������������������� ' �
A.4� ���� ���
��� ��
 ���� � ��������������������������������������������������� ��������������������������������������������������� ����������������������!! �
A.5� ��� �� 
��
�� ��������������������������������������������������� ��������������������������������������������������� ��������������������������������������!� �
A.6� � �������� ��������������������������������������������������� ��������������������������������������������������� ����������������������������������������� �
A.7� � ������
��� ��������������������������������������������������� ��������������������������������������������������� ���������������������������������������" �

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 7 (58) 
 

List of Tables 

Table I: DC Bias and Bandwidth of LEDs under investigation ............................................................................ 30 
 

 

List of Figures 

Figure 1: Photophone invented by Graham Bell. .................................................................................................. 11 
Figure 2: Electromagnetic spectrum with radio band (Radio), Infrared (IR), visible (Vis), ultraviolet (UV), X 
rays (X) and Gamma (� ). ....................................................................................................................................... 12 
Figure 3: Optical spectral band (abscissa: wavelength in nanometer - nm). ......................................................... 12 
Figure 4: Optical communication system diagram. ............................................................................................... 13 
Figure 5: a) Diffuse Link and b) Controlled-diffuse link. ..................................................................................... 14 
Figure 6: Wide Line of Sight (WLOS) Link and b) Narrow Line Of Sight (NLOS) Link .................................... 14 
Figure 7: a) Cellular geometry, b) Imaging receiver and c) Angle diversity receiver. .......................................... 14 
Figure 8: Standardization activities for optical wireless communication .............................................................. 15 
Figure 9: Radio Communication roadmap ............................................................................................................ 17 
Figure 10: Roadmapping Effort of D4.6b ............................................................................................................. 19 
Figure 11: The future home network..................................................................................................................... 19 
Figure 41: Experimental setup for measuring the non-linear transfer function of a single-chip white LED. ....... 24 
Figure 42: Three measurement sets of the LED optical output power as a function of the DC driving current 
obtained for a single-chip white LED. The setup in Figure 19 was used. Markers: measurement data; solid line: 
second-order polynomial fit to the data. ................................................................................................................ 24 
Figure 43: Average signal-to-crosstalk ratio (SXR) as a function of the subcarrier number m for a) 3 subcarriers 
and b) 255 subcarriers. Various QAM modulation levels are shown. ................................................................... 24 
Figure 44: Bit-error ratio (BER) of the first subcarrier as a function of the signal-to-noise ratio per bit (SNRb) for 
various QAM modulation levels and for (a) 3 subcarriers and (b) 255 subcarriers. ............................................. 25 
Figure 45: Block diagram of DMT simulation model a)DMT transmitter and channel models (b) DMT receiver 
model. ................................................................................................................................................................... 26 
Figure 46: Block diagram of the proposed feedback method in the receiver ........................................................ 26 
Figure 47: BER of the first subcarrier of a received DMT symbol as a function of the signal-to-noise ratio per bit 
(SNRb) for 255 subcarriers. Various QAM modulation levels are shown. ........................................................... 27 
Figure 48: Bit-error ratio (BER) of the first subcarrier as a function of the signal-to-noise ratio per bit (SNRb) for 
various QAM modulation levels and 255 subcarriers ........................................................................................... 27 
Figure 49: Static I-P characteristics for various types of commercial, off-the-shelf LEDs: a) white 
phosphorescent, b) visible red, c) infrared and d) RGB LED. .............................................................................. 28 
Figure 50: Measured relative 2nd harmonic distortion spectral component P(2f0) at frequency f = 2f0 of the 
output optical power P of an IR LED  when driven by a sinusoidal current of frequency f0 and amplitude IAC. The 
distortion values are normalized relative to the value obtained for f = 1 MHz. The DC bias of the driving current 
is IDC = 40mA. ....................................................................................................................................................... 29 
Figure 51: Measured small signal of an IR LED (circles) at IDC=40mA and Lorentzian least square fit at high 
frequencies (dotted line). ....................................................................................................................................... 29 
Figure 52: Normalized first order kernel magnitudes for a) white LED, b) blue component of the RGB LED and 
c) the IR LED. ....................................................................................................................................................... 31 
Figure 53: a) normalized and b) relative magnitude of the second order kernel for the blue component of an IR 
LED ....................................................................................................................................................................... 32 
Figure 54: a) normalized and b) relative magnitude of the second order kernel for the blue component of the blue 
component of an RGB LED. ................................................................................................................................. 32 
Figure 55: a) normalized and b) relative magnitude of the second order kernel for the green component of the 
RGB LED.............................................................................................................................................................. 32 
Figure 56: a) normalized and b) relative magnitude of the second order kernel for the white LED. .................... 32 
Figure 57: a) normalized and b) relative magnitude of the second order kernel for the red LED. ........................ 33 
Figure 58: Coarse wavelength division multiplexing with commercial RGB/LEDs. ........................................... 34 
Figure 59: Transfer function of the Blue colour. ................................................................................................... 35 
Figure 60: Transfer function of the Red colour. .................................................................................................... 36 
Figure 61: Transfer function of the Green colour. ................................................................................................ 36 
Figure 62: Average error probability of the DMT signal as a function of the average SNRb for the a) red, b) 
green and c) blue color .......................................................................................................................................... 39 
Figure 63: Basic blocks of a PWM-DMT VLC system. ....................................................................................... 40 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 8 (58) 
 

Figure 64: (a) PWM waveform, indication of the PWM period (TPWM) and the on time of the LED (T1). Both 
for 80% and 20% dimming. (b) PWM-sampled DMT signal for the same settings. ............................................. 41 
Figure 65: Power-spectrum of PWM-sampled base-line-free 32 subcarrier DMT with 16 QAM scheme signal for 
pure DMT and 80% dimming for a) fPWM = fM-1 and b) fPWM = 2fM-1. .................................................................... 41 
Figure 66: a) Inverse SIR for unsynchronized signal as a function of the relative frequency for 80% dimming. b) 
Inverse SIR for synchronized signal as a function of the relative frequency for 80% dimming ........................... 42 
Figure 67: a) Inverse SIR for unsynchronized signal as a function of the relative frequency for 20% dimming. b) 
Inverse SIR for synchronized signal as a function of the relative frequency for 20% dimming. .......................... 43 
Figure 68: BER for unsynchronized signal and detection scheme �  80% dimming. b) BER for synchronized 
signal and detection scheme �  80% dimming. ..................................................................................................... 43 
Figure 69: a) BER for unsynchronized signal and detection scheme B b) BER for synchronized signal and 
detection scheme B. In both cases 80% dimming is considered. .......................................................................... 43 
Figure 70: Mean BER for synchronized signal, detection scheme �  for various dimming levels with noise. ...... 44 
Figure 71: Coherent optical wireless system employing a collimator and a holographic diffuser to increase 
coverage area Acov [120]. ....................................................................................................................................... 45 
Figure 72: (a) Schematic diagram of a coherent optical receiver employing a 90° optical hybrid and two balanced 
photodetectors. ...................................................................................................................................................... 46 
Figure 73: Block diagram of a 2×2 coherent optical system. ................................................................................ 47 
Figure 74: Theoretical BER formula validation using Monte Carlo simulations. ................................................. 49 
Figure 75: a) Transmitter position for the SISO scheme. b) Transmitter position for the 2×1 and 2×2 STBC 
schemes. ................................................................................................................................................................ 50 
Figure 76: a) log10(BER) distribution throughout the room for the a) SISO scheme. b) 2×1 Alamouti STBC and 
c) 2×2 Alamouti STBC. ........................................................................................................................................ 50 
Figure 77: Portion of the room where the BER is equal to the given values for (a) FOV 52° and transmitter 
distance 0.2m and (b) FOV 40° and transmitter distance 2.5m. ............................................................................ 51 
Figure 78: Maximum log10(bit rate) value throughout the room for the a) SISO scheme, b) 2×1 Alamouti STBC 
and c) 2×2 Alamouti STBC when a BER of 10-3 is assumed. ............................................................................... 51 
Figure 79: Maximum log10(bit rate) value throughout the room for the a) SISO scheme, b) 2×1 Alamouti STBC 
and c) 2×2 Alamouti STBC when a BER of 10-6 is assumed. ............................................................................... 52 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 9 (58) 
 

 

1  Introduction 

This deliverable aims to assess the overall potential of optical technologies and primarily optical wireless 
systems in future home area networks (HANs). Towards this end, a number of surveys were conducted in 
order to weight various social, economic and performance related issues of optical home networks. Based 
on the results of these surveys, various technologies were investigated, that may play a key role towards 
enabling the penetration of optical technologies in the home network.  

 

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

The need for considering optical technologies for HANs becomes apparent when one considers the 
remarkable progress of fibre-to-the-home technologies (FTTH), which will enable the provision of 10 
Gb/s access rates at the home gateway �[1]. According to the ALPHA ICT project, 1+ Gb/s per end-user 
and 10 Gb/s per wavelength capacity are expected for the Active Optical Networks (AON) and the 
Passive Optical Networks (PON) respectively �[2]. For PON, the focus is on the Wavelength Division 
Multiplexing (WDM) dimension. A variety of telecom operators are currently considering various access 
network evolution scenarios towards Fibre-To-The-Building (FTTB) or FTTH �[3]. Such a network 
upgrade must be carefully planned, especially taking into account the large costs. FTTH is a rapidly 
growing market in Japan �[4]. In May 2010 there were over 17 million subscribers for FTTB/FTTH, 62% 
of which were FTTH subscribers. Interestingly enough, in Japan, the number of FTTH customers has 
surpassed that of DSL. In South Korea, the FTTB/FTTH penetration has surpassed 50% �[5], �[6]. Recent 
policy changes are also expected to favour the penetration of such solutions in the United States �[7]. 
According to data provided by the FTTH council, in April 2010, the number of fibre connected homes 
was estimated to be 5.8 millions in the USA, corresponding to a penetration of about 6%, while that of the 
homes that are “passed” (i.e. that they can be easily connected to the network because of their proximity 
to the infrastructure) is about 18.2 millions. In Europe, on May 2010, it was estimated that FTTH/FTTB 
penetration was above 10% in Lithuania, Slovenia and Norway �[4].  Regarding the available bandwidth, 
the IEEE 802.3ah EPON (Ethernet Passive Optical Networks) and ITU-T G.984 GPON (Gigabit Passive 
Optical Network) architectures are two of the available standardized solutions for optical access 
networks. An EPON permits data rates of 1 Gb/s, while GPON permits 2.5 Gb/s by encapsulating 
Ethernet frames. 10GPON is an advanced GPON architecture that will permit a transmission speed of 10 
Gb/s for downstream. ITU-T Q2/15 has started standardizing XG-PON (where X stands for the Roman 
number 10, i.e., XG-PON means 10G-PON) as the future successor to GPON. These standards 
correspond to time division multiplexed (TDM) PONs, which implies that these large data rates are 
shared in a time domain basis by a group of customers. Recent advances in wavelength locking sources 
and reflective semiconductor optical amplifiers �[3] are expected to enable the realization of next 
generation PONs in which each customer will be assigned a different pair of wavelengths for downstream 
and upstream traffic. WDM PONs �[5] will thus enable the delivery of dedicated Gb/s data rates to the 
home users.   

Distributing such high data rates effectively inside the customer premises, while, at the same time, 
ensuring high quality of service is a crucial challenge for future home networks. It is a common belief 
that wireless systems will play an important role towards this end due to their rapid and low cost 
deployment.  Radio frequency (RF) technologies, such as WiFi will be a strong candidate for home 
networking. IEEE802.11n promises few hundred Mb/s data rates using multiple-input multiple output 
(MIMO) techniques. However, there are a number of factors revealing the need to overcome the 
dominance of RF technologies. The widespread use of RF communications in transit applications, results 
in a very crowded radio frequency spectrum. Several users are competing for scarce bandwidth. As a 
result radio frequencies are subject to interference as well as to spectrum licensing increasing the start-up 
costs of these systems. Furthermore, RF transmissions suffer from multipath fading and distortion leading 
to intersymbol interference. The ability of the RF frequencies to pass through walls reduces the frequency 
reuse factor and limits their security so suitable data encryption techniques are required. In addition, RF 
technologies cannot be directly combined with the optical access technologies due to the need for electro-
optical conversions.  

Moreover, it is commonly held that the next generation of wireless communication systems, usually 
referred to as 4G systems, will not be based on a single access technique but will encompass a number of 
different complementary access technologies. Along with WiFi, a number of such technologies are being 
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considered within the ICT project OMEGA. These “no new wire” technologies may be used to provide 
the extender functionality. Systems operating at the unlicensed 60 GHz band and Ultra Wide Band 
(UWB) can provide higher data rates. Wireless Gb/s transmission is feasible at 60 GHz and there are 
products already based on CMOS. 

 

1.2 WP4 towards the “all-optical house” target 

WP4 of ICT-OMEGA aims to demonstrate the potential of using optical technologies inside the home to 
support the connection of terminal devices at very high data rates. Towards this end, WP4 considers 
optical wireless (OW) systems consisting of Gigabit infrared (IR) links combined visible light 
communications (VLC) which may effectively provide wireless connectivity within the home. Much like 
the 60 GHz millimetre wave systems, optical wireless offer ultra broadband connectivity within a room 
and require some sort of backbone network infrastructure in order to extend the connectivity in all rooms 
of the house. This backbone can be based on PLC in order to avoid installing new wires. Alternatively, 
multimode or even plastic fibre can be used to provide the home backbone network, especially in new 
buildings. The achievements of WP4, demonstrate clearly that optical wireless communications has an 
important part to play in the wider 4G vision. Contrary to the RF (Radio Frequency) systems, the optical 
wireless channel has THz of unregulated bandwidth, and is free from electromagnetic interference (EMI). 
As the optical radiation does not penetrate walls, it makes it easier to construct cell-based secure networks 
by reusing the same wavelength in different rooms of the house. Thus, infrared wireless HANs can 
potentially achieve a very high aggregate capacity.  

The terms “optical house” and “all-optical house” refer to a house where the telecommunication 
infrastructure relies heavily on optical technologies, encompassing wireless (IR or VLC) and wired 
systems (optical fibre)1.The use of optical technologies in the access and in-building network layers along 
with the absence of optoelectronic conversions and the limited distances are the first required steps 
towards realizing end-to-end optical transparent connections between network subscribers. 

The remainder of this document is organized as follows; at first a brief overview of the state-of-the-art 
and prospects of OW is presented. Next we present the results of our roadmapping effort: Using the 
Analytical Hierarchy Process (AHP), we conducted a series of surveys where the experts of the 
consortium were asked to offer their valuable input concerning the shape of things to come in the world 
of OW. Two types of OW systems were considered, i.e. line-of-sight (LOS) IR and VLC systems. The 
latter systems employ the light emitted from white light emitting diodes (LEDs) for the transmission of 
data. The surveys revealed the importance of various economic issues and provided an indication of the 
wider importance of LEDs for achieving low cost optical connectivity inside the house. 

 

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

In the last few years Optical Wireless (OW) has emerged as a strong candidate for high speed indoor 
communications �[8]-�[10]. The main advantages of OW communications are unregulated and unlicensed 
bandwidth, high data rates, immunity to EMI. Furthermore, optical wireless communications are highly 
secured communications since the optical signals cannot be easily eavesdropped. This can be attributed to 
the natural confinement of the optical signals that is to their disability to penetrate walls. This is also 
accompanied by the advantage of wavelength reuse in different rooms which leads to the construction of 
cell-based systems. 

The concept of the “all-optical house” envisions a new approach to achieve wireless connectivity within 
the house using OW systems. The system proposed by OMEGA WP4 consists of a high-speed IR LOS 
link to provide Gb/s class transmission capability combined with a VLC system to provide information 
broadcasting at ~100 Mb/s. The interconnection of the rooms is accomplished without the installation of 
new wires employing for PLC or RF systems. This chapter briefly reviews the state-of-the-art in OW 
systems.  

2.1 History 

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

In Iliad, Homer mentions light signals: the catching of Troy was announced by fires lit on the top of hills. 
Anabase indicates this same mode of correspondence between Persia and the army of Xerxes in Greece 
�[11]. In Agamemnon, Aeschylus even gives details of the luminous relays used: they were located at the 
top of mountains, such as Mount Athos, Mount Citheron, Mount Egiplancte etc, covering up to 550 
kilometres.  

If the prehistory of telecommunications extends over millennia, we can say that the history of 
telecommunications really only starts at the end of the eighteenth  century with the appearance of Claude 
Chappe's optical telegraph in France. Initiated during the Revolution, the system was continuously 
extended and in 1844, France had a network of 534 semaphore stations covering more than 5000 km. 
Then after 1845, the electric telegraph appears and little by little it replaced the optical telegraph. The last 
optical telegraph line was withdrawn from the network in 1859. However, if in time that communication 
network is hardly used, it will adapt and find new uses. In fact, it was transformed, it became the optical 
telegraph. The signalling could provide multiple services for the transmission of messages in particular 
circumstances, such as transmissions between army corps in times of war or peace �[11]. 

In the field of wireless optical communication, the first electronic solution appears in 1880, four years 
after inventing the telephone Alexander Graham Bell invented his first wireless optical system �[12]; 
replacing the electric wire by the rays of the sun. The guiding principle of the photophone illustrated in 
Figure 1 is simple. The sunlight is focused on a reflective flexible membrane. The user speaks in front of 
this membrane. The spoken word is transmitted in the air by modulating the considered rays of the sun. 
This modified light, after its displacement in the air, is collected by a photoconductive selenium cell 
connected to a battery and ear-phones.   

 
Figure 1: Photophone invented by Graham Bell. 

Graham Bell believed that this invention, patented on June 3, 1880, was a great invention and much more 
significant than that of the telephone. And yet, we all know… The transmission lengths were too low and 
the sun does not emit reproducible energy 24 hours a day, 365 days a year.  

In addition, and some years after Hertz’s discovery of electromagnetic radiation, there was a radical 
change in the field of wireless telegraphy. Since 1890, many scientists and inventors have demonstrated 
the relevance and the increase in distance of a wireless radio. Nikola Tesla with energy conversion; 
Alexander Popov with a first demonstration of a wireless radio receiver; Albert Turpain, in 1895, 
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demonstrated emission and reception up to 25 meters of a radio signal using Morse code and Gulielmo 
Marconi, with a distance up to 6 kilometres in 1896. Finally, the transmission by Marconi in 1901, of the 
letter "S" over the Atlantic Ocean led to the abandonment of optical wireless devices. 

However, 120 years later, the idea of the using the optical links for wireless transmissions was revaluated. 
The sun was no longer used being deemed too variable, and instead perfectly controllable beams of light 
were used, thanks to optical fibre telecommunications. These photon beams are provided by lasers, whose 
characteristics are perfectly known (wavelength, number of emitted photons, time or sequences of 
emission…).   

During the past 30 years, the technology of telecommunication systems based on wireless optical links 
has greatly evolved and has been developed mainly in two areas, outdoor (for example in the military 
field and aerospace engineering) and indoor with a well-known example, the remote control. 

2.2 Spectrum and wavelength 

The electromagnetic spectrum is made up of all the different frequencies or wavelengths. It is divided into 
two broad categories: the ionizing band and the non-ionizing band, based on the impact of these waves on 
biological tissue and material. The ionising part of the electromagnetic spectrum includes what is defined 
as alpha, beta, gamma and X-rays. The wavelength is very short, from 400 nanometres, and the frequency 
is very high. The non-ionizing radiation is defined by VHF (Very High Frequency), radio waves, 
microwaves, infrared, visible light and ultraviolet. This spectrum is very wide; it stretches a few hundred 
Hertz to several billion Hertz. Figure 2 shows the extent of the electromagnetic spectrum based on 
frequency. 

 
Figure 2: Electromagnetic spectrum with radio band (Radio), Infrared (IR), visible (Vis), ultraviolet (UV), X rays (X) 
and Gamma (� ). 

In the field of OW communications, it is possible to define well adapted bands. These bands are shown in 
Figure 3 and range from 100 to 3100 nm.  For the sake of comparison, the spectrum of the sun at sea level 
is also shown (black curve).  

 
Figure 3: Optical spectral band (abscissa: wavelength in nanometer - nm). 

The four well suitable optic spectral zones are:  

1. from 200 to 280 nm Ultra Violet band or C band,  

2. from 350 to 750 nm or visible band (Visible Light Communication), 

3. from 800 to 950 nm or Near Infrared 1 (first window of optical fibre communications), 

4. from 1300 to 1600 nm or the Near infrared 2 band or Telecom (second and third window of optical fibre 
communications). 

Each of these bands have advantages and drawbacks related to the parameters outlined here-after: 
availability of cost-effective sources, detectors and possibly amplifiers, eye safety, link budget, 
compactness, transmitted power, detector sensitivity, etc. So the choice of wavelength is an important 
parameter in the realization of a wireless optical link. 
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2.3 Basics of OW systems 

Optical wireless communications refer to the use of light propagation for communication purposes, using 
free space as a transmission medium.  

An example of the operation principle is detailed below (Figure 4) with the basic technical modules that 
are present in an OW transmission and reception system. The digital data received by a computer or 
server via an adapted interface (D-Tx), undergo electronic digital and analog processing (El-Tx) in order 
to adapt the signals to an electrical-optical converter (Ot-Tx). This converter is usually a light emitting 
diode (LED) or an LD (laser diode). Using an optical antenna (Op-Tx), a modulated beam is emitted 
more or less divergent to the receiving device. Regarding the reception side (Rx), part of the received 
beam is optically concentrated (Op-Rx) to be focused on the optical-electrical converter (Ot-Rx), which is 
a PD (photodiode) associated with RF circuitry. Electronic processing (El-Rx) is inversely directed to 
adjust the signals to the interface (D-Rx). This communication is also possible in the opposite direction 
and provides a full duplex communication. 

 
Figure 4: Optical communication system diagram. 

 

2.3.1  Light sources for VLC and IR  

The operation of VLC systems relies on using white LEDs not only for illumination purposes but also for 
transmission of data. There are two main types of white LEDs used for lighting i.e., devices that combine 
separate red-green-blue (RGB) emitters and devices that use a blue emitter in combination with a 
yellowish phosphor. The typical modulation bandwidth of these devices, however, is a few MHz �[13], 
�[14]. The bandwidth of the white component of a phosphorescent LED (~2 MHz) is much smaller than 
bandwidth of the blue component (~15 – 20 MHz, depending on the LED type) �[13], �[14]. Transmitting 
high data rates over a narrow modulation bandwidth is very challenging. There are a number of 
approaches to improve the modulation bandwidth, including pre-equalisation at the LED driving module 
�[13], post-equalisation at the receiver �[15] or a combination of these techniques. Another approach to 
achieve high-speed data transmission over a limited bandwidth is to employ more complex modulation 
schemes where multiple bits can be carried by each transmitted symbol. In �[16] a high data transmission 
rate, up to 231 Mb/s, over a blue channel bandwidth has been reported. This approach utilises Discrete 
Multi-tone Modulation (DMT) in combination with the Quadrature Amplitude Modulation (QAM) 
scheme.   

Optical wireless communications in the near IR regime offers much higher data transmission rates than 
VLC as more powerful and wider modulation bandwidth sources can be used. In free space optics it is 
possible to achieve Gb/s IR links operating over a few km range �[17] using LDs, but these require higher 
transmit power within a very narrow field-of-view (FOV). Achieving a wide FOV Gigabit IR 
communication link for an indoor scenario is therefore very challenging as there is a strict constraint on 
the allowed transmitter power as well as lack of availability of low cost components at IR wavelengths.  

 

2.4  OW system topologies 

Optical wireless systems use different topologies, and their performance depends on the propagation type. 
The basic system types fall into diffuse or LOS systems. 

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

The first contemporary OW data communication system proposed by the authors Gfeller and Bapst �[18] 
was an IR diffuse system operating at about 950 nm and 1Mb/s, while the fastest controlled diffuse 
system is a 50 Mb/s device reported by Marsh and Kahn �[19]. They have a wide FOV and coverage area 
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enabling user mobility. The concept of a diffuse Gb/s OW system has been discussed in �[20] where an 
adaptive multibeam transmitter and imaging diversity receivers have been employed in order to mitigate 
the shadowing effect and reduce multipath dispersion. A performance analysis of a high speed MIMO 
OW transmission link has been reported in �[21]. In �[22] an artificial neural network based equalizer with 
a ‘soft’ decision decoding scheme has been proposed as an alternative technique to mitigate the multipath 
induced ISI in indoor OW links, thus increasing the data rate by orders of magnitude. 

Controlled-diffuse systems illuminate the walls and ceiling using controlled illumination, and employ a 
receiver that only accepts radiation from a limited range of angles. This aims to combine the robustness of 
the diffuse system with high data rates. Figure 5(b) shows the geometry of such systems. There are many 
publications proposing such geometries �[23], including the use of a spot light that illuminates small areas 
on the ceiling �[24]. These are used in conjunction with narrow FOV receivers that “see” one spot which is 
not dispersive as all the path lengths from transmitter to receiver are close to the same distance.  

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

Direct LOS links improve power efficiency and minimize multipath dispersion, but require inherent 
alignment between transmitter and receiver in order to establish communication. The main drawback of 
this configuration is that it is susceptible to blocking. The geometric loss combined with the narrow 
transmitter and receiver FOV determine the link budget and available data rate of the system. In general 
the narrower the FOV, the higher data rate is achievable. Figure 6(a) and Figure 6(b) show the geometry 
for Wide Line Of Sight (WLOS) and Narrow Line Of Sight (NLOS) systems. In �[25] and �[26] it has been 
shown that mobility and the coverage area in LOS links can be increased by beam broadening.  

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

However, such narrow links do not provide coverage, and thus cellular systems using a number of LOS 
links are employed in order to increase coverage and achieve high data rates. Figure 7(a) shows a LOS 
cellular geometry. Several approaches have been considered in order to implement the multiple element 
transmitters and receivers. In �[27]-�[29] light beams are transmitted at different angles, providing a cellular 
coverage pattern within the desired coverage area. The receiver uses a detector array, where radiations 
from different angles are transmitted towards particular elements within the range of the detector. This 
approach allows for the multiple channels to be implemented using monolithic, albeit custom, 
components and is illustrated in Figure 7(b). The alternative approach is to build an angle diversity 
system that uses individual sources and detectors that are arranged to point at different angles to provide 
the necessary coverage. These angle diversity receivers are described in �[30] and shown in Figure 7(c). A 
7-cell IR link is proposed in �[31], achieving 1.25 Gb/s over a 3 m range and a coverage area of 1.3 m × 
0.45 m with no forward error coding. The last example is the OMEGA IR prototype selected solution. 

Rx Rx
 

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

2.5.1  OW Standards 

The indoor wireless optical communication systems can be split into several axes according to the Figure 
8. 

 
Figure 8: Standardization activities for optical wireless communication 

VLCC 

The Visible Light Communications Consortium (VLCC) �[32] was established in November, 2003, with 
major companies in Japan. The VLCC is aiming to publicize and standardize the visible light 
communication technology, which has been discussed and evaluated in the various industry fields. In 
2008 the VLCC forged an alliance with the Infrared Data Association (IrDA) in order to publish IrDA-
type standards for VLC. Here it is important to notice, that these standards will not change the higher  
layers, i.e. the protocol stack of IrDA, and neither the modulation formats. The only part that will be 
adapted is the analogue PHY �[33].The target data rate is 100 Mb/s and is used only for broadcasting. The 
VLCC members are Sony, Samsung, Toshiba, Sharp, Nitto Denko, and Tamura.  

IEEE 802.15.7 

The IEEE committee 802.15 focuses on the development of point-to-point and point-to-multipoint 
Wireless Local Area Networks (WLAN) standards. In that context, a Task Group (TG) dedicated to VLC 
was created in January 2009. So called 802.15.7 �[34], chaired by Samsung, posted its Call For Proposal 
(CFP) in September 2009. The IEEE 802.15.7 TG7 is chartered to write a PHY and MAC standard for 
VLC. The standard is capable of delivering data rates sufficient to support audio and video multimedia 
services and also considers mobility of the visible link, compatibility with visible-light infrastructures, 
impairments due to noise and interference from, e.g., ambient light, health and other environmental 
effects as well as a MAC sublayer that accommodates visible links. The standard will adhere to any 
applicable eye safety regulations. The standard will provide: 

o Access to several hundred THz of unlicensed spectrum. 

o Immunity to electromagnetic interference and non-interference with RF systems. 

o Additional security by allowing the user to see the communication channel. 

o Communication augmenting and complementing existing services (such as illumination, display, 
indication, decoration, etc.) from visible-light infrastructures. 

o Point-to-point and point to multipoint with star configuration or Ad Hoc network. 

o Two types for PHY Layer: TYPE 1 Low data (10 to 100 kb/s) and TYPE 2 High data rate (3.2 to 
96 Mb/s). 
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o Applications for low data rate are mainly for Intelligent Transport Service (ITS), broadcasting 
within public/home areas, Dip (Indoor Positioning) and Outdoor/Indoor information advertising. 

o Applications for high data rate are broadcasting within public/home areas (music, video…) or high-
speed downloading to mobile devices (personal digital assistant (PDA), phone…), and other appliances. 

 

ECMA 

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

IrDA 

Created in 1993 the IrDA (Infrared Data Association) is a worldwide organization that develops standards 
for point-to-point very short-range optical communications, with a sub-meter range. This optical wireless 
interfaces can be found nowadays in a variety of portable equipment, like mobile phones, laptop 
computers and Pads, among others. In its basic version this standard defines a very low-cost, low-power 
IR link with a maximum operating range of 1 m and data rates of up to 4 Mb/s. High speed IrDA versions 
providing up to 1 Gab/s are also available. In 2008 the IrDA forged an alliance with the VLCC in order to 
publish IrDA-type standards for VLC. Here it is important to notice, that these standards will not change 
the higher layers, i.e. the protocol stack of IrDA, and neither the modulation formats. The only part that 
will be adapted is the analogue PHY �[33]. The final draft of Giga-IR was approved by the members of 
IrDA in March 2009 and officially adopted by IrDA board members in April 2009. Giga-IR adapted 
reliable fibre optical communication technology and developed it as an optical wireless communication 
technology. Giga-IR is also compatible with Crimple 4Mb/s communications. Giga-IR supports 
transmission speeds of 512 Mb/s and 1 Gab/s (125 MB/s) and uses 2-ASK (Amplitude-Shift-Keying) and 
4-ASK modulation. The standard defines the physical layer as well as different protocols used by upper 
layers. The proposed applications are fast speed data transfer such as interface multi-portable devices 
(wireless display, in-home-distribution of HDTV (High Definition TV) and other content, cordless 
computing, high speed cable replacement); music and movies downloads from a Kiosk at rental shop and 
promotional or special data exchange at the tradeshow. The IrDA members are Casio, Finical, Fuji, 
KDDI, Mitsubishi, NEC, NTT, Panasonic, and Sony Ericsson. An overview of IrDA can be found in �[35]. 

IrFM 

IrFM (Infra-Red Financial Messaging) is a ratified standard and a number of point and shoot products 
designed for electronic funds transfer. The high speed Special Interest Groups (SIGs) (IrBurst and UFIR) 
are working on data transmission at 100Mb/s and greater, and a major applications area is secure 
downloading of multimedia files �[36]. 

2.5.2 RF Standards 

In order to obtain the full picture of the state-of-the-art in HANs a range of different RF standards and 
products is summarized and compared according to Figure 9: 
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Figure 9: Radio Communication roadmap 

Two main standards are developed, namely 60 GHz �[37] for point-to-point links and 802.11b� ac for 
point-to-multipoint links: 

60 GHz Point-to-point link 

o Wireless HD (High Definition) �[38] is an industry-led consortium that proposed a specification 1.0 
in January 2008. It defines a wireless protocol that enables consumer devices to create a wireless video 
area network delivering uncompressed as well as compressed video content at 60 GHz.  A typical 
application would be HDMI (High Definition Multimedia Interface) cable replacement. In 2009, first 
products were included in TV sets by Panasonic or LG and also proposed as extenders by Gefen and 
Abocom. 

o  802.15.3c: The IEEE 802.15.3c TG3c �[39] was formed in March 2005. It developed an alternative 
millimeter-wave-based (60 GHz) physical layer for Gb/s WPAN(Wireless Personal Area Network) as an 
amendment to the 802.15.3-2003 IEEE standard. TG3c standard was published in October 2009 and 
proposes to use the widely available bandwidth of 9 GHz around 60GHz (from 57 GHz to 66 GHz) to 
provide data rates of more than 1.5 Gb/s (up to 6 Gb/s PHY).  

o ECMA-387 (60GHz): At ECMA, 60 GHz WPAN systems were discussed within Technical 
Committee TC48 �[37]. The goal of this group was also to develop a standard (PHY and MAC) for short 
range high data rates (1 Gb/s) unlicensed communications at 60 GHz. TC48 completed their work in 
December 2008, which resulted in the publication of the 1st edition PHY and MAC layers 60GHz 
Wireless Network Standard: ECMA-387 standard.  

802.11b Point-to-multipoint link  

o 5 GHz Point to multipoint service link (802.11ac): IEEE EC approved directly the creation of TG 
11ac �[40]. The goal is to define standardized modifications to both the 802.11 PHY and MAC to enable 
operation in the 5 GHz frequency band capable of very high throughput. TGac proposes to increase the 
throughput of 802.11 beyond that of 802.11n which means 1 Gb/s multi-station throughput and 500 Mb/s 
single user throughput. At this time, TGac makes progress with contributions about the initial set of 
documents and a finalization of standard could be available for beginning 2013-2014. 

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

It can be seen that RF and OW systems could be equivalent but to some extent the comparison is not ‘like 
for like’ and other parameters should be considered such as power consumption or immunity aspect. 
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2.5.3 OW commercial systems state-of-the-art 

Traffic management 

IrDA has formed The Travel Mobility Special Interest Group (IrTM) in order to develop a specification 
for toll payment. A standard also exists for longer-range communications (ISO TC 204 CALM). A major 
commercial amount of activity is by Efkon, who have won large contracts for payment systems 
worldwide, notably a German project for truck traffic tolling. Ultra-high bandwidth wireless JVC has 
recently introduced a tracking 1.5 Gb/s link between an HDTV source and a Flat screen TV �[43]. This 
uses mechanically tracked terminals and a novel diffuser to achieve eye safety. 

Networks 

There are few low speed IR networks that are commercially available, and several in development. An 
LOS network was available from JVC �[44], and a diffuse LAN from spectrix �[45]. The low cost and 
complexity of OW components also renders them attractive for relatively low speed home networks, and 
such networks are being developed by Infracom �[46]. In the research area diffuse networks that operate 
up to 50 Mb/s have been demonstrated �[19]. A solid-state tracked link that operates at 155 Mb/s has been 
fabricated �[47] that uses components optimised for OW applications. This includes custom CMOS 
(Complementary Metal Oxide Semiconductor) transmitter and receiver devices, and detectors optimised 
for this application. Recent advances in LED technology has led to the fabrication of high efficiency 
white light devices.  

 

2.5.4 OMEGA achievements 

The OMEGA prototype increases the data transmission speed to ~Gb/s by connecting home devices to the 
Internet and to each other through power line communications and wireless connections like legacy Wi-Fi 
and 60GHz �[48]. At the heart of the new system is a technology-independent media access control layer 
called Inter-MAC. This layer controls the multiple-technology gigabit network and provides services as 
well as connectivity to any number of devices in any room of the house or flat integrating wireless 
technologies and power-line communications. Before OMEGA, these technologies were operated 
separately - causing the user tremendous hassle. The inter-MAC layer is capable of forming a unified 
network as well as integrating its heterogeneous wired and wireless links. Functions such as quality-of-
service control, load sharing, and dynamic path selection are made possible in such unified networks. The 
performance and potential impact of an inter-MAC-enabled network were evaluated, showing positive 
results.  

Various radio devices were integrated into a converged heterogeneous radio network, which meets the 
customer’s demands with respect to quality of service, reliability, throughput, ubiquity, and self-
configuration. In addition to the crucial aspect of convergence at the radio layer, advanced PHY, MAC, 
and cross-layer mechanisms have been developed. Moreover, a multi-Gb/s 60 GHz radio demonstrator 
and an enhanced implementation of Wi-Fi IEEE 802.11n have been developed �[48]. 

OMEGA investigated the increase of the current baseband bandwidth for power-line communications up 
to 100 MHz. Studying electromagnetic compatibility in this enlarged spectrum aided in inferring 
spectrally efficient modulation schemes, based on a multi-carrier approach that best fits this wider 
communication bandwidth. As a consequence, this provides a foundation for new wide-bandwidth power-
line communication transceivers that substantially increase the data rates available, as well as home 
coverage for consumer applications. An improved HomePlug AV demonstrator has been implemented in 
the project, and the feasibility of a data rate of 1 Gb/s has been proven using advanced signal processing 
�[48]. 

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

In this section, we address several practical matters related to the commercial deployment of optical 
homes wireless and namely we present the results of the surveys conducted using the Analytical 
Hierarchy Process (AHP) �[49] within WP4 and internal deliverable. AHP is a tool for complex decision 
making which reduces the overall process in a set of discrete sub-problems, each of which can be tackled 
more easily. It has been used around the world on numerous occasions, in sectors such as government 
[50], business [51], industry [52], healthcare [53], technology [54], education [55] and 
telecommunications [56]. The main objective in WP4 is to gather and process the opinion of the various 
experts participating in the consortium regarding the prospects of optical home networks. We discuss 
various architectures. We also attempt to distinguish and evaluate several socioeconomic and 
performance-related issues concerning the deployment of optical home technologies. Figure 10 
summarizes the roadmapping effort undertaken in this deliverable 
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Figure 10: Roadmapping Effort of D4.6b 

 
We begin by a brief introduction to the vision of the optical home network and then discuss the results of 
these surveys. 

 

 
 

Figure 11: The future home network 

Figure 11 shows the vision of the ICT-OMEGA project regarding home networking which forms the 
basis for our description henceforth. The figure shows a variety of user devices are connected to the home 
network through wireless or wired technologies. The extender device is a fundamental component of the 
OMEGA HAN.  It aims to extend the HAN coverage and allow the communication between devices 
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having different PHY interfaces. The extender can be a wireless hotspot on the ceiling of the room or 
even part of the terminal devices themselves. Conceivably, every network device may serve as an 
extender acting as a “multi-hopper”, in the sense that the device is able to process (receive and forward) 
traffic for which it is not an end point. The project aims to incorporate three different “no new wires” 
technologies, namely the OW, radio and PLC into a single inter MAC layer. The OMEGA inter-MAC is a 
technology independent layer, located between layer 2 and 3, providing common functionalities over 
heterogeneous communication technologies �[57]. The inter-MAC is in charge to setup a resilient, reliable 
and easy to use gigabit home network that guarantees the quality and the continuity of services within the 
home environment. 

Each of the three “no new wire” technologies considered in ICT-OMEGA may be used to provide the 
extender functionality, but each comes with its own merits and shortcomings. Radio technologies, such as 
WiFi are already commercially available and 802.11n promises up to hundred of Mb/s data rates using 
MIMO techniques �[58], but the actual network throughput should be lower. In fact, as referred in �[59], 
when the payload size is 1500 bytes, the throughput upper limit (meaning the maximum throughput when 
the raw data rate goes infinitely high) is about 75Mb/s (instead of 110Mb/s which are available at the 
PHY). In light of this, by simply increasing the data rate without reducing overhead, the enhanced 
throughput is bounded even when the data rate goes infinitely high. In other words, reducing overhead is 
necessary for IEEE 802.11 standards to achieve higher throughput. Systems operating at the unlicensed 
60 GHz band �[59] and UWB �[61] can provide higher data rates. Wireless Gb/s transmission is feasible at 
60 GHz, but such systems are still far from reaching technological maturity. State of the art PLC systems 
�[62] provide hundreds of Mb/s wired connectivity using the already installed power cables of the house. 
Extending them in the gigabit regime is however a challenge because of the particularities of the power 
line channel. 

Optical wireless �[63] has each own role to play inside the home network. The “optical home” is a home 
network that is based mainly on optical wireless and wired technologies which have been shown to 
support data rates that can extend in the Gb/s regime. This enables the delivery of many broadband 
services such as HDTV, Web 2.0 applications and content sharing, on-line gaming, etc. It should be noted 
that optical technologies are already beginning to play an important role in corporate and academic 
settings and this is an indicative trend that this can happen in the field of home networking. Gigabit and 
10 Gigabit Ethernet has played a key role in this regard. In Gigabit Ethernet, UTP (Unshielded Twisted 
Pair) wiring can be used for distances shorter than 100m and for longer distances one must resort to 
multimode optical fiber. In 10Gigabit Ethernet, copper cables can support 10 Gb/s again up to 100m 
using the 10GBASE-T interface at the expense of higher latency and increased power dissipation 
compared to other 10GbE physical layers, so the need for fibre cables is more pronounced for a longer 
reach, higher performance local area network implementation. The need to use fibers in campus 
networks, brings optics one step further towards the user premises. Can they also penetrate the domestic 
environment? Home networks have a significantly different set of requirements to meet than corporate or 
academic LANs, and optical technologies are faced with new challenges. Wireless connections are 
especially important, since they allow terminal mobility and reduce the cable jargon.  

Within the optical home, wireless connections can be implemented using optical wireless systems.  
However, unlike conventional radio wireless systems, OW is not a mature technology and several issues 
remain unclear. It is very important to place some priorities when dealing with all these issues. Should 
one try to push the performance to its limit and then come up with ways of reducing the cost? To answer 
this and many other questions related to the development strategy of optical home networking one should 
at least get a grip on the various factors which are pertinent to such deployments. In other words, a 
roadmap is required to focus the efforts of engineers and researchers working in the field. By definition, a 
technology roadmap is a plan that matches short-term and long-term goals with specific technology 
solutions to help meet those goals. It is a plan that applies to a new product or process, or to an emerging 
technology. Developing a roadmap has three major uses. It helps reach a consensus about a set of needs 
and the technologies required to satisfy those needs; it provides a mechanism to help forecast technology 
developments and it provides a framework to help plan and coordinate technology developments. 

In light of the fact that OW is not as mature as its radio counterpart, there are several issues to address and 
evaluate before the deployment of optical home systems. . IR systems are an obvious candidate but in 
light of new developments one must also consider VLC systems as well. What role do these latter systems 
have to play inside the optical home? One of their strongest advantages is the excellent coverage, since 
there can be many VLC lamps placed in the ceiling covering almost every corner of the room. Uplink is 
an issue in this case. How do we implement uplink connections in VLC? Within ICT-OMEGA, there is 
an obvious answer to this question: simply rely on another technology to provide the uplink. In the optical 
home, combining VLC and IR, say at the inter-MAC layer, is one way to go. 
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3 Conclusions 

In this deliverable we attempted a glance at the future of optical wireless and wired technologies 
concerning their deployment in home networks. This of course is a very ambitious and difficult task since 
optical wireless is not a mature technology. Hence, prior to full commercial exploitation there are several 
issues that should be addressed through further study. Increased attention should be paid on the 
implementation of the backbone network, i.e. the portion of the network that connects all extenders and 
optical hot-spots to the gateway. The need for a roadmap extending the feedback of more experts outside 
the OMEGA consortium should be emphasized.  By applying the roadmapping technique in a new 
product or process, or in an emerging technology, short-term and long-term goals are matched with 
specific technology solutions to help meet those goals. The main results that can be derived from 
roadmapping are a set of needs and the technologies required to satisfy those needs; a mechanism to help 
forecast technology developments and a framework to help plan and coordinate technology 
developments. 

The IR line of sight or the hybrid (OMEGA) VLC/IR module can be used for the intra-room connections. 
On the other hand the backbone network can be based on PLC or optic fibre. Architectures using PLC 
technology have the advantage of lower cost due to the negligible installation cost accompanied with 
lower bandwidth backbone.  

The problem at hand is equivalent to that of selecting the most appropriate and most advantageous 
solution for each case. In other words it is a decision making problem. However, such a problem is very 
difficult to be solved because of its high complexity. This feature is enhanced by the fact that the decision 
making process is influenced not only by the performance of these systems but also by other social-
economic factors. The AHP framework, a structured technique for dealing with complex decisions, 
helped us to treat the problem and manage to rate the importance of various economic, social and 
performance-related criteria. This is an essential part of any roadmap especially when it is not yet clear 
which technology or combination of technologies will be used in the prospect of future all optical 
house/office. Towards this end, a series of surveys were planned inside Work Package 4 in order to 
quantify the prospects of optical technologies for home and office networking.  

There are several conclusions that can be drawn from the surveys carried out inside WP4 and the result is 
in this deliverable and the technologies presented: 

·  Social issues are of paramount importance when considering optical home networks. Health-related 
issues can provide a serious incentive for installing IR and VLC hotspots which are inherently safe, 
unlike radio-based networks, the biological implications of which are still not very clear. The inherent 
security provided by optical wireless is also another incentive for promoting this technology.  

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

·  The backbone network is another important issue to consider. As optic fibre and PLC are struggling to 
reach the gigabit-per-second realm, it is rather difficult to predict which technology will prevail in the 
long run. In the short term, PLC seems to have an advantage over optic fibre but that may soon change.  

·  Reach and coverage are important requirements, especially for IR-based wireless technologies. Using 
hybrid VLC/IR systems (combined say at the inter-MAC layer) may hold one solution to the problem. 
Coherent detection could be considered as a means to improve the coverage at the expense of a more 
complex receiver. 

·  Since home applications are much more sensitive to cost than, say, metropolitan area networks, one 
should consider the prospects of using off-the-shelf commercial visible and IR LEDs as transmitters. 
Although LEDs provide a low cost transmitter, there are actually a lot of things that need to be studied 
before one adopts them as transmitter in future optical networks.  

In order to validate the reliability of the results, the AHP is extended incorporating sensitivity analysis 
and Monte Carlo simulation and it was deduced that uncertainties involved in pairwise comparisons do 
not in general undermine the weights as well as the final ranking of the alternatives. 
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As a closing remark one should point out that infrared systems (IRC – Infra-Red Communication) 
and visible (VLC – Visible Light Communication) equipments development could be different and 
optical wireless can be considered in other applications besides home networking which also present 
important business opportunities (Outdoor communication on advertisement, Intelligent Transport 
Service…). Other applications can include also local area networks inside aircrafts or hospitals where 
minimum interference is expected with existing equipment and appliances. Finally, when envisioning 
applications for optical wireless, one should keep in mind that this is a rapidly growing field with a lot of 
room for technical improvement. 

For example VLC systems have been recently considered for intra-room sensing and positioning 
�[66]. The IEEE 802.15.7 and VLCC specifications are finalized, so we can quickly see the first cost-
effective application. This first application could be a broadcast communication using CCD smartphone 
with low data rate. For the infrastructure, it is clear that the PLC/VLC (PLC – Power Line 
Communication) offers short term most effective value in implementation (no new wire) and cost. The 
mass production of LED in China will greatly contribute to the reduction of cost. 

 

 
 

Figure 41: Optical wireless systems development proposal 
 

Concerning the infrared systems, there is still some technical improvement before Gbps network 
commercial application. For instance, as discussed in the Appendix, coherent detection �[67] can be used to 
improve receiver sensitivity by several dBs and should be explored in future systems. Also, Multiple Input 
Multiple Output techniques, although not particularly effective in direct detection systems, could also provide 
increased capacity since the coherent optical channel resembles the radio channels in many ways. Using 
integrated multiple transmitters �[21] (Multi Tx/Rx), each pointing to a different position in the room is a first 
step for improving the coverage and reducing the antenna size in IR systems. Some manufacturers have 
already some beginning of solution concerning the multi Tx/Rx �[68] and Photodiode (PD) + Trans-
Impedance Amplifier (TIA) integration �[69]. About the infrastructure, the PLC is still the most effective cost 
efficient short term solution. Then, the optic fibre could give, for the new building, the first step for all 
optical network or optic over fibre. 
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A Appendix: Technological issues influencing the deployment of 
future home networks 

In chapter 3 we presented the results of the surveys and highlighted some key issues pertinent to the 
optical home roadmapping effort. It was deduced that economic issues such as the cost of equipment will 
play a significant role in the integration of such systems inside the house or office. In view of the cost 
constraints, LEDs can provide an interesting alternative to the most expensive laser diodes. 

LEDs �[83] can be used in low-cost, medium-bit-rate transmitters, whereas resonant cavity LEDs (RC-
LEDs) �[85] are capable of providing bit rates up to 1 Gb/s in local-area networks, where the link distances 
are limited to less than 5 km. LEDs may also provide a cost-effective solution for optical wireless 
transmitters in both indoor and outdoor systems �[86]. In the infrared wavelength range, such systems 
provide wireless local area network connectivity of the order of 100 Mb/s and above �[87], in both 
line-of-sight and diffuse regimes. Multiple-subcarrier modulation �[88] such as discrete multitone (DMT) 
and multilevel pulse-amplitude modulation may significantly increase the capacity of both wireless �[16] 
and wired LED-based optical links �[89]-�[90]. However transmitter non-linearity can cause interference 
between the subcarrier channels and hence signal distortion �[91], the magnitude of which depends on the 
type of LED �[92]. From the above discussion, it is therefore clear the LEDs may have an important role to 
play in the future optical home, not only for illumination but for communication purposes as well.  

A major drawback of LEDs is their limited modulation bandwidth. To address this problem and to 
provide higher data rates, one should resort to spectrally efficient modulation schemes. Examples of such 
schemes are multilevel pulse amplitude modulation (PAM) and quadrature amplitude modulation (QAM) 
on discrete multitones (DMT) �[93]. Although DMT mitigates the spectral characteristics of LEDs, it can 
also lead to performance degradation when combined with the nonlinear nature of LEDs. The non-
linearity of the LEDs can be expressed by the nonlinear dependence of the output optical power on the 
input current that is the current driving the LED. LEDs are sometimes forced to operate in the nonlinear 
regime due to the high peak power values caused by the constructive sum up of the DMT components. 
The nonlinear operation of the LED results in intermodulation products generated by the interaction 
between the subcarriers of the DMT signal. These products often act as noise since their frequencies 
coincide with those of the subcarriers. It is therefore evident that the nonlinear behavior of the LED 
transfer function can cause performance degradation of an optical wireless system. 

In this Appendix, we take a closer look to several aspects of LED performance that are related to 
telecommunication applications. We discuss its static non-linear characteristics obtained by the constant 
light-current curve and present methods for its compensation. Next, we present a more general model for 
encompassing both the frequency dependence and the non-linear behaviour of the device, based on the 
Volterra kernel expansion. We also show that popular rate equation models provide only a first indication 
on the dynamics of the device even under small signal modulation. 

White phosphorescent LEDs are an important component of visible light communications which provide 
both illumination and communication inside a room. Dimming is an important aspect of every 
illumination system, so it is vital to understand how this functionality can be incorporated in VLC links 
and still maintain some quality of communication. In this chapter we take a look at the problem of 
combining pulse width modulation (a popular method for controlling the dimming level in LED-based 
lamps) with DMT modulation.    

The surveys of the previous section revealed that coverage plays an important role when characterizing 
the performance of an optical wireless system. Coverage depends on the power budget and using 
sophisticated detection schemes such as coherent detection may improve the reach of the link. Taking into 
account the merits of these systems, we take a glance at the performance of coherent detection for 
improving the coverage in optical home networks. 

  

A.1 Analytical Treatment of LED non-linearities: the static 
approach  

Based on the above analysis it is deduced that the study of the impact of the LED nonlinearity on the 
performance of a QAM / DMT modulated system is of great importance. An easy way to investigate such 
an impact is to expand the transfer function in a Taylor series by ignoring the spectral characteristics of 
the LED avoiding the use of complicated Volterra series. The degree of the polynomial needed to 
realistically model measured transfer functions is shown to depend on the order of the LED nonlinearity.  
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Figure 12: Experimental setup for measuring the non-linear transfer function of a single-chip white LED. 

Figure 12 shows the experimental setup that was used for measuring the static transfer function of a 
phosphorescent single-chip LED (NICHIA, NSPW500CS). The DC impedance of the LED was matched 
to 50 �  with a serial resistor, and the DC voltage was supplied by a commercial power source (Agilent, 
E3620A). The emitted light was directed onto an amplified photodiode (Thorlabs, PDA10A-EC). Both 
the applied voltage and the current through the diode are measured with multi-meters (Voltcraft, VC220). 
The output power, Pout, of the LED is measured with the photo detector. The latter is measured as a 
function of the DC driving current. It was shown that a second-order polynomial already provides a fair 
description �[94]. 

�
 

 
Figure 13: Three measurement sets of the LED optical output power as a function of the DC driving current obtained 
for a single-chip white LED. The setup in Figure 19 was used. Markers: measurement data; solid line: second-order 
polynomial fit to the data. 

By means of numerical investigation it was shown that the crosstalk noise is approximately normally 
distributed, and that the in-phase and quadrature noise components are approximately independent. The 
average signal-to-crosstalk ratio (SXR) as a function of the subcarrier number m for various QAM 
modulation levels and total number of subcarriers is illustrated in Figure 14. 
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Figure 14: Average signal-to-crosstalk ratio (SXR) as a function of the subcarrier number m for a) 3 subcarriers and b) 
255 subcarriers. Various QAM modulation levels are shown. 

As shown in Figure 14 the SXR increases as the subcarrier number m increases. More specifically, the 
first subcarrier (m=1) is the subcarrier with the maximum distortion while the last subcarrier has 3dB 
higher SXR compared to the first one. Furthermore, the SXR decreases as the QAM levels increases since 
the actual distance between the symbols is decreased. 

(a) (b) 
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In order to investigate a more realistic system, the impact of additive white Gaussian noise must also be 
incorporated in the above analysis. In Figure 15(a) and (b), the BER (Bit Error Ratio) of a system with 3 
and 255 subcarriers, respectively, is depicted as a function of the SNRb (Signal to Noise Ratio) that is a 
ratio that takes only the AWGN (Additive White Gaussian Noise) into account and not the inter-carrier 
crosstalk. It should be noticed that the BER calculations are performed for the first subcarrier 
corresponding to the worst case scenario. 
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Figure 15: Bit-error ratio (BER) of the first subcarrier as a function of the signal-to-noise ratio per bit (SNRb) for 
various QAM modulation levels and for (a) 3 subcarriers and (b) 255 subcarriers. 

From Figure 15, it is obvious that depending on the system parameters the inter-carrier cross talk due to 
LED nonlinearity may drastically influence the performance of a system. By comparing the curves 
corresponding to the linear and the nonlinear case, it is deduced that optical wireless systems with 3 
subcarriers and more than 16 QAM levels are significantly degraded due to the LED nonlinear noise. For 
example, in the case of a system with 64 QAM levels and SNRb=15dB the performance degradation in 
terms of the BER is about three orders of magnitude. It should be noted that in a system with 3 
subcarriers, an error floor higher than 10-3 is revealed for more than 16 QAM symbols. In other words, as 
the QAM levels increase it is not possible to achieve a BER below a specific value, since the inter-carrier 
interference due to the transfer function nonlinearity puts a limit to the system performance. Moreover, 
the performance of a system with larger number of subcarriers is less severely affected. 

From the above analysis, it can be concluded that for practical devices the incurred link degradation can 
range from almost negligible to making even remotely error-free communication impractical. Hence, the 
LED nonlinear noise is a key factor that should be addressed prior to commercial exploitation of VLC or 
more generally of OW systems using LEDs. Among others, pre-distortion can be applied to the system in 
order to overcome prohibitive signal-to-interference penalties �[95]. However, by looking more carefully 
the mathematical analysis of the nonlinear crosstalk noise two alternative methods known as “subcarrier 
allocation technique” and “feedback technique” can also be used for the suppression of the induced 
distortion. 

 

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

In order to numerically evaluate the performance of both suppression techniques a generalized system is 
assumed, incorporating clipping of the transmitted signal. Clipping is performed when the instantaneous 
power of the DMT signal exceeds the value of 10 dB. Although clipping results in noise-like interference 
(white), its proper use can lead to performance improvement. The block diagram of the proposed DMT 
simulation model is illustrated in Figure 16. 

(a) 

(b) 
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The modulation and demodulation of the signal is mainly based on IFFT (Inverse Fast Fourier Transform) 
and FFT respectively. Since the QAM/DMT signal at the output of the transmitter will be the driving 
current of the LED, it is evident that it should be a real valued signal. After parallel to serial conversion, 
introduction of clipping and digital to analogue conversion, the superposition of the DAC (Digital to 
Analog Converter) output and the bias current drives the LED, which in turn converts the driving current 
into optical power. At the receiver, the signal is detected from a photodetector and follows almost the 
inverse route compared to the transmitter. 

 

 
Figure 16: Block diagram of DMT simulation model a)DMT transmitter and channel models (b) DMT receiver 
model. 

 

A.2.2 Subcarrier Allocation Technique 

In the case of a QAM/DMT system that is a system with multiple subcarriers, the LED nonlinear noise 
causes the interaction between the subcarriers leading to intermodulation products. It is interesting to note 
that in some cases the frequencies of these products (fk+fl and fk-fl) may coincide with the subcarriers’ 
frequencies. Hence, in order to suppress the LED nonlinear noise one should reduce the number of the 
products that fall at the frequencies of the subcarriers. This corresponds to the allocation of the 
subcarriers’ frequencies in such a way that the various combinations (k + l and k - l) won’t be equal to the 
index m of the subcarrier under investigation. It is straightforward to show that if one transmits data only 
in the odd numbered subcarriers (ignoring the DC subcarrier) then both the sum k + l and the difference  
k - l fall in an even subcarrier. 

 

A.2.3 Feedback Technique 

This technique can be described as one-step correction of the received signal. In the case of a DMT 
receiver as shown in Figure 16(b), one DMT symbol is processed at a time and a decision is made 
regarding the QAM symbol in each subcarrier of the DMT symbol. However, in cases of low SNRs and 
weak LED nonlinearity the demodulated symbol will probably coincide with the transmitted symbol or 
with one of its immediate neighbors. Hence, assuming that the LED transfer function or the polynomial 
approximation of it is a priori known one can easily evaluate the crosstalk noise components using the 
demodulated symbols of the first step. Before the final decision on the QAM symbol, the estimated 
crosstalk components are subtracted from the received QAM symbols. The block diagram of the feedback 
technique is shown in Figure 17.  

�

 
Figure 17: Block diagram of the proposed feedback method in the receiver 

(a) 
(b) 
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To illustrate the effectiveness of the allocation technique and gain a quantitative perspective of the 
performance of the proposed method, the BER was evaluated for various values of the SNRb. Figure 18 
depicts the BER of the first subcarrier (worst case) as a function of SNRb for 255 subcarriers. 
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Figure 18: BER of the first subcarrier of a received DMT symbol as a function of the signal-to-noise ratio per bit 
(SNRb) for 255 subcarriers. Various QAM modulation levels are shown. 

The performance improvement due to the allocation technique is illustrated in Figure 18. It is interesting 
to note that the error floors are revealed in all cases (QAM levels) at the cost of extremely high SNRb 
values leading to time consuming simulations. From Figure 18, it can be deduced that the allocation 
technique manages to totally eliminate the LED nonlinear noise for SNRb values away from the error floor 
range. In the error floor range a difference between the linear and the nonlinear case with the allocation 
technique is observed. This may be attributed to the higher order nonlinear components. 

Despite the great improvement of the system performance, the use of the odd subcarriers results in 
halving the data rate. Hence, one should be careful when using the proposed technique. It seems that the 
allocation method is suitable for lower QAM levels. If one starts with 4 QAM, then doubling the data rate 
by switching to 8 QAM is of course a remedy, but if 256 QAM states are used before one discards half of 
the subcarriers he needs 65536 QAM to compensate the loss of throughput which is somehow 
impractical. 

Regarding the feedback technique, the BER is plotted in as a function of SNRb for various QAM 
modulation levels assuming 255 subcarriers. 
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Figure 19: Bit-error ratio (BER) of the first subcarrier as a function of the signal-to-noise ratio per bit (SNRb) for 
various QAM modulation levels and 255 subcarriers 
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It should be noted that in this case the simulations are limited in moderate SNRb values due to their time 
consuming character. However, error floors similar to the case of the allocation technique are expected. 
The first useful conclusion deriving from Figure 19 is that the feedback technique can significantly 
improve the performance of the system but it cannot totally suppress the nonlinear noise. It is also 
interesting to note that the improvement in the system performance decreases as the QAM levels 
decreases too. In the case of 64 QAM symbols, the feedback technique marginally suppresses the 
nonlinear crosstalk noise. This indicates that the feedback technique must be chosen in the case of high 
QAM levels. Unlike to the allocation technique, a further increase in the QAM states is not necessary in 
order to maintain the same bit rate. The above result is extremely important since it proves that the two 
techniques are hopefully complementary. 

 

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

In the previous sections we used the static approach �[92], �[96] for describing the non-linearity of the LED 
which although simple, it does not allow the incorporation of memory effects which may be important at 
high frequencies. In this section we present an alternative model, based on Volterra series expansion 
which can incorporate both the frequency dependence and the non-linear nature of the LED.  

The non-linear properties of the LED stem from the fact that the number of emitted photons is not directly 
proportional to the injected electric current in its active region. In addition, the carrier density response 
depends on the frequency of the injected current, giving rise to memory effects �[83]. Figure 20 shows the 
measured I-P characteristics for various off-the-shelf LED devices. Estimating the induced distortion 
using the static approach reveals that the LED can pose anything from a minuscule effect to the case in 
which error-free data transmission is made impossible by the I-P non-linearity �[96].  
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Figure 20: Static I-P characteristics for various types of commercial, off-the-shelf LEDs: a) white phosphorescent, b) 
visible red, c) infrared and d) RGB LED. 

 
Although the static approach is easy to implement, it cannot incorporate the influence of any memory 
effects. Figure 21 bears experimental proof on how the non-linear properties of an IR LED may depend 
on the signal frequency. The LED is driven by a sinusoidal current i(t) = IDC+IACcos(2� f0t), where IDC is 
the bias level, f0 the frequency and IAC the amplitude of the AC current. Because of non-linearity, the 
optical power spectrum P(f) contains harmonic frequency components, at frequencies f = mf0 where m is 
an integer. The figure shows how the measured values of the 2nd harmonic amplitude P(2f0) at f = 2f0 

(a) (b) 

(c) (d) 
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depend on the driving current frequency f0, for 1 MHz �  f0 �  15 MHz. The amplitude of the second 
harmonic component assumes a maximum near f0 @ 10 MHz and becomes about two times stronger than 
its low frequency value (at f0 = 1 MHz). It should be noted that the assumed frequency range lies within 
the measured 3 dB bandwidth of this LED (@20MHz) and is hence useful for telecommunications 
applications. In the case of DMT modulation, Figure 21 implies that the amount of distortion experienced 
by the subcarrier channels may vary significantly, depending on their frequency locations.  
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Figure 21: Measured relative 2nd harmonic distortion spectral component P(2f0) at frequency f = 2f0 of the output 
optical power P of an IR LED  when driven by a sinusoidal current of frequency f0 and amplitude IAC. The distortion 
values are normalized relative to the value obtained for f = 1 MHz. The DC bias of the driving current is IDC = 40mA. 

The above discussion motivates the quest for a large-signal model beyond the static transfer function 
approach that can incorporate both the non-linear and the frequency-dependent nature of the LED. One 
widely used approach is the rate-equation model �[83], �[97] which can in principle describe both aspects of 
the LED response. In practice however, they often do not accurately describe the dynamics of the device. 
Consider for example the case of small signal modulation. It is easy to show that the rate equation model 
predicts a Lorentzian frequency dependence, viz. a first-order pole of the form P(f)/I(f) ~ (1+j2� � f)-1, 
where I(f) is the spectrum of the driving current, �  is the carrier lifetime and 1/�  is the 3 dB bandwidth of 
the LED �[97]. Actual measurements however, do not seem to fully agree with the above result. Figure 22 
shows the measured small signal modulation response of the IR LED at a bias current IDC = 40 mA. We 
notice a sharp peak in the sub-MHz range, which can be attributed to thermal effects �[98], �[99] and 
introduces an additional low frequency dependence which cannot be described by a single-pole transfer 
function. However, even at higher frequencies, the modulation response deviates from the predicted 
behavior. The figure includes a least-squares Lorentzian fit of the modulation response, obtained 
considering frequency values larger than 1 MHz (i.e. excluding the thermally-induced peaks at low 
frequencies). The figure clearly illustrates that even at higher frequencies, the dynamics of the system is 
not consistent with the rate equation model. 

0 10 20 30 40
0.2

0.4

0.6

0.8

1

1.2

f (MHz)

|H
1(f

)|

 

 

Measured
Fit 

 
 

Figure 22: Measured small signal of an IR LED (circles) at IDC=40mA and Lorentzian least square fit at high 
frequencies (dotted line). 

Within WP4, we performed a series of measurements in order to further clarify the behaviour of LED in 
the non-linear regime which can be important from a telecomm application point of view. It was soon 
realized that we need a more general approach for describing these devices and therefore we resorted to 
the Volterra approach �[100], �[101]. Considering the LED as a black-box, time-invariant, nonlinear system 
with memory, the Volterra series expansion can be used to relate the driving current i(t) and optical power 
p(t): 
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In (1), pn(t) is the nth order contribution to the output signal, hn is the nth order Volterra Kernel of the 
system and p0 is a constant. The coefficient 1/n! relates to the Volterra kernels being symmetric functions 
of their arguments �[100]. From a communications point-of-view, we are only interested in the AC 
components of the signals, so in our black box representation, we may discard the DC components of 
both the current and the optical power (implying that p0 = 0). 

The Fourier transform of hn is given by  

1 1 1
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�� �                                    (3) 

There are some remarks that need to be made concerning the above equations. If the kernels hn are 
known, then they completely determine the non-linear response of the system. The kernels Hn vary with 
frequency, which captures the frequency-dependence of linear and nonlinear properties of the LED. In an 
attempt to clarify the non-linear properties of the LEDs we measured H1(� ) and H2(� 1, � 2) for various 
LEDs of interest and these are shown in the following figures. Table I discusses the characteristics of the 
various LEDs considered.  

Table I: DC Bias and Bandwidth of LEDs under investigation 

LED 
DC driving 

current    
IDC (mA) 

3 dB 
bandwidth 

(MHz) 
White  (5mm Nichia 

550TW4GU) 
25 2.3 

RGB (5mm Fullcolor 
green comp.)  

25 10.2 

RGB (5mm Fullcolor  
blue comp.) 

25 15.5 

IR (5mm Nichia –
TSHG6200) 

40 20.4 

Red (5mm Nichia 
TLH.5405) 

25 1.06 
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Figure 23: Normalized first order kernel magnitudes for a) white LED, b) blue component of the RGB LED and c) 
the IR LED. 
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Figure 24: a) normalized and b) relative magnitude of the second order kernel for the blue component of an IR LED 

 

    
Figure 25: a) normalized and b) relative magnitude of the second order kernel for the blue component of the blue 

component of an RGB LED. 
 

 
Figure 26: a) normalized and b) relative magnitude of the second order kernel for the green component of the RGB 

LED. 
 

  
Figure 27: a) normalized and b) relative magnitude of the second order kernel for the white LED. 

(a) 
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Figure 28: a) normalized and b) relative magnitude of the second order kernel for the red LED. 

 
Figure 23 shows the normalized values of the first-order kernel H1(f) of various LEDs in the frequency 
domain, which as discussed previously is actually the small-signal modulation response. In the case of the 
IR LED, the first-order kernel does not seem to change with the bias current unlike for the white and the 
RGB LED, where there is considerable change in H1(f).  

Figure 24(a) shows the normalized magnitude of the second order kernel H2(f1,f2)  for the IR LED on a 40 
´  40 frequency grid. Along the line f1+f2 = 0, the kernel is zero since we only consider the AC 
components of the current and the optical power. The kernel values tend to increase as the frequencies f1 
and f2 increase. At high frequencies however, |H2(f1,f2)| starts to decrease in agreement with Figure 21. 
This behavior is an additional proof of the frequency dependent nature of the LED non-linearity. One 
should however be cautious when judging the strength of non-linearity by the values of H2 alone. A large 
H2 kernel does not necessarily imply the presence of strong non-linearity since H1 may also be large and 
consequently the second order contribution p2(t) may turn out to be much smaller than the linear term 
p1(t). A more indicative measure would be to calculate the amplitude of the non-linear component with 
respect to the linear one. Figure 24(b) shows the magnitude of the relative second-order kernel for the IR 
LED. The figure suggests that non-linear distortion increases when f1 and f2 increase. At high frequencies 
the distortion is eventually reduced. At some frequencies the kernel magnitude exceeds 0.02, suggesting 
that the amplitude of the intermodulation products can become as high as 2% compared to the amplitudes 
of the first order optical power components. Figure 25(a) and (b) depict the measured second order kernel 
magnitudes in the case of the blue component of an RGB LED. The kernels exhibit similar frequency 
dependence as that of the IR LED, but the values of the relative kernel now suggest that the amount of 
non-linear distortion can be 3 times larger. The kernel for the green component of the RGB LED is shown 
in Figure 26(a) and (b) and, in contrast to the previous ones, is stronger near the low frequency regime. 
The maximum relative kernel is approximately 0.1 signifying strong non-linear induced distortion at large 
modulation indexes. The white LED second-order kernels are shown in Figure 27(a) and (b). In this case, 
the second kernel H2 again seems to be larger at the lower frequency regime. Figure 28(a) and (b) show 
the measured values for the second order kernel of a red LED. For this LED, non-linearity appears 
enhanced in the low frequency regime as well.  

These results bring us one step further in understanding LEDs before they can be used as telecom 
transmitters. The measurements revealed that the level of non-linear distortion may vary significantly 
depending on the LED type and the actual frequency locations of the spectral components of the signal. 
This demonstrates the limits of the static (DC) transfer approach for evaluating the distortion of complex 
modulation formats.  The strength of the proposed approach is that it is independent of the LED’s 
parameters such as doping and free-carrier concentrations which are generally not publicly available for 
commercially available devices. Further work needs to be done in order to obtain a reliable LED model 
that can be used for system design in future optical wireless systems. Such a model will be of great 
importance since an accurate description of the LED behaviour will facilitate the development of 
predistortion and equalization schemes suitable for the suppression of the LED nonlinear noise. 

 

A.4   CWDM using RGB LEDs  
RGB / LEDs are white light sources resulting from the combination of three colors (red, green and blue). 
RGB LEDs are widely used for high definition picture quality in large full-color video screens as well as 
for illumination in solid state lighting systems which are gradually replacing conventional incandescent 
and fluorescent lamps. They offer low power consumption and relatively low cost. Lately, RGB LEDs 
have been proposed for data transmission in visible light communication systems.     

(a) (b) 
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The use of RGB LEDs in telecommunication applications is a topic of great debate. Their applications are 
found in both wireless and wired communications. However, they are of special interest for POFs which 
are able to transmit signals on all visible wavelengths. The three different colours, i.e. wavelengths, of 
RGB LEDs can be separately modulated using CWDM in order to enhance the rather limited bandwidth 
of these devices.  

Indeed, the idea to separately modulate each of the three colours is very attractive. As shown in Figure 
29, the optical power of each colour is controlled by a separate DC driving current. Data transmission is 
performed “loading” an AC component on the driving currents. The interesting point to this procedure is 
that RGB LEDs can be simultaneously used for illumination. This is attributed to the fact that the 
frequencies of the AC components are higher than 100 Hz and thus the fluctuations of the output light are 
imperceptible to the human eye. At the receiver, the three colour components are separated using an 
optical filter. 

� � � �	

� � � �	

� � � �	

� � � �	

� � � �	

� � � �	
 

Figure 29: Coarse wavelength division multiplexing with commercial RGB/LEDs. 

The transmission of data in three different colours renders the use of RGB LEDs very attractive for the 
delivery of “triple-play” services. In such a scenario, one colour could be used for video, one for data and 
one for voice. However, prior to the implementation of these ideas and the commercial exploitation of 
RGB LEDs several issues should be addressed. The first step to this endeavor is to obtain the electrical 
and optical properties of RGB LEDs. That is to perform a full experimental characterization in order to 
derive the transfer function of each color, their available bandwidth as well as the strength of their 
nonlinearity. These features can significantly degrade the performance of systems using RGB LEDs and 
thus they should be taken into account during their design.  

The most significant degradation factor is the crosstalk between the three colours arising at the transmitter 
site or at the receiver if the optical filter does not provide sufficient signal isolation. Thus, the design of 
the optical filter is an important issue to consider: a large bandwidth filter would enable much of the 
optical power to reach the receiver photodiode but may result in larger crosstalk. 

A.4.1 Experimental Characterization of RGB LEDs 

Our analysis begins with the experimental derivation of the transfer function of each of the three colours. 
The setup of the system under investigation is illustrated in Figure 29. The RGB under consideration has 
four pins, three of which is used to control the color components while the fourth is the common anode. 
The DC signal along with the AC component produced by an arbitrary waveform generator is posed 
between the anode and one of the three pins. The driving circuit consists of a 50�  resistance.  

In order to estimate the transfer function of each color, the voltage at the ends of the resistance as well as 
at the photodiode is measured for several frequency values of the input signal between 0.1 MHz and 40 
MHz.  

Blue Component 

In the case of the Blue colour, a DC signal is generated at the input of the RGB LED with Vin,DC = 
0.884Volts and I in = 17.7mA. For the AC signal a modulation index of 33% is assumed. The derived 
transfer function is depicted in Figure 30. 
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Figure 30: Transfer function of the Blue colour. 
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Red Component 

The transfer function obtained by driving the pin of the Red colour is shown in Figure 31. The voltage 
and the current of the DC driving signal is 1.56Volts and 31.2mA respectively while the modulation 
index of the AC component is 22%.  
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Figure 31: Transfer function of the Red colour. 

Green Component 

Similarly, when the green colour is modulated by an AC signal with 30% modulation index which is 
“loaded” on a DC signal with Vin, DC = 1.008Volts and I in = 20.2mA the resulting transfer function is 
illustrated in Figure 32.  
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Figure 32: Transfer function of the Green colour. 

From Figure 30 to Figure 32, it can be deduced that in the blue and the green colour the available 3dB 
bandwidth is roughly 25 MHz with small deviations from one colour to the other. On the other hand the 
3dB bandwidth in the case of the red colour is much smaller (~1.8MHz). Hence, the red colour is the 
main candidate for voice transmission. It is also interesting to note that the transfer functions of both the 
green and the blue colours seem to be flat in almost all the available bandwidth, a very important feature 
for the performance of the system. Moreover, a sharp peak in the sub MHz range can be observed in all 
cases. 

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

Transmitted Signal 

The driving current of any component of an RGB LED, i.e. red component, is expressed as: 
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 �  the permissible operational range of the AC current of the LED. 
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 The generated signal at the output of the RGB LED is: 

   ( ) ( )( )R R Rp t i t h t= Ä                                             (5) 

where pR(t) the power emitted from the red component of the LED and hR(t) its respective impulse 
response. At the frequency domain the output signal can be written as:  

 

         ( ) ( ) ( )R R RP f I f H f=                       (6) 

 

The Fourier transform IR(f) of the current iR(t) is: 
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Hence (6) becomes: 
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 (8) 

Converting the above signal back to the time domain we obtain: 
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Received Signal 

Taking into account that the available channel bandwidth is much larger than the LED modulation 
frequency range the optical power at the receiver is: 

 REC( ) ( )rp t Cp t=                                                      (10) 

where C is a constant determined by the geometric loss due to the distance between the transmitter and 
the receiver. The photocurrent generated at the output of the photodiode receiver is proportional to the 
received power pREC(t) and is given by: 

  REC( ) ( ) ( )Ri t kp t n t= +                                                    (11) 

where n(t) is AWGN consisting of the thermal noise due to the receiver capacitance as well as the 
ambient light noise. The constant k encapsulates the influence of the channel, i.e. constant C, as well as 
the receiver responsivity. The estimated transmitted symbols are obtained through multiplication of the 
received signal by exp(-j2� fmt) and subsequent integration over a symbol period. The functions exp(-
j2� fmt) are orthogonal thus, the estimated symbols are: 
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Substituting (10) in (12) we get: 

                               m m ms s n= +�                                                                         (13)                                           
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is a complex random Gaussian process with uncorrelated real and imaginary parts and zero mean value. 
The variances of the real and imaginary components of nm are computed by: 
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with Sn the one-sided power spectral density of the noise component n(t) appearing in (11).  

BER computation 

The receiver computes the Euclidean distance between ms�  and each symbol ms of the initial QAM 
constellation and decides in favor of the nearest one. In case of rectangular QAM (	 =22x) the decoding 
process of the imaginary and real parts of the symbol can be separated and considered as decoding two 

independent PAM symbols from an M -level PAM constellation. 

In a M -PAM system, the real part mrs� of the symbol estimate ms�  is compared to M -1 thresholds 
positioned at the midpoints of successive amplitude levels. A decision is made in favour of the amplitude 
that is closest to mrs� .On the basis that all amplitude levels are equally likely a priori, the average 
probability of a symbol error is simply the probability that the noise variable nmr exceeds in magnitude 
one-half of the distance between levels. However, when either one of the two outside levels is 
transmitted, an error can occur in one direction only. Hence: 
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where Psr
(m) the probability of error at the real part of sm. Given that the noise characteristics as well as the 

decoding process for the imaginary and real part are identical: 
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For rectangular QAM the distance is d=2. The symbol error probability QAM is given by: 
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               (18)                

The above error probability corresponds to the mth subcarrier. Using (15), equation (18) becomes: 
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SNR computation 

The average power of the received signal is computed as:  
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The signal to noise ratio for the mth subcarrier is: 
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The variance � m
2 is the sum of the variances of the real and imaginary noise components computed in (15) 

i.e. � m
2=� mi

2 + � mr
2 .   

The SNR per bit is derived by dividing the SNRm of (21) by log2(M). Thus (21) becomes: 
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The average SNR per bit of the QAM/DMT system is computed by the geometric mean of the SNRm
bit per 

subcarrier:  
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Taking into account the above analysis and using (22) and (20), (19) is rewritten as: 
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               (24)       

The error probability computed in (24), refers to the probability of error of the mth subcarrier. The average 
error probability of DMT is computed as:  

                               ( )
1

1

1
1

N
m

DMT e
m

P P
N

-

=

=
- �                                                                         (25)                        

Using equations (22) - (25), the average error probability of the DMT signal is estimated as a function of 
the average SNRb of the QAM/DMT system. The derived results are shown in Figure 33.  
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Figure 33: Average error probability of the DMT signal as a function of the average SNRb for the a) red, b) green and 
c) blue color 

It can be deduced that for both the blue and the green components, a 10-9 average error probability of the 
DMT signal is observed for an average SNRb 14dB, 19dB and 24dB in the case of 16, 64 and 256 QAM 
levels respectively. A power penalty of about 1dB can be noticed in the case of the red component. 
However, it is interesting to note that in the case of the red component and assuming a constant power 
spectral density, Sn, one should carefully choose the values of N and M so as to achieve the SNRm values 
of both the green and the blue components. This can be attributed to the sharper transfer function and the 
smaller 3dB frequency of the red component. 

 

A.5 LED Dimming 
Dimming is an essential functionality of modern lighting systems. In the case of LEDs, pulse-width 
modulation (PWM) seems to constitute the most effective means of accurately controlling LED 
illumination without incurring colour rendering of the emitted light �[109], �[110]. In PWM dimming, the 
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brightness of the LED is controlled by square-pulse modulation of the driving current and by adjusting 
the duty cycle of the pulse train. Sugiyama et al. �[111], proposed dimming methods in the physical layer 
either by using PWM or by changing the modulation depth so that both brightness control and wireless 
communication can be achieved at the same time. Their approach however is based on a subcarrier pulse 
position modulation and is limited to a bit rate of 4.8 kb/s. In this section, the implications due to PWM 
dimming in VLC systems, based on DMT, is discussed. It is shown that PWM can cause significant 
subcarrier interference rendering communication impossible, unless the PWM rate is larger than twice the 
frequency assigned to the last subcarrier. The analysis encompasses both synchronization and no 
synchronization between PWM modulation and the DMT waveform. We also included additive noise 
from, e.g., ambient light, in our BER analysis. Since the system’s main functionality is illumination, the 
level of LED flickering arising from the combination of PWM and DMT was also investigated and was 
shown to be negligible. 

A.5.1 System model 

The VLC system under investigation is illustrated in Figure 34. 

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

Similar to the case of infrared links, intensity modulation with direct detection (IM/DD) is used. The data 
bits to be transmitted are converted into a sequence of symbols, using a QAM constellation mapper. The 
produced symbols are fed to a serial to parallel (S/P) converter and undergo an inverse Fourier transform 
(IFFT) operation to form the multicarrier signal x(t). Notice that in this analysis we only deal with flat 
transmission channels and that we do not include clipping of the transmit signal �[112]. The generated 
multicarrier signal is multiplied by a periodic PWM pulse train p(t) with a duty cycle of d = T1/TPWM, 
where T1 is the duration of the PWM pulse and TPWM is the period of the PWM signal. The dimming level 

  is determined by 
  = 1-d. The resulting composite signal y(t) = x(t)p(t) is the driving current of the LED. 
The transmitted signal y(t) impinges on the photodiode receiver, undergoes an FFT operation and the 
resulting baseband signal is fed to a parallel to serial converter. The generated symbols are estimated 
using appropriate detection schemes as described in the following subsections. 

PWM signal 

The PWM signal consists of a periodic train of pulses, whose widths are adjustable, consequently 
resulting in the variation of the DC level of the waveform. The period of the PWM signal p(t) is equal to 
TPWM, and for 0£ t £TPWM, p(t) is given by: 

                      1

1 PWM

1 0
( )

0

t T
p t

T t T

£ £

= � < £�

                                                                      (26)                         

In Figure 35(a), a PWM signal is depicted for two different dimming factors, 
   = 20% and 
   = 80%.  The 
“on” time interval, T1, in the case of 20% dimming is also shown. 

The rate fPWM = 1/TPWM of the PWM signal has to be chosen with care. A high value for fPWM could result 
in a large part of the driving current spectrum lying outside the 3-dB modulation bandwidth of the LED, 
leading to inefficient current to light conversion efficiency. On the other hand, very low values of fPWM 
may result in flickering of the LED light which in turn could give rise to significant health impact on both 
humans and animals �[113]. 
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Figure 35: (a) PWM waveform, indication of the PWM period (TPWM) and the on time of the LED (T1). Both for 
80% and 20% dimming. (b) PWM-sampled DMT signal for the same settings. 

 
DMT-PWM scheme 

To compensate for the LED’s frequency dependence, multiple subcarrier schemes such as DMT 
modulation can be used. When the DMT and PWM signals are combined, the current driving the LED is 
the product of the DMT and PWM waveforms. The ratio R of the DMT symbol duration over the PWM 
period R = T/TPWM should not be made smaller than unity. In Figure 35(b) an example of a PWM-sampled 
DMT signal with 32 subcarriers (M = 32) and 16-QAM (N = 16) is shown. The last subcarrier is 
positioned at fM-1 = 500kHz and the symbols sm are randomly chosen from the 16-QAM constellation. 
Two dimming levels, 80% and 20%, are considered, and the PWM rate is fPWM = 1MHz, corresponding to 
a value of R = 64.  

 

A.5.2 PWM-DMT performance analysis 

To better understand the implications of PWM modulation, we first discussed the spectrum of the 
composite PWM-DMT signal and its implications on flicker. We then calculated the signal-to-
interference ratio (SIR) and the BER obtained at the receiver. The results presented in this subsection 
were obtained assuming M = 32 and that the last subcarrier is located at fM-1 = 500 kHz. The symbols 
transmitted on each subcarrier are selected from a 16 QAM constellation. The normalized power 
spectrum of the composite signal y(t) is plotted in Figure 36(a) and (b) for �  = 80% and for the cases F = 
1 (fPWM = fM-1) and F = 2 (fPWM = 2fM-1) respectively. The factor F is defined as the ratio fPWM/fM-1. 

Light Flicker 

The spectra were calculated numerically, randomly selecting the QAM symbols in each subcarrier 
channel. As expected, the average power is lower for the dimmed signal. In the case where F=2, the 
power spectrum of the driving current appears to be proportional to the original spectrum. This is not the 
case for F=1, where there is significant distortion induced by a change in dimming factor [see Figure 
36(a)]. 
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Figure 36: Power-spectrum of PWM-sampled base-line-free 32 subcarrier DMT with 16 QAM scheme signal for 
pure DMT and 80% dimming for a) fPWM = fM-1 and b) fPWM = 2fM-1. 

The above observations lead to the conclusion that if the PWM rate fPWM is chosen to be twice the 
bandwidth B of the DMT signal (fPWM  �  2B @ 2fM-1) then the spectral components of the PWM-DMT 
signal will experience no aliasing. Thus, the spectrum remains unchanged in shape upon dimming, as 

(a) (b) 

(a) (b) 



ICT-213311, OMEGA                                                                                                   18 April 2011 
 

 
           D4.6b: Roadmap to smart wireless optics in the home                                                                                                Page 42 (58) 
 

suggested by Figure 36(b), and hence, if F = fPWM/fM-1 �  2, one expects no interference between the 
subcarriers. This is an important conclusion and will be used to justify the enhanced system performance 
obtained for F �  2. 

There is also another important implication regarding the illumination performance of the system. The 
optical power emitted by the LED is proportional to the driving current, and Figure 36(b) suggests that in 
the frequency regime |fL| < 200 Hz, where the human eye may sense optical power variations �[114], 
incorporation of PWM will not distort the spectrum of the original signal. Consequently, PWM will not 
introduce any significant additional flickering.  

SIR estimation 

The dependence of the SIR on the relative PWM-DMT rate F is illustrated in Figure 37 and Figure 38 for 
two different dimming levels, 80% and 20%, respectively. Both figures illustrate the inverse of the 
maximum and minimum SIR values, respectively, that were obtained from all subcarriers under 
consideration. Figure 37(a) corresponds to the general case where the DMT and the PWM signals are 
unsynchronized, i.e. there is a random displacement 
  between the positive edge of the PWM pulse and 
the DMT symbol. We refer to this system as “unsynchronized”.  

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

Much smoother SIR variations are obtained in the synchronized system [Figure 37(b) and Figure 38(b)]. 
For F ³  2 the SIR becomes infinite, implying the absence of penalties due to PWM dimming. The figures 
verify the previously drawn conclusion e.g. that the level of interference for F ³  2 is much smaller than 
for F < 2. In case one has access to the undistorted PWM signal on the transmitter side, synchronizing the 
DMT signal can be achieved in a straight-forward manner. Therefore, for F ³  2, the combination of DMT 
with PWM is both very simple and, due to the lack of interference, very attractive. 
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Figure 37: a) Inverse SIR for unsynchronized signal as a function of the relative frequency for 80% dimming. b) 
Inverse SIR for synchronized signal as a function of the relative frequency for 80% dimming 

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

BER 

The SIR is a first indicative measure for the system performance. However, system performance is more 
accurately described in terms of the BER. For this analysis we resorted to Monte Carlo simulations. Two 
detection schemes are considered, a simple one (scheme “A”) and a more elaborate one (scheme “B”).  

In detection scheme A, the demodulated symbol s�m is calculated as the QAM symbol closest to � m, i.e. 
the symbol that minimizes |s�m- � m|2. Detection scheme A is subject to errors, even in the case where the 
SIR is infinite because of the self interference term. In detection scheme B, a more elaborate approach is 
used: based on the symbol estimate � m we find the symbol s�m which minimizes 

( )
2* ˆ( 2 ) / (0)m m m ms P P s sw¢ ¢+ - - . This detection scheme takes into account the self interference term and 

should produce no errors in the case of infinite SIR. However, it requires knowledge of the timing as well 
as the dimming level at the receiver in order to compute P(-2� m) and P(0).  
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Figure 39: BER for unsynchronized signal and detection scheme �  80% dimming. b) BER for synchronized signal 
and detection scheme �  80% dimming. 
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Figure 40: a) BER for unsynchronized signal and detection scheme B b) BER for synchronized signal and detection 
scheme B. In both cases 80% dimming is considered. 
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In Figure 39 and Figure 40 the BER is depicted as a function of the relative frequency F, for an 80% 
dimming scheme for detection schemes A and B. 104 Monte Carlo iterations were performed and the BER 
values were calculated for each subcarrier m. In the figures the maximum, minimum and mean subcarrier 
BER is plotted.  Figure 39(a) and (b) correspond to the unsynchronized and synchronized cases 
respectively. Both detection schemes exhibit a similar performance in terms of BER, achieving BER �  10-

4 for F �  2. For F < 2, the BER is prohibitively high in all cases and no significant benefit is gained from 
detection scheme B. The above results imply that communication is only practical for F �  2, i.e when the 
PWM rate is equal or larger than twice the frequency fM-1 of the highest subcarrier.         

Incorporating ambient light noise �[114], �[115] the resulting mean value of the BER is shown in Figure 41 
for the synchronized system and detection scheme B. An SNR of 45 dB, corresponding to a transmit 
optical power of 0.6 W and a noise power spectral density of ~10-11 � 2/� z, higher than in �[115] was 
assumed, and two dimming levels (80% and 20%) were considered. As expected, the mean BER is higher 
in this case, because of the introduction of the additional noise but it still reaches low values in the region 
where the relative rate F is approximately larger than 2. 
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Figure 41: Mean BER for synchronized signal, detection scheme �  for various dimming levels with noise. 

The above presented results demonstrate that reliable communication is only possible when the PWM 
samples the DMT waveform at a rate faster than twice the highest subcarrier frequency of DMT. For 
slower PWM rates, there is significant spectral aliasing leading to prohibitively large subcarrier 
interference. The same conclusions are derived even under the presence of ambient light noise. Since the 
PWM rate should remain well within the 3dB LED bandwidth, the need to use a PWM signal twice as 
fast as the frequency of the last subcarrier ultimately sets a limit on the amount of information that can be 
transmitted over the system. The results also showed that while there is no inherent need to synchronize 
the PWM and the DMT waveforms, synchronizing DMT to PWM is making the BER performance much 
less independent of clock jitter and the like. It the case of “oversampled” DMT we also showed that 
combining DMT and PWM does not increase the inherent flicker of PWM-dimmed light. 

A.6 Coherent OW  
Coherent optical communication systems recently regained interest for indoor wireless communications. 
Earlier research activities on coherent reception were mainly motivated by the improved sensitivity of 
coherent receivers over direct detection ones. The key drivers today are the enhanced spectral efficiency 
by using complex modulation formats as phase shift keying (PSK) and QAM as well as the ability to 
access the full information of the optical field in the electrical domain. The latter offers the possibility to 
electrically compensate for transmission impairments instead of using traditional optical compensation 
techniques.  

In coherent detection, information is extracted by mixing the incoming signal with a known reference, a 
local oscillator (LO) signal. The optimal receiver sensitivity is achieved when the frequency and phase of 
the LO signal are locked to those of the transmitted signal, i.e. homodyne detection �[116]. Traditionally, 
complicated optical phase locked loops (OPLLs) were used for this purpose. Recent advances in analog to 
digital conversion (ADC) technology enable the use of digital signal processing (DSP) techniques to 
demodulate high-speed optically modulated signals in the electrical domain, offering a dramatic reduction 
in complexity �[117] -�[119].  

Contrary to traditional PLL systems, DSP requires only phase tracking instead of phase locking and phase 
or even frequency fluctuation of the free-running local oscillator laser are compensated for in the digital 
domain. Feed-forward phase recovery techniques in real time are more widely used as they are easier to 
implement in the parallel architecture of digital signal processors and allow for non causal filtering. In 
addition, since coherent detection maps the entire optical field within the receiver bandwidth into the 
electric domain it maximizes the efficacy of the signal processing. Recent experimental results, 
demonstrate detection of a 100 Gb/s optical signal with very good sensitivity �[120]. These results indicate 
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that coherent detection is a promising choice for optical wireless networks where a large bandwidth and 
low transmit power is required �[121].    

A.6.1 Coherent IR system  

Figure 42 �[121], shows the coherent optical wireless IR system under investigation. A PSK modulator 
imprints the signal on the optical carrier emitted by a laser source. The emitted light is collimated and 
then it uniformly illuminates the coverage area as shown Figure 42. Such even illumination might be 
achieved with a holographic diffuser �[122].   

 
Figure 42: Coherent optical wireless system employing a collimator and a holographic diffuser to increase coverage 
area Acov �[122]. 

A.6.2 PSK modulation 

The electric field Et(t) of the laser source can be written in complex notation by �[123]: 

( ) ( ){ }0 0 0exp 2 ( )t tE t E j f t tp q= +                                                      (27)                                                                                   

Where Et is the optical field amplitude, f0 is the carrier frequency and � 0(t) is the laser phase noise. For a 
narrow linewidth source, � 0(t) can be regarded as constant within several bit periods and by appropriately 
choosing the time reference we can assume that � 0(t)=0. The amplitude Et0 of the optical field is related to 
its peak intensity via I0=Et0

2 /2� , where �  is the wave impedance of free space.  

Assuming an M-level PSK modulation, the transmitted electrical field signal becomes:    

( ) ( ) ( )t t q s
q

s t E t s p t qT
+¥

=-¥

= -�                                                            (28) 

In  (28) p(t) and Ts are the PSK pulse and symbol duration respectively. The symbols sq are chosen from a 
M-ary PSK constellation ej2� m/M where M is the PSK level and m is an integer 1� m� M.  

A.6.3 Coherent IR channel model 

As depicted in Figure 42, an optical concentrator is used to provide a larger reception area Aeff   �[124]: 

( )
( )

2

2

cos

sin
det a

eff
c

A n
A

q

q
=                                                                  (29) 

where Adet is the detector physical area, � a the angle of incidence with respect to the receiver axis, � c the 
receiver FOV and n the refractive index of the optical concentrator. 

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

( ) ( ){ } ( )0 0exp 2 ( )r r q s n
q

E t E j f t kd s p t qT E tp
+¥

=-¥

= - - +�                                 (30) 

Where d is the distance between the transmitter and the receiver, k the wave number given by k=2� /�  �  
being the wavelength of the optical source and En(t) the electric field associated with the ambient light 
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noise. Based on irradiance considerations, the transmitted optical power Pt, is related to the received 
optical power Pr through �[125]: 

cov

t r

eff

P P

A A
=                                                                           (31) 

the coverage area depicted in Figure 42 is defined by Acov = �  � 2 tan2� c where H is the vertical distance 
between the transmitter and the receiver. The intensity of the received electric field is Ir = � r0

2/2�  and it is 
defined as the received power per reception area Pr/Aeff. Taking the above considerations into account and 
using (31), the amplitude of the received electric field is related to the originally transmitted optical 
power via: 

                                                  0
cov

2 t
r

P
E

A
h=                                                                       (32) 

A.6.4 Homodyne detection 

At the receiver, a homodyne detector comprising a 90° optical hybrid circuit followed by a balanced 
photodetector similar to the one employed in �[126] is considered. The corresponding block diagram is 
depicted in Figure 43.  

 
Figure 43: (a) Schematic diagram of a coherent optical receiver employing a 90° optical hybrid and two balanced 
photodetectors.  

The received and LO fields are linearly polarized in orthogonal directions. One of the polarization 
components of the LO is phase shifted by the � /4 plate and is then combined with the signal at the half 
mirror. A polarization splitter splits the polarization components of both fields and each polarization is 
guided to a photodiode. Following the path of the fields, it can be shown that the AC components of the 
currents i1 and i2 are determined by: 

 { } { }* * ( ) ( )
1 1 12 Re 2 Re S T

LO r LO ni K E E K E E n n= + + +                                                   (33) 

{ } { }* * ( ) ( )
2 2 22 Im 2 Im S T

LO r LO ni K E E K E E n n= + + +                                                  (34) 

where the asterisk denotes complex conjugation, n1
(S) and n2

(S) are shot noise components while n1
(T) and 

n2
(T) are thermal noise components. The constant K=RAeff/� /2 is determined by the photodiode effective 

area Aeff and responsivity R. In the absence of noise, by substituting  in and  it can be easily shown that 
i1=2Kcos(� LO-� r) and i2=2Ksin(� LO-� r) where � LO and � r are the phases of the received and the LO signal 
respectively. Both current components are sampled and fed to DSP circuits in order to estimate the phase 
difference and demodulate the data. For more details regarding the phase estimation using DSP the reader 
is referred to �[118] and �[119]. It should be noted that the channel induced additional phase term –jkd 
could be eliminated using appropriate DSP techniques in the absence of noise. However, in practical 
systems this is not the case and noise may induce severe errors in the phase estimation process. To this 
end, block window filtering or Wiener filtering systems have been proposed in �[127] and �[128] 
respectively.    

Assuming sq was transmitted, the signal that will be used for the symbol estimation is: 

                             1 2 qr i ji Hs n= + = +                                                               (35) 

where the channel coefficient H=2R(PLOPTAeff/Acov)½ and the noise n incorporates all three noise 
components appearing in  (33) and (34). The decision on which symbol was transmitted is made by 
minimizing the decision metric obtained for maximum likelihood sequence detection.  

A.6.5 Noise characteristics 
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Inspecting equations (33) and (34) reveals that there are three types of noise components to be 
considered. The LO- and signal-induced shot noises, the thermal noises and the ambient light noise En(t) 
enhanced by the LO power: 

{ }* ( ) ( )
1 1 12 Re T S

n LOn K E E n n= + +                                                     (36) 

 
The power spectral density (PSD) of the signal n1 is therefore: 
 

2 ( ) ( ) ( )
1( ) 2 ( ) ( ) ( )amb th sh

LOS f R P S f S f S f= + +                                     (37) 
 
where S(amb), S(th) and S(sh) are the PSDs of the ambient light, the thermal and shot noises respectively 
�[129]-�[130]. To calculate S(th) and S(sh) we take into account that the balanced photodiode comprises of 
two identical photodiodes connected in series, in which case the one-sided PSD of the thermal and shot 
noises are twice that of a single diode, i.e. 
  

                       ( ) ( ) 8 /th
B K LS f k T R=                                                           (38)                            

   ( ) ( ) 4sh
LOS f qRP=                                                                (39)                 

 
In (38)-(39), q is the electron charge, TK is the temperature measured in Kelvin, kB is the Boltzmann 
constant while RL is the load resistor.  Also, we have ignored the shot noise of the received signal, since 
its power should be much smaller than that of the LO signal. A similar equation holds for the PSD of the 
noise component n2. To estimate the noise power � 1

2=<n1
2> of n1 we simply multiply the total PSD given 

by (37) with the bit rate Rb. It is easy to show that the noise power � 2
2=<n2

2> of n2 is also equal to � 1
2. 

 
A.6.6 MIMO coherent optical wireless systems 

The description of a coherent MIMO optical wireless system is a straightforward extension of the SISO 
case presented previously. A block diagram of a 2×2 coherent system is depicted in Figure 44. The 
polarization control units are used to ensure that the signal incident on each receiver and the LO signal are 
linearly polarized in orthogonal directions �[131].  
 

90o 
Hybrid

90o 
Hybrid

LO 
Laser

Balanced
Photodetector

Balanced
Photodetector

A/D

A/D

A/D

A/D

DSP

Er
(1)

Er
(2)

ELO

Polarization
Controller

Polarization
Controller

H11

H12

H22

H21
ELO

Tx1

Tx2

i1
(1)

i2
(1)

i1
(2)

i2
(2)

symbol 
estimates

 
Figure 44: Block diagram of a 2×2 coherent optical system. 

 
In the general case, where NT transmitters and NR receivers are assumed, the optical power at each 
element is PT/NT. At the l th receiver the electric field is:  
 

( ) ( )( ) ( )

1

TN
ll pl

r r n
p

E t E E
=

= +�                                               (40) 

 
where Er

(pl)(t) corresponds to the signal reaching the l th receiver from the pth transmitter and similar to (30)
, it is determined by:  

  ( ) ( ) ( ){ } ( )( )
0exp 2pl pl p

r R pl q
q

E E j f t kd s p t qTp
+¥

=-¥

= - -�                                   (41) 

 
In (41), the field amplitude is ER

(pl)=(2� PR
(pl)/Aeff

(pl))½ and dpl, Aeff
(pl), PR

(pl) is the distance, the effective 
detection area which is again given by (29) and the received power for the transmitter/receiver pair in 
question, while sq

(p) is the qth symbol transmitted by the pth transmitter.  
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Alamouti for coherent OWS 
 
A very simple and effective scheme for two transmit and a single receive antenna element achieving 
diversity order two was introduced by Alamouti �[132]. At a given symbol period i.e., q=1, two symbols 
are simultaneously transmitted from two antennas. The symbols transmitted from the first and the second 
antennas are denoted by s1

(1) and s1
(2) and are related to the SISO symbols through  s1

(1)=s1 and s1
(2)=s2. 

During the next period (q=2) the symbols transmitted by the two antennas are s2
(1)=[-s2]

*  and s2
(2)=[s1]

*. 
The received signal Er

(1)(t) which is determined by (40)-(41) is combined with the LO signal at the optical 
hybrid as shown in  Figure 44. The currents at the symmetric photodectors are again given by (33)-(34). 
Inside the symbol duration corresponding to q=1, one combines the photocurrents i1 and i2 to obtain the 
received signal in the DSP circuit as 
  

( ) ( )1 1(1) (1)
1 1 2 11 1 21 2 1r i i j H s H s n= + = + +                             (42) 

 
where nl

(q) is the additive noise component at the l th receiver, corresponding to the qth bit duration and the 
channel coefficients are given by: 
 

( )
( )

cov

2
2

pl LO

pl
LO T eff j kd

pl

P P A
H R e

A
f-=                    (43) 

 
Following exactly the same procedure one can calculate the received signal at q=2, 
 

(2) * * (2)
1 11 2 21 1 1r H s H s n= - + +                     (44) 

 
The PSD of n1

(q) is again determined by (37). After some manipulation, equation (42) and (44) can be 
written in a matrix form: 

               
( ) ( )

(1) (1)
1 11

* *(2) (2)
21 1

r ns

sr n


 � 
 �
 �� � � �= +� �� � � �� �� � � �
H                                      (45) 

 
where the matrix H is given by: 

                          11 21
* *
21 11

H H

H H

 �

= � �-� �
H                                                  (46) 

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

                  
( )
( )

* (1) (1)
11 1 21 221 1

2 * (1) (1)
2 2 21 1 11 2

H n H ns s

s s H n H n


 �-
 � 
 � � �= +� � � � � �+� � � � � �
H I

�

�
                         (47) 

 
where ||H|| is the norm of the matrix H and I2 a 2×2 unitary matrix. Equation (47) shows that in order to 
obtain the symbol estimates at the receiver, the channel coefficients H11 and H21 must be known. The 
simplest way to estimate H11 and H21, is using training sequences �[133]. Recently, a blind channel 
estimation technique has been proposed for Alamouti space time block coding (STBC) radio wireless 
systems �[134].   
 Using (47) one can derive an approximate closed form formula for the BER in the case of M-level 
PSK modulation: 
 

      
2

2 1 2
2 2

2

2
2sin log

log
x

eP Q M
M M

p
s

� �
� �� �= � �� �� �

� �

H
                                      (48) 

 
where Q(x) is the Q function and � 2 is the total noise power calculated by multiplying the total noise PSD 
given by (37). 
In case of a 2×2 Alamouti system, (48) is still valid, but the matrix H in this case is given by: 
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Figure 45: Theoretical BER formula validation using Monte Carlo simulations. 

  
The approximate BER expression described by (48) was verified performing Monte Carlo simulations. 
The results shown in Figure 45 are obtained for the 2×1 configuration of Figure 46(b) for various receiver 
positions. The distance between the receivers is equal to 1m and the total transmitted optical power is 
20mW while the LO power is selected 5 mW. For the Monte Carlo method 104 iterations were performed, 
thus BER values higher than 10-4 could be accurately computed. It is observed that the BER values 
obtained using Monte Carlo exactly match those derived by the analytical formula. It is therefore deduced 
that (48) provides accurate BER results and it will be used throughout the following section in order to 
evaluate the performance of BPSK Alamouti 2×1 and 2×2 systems employing homodyne detection. In the 
case of the SISO scheme (48) still holds provided that one replaces the channel gain matrix H by the 
scalar gain H that corresponds to the single SISO channel.  
 
A.6.7 Results and discussion 

In this section, the performance of the two Alamouti STBC schemes (2×1 and 2×2) is investigated in 
terms of coverage and bit rate performance compared to the SISO scheme for a coherent IR indoor 
wireless system.  
 
System setup 
The system under investigation is located within a room of dimensions 6 × 6 × 3 m like in �[121]. The 
SISO configuration, depicted in Figure 46(a), employs one transmitter located at the centre of the ceiling 
pointing downwards (-z direction) and one receiver which is located at a plane 1m above the floor. The 
figure illustrates the various receiver positions considered in the calculations. The transmitters employed 
in the 2×1 and 2×2 schemes are positioned on the ceiling each at a distance equal to 0.1m from the centre 
of the ceiling, along the main diagonal of the room as is shown in Figure 46(b). The spacing between the 
two receivers of the 2×2 scheme was selected to be 1 cm, small enough so that the two receivers could be 
easily integrated in the same end-device. In all systems, the receivers are pointing upwards (+z direction). 
The receiver field of view was chosen � c=52o, large enough to provide coverage in at least 50% of the 
receiver positions in the SISO configuration. Each receiver is a pin photodetector of area Adet=0.176mm2 
with an optical concentrator of refractive index nc=1.85 and responsivity factor R=0.9A/W, while the 
optical filter has a bandwidth 
 �  = 50nm �[121]. The placement of the transmitters in the MIMO 
configurations was carefully selected after examining several transceiver configurations.   
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Figure 46: a) Transmitter position for the SISO scheme. b) Transmitter position for the 2×1 and 2×2 STBC schemes. 

 
Coherent Optical Alamouti performance 
Using the equations outlined in the previous sections the BER for all three configurations was obtained at 
multiple receiver positions. A BPSK (M=2) scheme was considered and the LO power was set PLO=5 
mW. The average total transmitted power is PT=20mW and the bit rate is taken at Rb=1 Gb/s. The 
transmitters employed in the STBC schemes emit half the power than the transmitter employed in SISO. 

In order to proceed with the BER evaluation, one should first compute the noise power at the receiver. 
According to (37), the total noise PSD is calculated as the sum of ambient light, thermal and LO shot 
noise. Computing the PSD of each contribution separately it is deduced that the dominant noise source in 
the system under study is the LO shot noise with a PSD of @53 pA* Hz whereas the PSD of the ambient 
light noise and the thermal noises calculated in the same way as in �[135] turn out to be @0.005pA* Hz and 
@5pA* Hz respectively.    

 

              

 
Figure 47: a) log10(BER) distribution throughout the room for the a) SISO scheme. b) 2×1 Alamouti STBC and c) 
2×2 Alamouti STBC. 

 
In Figure 47(a)-(c) the distribution of log10(BER) for the SISO, 2×1 and 2×2 schemes respectively is 
shown for various receiver positions. It is observed that both STBC systems outperform the SISO in 
terms of BER performance. Indeed, even at receiver positions which are favourable for the SISO 
configuration (e.g. near the centre where the SISO transmitter is right on top the receiver), the BER is still 
much higher than that of 2×1 and 2×2 systems. For the 2×2 case, the BER is sufficiently low to ensure a 
robust communication link. An illustration of the coverage achieved by the three systems under 
investigation is provided in Figure 48. Figure 48(a) depicts the percentage of receiver positions where the 
BER is higher than a given value BER0 quoted in the horizontal axis. It is apparent that the STBC 
schemes significantly improve the coverage of the system. More specifically, the 2×2 scheme offers a 

a) 
b) 

a) b) 

c) 
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BER of at least 10-5 at more than 50% of the possible receiver positions in the room. In the 2×1 case, the 
coverage is worse and a BER of at least 10-3 is achieved for almost half of the receiver positions. For the 
SISO scheme the BER values in most receiver positions is higher than 10-2. We also consider another 
configuration using narrower FOV transmitters, i.e. 40°, and a larger distance, i.e. 2.5m, between the 
transmitters. The results concerning the coverage of the system are shown in Figure 48(b). It is observed 
that both orthogonal STBC (OSTBC) schemes offer a BER of 10-6 or less in 45% of the receiver positions 
whereas the SISO offers the same BER value range in only 25% of the room.  The figure clearly 
illustrates the benefit of MIMO techniques in coherent optical wireless systems.  
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Figure 48: Portion of the room where the BER is equal to the given values for (a) FOV 52° and transmitter distance 0.2m and (b) 
FOV 40° and transmitter distance 2.5m. 

The three systems were also evaluated in terms of the achievable bit rate. To this end, the maximum bit 
rate was computed for the various receiver positions assuming two target BER values, namely 10-3 and 
10-6. The results are depicted in Figure 49 and Figure 50 respectively for a FOV equal to 52o. According 
to Figure 49(a) for the higher BER target (=10-3), the SISO scheme can reach data rates as high as 0.6Gb/s 
while in less favorable positions the achieved bit rate is between 0.2 and 0.4Gb/s. The use of STBC 
schemes increases the maximum bit rate to 1.5 Gb/s and 3 Gb/s for the 2×1 and 2×2 schemes 
respectively.  

Figure 50(a) shows that imposing a lower target value on the BER (=10-6), the SISO scheme achieves a 
maximum data rate of 0.3 Gb/s. The 2×1 scheme, reaches a maximum bit rate of 0.6 Gb/s while the 
introduction of an additional receiver proves to be of great benefit for the system under consideration as it 
manages to achieve a bit rate higher than 1Gb/s. The above results again demonstrate the superiority of 
OSTBC in comparison to SISO schemes for gigabit coherent IR wireless systems both in terms of 
coverage and of bit rate.   

        

  
Figure 49: Maximum log10(bit rate) value throughout the room for the a) SISO scheme, b) 2×1 Alamouti STBC and 
c) 2×2 Alamouti STBC when a BER of 10-3 is assumed. 

c) 

b) a) 

a) b) 
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Figure 50: Maximum log10(bit rate) value throughout the room for the a) SISO scheme, b) 2×1 Alamouti STBC and 
c) 2×2 Alamouti STBC when a BER of 10-6 is assumed. 

It is shown that coherent optical systems take advantage of the diversity gain offered by OSTBC. These 
techniques can be used to increase the capacity of coherent optical wireless systems, improve their 
coverage and decrease the required optical power at the transmitter. In an effort to further enhance the 
performance of indoor IR systems the use of more than two transmit elements (NT>2) would constitute an 
interesting and viable solution. Such arrangements could further alleviate the high power requirements of 
IR systems. Important implementation issues to consider in these systems are the polarization control of 
the received signal as well as the estimation of the channel coefficients required in symbol demodulation. 
These issues should be the subject of future investigation. 

 

A.7 Conclusions 
Taking into account the previous remarks it can be deduced that OW may under certain conditions replace the 
dominant RF systems in future HANs. The abundance of unregulated bandwidth at optical frequencies and the 
low-cost components employed in OW systems render the latter a very attractive choice for realizing ultra 
broadband networks. The surveys described in Section 3 revealed that cost is an important aspect in home 
network deployment and this of course favours the use of LEDs as transmitters. LEDs are much simpler than 
laser diodes and come at a fraction of a cost. However, we demonstrated that many of their properties are not 
well understood and took a new look at the properties of LEDs which are important from a telecom point-of-
view emphasizing that existing models fail to fully explain our experimental results both in the linear and non-
linear regime. A technique to suppress the LED nonlinear noise was introduced and a coarse wavelength division 
multiplexing scheme was proposed as a means to enable the delivery of “triple play” services from VLC links 
employing RGB LEDs. Since dimming is an important functionality of every illumination system, we discussed 
how it can be incorporated in VLC systems.  

The main challenges of the current IR systems are the high path loss, the intense ambient light noise and the 
small coverage area. Finally, motivated by the increased sensitivity as well as the ability to increase data 
throughput using phase and frequency modulation in schemes with coherent detection, we investigated the 
prospects of using coherent receivers in IR links. The performance of a coherent detection scheme combined to a 
suitable STBC technique, i.e. Alamouti scheme, was evaluated in terms of coverage area and throughput.  

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

·  The low modulation bandwidth may limit the data rate that can be offered by optical wireless systems 
using LEDs necessitating the use of advanced modulation formats. Spectrally efficient modulation 
schemes such as multilevel pulse amplitude modulation (PAM) and QAM on DMT can provide higher 
data rates 

a) b) 

c) 
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·  Non-linearity in LEDs may be a degrading factor in multiple subcarrier modulation formats  

·  The simplest way to investigate the impact of LED nonlinearity on the performance of a 
multilevel/multisubcarrier is to ignore both the frequency dependence of the LED and the clipping effects 
and to fit the I-P curve with a polynomial. The derived polynomial coefficients can be used in order to 
estimate the strength of the intermodulation products 

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

·  The performance of such system is degraded as the number of subcarriers is reduced or higher QAM 
modulation is used 

·  For a more general and complete investigation, the frequency dependence of the LED transfer function 
should be incorporated in the model. The traditional rate equations approaches for system design prove 
inadequate. Hence, on should resort to the use of the Volerra series approach 

·  Proper subcarrier allocation and a decision feedback system are proposed as two techniques that mitigate 
the nonlinear crosstalk noise. 

·  The allocation technique manages to totally eliminate the LED nonlinear noise for SNRb (Signal to 
Noise Ratio per bit) values away from the error floor range. This comes at the cost of halving the 
data rate rendering this technique suitable for systems with low QAM levels. 

·  The feedback technique can significantly improve the performance of the system but it cannot 
totally suppress the nonlinear noise. It is also interesting to note that the improvement in the system 
performance decreases as the QAM levels decreases too.  

·  Dimming is an essential functionality of modern lighting systems. In the case of LEDs, pulse-width 
modulation (PWM) seems to constitute the most effective means of accurately controlling LED 
illumination without incurring colour rendering of the emitted light 

·  Reliable communication is only possible when the PWM samples the DMT waveform at a rate 
faster than twice the highest subcarrier frequency of DMT. 

·  While there is no inherent need to synchronize the PWM and the DMT waveforms, synchronizing 
DMT to PWM is making the BER performance much less independent of clock jitter. 

·  In the case of “oversampled” DMT we also showed that combining DMT and PWM does not 
increase the inherent flicker of PWM-dimmed light. 

·  Coherent detection may be used to improve the power budget of IR-based wireless technologies. 
Unfortunately, the need for an LO at the receiver comes with an increased cost. Further techno-economic 
study is required. 

·  MIMO techniques are of interest, especially in the coherent optical wireless channel and can be used to 
improve the coverage, while at the same time limit the optical power requirements. 

·  First attempts to enhance the rather limited bandwidth of RGB LEDs were performed. This can be 
accomplished by separately modulating and multiplexing (coarse wavelength division multiplexing – 
CWDM) the three color components. The first results are as follows: 

·  An experimental characterization of RGB LEDs were performed 

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

·  Closed-form formulas were derived for the signal to noise ratio and the bit error rate of each color as 
well as of the whole system. 

·  In the case of the red component and assuming a constant power spectral density, Sn, one should 
carefully choose the values of N and M so as to achieve the SNRm values of both the green and the 
blue components. 
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